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PREFACE

^
In preparing new material and in revising existing material for the

Third Edition, the same principles were followed as in the First Edition.
An endeavor has been made to prepare a comprehensive working manual
of the radio science and to compile in a single book concise information
on each of the brandies of radio engineering. As in earlier editions, there
is in this volume a considerable amount of what may bo called funda-
mental background, but the emphasis is on practice rather than on theory.

Each of the sections has been brought up to date. Several have been
completely rewritten, notably those on television, high-frequency tech-
nique, loud-speakers and acoustics, detection and modulation, facsimile,

and aircraft radio. In each of these fields, much progress has been made
since 193o. The authors of the individual sections have the requisite
theoretical background as well as the very necessary practical experience
in the field.

The engineer will find in this book many man-hours of effort compiled
in the form of tables and curves and converted into concise English by
the engineers, physicists, and teachers who have aided the editor in

preparing this new edition.

Keith Henney.
New York,

April, 1941.
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SECTION 1

MATHEMATICAL AND ELECTRICAL TABLES
1. Greek Alphabet.

Name

Alpha
lieta

Ciamma.
Helta .

Epniloii

.

Zcta
Eta ....

Thota.

.

Iota. . .

.

Kappa.
Lambda
Mu
N*u
Xi......
< Imii-ron
Pi
Kho
Sigma
Tail
t'p-iii.ri

.

Phi
Chi
Psi

Omega.

.

Letters

Cup.

A
It

r
a
E

Z
H
Q
I

K
A
M
N

5
ii

p
s
T
T
+
X
+

Small

r
1

Commonly used to designate

Area

X

Angles Coefficients.
Angle*). Coefficients
Angles. Specific gravity. Conductivity
Decrements. Increments. Variation. Density
E.rn.f. Haso of natural logarithms. Very small
quan lily

(Cap.) Impedance. Coordinates
Hysteresis cnclTu-ieiK . Efficiency
Angular phase displacement. Time constant
CurTpiitin amperes
Dielectric constant. .Susceptibility. Visibility
(Small) Wave length
Permeability. Amplification factor. Prefix micro-
Reluctivity

Cireumfercnrc divided by diameter 3.1416
Resistivity
(Cap.) Sign of summation
Time constant. Time-phase displacement

Flux. Angle of lag or lead
(Cap.) Rcaclance
Angular velocity in time. Ph
Dielectric flux. Angles
Resistance in ulims. Resistance in megohms.
Angular velocity

difference.

2. Decimal Equivalents of Parts of One Inch.

¥Hi
Ml

o u.:,ii_'.-, 1
:

; fU U . 305825
0.031250 'jj (1 L'S 12511
o 01HS75 "Ai. 0.290875
o.os2aoo Mi 0.312300
0.078125 »}<* 0.32812*1
ii 0113750 ii 343750
o.ioiia'5

8* II 35937.-.

0. 125000 II. :(7.MI0i)

0. 14082"! 0.390625
0.156250 0.406250
0.1718VJ »SE 0.421873
0. 187500 Mc 0.437500
0.20.-! 125 'Hi 0.4o3125

218750 'Ms 0.468750
0.734370

ft
0.484375

o L'.mnoii D.500000

>Ht

"•-hi
t Hi
'Hi.
M
*Hi

He

0.SI5S2S
I) .-,.'.1 251

i

0.546875
0.562500
0.578125
0.593750
ii ctrnr,
0.625000
0.640625
0.656250
0.671875
I) |>750U
0.703125
0.718750
0.734375
ii 7.->onon

0. 705625
0.781230

ih*
0.790875
0.812300

**«« 0.828125
0.843750

"At 0.859375
0.875000

"Ai 0. 890625
0.900250

\Hi. 0.921875
0.937500

\
it i

0.953125
0.968750

I

0.984375
1
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3. Trigonometric Functions.

tan cot baa cot cos

0.0000 0.0000! infinit. ll.oooo h '.mi s ( mi. I 392

10 0.00211
20 0.0058
30
40
SO

1

10
20
30
Id
50

2

10
20
30

50

3

10
20
30
40
50

4

10
20
80
40

(I I HINT

0.0116
I). 01 4.-,

0.0175

0.0020 34 3. 7737 1.0000 50
0.0058,171.8854 [1.0000 40
0. 0087 ,114. 5887 1 . 0000 30
0.0115 85.9398 0.0999UO
0.0145 68.7501 0.0090 10

0.0175 57.2000 0.9998

0.0204
0.0233

1)262

0.0291
0.0320

0.0204
0.0233
II 11262
I) 0201
II 11320

0.0340

0.0378
'17

II 11436

0.0405
0494

0.0340

II 1)378
I) 1)41)7

I). 1)437

6,1)466
(). 04(15

0.0523 0.0524

0552
0581
0610
6640
66611

009.S

0.0553
II (I5S2

0.0612
0.0641
0.0070

0.0808

0.0727
0.0758
1 1 . 1 17X5

0.0814
50 0.0843

5

10
20
30
40
50

6

10
211

31)

II)

SO

7

0.0872

0726
0758

0.0787
0.0816
0.0846

49. 1030 0.9998 50
42.9041 0.9997 40
38.1885 0.9907 30
34.3678 0. 0998 20
31.24160.9995 10

28 6363 0.9904
,

88

20.4316 0.9993 50
24.5418 0.9092,40
22 9D3S 6(11)1) 30
21 .4704 99S9 20
20 2056 11.9988 10

0. 1405 7. 1154 0(103

10 0.1421 0.1435
20 1). II 10 0.1465
30 1). 1478 0.1405
10 I) ! .-,07 0. 1524
50 0.1530 0.1554

19.0811 0.9988 87 11 0.1908 0.1944

10

10
20
HI)

40

(I 0. 1564 I). 1584

0.1593 0.1614
0.1822 0.1044
0. 1650!) 1673
0,1079 0.1703
0.1708 0.1733

II 1736 1763

0.1765
0.1794
O. 1*22

IS.",

|

500.1880

0. 17(13

IS23
1853

0.1883
0.1914

18.0750 0.0985 50'

17. 1693'0.9983 40
18.3499 0.0981 30
15.0048 0.9980 20
14.0244 0.9978 10

14.3007 0.9978 86

O.DS75

0.1)1)01 1)01)4

.0929 .0034
0958 0.0963
0987 .01192

0.10160.1022
1

0.1045 0.1051

0.1074 0.1080
0. 11030. 1110
0.11320.1139
0.1181 0. 1169
0. 1190 0. 1198

13.7267 0.9974 50
13 . 1960 0971 40
12.7062 0.9909 30
12 2505 0(1(17 20
11.8282 0.9904 10

11.4301 0.9962

I I 0501 (105(1

10.71190 9957
10.3854
10 07SO
(1

. 7882

9.5144 0.9945

99.54
(I (1051

0.9948

2553
9.0098
8 rriic

8 . 5555
8.3450

0.1219 0.1228

10 0.1248 0.1257
20i0. 1278 0.1287
30j0. 1305 0. 1317
40 0.1334 0.1346
50 0.138.310.1370

8. 1443

0.9942
0.9939

9936
(1032

0.9920

0.9025

7.9530
7.7704

10
20
30
40
50

12

1037 l). 1974
0.1965 2004
0. 199410.2036
0.2022:0.2065
0.2051 0.2095

6.9682 9S00
6.8269 0.9894
6.6912 0.9890
(i 5606 0.9.XS0
0.4348 0.9SS1

fl. 3138 0.9877

o sa

50
40
30
20
10

81

0.1970
6 0844
5 9758
5.8703
5.7694

0.9872 60
9K6S40
9863 30

O 9858 20
9S53 II)

5.6713

5 5764
5 1845
5 3955
5 30(13

5 2257

0.9848

9813
Os.is

9833
0X27
9X22

5 I4K) I) 9816

O 80

50
40
30
20
10

79

0.207(1

10 6,2108 2156
20 2136 .2186

0.2164 0.2217
0.2103 0.2247
0.2221 0.2278

85 13

511

40
30
20
10

I) si

50
40
30
20
10

n

2126

0.2250 0.2309

10O.227S
20 0.2306
30 0.2334
40 0.2363
50 0.2391

2339
2370
2101
2432
2462

0.2419 0.2493

8 0.1392 0.1405

cot

n 9922 50
. 90 IS 40

,958 o 9914 30
1287 o 991 1 20
2087 0.9907' 10

14

10 0.2447 0.2524
20 0.2176 2555
30 2501 2586
10 o 2532 2617
50 0.2560 0.2648

5.0658 9811 50
4.9894 0,9805 40
4 9152 9790 30
I 8430 0793 20
4 .7729 07N7 10

1 70 It,

4.03S2
4.5736
4 5107
4.4194
4.3897

4.3315

4.2747
4.2193
4.1653
4.1128

0.9781

0775
II (I7i;(l

0.9763
I) 9757
0.0750

0.9744

9757 50
0.9730 40

78

77

0.9724
0.9717

4.0811,0.9710

4.01080.9703

15

10
20
30

0.25SS

7.1154 0.9903

tan f

82

0.2616
0.2644

J 0.2872
40 0.2700
50 0. 2728

16

0.2079

0.2711
0.2742

2773
II 2805
O.2X30

0.2756 0.2887

coal cot

3.9617
3 9136
3.8067
3.8208
3.7760

3 7321

3.6891
3 6171)

3.6059
3 . 5658
3,5201

5 4S74

0.9696
(1 (1680

9681
0074

0.0667

0.0059

0.9652
9044
(1036

I' (I62X

0.9621

0.9613 74

in I' •

30
20
10

76

50
40
30
20
10

75

60
40
30
20
10
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16

10
20
30
40
50

17

10
20
30
40
50

18

10

20
30
40
5(1

m
|

tan

0.2756 0.2867

0.2784 0.2899
.2812 0.2931

0.2840 0.2962
0.2868 0.2994
0.2896 0.3026

. 2924 . 3057 3 . 2709 . 9563

3.4874 0.9613

3.4495 9605
3.4124 0.9590
3.3759 9588
3 3402 0.9580
3.3052 0.9572

0.2052 0.3089
0.2979 9.3121
0.3007 0.3153
0.3035 0.3185
0.3062 0.3217

3990,0.3249

0.3118 0.3281
0.3145
0.3173
0.3201
0.3228

0.3314
5340
3578

0.3411

10 0.3256 0.3443

10 0.3283
20
30
40
50

20

10
20
30
in

511

21

0.3311
333S
3305

0.3393

0.3448 0.3673
0.3475 0.3706

3470
3508
554 1

3574
3607

0.3420 0.3040

5502
0.3529

3557

0.3739
0.3772
0.388

0.3584 (I 5830

10 3611 II 5872
20 II 305N I1.30H6
30 0.3065 II 3030
40 3892 0.3073
.50

22

10

20
30
40
50

23

10
20
30
40

0.3746 0.4010

0.3719 0.4006

0.3773
3S0O

0.3827
(I 3854
0.5881

0.3907

0.3934
0.3961
0.3987

0.4074
0.4108
0.4142
0.4176
0.4210

0.4245

0.4279
0.4314
I) 4348

3.2371 0.9555
3. 204 1 0. 9.548
3. 17160. 9537
3.1397 9528
3.1084 0.9520

3 0777 0.0511

3.0475
3.0178
2 9887
2 9600
2 9519

2.9042

9502
9492
9183
(1474
(1105

(1155

8770 0.9410 50
8502 0.9436 40
8239 (1420 30
(ISO 9117 20

|

° '
I ain

|
tan

74f24 0.408710.4452

50
40
30
20
10

o 7.-

50
10

50
20
to

10
20
,(J

10
60

25

10

20
50
40
50

72 26

71 27 0.4540 0.5095

2.7725 0.0407

2.7475 0.0307

2.7228
2 6985
2.0746
2.6511
2.6279

9387
0.9377
(I 9507
0.0350

(1516

2.6051

2.5826
2..5605
2 53S6
2.5172
2.4960

2 1751

0.9336

III

7t

50
111

30
20
10

89

9325 50
9315
9304
9293
9283

M

0.0272

2.4545 0.9261
2.434 2 9250
2.414210.9239
2 3(115 9228
2 3751) (1216

2 3559 (1 9205

0.4014 0.45S3
50 0.4041,0.4417

24

2.3369
2.3183
2 2998
2 2817
2.2637

0.4067 0.4452

cnt I

2160

0.0194
0.9182

917 1

0.9150
0.0147

0.9135

II)

0. 4094 !0. 4487
0.4120 0.4522
0.4147 0.4557
0.4173 0.4592
0.4200 0.4628

0.4228 0.4603

2.2460 0.9135, 68

4253 0.1699
4279 0.4734
4305 0. 4770
4331 4806
4358 4811

II 43S1 487

100 1110 4913
20 1436 4950
50 II 4402 4986

11880.5022
50 0.4514 0.6069

2S

1566
4592
4817
1615
4669

0.4695

5152
51«9

0.5206
0.5243
0.5280

0.5317

10 II 1720 0.5351
20 II 1710 55S2
30 4772 5430
10 0.4797 5467
50 0.4823

29 0. 4848 0.5543

10 1) 48-4
20 I) 4899
30 0.4924
40 0.4950
50 0.4075

1601

55 SI
0.5610
II 5058

5000
0.5735

68,30 0.5000 0.5774

10 0.502510.5812
20 5050 0.5851
30 51)75 0.5800
40 5100 0.59311
60 0.5125 0.5969

67 31 0.6160 0.8000

86 32

2.22S8 0.9124 50
2.21130.911240
2. 1943 O.OiOO 5li

2.1775 0.9088 20
2.1009 0.9075 10

2.1445 0.9063

2 1283 0051
2.1123 0.9038
2 . 0965 .9026
2.0809 0.9013
2.0055 0.0001

2 .0503 .8988

85

60
40
30
2(1

10

2 .0353 0.8975 50
2.0204 0.8962 40
2.0057 0.8049 30
1.9912 .8930 20
1.9708 0.8923 10

I 9620 II 5910 65

1 91.86 O.8S97 60
1.9347 0.8884
1.0210 0. 8870
1 0071 II 8857
1 8910 II 8S43

1.8807

1 .8676
1 8510
1 8418
1.8291
I 8165

I 8010 8746 61

1.7917
I 7796
1.7675
1 7558
1.7437

0. 8732 50
I) 87 IS 40
0.8704 30
II S689 20
II S075 10

i 7321

1.7205
1.7090
1.8977
1 6861
1 6753

1 . 6843

0.5175 0.6048
0.5200 0. 6088
0.5225 0.8128'
0.5250 0.6188
0.5275 0.8208

0.529*0.6249

1.6534
1 64 26
1.6319
1.6212
1.8107

I 6003

I c<>t I tan

II SS29

8810
8802
8788
8774
S760

II SCCll

8040 50
803) -|()

86 10 30
8601 20
8587 10

0.8572

8557
0.8542
n 8626
II 851 I

il 84(16

(I S I SI I

50
40
30
20
10

68
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32 5209 I) 11219

Ifl 0.5i24 i) 62S0
20 0, 5348 ;

0. 0330
30 0.5373 0.0371
40 0.5398 6412
50 0.6422 0.8453

20

cot

1 . 0003 8480 58510 0(0 . 0293 . SOUS 1.2340 0.7771 51

1.09GO Q.846S SO
1.5708 0,8150 40
1 O.M:i4 ::o

1.5597 0.8418 20
1.5497 0.8403 10

33
. 544fl . M9i\ L. 5363 . 8387

10 II .-,171

1 0.5495
•30 0.5519
40 0. 3544
50 0.556* (1703

34 0.5592

10 0.55 16
20 0.5640
30 5664
40 0.56SS
50 0.5712

35 0.5736 0.7002

10 0.5760 0.7046
20 0.5783 0.7089
3d 0.5807 (i 7133
400.5831 0.7177
50 0.5854 0.7221

36

100
2(1 I)

40
.50

6536
6577
661!]

0.6661

-V,

1.5301 0.8371 50
1.5204 0.8355 40
1.5108 0.8339 30
1 . 5013 0.8323 20
1.4910 8307 10

0.0745 1.1826 0.8290 56

6787
0.6830
6873
6016

0.6059

1 4733 0.8274 50
1.4641 0.8258:40
1 .4550 .8241 30

0,58780.7205

.5901 0.7310
5625 0.7355

30 0. 504SD. 7400
.597210.7445
1.5965 0,7490

. 4460 8225
1.4370 0,8208

1 .4281 0.8162

1 . 3764

W 40
1.4198
1 ,4106
1.4019
1.3(134 0.8124 20
1.3848

0.81
. S I 5
. 8 M I

8107

0.8060

;:;lr; I)..8146
0.81 OS
0.8243
. .8202
0.8312

10 0.0428 0.8301

10 0.6:
20 0.6338
30 0.6301 .

4010.6383u ...

50 0.8400

10 0.61
20 0.617
•SO 61'.)

I

o.a.

-,o o .8441
10.8491
0.8541
.850]

50 0.6536 0,864:

U 6561

40 17

10 0.0583

0.S693

0.8744
20 jO. 6604 0.8796
30 6026 0.8847
40 0.6648 8S9C
50 0.0670 0.8062

55 12 0.6091

CJ

50
40
•a

JO
10 I so

54 43

1.3880 . 8073 50
1.3597 0.8056 40
1 .351410.8030 30
1.3432 0, 8021 20
I 3351 0.8004 10

0.9004

0.6713

67

0.9057
O.'Jl 10

0163
400.6777 0.9217

92710.6796

0.6820

,:;

1.22760.7753
.2203 0. 7735

1.2131 0.7716
1.2059 0.7698 20
1.1988 0.7679 10

1.1018,0.7600 50

1 . 1S47 7642 50
1.177810.762340
1. 1708 0.7604 30
!. 1.6-10 11.7585 20
1 1571 7566 10

1.1504 0.7547. 49

1 . 1438,0.7528 50
1.1369 7509 40

1303 0.7490 30
0.7470 20
0,7451 10

1 . 1237
1.1171

1.1100 0.7431 48

1 , 10-11 0.7412 50
1.09771 0.7392' 10
1.0913 0.7373 30
1 .08 SOi0.7353 '20
1.0780 0.7333 10

0.9325' 1 .072-1 0,7314 47

TO 0.0841 0.9380
20 0.0862 0.9435
30 0.6884 9490
40 0.6605 0.0545
50 0.61)26 O.Mol

37 . 6018 . 7536 I
. 3270 0. 7086 55 14 004

1.0601 0.7294 50
1.0599 0.7274 40
1 .
055V

1.047

10 0.0041
20 0,6065
30 . 6088
400.6111
50 6134

38 0,6157

0.7581
0,7627
0.7673
0.7720
0.7760

0,781.3

10 0.61SO 0.7860
20|0. 6202 0. 7007
30 I) *>>-, I) 705-1
40 0.8248 0.8002
50 jO. 0271 0.8050

: 3190 71)09

1,3111 0.7961
1 .3032 0.7634
1.2954 0.7016
1 .2876 0.78HS

1, 798 0.7881)

0.96."

1.2723 O.78B2 50
1.2847 0.7844 40

10 0.6967 0.9713
2O0.60SS 0,0770
30 0.70(H) 9827
4Oi0 .7030O 9884
50 :). 7050 0.9942

0.7254
0.7234

0410 0.7214

0355 ,7193 40

501.0295 0.7173
1 .0235 0,7153-40
1.0170 0.7133 30
1 .01 17 9.7112 20
1 .0058 0.7092

'

52 45 0.7071

1.2572 0,7826
1.2,107 0.7808 20
1.2423,0.7700

.-,(>

10

39 0.0.6293 0.8098 1.23490.7771 OS]

Sec. 11 MATHEMATICAL AND ELECTRICAL TA HIES

i. Functions of Angles in Various Quadrants.

Function — X 00° ± x 180° ± x 270° ± x 360° ± x

— sin x
+ COS X
— tan x
— cot x
+ wee x
— cosee x

-r cos j
t sin x
T cot x
T tan j"

-1 co&ec .i

-j- sec x

¥ sin x
- cos X
r tan x
± <:ot x
— sec x
+ 0OA80 x

— 008 X
± sin x
+ cot X
T tan x
± cosee x
— sec x

± Kin x
+ coa x
x tan x
£ cot x
\ aec x
± cosee x

C5oa

Tan

5. Mathematical and Physical Constants.

t - 3.14159
IA " 0.31830
x* - 9.S6960

Vt = 1.77245
e = 2.71828

Ionic r - 0.49714
log, i - 1.14472
logio 2 = 0.30102

login e = 0,43420
log, 10 = 2,30258
log, 2 = 0.00314

Velocity of Kght = 2.99791) X lO'" em per second

Electron charge = {
' -SSL"

1 ><
;
,bs

-
c , "'u -

Planck 8 constant = A = 6.5-17 X 10 :; erg-sec.

6. Table of Circuit Constants. (Pages 6, 7, 8 and 9).
values of u, inductive and eapaeitive reactance, wave length,

and LC products for frequencies from 10 cycles to 100 Me for inductance
in lienry.s and capacity in micro farads.

The following (.able, is conjunction with the multiplying factors given below, gives
llio values ol circuit constants, for any frequency between 10 cycles antl 100 inc:

Multipi.vixc Factors

For frequencies between SIull,
a by

Molt
t/m by

Mult. \
(wave
length)
by

Mult
LC by

10.5 cycles and 100 cycles
105 cycles and 1.000 cycles
1,050 cycles and 10,000 cycles,

,

10.5 kc and 100 ke

1.0
10.0
10*
10=
10*
10>
10«

io-*
10 »

10-'
10-'
10 -»

io-«
IO""

10»
10*
10*
10*
101

1.0
0.1

10
10 5

10"*

10 -»

10"»
I0-m
IO""

105 kc and 1.000 kc
1.050 ke and 10.000 kc
10.5 mc and 100 me ...

Inductive kenctance. To obtain the inductive reactance uf an inductance of L henryn
at any frequency:

a. Apply tha proper multiplying factor to column 2.
b. Muhiply by the number nf henrys.
CapaaUm UtaHa«er, Tu obtain li e rajuieiUva react, aucis of a condenser of C vS at anv

frequency: r J

n. Apply (lie proper multiplying factor to column 3
4. Divide the result by C, the number of microfarads.
c. Multiply by 10«.

If is in miiTomicrofarsds instead of nuorofarnda, multiply by 10" instead ol 10".

Example, Thus an inductance of 250 mh at 2,500 cycles lias a reactance
of 250 X 10 3 X 157.0S X 10= = 3.940 ohms. A capacity of 250 uuf at
2.500 kc 1ms a reactance of 10" X 0,3.065 X 10'= -=- 250 = 254 ohros.
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1 r&cjucury 1/m - l/2i/
X

Wnve length

too 05 974 151 57 285 . 7

1

229 75
1 LO 60 115 144 79 272 .' 73 200! 34
i i 5 72 257 138 49 260 87 191 52
120 75 ! 308 l£.68 250 00
125 78.540 127.33 240.00 162.18

130 81 .682 122.43 230.77 140.88
135 84 823 117! 89 222 ! 22 ] flg ' go
140 87 065 113 68 214 23 129 23
145 91 , 106 109 , 76 206 00 1 20 is

150 94.248 106. 10 200.00 112.58

155 97 . 380 102.60 193.55 105 44
160 100 53 99 472 187 50 98 945
165 103 67 96 459 181 82 03 040
170 106.81 03.624 176 47 87 ! 640
175 109.06 90.983 171.43 82.708

1 so 1 13 10 88 418 1 66 67 78. 170
185 1 16 24 86 030 162 . 16 74 01

1

100 1 19 38 83 766 157 90 70 167
105 122 52 81.618 1 s.-, 60.615
200 125.08 79.562 150.00 63.325

205 128.81 77 . 033 146.35 60.274
210 131 95 75 785 142 85 67 637
215 135 im 74 024 139 54 54 706
220 138.23 72.395 136136 52^335
225 141.37 70.730 133.33 450.035

230 144.51 69 . 245 130. 43 47.880
235 147 65 67.727 127 66 45 865
240 1 50 80 66 315 1*>5 00 43 975
245 153 94 M.0B9 132.4$ 42.108
250 157 OS 63 665 120.00 40. 545

255 100.22 02.415 117,85 38 054
260 163 36 61215 115 38 37 470
265 166 50 60 060 113 20 36 068
270 189!65 58 995 111! 11 34! 747
275 172.89 67.841 109.09 33.494

280 175.93 56 840 107 14 Ol . OVl
2R5 1 70 07 55 ! 844 105 26 31 185
200 182 21 54 880 103

* 45 30* 120
285 185 ! 35 53! 952 101 .70 29 ! 107
300 188.47 53.050 100.00 23.145

305 191 .64 52. 181 98 36 27 220
310 194 78 51 !300 'Hi 77 Oft

'

1
, 1 1

315 197 92 50
' 525 95

" 238 1 25 528
320 201 00 49! 736 93! 700 24^736
325 204.20 48.977 02.308 23.981

330 207 35 48. 229 90 910
335 210 49 47 508 22 571
340 213 63 46' 812 88 245 21 91

1

345 216.77 46! 132 86 9.56 2l! 281
350 210.01 45.401 85. 715 20 . 677

35E 223.05 44.833 84.390 20.099
360 225.20 44.200 83.335 19.565
365 229.34 43.602 82.192 10.013
370 232.48 43.015 81.080 18.503
375 235.62 42.440 80,000 18.013

Soo multiplying fuctora 011 9ttp 5.

Set. 1, MATHEMATICAL AND ELECTRICAL TABLES 7

Frequency w - 2x/ I/» - 1/2f/
x

Wave length
LC

'iianMM 238 . 76 4 1 . 883 78.050 17.542
385 241 ,00 4 1 . 330 77.922 17.089

40 . 809 78 . 975 10.8M
395 248.19 40.293 76.948 16.234
400 251.33 39.781 75.000 15.831

2;»4 . 47 39.208 c 4 . 073 15.442
410 257 . 61 38. 818 73. 175 15.068jirU 38. 355 T2. 288 14. 707
420 263.89 37.802 71.425 14.409
425 267.04 37.448 70.588 14.023

SOU 270. 18 37.012 60 . 770 13.609
435 273 . 32 36 . 587 68 . 965 13.386
nu . 40 36. 197 68. 180 13.084
445 279.60 35.764 67.416 12.788
450 282.74 35.368 66.666 12.509

Jn-j . flu 34 , 980 65 . 934 12. 238
AMI OQU 11*JBo .

1 1 34 . 622 85 . 2 1

5

1 1 , 970
1 ' ' •>n*> 1

9

34. 227 64.518 11.715
470 205.31 33.863 63.830 11.466
475 208.45 33.505 63.161 11.227

\ so 30 1 50 33 . 1 -u 62 , ;>00 10. 994
'ill "7A ' - . 815 61 . 856 10,768

490 n" BO 32 . 479 61 . 225 10. 549
495 311.02 32. 152 60.604 10.337
500 314.16 31.832 60.000 10. 136

505 11 7 in> 1 / . **u 31 , 5 16 59.406 9 .

1

» .: Jma 3 1 . 207 58 825 9 . 7380
515 323 . 50 30 003 58.251 9.5524
.-.jo 326.73 30.807 57.690 9.3675
.-,25 329.87 30.317 57.142 9. 1808

vin
. 1.111 MQ AlflJ'J . U

1

30 , 030 50.600 9.0170
535 336. 15 20. 748 56 . 075 8 . 84118
UUI£>4U 'ion on 20 . 497 55 . 555 8.0867
545 342.43 20.203 55.045 8.5278
BBS 345.53 28.020 54.545 8.3735

5>i5 348 i f

2

M.054 8 2234
560 350. 86 28 . 420 53 570 8.0767
•KJO 28. 169 53 . 097 7 . 9348
570 358.14 27.922 52.630 7.7062
575 361.28 27.679 52.174 7.6810

)S(J 364 . 4 •> 27 .440 51 . 725 7 . 5296e&ERH 367 , 57 27.207 51 .280 7.4013
, tHii 370 . 71 26 . 976 50 . 850 7 . 2767
595 373.85 26.749 60 420 7 1.547
600 376.09 26.525 50.000 7.0362

_
60a

... n>>M 13 AA AAA
26 398 49.586 0.9200

610 *1 0'i O QJOO - s 26 . 090 49. ISO 6.8072
615 25 . 878 48 . 7S0 6.6968
620 389..% 25.650 48.385 8.5900
625 392 . 70 25.468 48.000 6.4844

*V.U) 395.84 25.262 47.619 6.8820
635 25.063 47.244 6.2819
640 402.12 24.868 46.850 0.1840
645 405.27 24.874 46.511 6.0885
050 408.41 24.488 46. 1M 5.9952

Bee multiplying factors on pugu 5.
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J j..>-:. v l/« - W-' X
Wnve Length

LC

655 4U.55 24 . 208 4<j .801 6 9040
660 4 13.69 24 . 114 45.455 5.8150
665 417.83 23 . 933 45 . 1 1 'i 5.7270
670 420.07 23.754 44.779 5 . 6425
675 424. 12 23.578 44.445 5 . 5468

680 427.26 23 . 400 44. 122 5.4777
liS-l 43d .311 23 . 238 43 . 796 5.3982
600 433.54 Jo.Uou 43 . 478 5 3202
605 430.88 22.000 43.166 5 . 244

1

TOO 439.82 22.745 42.857 5. 1492

705 442.07 22 578 42
. 058 5.0962

710 4-16. 1

1

22 . 416 42. 105 5.0247
715 440.25 22 259 41 .957 4 0546
720 452.39 22. 104 41.607 4 89 1

2

725 455.53 21.053 41.370 4.8189

730 458.67 2 i . SOl 4 1 . 006 4 7532
735 461 82 2 I . 655 40 81

7

4.6887
740 464 90 Oi r./i"7J 1

. ."XJ7 40 . 540 4 6257
745 468. 10 21 . 36:* 40.268 4 . 5836
750 471 .24 21.220 40.000 4 . 5032

755 474.38 21 080 4.4438
760 476. 52 ~U

,

VI I all .4/0 4 . 3855
766 480.67 oft ae\A 30 .215 4 3282
770 483.81 20.660 38.961 4 2722
775 480.05 20.536 98.710 4.2173

780 490.09 20 Hit 38 . 487 4.1635
785 493 . 23 20 . 275 38 . 2 1

6

4. 1105
7HII 406 . 37 20. 146 37 . 074 4 . 0585
795 499.51 20 010 37.735 4 0076
800 502 06 19.801 37.500 3 . 9577

805 505.80 10 .

1

1 37 . 267 3.9087
810 50S 94 10.640 37 .030 3.8605
815 512.08 [0 523 36.810 3.8134
820 515 22 10.40S 36.587 3 '. 7670
825 518.36 19.202 36 304 3 . 72 16

830 521 51 10. 17/ 30 . 1 44 3 6787
835 524.85 1W.U60 35 027 3.6337
840 527 . 79 18. 046 35 . 7 1

2

8 6022
845 530.93 13.835 35 502 3.5474
850 534.07 18.724 35.294 3. 5062

855 537.21 IS 614 35 087 3.4857
800 530 38 18 . 506 34.885 3.4242
SB 5 513 . 50 18. 300 34.682 3 . 3852
870 546 64 18.203 34.487 8,3465
875 540.78 18.180 34.285 3 '. 3082

880 552 02 18 008 34 .090 3.2710
s-..-, 556 . 06 17.088 i r> AAA33 . 898 3.2341
K!)l) 558 02 17.882 33 708 3. 1970
BSD 562.35 17.783 33 520 3! 1622
goo 565.49 17 .889 33 . 333 3 . 1272

905 508.63 17.686 33.150 3.0020
910 571 .77 17.400 32.967 3 059f
915 574.91 17.378 32.787 3.0254'
0211 578.05 17.311 32.607 2.0925
926 581.20 17.206 32.432 2.0604

Sec multiplying fuclurs un unite 5.

Sec. 1 MATHEMATICAL AXI> ELECTRICAL TABLES

Krfiqucncy u — 2*/ 1/u — 1/2t/
X

Wnve tenet 1,
LC

timtt KitA 'IA 17 113 32 258 2 9287
035 687 48 1 7 022 32 086 2 K074
VIu twin #i'> ..[.Mi * . OuO.l
915 593.76 16.842 31 . 746 2.8364
050 596.00 16.752 31..580 2.8067

WOO 1A if',", 31 414 2 7774
W/£ . Ill ] t > "1 7 s 31 250 2 7485

965 606 33 16 4'>2 31 088 2 7200
070 000 47 Mi 1U7 30 ! 928 2 6020
975 012.01 18.324 30.770 2.6646

080 015 75 16.230 30.617 2.6372
985 018 90 16. 158 30.456 2 6106
000 022.04 16.071 30.302 2.5842
905 025.18 15.995 30.150 2.5588
1000 028 32 15.916 30.000 2.5330

Seo multiplying fiidora 011 pace 5.

7. L, C, X Chart.

lOjJOt

a 14:6320 75 30 40 50 WBBOIODllTOWlKiaail 2MJM 409 500 (00 500
Capacity, Kicromicroraraas
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8. Dimensions, Weights, and Resistances of Pure, Solid, Bare Copper
Wire.

(Coppcr-wiro Tables, Circ. 31. Bur. Standards.)

s d
1

is
I
t

E

*)

n
oooo-ioo o
000.400.6
00364 K

Croes-srctiorral area
il20*C.
(68°H.)

Carrying
rapacities

Circular
mils (d»),

Im - 0.001
Square indies

0324.9

l|289.3
2257.8
3229.4
4 204.3
5181.9

6 ir>s [J

7 144
5 128 5
0114.4
10 101

11 90.74
12 80 81
13 "l :m
14 04 OS
15 57 1)7

18 50 .82
17 45.26
IS 40 30
1(1 35 89
20 31.96

21 28 48
22 25 35
2:t 22 57
24 20 10
25 17.90

26
27
2S
1")

30

3
32
Si
34
81!

36
37
3S
39
40

15.94
14 20
12.64
11.26
10 03

8 028,
7.950
7 ll.SH

8.305
5.815

5.000
•1 453
3 . 905
3.531'
3. 145

1211.000.0
187.800.0
'133.100.0
105.500.0

! 83.690
66.370.0
52.840.0
41.740.0
33.100.0

26.250.0
20,820
18.510.0
13. 090.
10,380.0

8.234.0
6.530.0
5.17S i)

4.107.0
3,257.0

2.583.0
2.048.0
1.624.0
1.288.0
1.022.0

810 1

642 .

4

509 5
404.0
320.4

254.1
201.5
159 S

126.7
100.5

79.70
83.20
50.13
39.75
31.52

25.00
19.83
15.72
12.47

,

9.888

0. 166.2
0.131.8
0.104.6
0.082.89

0.065.73
0.052. 13
0.041 .34
0.032.78

0-11.0(1

020.02
0.016.35
() oil'.:, 7

0.010.28
0.008, 153

008. 467
005. 120
(KM. 01,7

003 . 225
002 . 558

0.002.028
0.001.609
0.001.270
0.001 .012
0.000.802.3

0.000.636.3
000.504.6

0.OOO.40O.2
0.000.317.3
0.000.251.7

0.000. 199.0
0.000.158.3
0.000. 125.5
0.000.099.53
0.000.078,94

0.000.062.60
000.040,04

0.000.039.37
0.000.031.22
0.000.024,70

0.000.019,64
0.000.015.57
0.000.012.35
0.000.009.793
000.007.760

3
=<

i

«

.5=

t a

^
i —
- a
>

ĥ
—

.

o

Pounds per
1,000 ft.

TViMTIflfl lif>r rnilri

225 270 32.' 640.

5

3.3SI.S40
176 210 275 507.0 2.681.712
150 ISO 227 402 X 2. 126.784
125 150 200 319.6 1,888.960

100 1 20 150 253.3 1 .337.424
90 tto 12.- 2011 LI I .060.752
80 05 100 159.3 841. 104
7(1 S5 90 120.4 607.302
55 65 80 100.2 529 . 056

50 60 70 70.46 410 548 S
38 54 03 02 332 , 745 ,

6

35 46 50 VI OS 263.894.4
28 38 39.03 200.246.

1

35 '30 30 31 13 165.050.4

20 27 24.02 131 577 6
20 '25 26 19 77 io 1 :;>•.-, i;

17 15.08 82 . 790 ,

4

16 "is *20 12.43 65 . 630 .

4

0.858 050 :'

;

6 10 7. SIS 41,270.04
200 32 736.00"3 "i 4.917 25.961 .76

3.899 20 586 72
Hie above 3.092 16.325.70
values are

those specified 2.452 12 940.56
in the 1931 1 945 10 . 269 . 60
\atinnal 1 512 8. 141 .76
Klrrtriral 1 . 223 6.457,44
Code. in 0.969.9 5. 121 .072

Inrlitmn work.
no w re smaller 0.709.2 4.061.376
than No. 14 is 0.610.0 3.220 800
lined, cxicnt 0.483.7 2 553.036
in fixtures 0.383.0 2 025.408

0.304.2 1.608.176

0.241.3 1.274.060
0.191.3 1.010.064
0.151.7 800.076
0.120.3 635.184
0.095,42 0.513.717.6

0.075.88 0.390.590.4
(! 061). 01 0.316.852.8
0.047.59 0.251.275,2
0.037.74 0.109.287.2

'.'.'\
0.029.93 0.158,030.4

Sec. 1] MATHEMATICAL AND ELECTRICAL TABLES I i

Length, 25°C. (77°K.) Resistance at 25°C. (77T )

11. & s.

or
Amer-
ican

Feet per Feet per R ohms per Ohms per Ohms per
wire

pound ohm 1,000 ft. mile pound
RBRC

1 .56 20. OK .0 C .049.9! Oft'* R04U - 6UO , 1,1., . <l c 000 07ft 01 0000
1 sto * 15 S7r .0 1 063.0: * 0.332, 745 S ( .000. 124.

1

000* 48' 1 > ".V/
. 1 079.4' 0.419.501

,

9 C .000. 197.3 00
1 .'ii i o 9g( Q ( . 100 ,

2

*i*>fl mil I .000.313,7

04'
1 7 9 14 Q 1 . 1 26 .

4

0.667.392 1 000.498.8 1
4 .97; 1 8.27C .0 I .159.3 0.841 . 104 i 000 793 1 2

J 71 4.977 .0 ( 200.9 1 . 060 . 752 ( .001 .281 37 ij [.
I 3 . 947 o { . 253 .

3

1.337.424 ( .002.005 4Q WD ' . l •>(> t .319.5 1 686 . 960 .003.188 5

12 .""X
I 2 482 o L . 402 .

8

2. 126.784 .005.069 6
II s:

i
i!069 .0 608.0 2 B8'> '24ti c OOX (Mil 720 tn 1.561 .0 .640.5 3 . 38 1 . 840 c .012.82 825 23 1 'J lis .807,

7

4 . 264 . 656 .020.38 5
3] .62 fKIvol oo 1 .018 5 . 375 . 04 .032.41 10

12 77S.4 to f 1 . 284 6.779.52 051,63 11n 617 5 1 em 8 . 548 . 32 o OX] 'lii 1263 Ml 489 7 2 042 in 7fti 7ft1U, f Er J , f y 130 1.3 13SO M 38S 3 2 575 13.596.00 207.1 i4IQ1 4 308 3 247 17. 144 . 16 320.4 15

J — f
ClV 244 2 4 094 21.818.32 523.7 18161 8 193 7 S 163 27.260.64 o 832 8 17203 4 153 e 6 510 34 . 372 . 80 1 324' 18250 ij 121 s 8 210 43 348 SO 2 105 19323 96 60 10 35 54.648!o 3 34S 20

407 78 61 13 05 68.904.0 5 323 21514 2 60 75 16 48 S 464 22648 4 48 18 20 76 IfKl AI9 fi 13 40 23817. 7 38. 21 26 17 13S 177 A 21 40 241.031 30. 30 33 00 174.240,0 34 03 25

1.300. 24. 03 41. 62 210.753.6 54 11 26
1 .639 19. 06 52. ts 077 CkOA I 86 03 272.067. 15. 11 60. 17 340 377 fi 136. 8 282.607 11. 08 83. 44 440. 563,2 217 5 293.287. 9. 504 105. 2 555 456

'

345. 9 30

4,145. 7. 537 132. 7 700.656 549. 9 315.227. (1 6. 977 167. 3 UO') 'lis
874.4 326.501. 1 4. 740 211. 1.114.080 1.390. 338.310 3. 759 266. 1 .404.480 2,211. 3410.480. 1 2. 981 335. 5 1.771.440 3.515. 36

13.210. 9 2. 184 423. .'.233.440 6,ma. 3010.600. a 1

.

375 533. 1 2.816.352 S.SSS 3721 .010. ) 1. 1S7 672. 6 t. 551. 328 14.130. 3820.500. i 1. 179 848. i 1.477.968 22.470. 3933,410. i 0. 135 .089. >.644.32 35.730. 1 40
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9. Tensile Strength of Pure Copper Wire in Pounds.

[Sec. l

Size.
1). & S
ami-

0000
000
00

Hard drawn Annealed

K -'fill

6.550
5.440
4.M0

3.680
2.970
2,380

1.900
1.580
1.300

Hard drawn A impaled

- = -=

s> I c

49.700 .-.,320 ; 32 .flea
19.700 4.220 32.00;
52.000 3.340 32.000
54.000 2.050 32.

50.1)00
.',7.0(11)

57,000

m.s o

58.000
111). SOI)

ii3 rum

i o-,(i

sst
700

9
10

12
14

16

IS
19
20

114. 200
ll.i.OOO

(Hi 001

J

556
441
mo

000 277

343.0 07.000 174.0
219.0 OS. 000 110.0
138.0 68.000 68.0

80.7
88 8
.'.I 7

34,000
34. (WO
34.000
34,000

34.000
34.000
34.000

68.000 43.4 34.000
68.000 34 1 34 .000
OS. 000 27.3 34.000

10, Insulated Copper Wire,

Site.
B. A S.

EBITO

Enamel wire Simdo-silk covered Double-silk covered

, Outside
diam-
eter,

mils

' Turns
per

linear
inch

Pounds
nor
1,000
It.

< >:)I«i<lt

diam-
eter,

ndfa

Turns
per

linen r

inch

Pounds
per
1.000
ft

Outside
diam-
eter,
mils

Turf;*

per
linear

Inn

Pound*
per
1,000
ft.

8

10
11

12

130.6
116.5
104.0
92.7
82.

8

7.7
8 6
9 ii

10 s

12.1

50.6
JO •>

31.8
25.3
20.1

13
14
15
IS
17

74.0
00. 1

59.1
52.8
47.0

13.5
15. 1

16.0
18.0
21.3

15 !I0

12 CO
10.00
7.930
0.275

52.8
47.3

IS 9
21.

1

7. 89
6.26

54.6
in 1

13.3
20.4

8 00
6.32

IS
19
20
22
24

42.1
37.7
33 7
26.0
21.5

23.

S

26.5
29.7
37.2
40.6

4.980
3.956
3. 135
1.070
1,245

42.4
37.0
34.0
27.3
22.1

23.6
20.4
29 4
38 6
45.3

4.97
3 91
3 13
1 9.S

1.25

M 1

39 7

35 8
29 1

23.9

22 7
25 2
28
34.4
41.8

5.02
3.99
3.17
2.01
1.27

26
28
30
32
34

17.1
13 li

10.9
8 7
6.S

58.5
73 .-.

91.7
115
145

0.785
494

0.311
0. 100
0. 123

17.0
14.6
12.0
9.9
8.3

55.9
US 5
83.3
101
121

7!ll

1) 498
316

0.210
0. 129

19.7
10 4
13.8
11.8
10.

1

50.8
01
72.5
84 8
99.0

810
0.514
0.333
0.217
0.141

36
38
40

6.6
4.4
3.5

180
227
280

078
0.049
0.031

7.0
li

5.1

143
167
196

o nsj
053

0.035

8.S
7 S

6.9

114
128
145

0.002
0(12

0.043

Sec. lj MATHEMATICAL AND ELECTRICAL TABLES 13

11. Insulated Copper Wire.

Single-cotton covered

( Hun-, per
1.000 ft.

Double-cotton covered

Outside
diameter

mils

0.0500
I) 01130

0795
0. 100
0. 126

0,201
0.253

319
0.403

i) .'.us

0.641
SOS

1.02
1.28

1.02
2.04
2 . 7>S

4.1
6.5

10 4

16.6
26.2
41.0
66.2

105
167
2CI1

423
673

1,070

4(17

418
373
334
300

267
230
214
192
170

153
136
121
108
07

87
78
70
56
45

37
20.5
21.1
Ml 9
16.6

14
12
10.3
9.0
8.0

7 I

Turns per
linear
inch

2.14
2.39
2. 68
3.00
3.33

3.75
4.18
4.67
5.21
5.88

6.54
7.35
8.26
0.25
10.3

11.5
12.8
14.3
17.0
22.2

27
33.9
41.5
50 2
00.2

71.4
83.4
07.1

111
125

141

Pounds
per 1,000

ft.

50.0
40 2
319
2.1.3

20.

1

10.0
12.7
S 03
5.08

Outside
diuincter.

mils

22
05
3
834
533

0.340
0.223
o lis
I) 099
O 070

I) 052

477
428
382
343
308

275
248
222
200
175

160
142
127
113
102

92
82
74
60
40

41
33
28
23
20

18
16
14
13
12

Turns per
I incur
inch

11.1

2.10
2.34
2.62
3.00
3.25

3.04
4.03
4.61
5.00
5.62

6.25
7.05
7.87
S.S5
9. SO

10.9
12.2
13 .",

16.7
20.4

24 4
30.0
35.8
II s
48.6

65.6
62.9
70.0
77
83.3

90 9

12. Properties of Commercial Insulating Oils.'

Oil Dielectric
comtuint

Elesistivity at
500 volts d.c.

100°C. ohm-
cm

Power
factor
100oC.

Dielectric
strength.
26°C.;0.I-
la. gap. kv

Mineral oil.
,

Whale oil
.

Linseed oil

2.23
3,05
8.3
4.7
3.2
3.2

21.0 X 10"
0.032 X 10"
0.61 X 10"
0.006 X 10"
0.01 X 10"
0.08 X 10"

0.0004
0.0015
0.0027

097(1

11.0005
190

30 to 40
30 to 40
30 to 40
30 to 40
30 to 40
30 to 40China wood oil

1 Ci.akii, I'. M., liquids us Insulators, Gen. EIk. Rn., April. 1U28.
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Logarithms of Numbers, N I 3 4 5 7 8 9

N 1 3 4 5 6 7 8

55 7404 7412 7419 7427 7435 7443 7451 74S9 7406 7474
56 7482 7490 7437 7505 7513 7520 7528 7530 7543 7551

10 0000 0043 ooso Q128 0170 0212 0253 0204 0334 037 1 57 7559 7,:. Gil 7574 7582 751!) 7507 7604 7012 7619 7027

11 0414 0-1 53 0402 0531 0509 0607 0045 0682 0710 0765 58 7634 7642 7049 7057 7004 7072 7079 7080 7694 7701

12 0792 0828 0.164 OS09 0934 0609 1004 1038 1072 1100 69 7709 7716 7723 7731 7738 7745 7752 7760 7707 7774

18 1 1 3!) 1173 1200 1230 1271 1303 1335 1307 1399 1430
783214 1401 1492 1523 1 5:;;i 1584 1014 1644 1073 1703 1732 60 7782 7789 7796 7803 7810 7818 7825 7839 7846

61 7853 7860 7803 7876 78,12 7880 7800 7933 7010 7917

15 17B1 1790 1818 1847 1875 1003 1031 1959 1987 2014 62 7924 7931 7933 7945 7953 7059 7900 7973 7980 7987

10 2041 DOM 2005 2122 2143 2175 2201 2227 2253 22711 03 7903 8000 S0O7 801 1 8021 8028 8035 8041 8048 8055

17 2301 2330 2355 2330 2105 2430 2455 2480 2504 2529 04 8082 8009 8075 S0S2 S08U 809 8102 8100 8116 8122

IS 2553 2577 2iH)l 2025 2048 2672 2005 27 IS 2742 2705

19 2788 2310 2833 2850 2878 2900 3923 2045 211(17 2989 OS 8129 8130 8142 8149 8156 8103 8169 8170 S1S2 8189
1 66 8195 8202 S209 S215 8222 S228 8235 8241 S24S 8264

20 3010 3032
3243

3054 3075 3O00 31 IS 3139 3100 3181 3201 67 R261 8267 8274 8280 8287 8293 82911 8300 ,8312 8319
21 3222 3203 3284 3304 3324 3345 3305 33.15 3404 68 8325 8331 8338 8344 8351 S357 8303 8370 83711 8882
22 3424 3444 3404 34S3 3502 3522 3541 3500 357!) 351)8 69 S388 8395 8401 8407 8111 8420 8426 8432 8439 8445
23 3017 3030 3055 3074 3692 3711 3729 3747 37110 3784
21 3802 3S20 3838 3850 3374 3S02 3900 3927 3945 3902 70 8451 8457 8403 8470 8470 8482 848S 8494 8500 8500

71 8513 8519 8525 8531 8537 8543 .Will S55.1 8501 8567

25
26

3979 3097 4014 4031 4048 4065 40S2 4099 1110 4133 72 8573 8578 8585 8591 S507 8003 .81109 8016 8621 8027
1 15!) 1 1

i-.il 4183 4200 4210 4232 4249 4205 4281 4298 73 8633 8039 8045 8651 8057 8603 8609 8075 8681 8686

27 4314 4330 4340 4362 4378 4393 4409 4425 4440 4456 74 S692 8698 8704 8710 8716 8722 8727 8733 8739 8745
2S 4472 4IS7 4502 45 IS 4533 4548 4564 4579 4594 4609
29 4024 4030 4054 4600 4CS3 469S 4713 4728 4742 4757 75 8751 8756 8762 876S 8774 8779 8785 8791 8797 S802

76 8S08 8814 8820 8825 8831 8S37 8842 S848 8S54 8859

30 4771 4780 4SO0 4S14 4829 4S43 4S57 4871 48S6 4900 77 8865 8871 8876 8S82 8887 M93 8399 8904 8910 8915
31 4014 4028 4942 4955 4909 4983 4997 5011 5024 5038 78 8921 8927 8932 8933 8943 8949 8H51 8960 8905 8971

32 5031 sons 5079 5092 5105 5119 5132 5145 5159 5172 79 8976 8982 8987 8903 8908 0004 0009 0015 9020 9025
33 6I.S5 5 LOS 5211 5224 5237 5250 5263 5276 5289 5302
34 5313 632S 53-10 5353 5300 537S 5391 5403 5410 5428 80 9031 9030 9042 9047 0053 9058 9063 0069 9074 9079

81 9085 9090 9096 9101 9100 9112 9117 9122 9128 9133
35 5111

5303
5453 5405 547S 54O0 5502 5514 .5527 5539 S551 82 9138 9143 9149 9154 0159 9105 01711 9175 0180 9) 80

30 5575 5587 5509 5011 5023 5035 5047 5668 5070 1
83 9191 0196 9201 9206 9212 9217 0222 9227 0232 9238

37 SOS 2 509

!

5705 5717 5720 5740 5752 5763 5775 57.SI 84 9243 924S 0253 9258 9203 9209 9274 9270 0234 9289'

3S
30

6798 5809 5S21 5132 514 3 5355 5S8S SS77 51S1 5.HI!

5011 5022 5033 5044 505; 59 SO 5977 5988 5999 6010 83
SO

9294
9345

0200
9350

9304
9355

9309
9300

9315
9305

9320
9370

9325
0375

9330
!s:m)

9335
11335

9340
9390

40 0021 111131 0042 0053 ' 0004 0075 6085 6096 0107: 0117 87 9305 0400 9405 9410 0415 0120 9425 9130 9435 9440!

41 01 23 0138 0149 0100 0170 6180 0191 0201 0212 0222 83 9445 9450 9455 9400 9405 9409 0474 9479 9484 0489
42 (i2:i2 0243 0253 0203 0271 0284 6294 0304 0314 G32i 80 9494 9499 9504 9509 9513 9518 9523 9528 9533 0538
43 0335 8844 0355 (1305 • 0375 BBSS 6305 0405 0415 012,'

44 0435 0444 6454 040-1
, 0474 6484 6493 05 03 6513 0522 no 9543 9547 9352 9537 0502 9506 0571 9576 9581 9586

91 9500 9595 9000 9005 9009 0014 0019 0024 9028 9033
45 0(532 0542 0551 050 L 057 L 05 SO 0590 0501! 000!) ' wn 02 00S.S 96-13 91547 9052 9067 0001 0006 9071 9075 9080
40 0028 01137 c.i. n, 8001 0005 01175 0084 6003 0702 071S 93 9 OS 5 9089 9004 9099 9703 071 1.1 0713 9717 9722 9727
47 072

1

0730 0730 074 r 07.5s 0707 0776 0785 071) 1 6801' 94 9731 9736 9741 9745 0750 0751 9759 9703 9768 9773
IS 0812 0321 OS30 BS89 0848 6857 0806 087" 0834 oso;
40 0002 0911 01)20 0928 0037 6040 0055 090 1 6972 0981 95 9777 S782 97S6 9701 9795 9800 9805 9809 9814 9318

90 0823 0827
9872

9832 98311 9841 O.14 5 9S50 9154 9350 9803
50 0990 0993 7007 7010 7024 7033 7042 7050 7059 7007 97 9808 9877 9881 9SS0 9,190

1)031

9.104 9899 9903 9 90S

51 7070 7031 7003 7 10

1

7111 7118 I L'2li 7135 7143 7152 98 9912 9017 9921 9920 0931) 9930 119 13 0948 9952
52 7

I a 7108. 7177 7isr 71!.):. 7202 7210, 7218 722Li 7235 09 SO 50 9901 01,105 9969 9974 0978 9983 9087 9991 8990
63 7243 7251 7250 7207 7275 7284 7292

j
7300 7308 73 It

H 7324 7332 7340 7348 7350 73114 7372 73SU 7388 7390
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16. Exponential and Hyperbolic Functions.

2.71828: 0.30787: logio t

«* — <"*
t

f +r
0.43429; sinh x -

%
—

: c0,h 1 " "
2
~

Natural value; Logia

o.oo

0.10

0.20

30

0.40

0.50

0.00

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.000 1.0000

1.1052 0.9048

1.2214|0.8187

1.3499 0.7408

1.491810.0703

1.0487 0.0005

1.8221 0.5488

2.01380.4006

2 2255 0.4493

2.4590 0.4000

i*inh x

2.7183

3 0042

3.3201

3.0093

4.0552

0.3079

0.3329

3012

2725

0.2400

1.50 4.4817 0.2231

1.00 4.9630 0.2019

1.70 I
5.473910.1827

1.80 0.0490 0.1053

1.90 0.0859 0.1490

2 (HJ

2.10

2,20

2.30

2.40

2.50

2.00

2.70

2.80

2.90

3.00

3.10

3.20

3.30

3.40

cosh x tauli x

7.389110.1363

8.1002 0.1225

•i U250 I ins

9.9742'o.l003

11.023 0.0D07

12.182 [0.0821

13.404 0.0743

14.880 ,0.0072

10 445 '0.0008

18.174 0.0550

20.030 |o.0498

22.198 0.0451

24.533 0.0408

27.113 0.0309

29.904 0.0334

.000 1. 0(H) .0000

0.1001

0.201

0.304

0.411

0.521

0.037

I) 759

1

! IT.".

1.335

1.509

1

1.004

2.129

2.370j

2 040

2.942.

3.208!

1.005.0.0997

1.020 0. 1974

1.045 0.2913

1.081 10. 3790

1.128|0.4021

1.18o|o.5371

1.255.0.0044

1.337 0.6040

1.433 0.7103

1.543'0.70lfl

1.000.0.8005

1.811 0.8337

1.07lio.8017

2.151:0. 8854

2.352 0.9052

2.578:0.9217

2.828 0.9354

3.108 0.9408

3 i iLi n 11502

0.0000

0.0434

0.0809

0.1303

0.1737

0.2172

0.2000
l|] 3040

0.3474

10.3909

m:.u x cosh x

0.0000

I.0O07 10.0022

T.3039 0.0086

I .MM
T.0136

T.7109

1.8040

T.8S00

1.9485

10.0114

0.0193

0.0330

0.0522

0.0739

jO.0987

'o.l203

|0.
1663

B. UjM
.0.2223

10.2578

0.2947

10.3896

tanh x

2.9980

1.2953

1.4044

1.5797

|1.0847

lT.7300

,1.7813

IT. 8222

'T.S551

|l.8817

I. 9034

iT.9210

I
I.9354

T.9471

(I 4343 0.0701

0.4777 |0.1257

0.5212 0.1788

0.5040 0.2300

0.0080 0.2797

lo.0514 0.3282 10.3715 |l.9507

0.0949 ,0.3758 U.4112 1 9040

7383 0.4225 0.4515 11.9710

0.7817 .0.4687 0.4924 T.9763

0.8252 |o.5143 0.5337 .1. 0800

3.827. 3.762 0.9640

4.022 4.144 0.9705

4 45?' 4.508 0.9757

4.937 ,
5.037 0.0801

6.46W 5.557 0.08:17

0.050:

li 095

7.400

8 192

9 050

0. 132 0.9800

0.770

7.473

8.253

9.115

II 9890

0.9910

0.9920

0.9040

0.8080

0.9120

9554

0.9989

1.0423

1.0857

1 . 1292

1 1720

1.2100 9134

I .
2.">9.'» 957 I

(I 5595

0.0044

0.MS1
0.0935

0.7877

0.7818
0.8257
il 8090

n .,754

0.0175
0.0597

0.7022

0.7448

0.7870

0.8305

0.8735
I) 9100

II 9597

10.018: 10. 00810. 9851 ]
1.3020

11.0771 11.122'o.»080 11.3403

12.240 12.287 0.9907 '1.3897

13.538 13.576 0.9073 [1.4332

14.086 14.900 0.9978 |l 4700

11.0008 'l .0029

1.0444 1.0402

,1.0880 il.0804

'i . i3in I1.18W
1.1751

j

1.1761

I 0841

I. 9870

|T .9893

T.9913

I I. 9928

1 .9012

T.0952

i 9901

1.9908

T.9974

1.9979

T.9982

1 9980

T.9988
1.0990

Sec. 1.
MATHEMATICAL AND ELECTRICAL TABLES

Natural valuca Logic

sink, x cosh x tanh x e' sinh x rush j* tanh r

-

3.50 33 115 0.0302 III.MM 10.573 9982 l 5200 1 2180 1 . hum T.9992

3.60 30 598 0273 1 Q 1 v
'

10

.

XOO 18.313 0985 1 5035 1 2021 1 . 2028 T 9994

3.70 40 447 0247 20.21* 211 230 0988 1 0009 1 3056 1.3001 I 9095

3.80 44 701 (1 0224 22.339 22 302 9999 1 8503 1 3491 1.3495 1 9990

3.90 49 402 (1 0202 24. mn 24 711 9992 1 0938 1 3925 1.3929 i 99904

4.00 64 598 (1 0183 27 308 9993 1 7372 1 4360 1 . 43(53 T 99971

4 . 10 00 340 9 0160 30 178 u 99945 1 7800 1 4795 I .4797 I 99976
4.20 60 080 9 QUO 33.330 33 351 i) 999.-,:, 1 8240 1 6220 1.5231 T 99989

4.30 73 700 0130 30.843 30 857 99903 1 8075 1 5004 1 .
5005 y 99984

4.40 81 451 II 0123 tli "Mi 40 732 99970 1 9109 1 0098 I . 1 HUt'.! 1 99987

4.50 90 017 9 0111 4.i> 0(13 45 014 99975 1 0543 1 0532

0907

1 . (S;>3-t 1 999S9
4.00 90 484 9 0101 jfi "ittj j * .1/ 19 747 99980 1 9970 1 1 (i'JIiH 1 99991

4.70 109 95 9 0091 54.069 54 078 99983 2 0412 1 7401 1.7402 1 99993
4.80 121 61 0082 00.75! 00 759 99980 2 0840 ! 7836 1.7830 1 99994
4.90 134 29 9 0075 an it.

I>| . 14 1 07 149 II 999S9 2 1280 1 8270 1 . 0^70 I 99995

5.00 148 41 9 0007 "1 Ort-J
, \ J9.i 74 210 99991 2 1715 1 8704 1 . 8704 T 99990

5.10 MM 02 9 0001 tt-> Ant!>*i . 098 82 014 9999:! 2 2140 1 9137 1 .9139 i 90997
6.20 181 27 II ill).-,:, 90.033 90.030 99994 t 2j>Kt 1 9573 1 .9673 T 99907
5.30 200 34 9 0050 100.17 100 17 9 90995 2 3018 2 0007 2 1)007 T 99998
5.40 221 41 0045 110.70 110.71 9 99990 2 3452 • j 0442 2.0442 991.19s

5.50 244 A9 e 0041 122.34 122 35 9 99997 2 3880 2 0870 2.0876 1 99999
5.00 270 43 0037 135.21 135 22 l> 99997 2 MSI 2 1310 2.1310 1.09990
6.70 298 87 " 0034 149.43 149.44 (1 99998 2 4755 2 1744 2 . 1744 I 99999
5.80 330 30 i) 0030 105 15 186 15 90998 2 5189 J 2179 2.2179 I 99999
s.no 305 04 n 0027 182.52 182 52 9999S 2 5023 2 2013 2.2013 T. 99999

0.00 103 43 0025 201.71 201.72 it 99999 2 6038 2.3047 2.3047 T. 99999
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18. Systems of Electrical Units.

2]

Practical r.-.u.

VoR(v)
A in [j ere (a) . .

Second
Cvcle
Ohm
Mho
Ilcnry(h) .

.

i'nrad(f)—
Watt(w) . .

.

Joule(j) . . . - -

Coulomb(c)

.

10-" v
10 a
sec.
cycle

10~« ohm
I0» mho

10-5 h (cm)

10' i

10"' V
10^ j (cm)

10 c

rtoo v
3,33 X 10-'» a

sec.
cycle

0.0 X 10" ohm
1.11 X 10-" mho

0.0 X 10" h
1.1 ppf (cm)
Hr»w
10-'

j

3.33 X 10" ! ° c

H.f.

ma
^sec.

Me
k-ohm
m-mho
mh
m^f
mw
m#i;
miic

A.f.

in a
msec.
kc

k-ohni
in-mhn

h
ft
mw
«
IK

li m 10 m = 10-'; k = 10 3
; M = 10"; mji - 10"«.

19. Computing the Harmonic Content of Any Given Periodic Complex
Wave Form. When an oscillogram (or other graphical representation)
of a periodic complex wave is available, it is possible to compote the
percentage of each harmonic up to and including the sixth, by means of

the following schemer1

Period

Fig. 1.—Example of complex wave for analysis.

The oscillogram must contain at least one complete period of the wave,
from any given point on the wave to the corresponding point at the

j?P
w right at which the form of the wave begins to repeat itself. In

!,'f-
1 the complete period is given by the distance OX, a distance of

i ,

electrical degrees, With a compass or dividers, divide this com-
plete period into 12 equal parts, and erect the 12 equally spaced ordinate's
V*t Ih, j/;, ...,(/,,. Kach of these vertical lines is drawn from the

^

1
I his method is known : the twelve ordinate scheme, and id a convenient form for

in ?.i O
.
;
'u:i '>on» of the Fourier annlysis. The form (riven here has been adapted

l.w i. V
,
.
r;< "hlt'

:il ">"1 Mechanical Compulation." Pari II. Kvpcrummtal Data, by
ICSB "eka- published by John Wiley <v Sons. Inc.. New York. pp. 1S1 185. See
S..li """-'J*'-

1 'ncelienschabhiiH-ii filr harmonist-he Analyse and Syiithese," JulhnBl>nnj;er, Berlin. 1930.
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intoTn,
a
h B

tin
;
e a!i

.

is t0 ,h0 With a nl 'e (Pref^bly one divided

1

into tenths of inches or a rniilimeter rule, so that the lengths can ,expressed ,„ dec.nml orm). measure the k„Kth of earl, of tl <-e r, i-

"rbitrarJ U n,> is Xd ^'T" "'"'"iT - »n.v otherar
) lrar> unit is used, so long as all ordmatcs are measured with the

table below:
^ 1C"K,,, °f ,mch

'
mlin;,,<> m ,hc ^

Ordinate number W
j

vi m w V* V*
J

Iff VI V. luo

Length of ordiuuic S.s'37.0 63.

e

78.4 93.2's9.6 66.734.3 -8.8 -28.

4

-44.1 •18.

,~,"'"* 1"3 *""« !lrt; mc icngins taken Iron, Fig I

1

C0n,Put» t '°P co,,sist
,

s '» substituting these lengths in the following
a<l|m<ms subtractions, and multiplications, and in p"£

forming the indicated operal.ons. First, set down the values of the

^'"T'l
" l ""' «nd subtracting u

Sum:
Difference:

.7:

80 Si

<2i

Win

Si

»*

*i

in

rf5

.'/•

50 Si

51 St

Stun : ,s„ ,«,-,

Difference: On /) t

Finally:

& A
5. Si

Sum : Sr &

st

st

Si
Dt

d, d.

St

n3 />4

and
St Dt,

Si_p,
Difference: Dt Dt

,nmnl (~ "'.jU? '4 ' 1 ' "
.

,0 fi."« 1 ,hc •oeflicicnts in ihe ec,uatinn of thetomplox wave. I his equal ion is written:

V = A„ + /ticosut + Ajcos^ + ,1,008 3^ + A,coa4ut + /Ucos.W+ At cos W1 + «, sm + «3 si„ 2(1)/ + /<, sin 3ti), + fl .J„ W
-r &b sm oti«

where ^ and B are the cocfficienU of the cosine and sine terms, respec-

Tlie formulas for the A's and B's arc as follows:

A , = ^-,t—8 : .4 , - 5t+ O-fM/Vj- 0.5«,. 5 + 0.5S, - 0.55, - 5,
12 ' 6° »** g J

,1., = ,4, = Si ^0.6^-0.55^ _ /) _ 0.866/J, + 0.5/J,
6 6 ' 1 g

A* 12~>«
0.55. + 0.8665. + 8t „

6 > a*
_
0.866(Z>, +

6
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„ /).. ,,
0.866(/J, - Dt ) .. 0.5S< - 0.8665t + 5,

lh = -g , «4 g , «6 g

There are several cheeks which may he made on the arithmetic of the
above computations:

Wu =• A + Ai + At + A t + A, + At + At
in -T fta - (ft + Bi) + V3(Bi + + 2B,

for computing the percentage harmonic content of the wave, it is

convenient to express the equation of the wave in somewhat simpler
form, reducing the cosine terms to sine terms in the following manner:

•I = A a + VA,' + /V sin (at + a,) + VA,* + sin (2ul + at) +
V^V + Bt> sin (3«« + a,) + y/A,' + Bt* sin (Aat + cu) +
V^ti1 + B** sin {hat + at) + A, sin (Qui + «,)

The coefficient of each sine term in the above equation is proportional to

the magnitude of the harmonic, that is, y/Ai 1 + Bi* is the amplitude of

the fundamental, V

A

j
1 + Bt* the amplitude of the second harmonic

(double frequency), vOli1 + BS the amplitude of the third harmonic
triple frequency), and so on. A„ is tin? d-c component of the wave.

- equal tn 2-f, where / i-- I lie fundamental frequency. The angles

«i. ai, «j, etc., are equal to tan -1
7 -', tan -1 4=, etc. These angles do not
/>! I>3

enter into the compulation, unless the phase displacements between the
various harmonies are clesired.

To find the percentages of the various harmonics, in terms of the
magnitude of the fundamental, use the following expressions:
Per cent second harmonic:

Per cent = + Bl> X 100 per cent

I'or the third harmonic:

Per cent = ^A±J?i* X 100 per cent

»nd so on. For all hannonies up to the sixth taken together, the total
narmonie content expressed as a percentage is:

Her cent = V^»* + A,1 + A t* + AS +AJ + g,' + 8?'+~B7~+B~7t

y/AS+B?
X 100 per cent

It is sometimes useful to compare the r-m-s value of the fundamental
'^'tti the d-c component, exjiressed its a percentage. To obtain this per-
' '"tage from above figures, substitute in the following expression:

•D-e component, expressed as a per cent of r-m-s fundamental,

=
0.707v^T+~B,' X 100 Per CCnt
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Kxamtfe (see l'ig. 1 and values in table above):

5 5 37.0 68.6 76.4 93.2 89.6 66.7
15 -44.1 --28.4 -8.8 34.3

Sum: 5.5 22 24.6 48.0 84.4 123.9 f',11.7

So Sl #1 M
I Jiflcrcnce: Ba 112.7 104.8 102.0 55.3

at dt di d* it

5.5 22.0 24.5 48.0 52.0 112.7 104.8
66.7 vs.i u 84.4 55.3 102 ii

72.2 1-1.1 !) 108.9 48.0 Sum 107.3 214.7 104.S
So S, Si S, St Ss Si

-61.2 -101 .9 -59.9 Difference: - :i .3 10.7
£>o »i Dt Di i>«

72.2 1-15.9 107.3 -61.2
HIS •) 48 KM S -59.9

Sum: 181.1 1 93 .
;> Difference: 2.5 -1.3

Si St Dt

181.1 + 193.9
Ao =

12 = 4-81.3

-61.2 + 0.866( -101.9) + 0.5(-59.0)
jli = s — —29.6

72.2 + 0.5(145.9) - 0.5(108.9) - 48.0
At = g = +7.1

.4,-
"J-

3
- -0.2

72.2 - .5(145.9) - 0.5(108.9) + 4S.0
At — 1 g = —1.2

-01.2 - 0.866( -101.9) + 0.5( -59.9)
At — g = —0.4

181.1 - 193.9
At j2 = -11

„ (1.5(11)7.3) I- ().S(i(i(2M.7) J- 104 .S

_ 0.806( -3.3 + 10.7) .

O! = q = +1.1

«> - -
u

5
= +0.4

Q.868(-3,3 - 10.7) „
«4 = g = — jf.O

0.5(107.3) - 0.860(214.7) + 104.8
i>» » s — —4.5

Result:

y m 31.3 - 29.6 cos wi + 7.1 eos 2ut - 0.2 cos Zoit

— 1.2 cos -tut - 0.4 cos Scot - 1.1 cos Gwt
+ 57.3 sin ul + 1.1 sin 2<j>f + 0.4 sin 8tgt

— 2.0 sin 4wf — 4.5 sin but

Percentage of various harmonics:

Second: Per cent - V't'-D 5 + (1.1)- x lfJ0 uent = n , t
V-

(29.6) = + (57.3)'
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Third: Per cent = ^"'^l,* ^ 4) '

X 100 per cent = 0.7 per cent

\ (1.2)' + (2.0)-
I'ourlh: Per cent • gj-j X 100 per cent = 3.6 per cent

\/(0.4)> + (4.5)

»

Fifth: Per cent
64 5
— X 100 % = 7.0 per cent

Sixth: Per cent -
g-j^j X 100% - 1.7 percent

Total harmonic content:

Per cent =

^(7.1)'+ (6.2)'"+(1.2)' + va4)'+a.i)= + (l.l)' + (0.4) ' + (2.0)' + (4 .5)

'

64.6

= 13.8 per cent.

IVnciitage d-c component:

31 3
Per cent =

6T07v3475)
= 68 9 oent

20. Evaluation of Square Root of the Sum of the Squares of Two
Numbers. In the calculation of impedance as the sc|ii«ire root of the
Mini of the squares of a reactance and :i resistance, a useful anil convenient
method of solution consists in rewriting the equation as follows.

v& + v - byji + p
"here « is the large number.

Tin- operations can now he carried out fairly simply with the slide rule.
If (he right-hand side of this equation he multiplied and divided by a/b
the solution becomes simply one of multiplying (lie larger number ' n by
" factor which is a function of the ratio of n b.

\ table may be worked out for this function. \V. .1. Heeley of Duke
Iniversity, Durham, X. C, has copyrighted such a table in which the
factor has been worked out to five decimal places for various values of
a/b from 0.001 lo DO. Curves may be drawn from calculations of this
nature which will he useful in graphicallv determining the value of the
Inaction a/b.

21. Shunt and Multiplier Data for Meters. It is often useful to con-
vert a low-reading current meter lo a voltmeter or a current meter of
higher maximum current reading. The following table will cover the
usual situations arising in the average laboratory. The values of shunt
are calculated from the equation for meter shunts,

Km X hn

I - /*»

where Rm = meter resistance in ohms
Im = full-scale current of meter

/ = current desired to be read.
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Rule

0-10
0-60
0-100
(l l>.

r
H>

ii r.iM)

0-1000

0-10
0-50
0-100
(I .-,(1(1

0-15
0-150
(1 TTrfl

0-15
II 7;,

II 150
tl 7 .VI

Shunt and Multiplier Values
27-ohm (0-1) Milliammeter

Use as

Vnlimeter
Voltmeter
Voltmeter
Voltmeter
Voltmeter
Voltmeter

Milliammeter
Milliammeter
Milliummcter
Milliammeter

Resistance in ohmn nf inul-> Multiolv old
tiplier or shunt j tjculo by

35-ohtn (0-l.Sj Milliammeter

10.0011 if 10
50.000 M 50

1 00.01111 B 100
250.000 M 250
500.000 M 500

i .wto.ooo M 1000

3 S 10
0.551 8 50
0.272 3 100
0.0541 * 500

Voltmeter
Voltmeter
Voltmeter

Mllliu.ru ifr

Mitlinmmeter
Milliammeter
Millinmtiictcr

in. in in

100.000
500.000

3. 89
714m

0.0701

M 10
M 100
M 500

a 10
s 50
s 100
s ,-.illi

SECTION 2

ELECTRIC AND MAGNETIC CIRCUITS

By E. A. Uehlisg 1

FUNDAMENTALS OF ELECTRIC CIRCUITS

1. Nature of Electric Charge. According to modern views all natural
phenomena may hp explained on the basis (if fundamental postulates
regarding the nature of electric charge. In the neighborhood of an
elft-irie charge is postulated the existence of an electric field to explain
such phenomena as repulsion and attraction. The force which acts
between electric charges by virtue of the electric fields surrounding lliem
is expressed by Coulomb's law which states that

r«

The value of the unit charge in the elect rostalie svslem is based on this
law and is defined, therefore, as that value of electric charge which when
placed at 1 cm distance from an equal charge repels il with a force of
I dyne.

2. Electrons and Protons. There are two types of electricity : positive
ad negative. The electron is representative of the latter and the
pinion of the former. All matter is made up simply of electrons and
protons. Exhaustive experiment has proved that all electrons, no
matter how derived, are identical in nature. They are easily isolated
and as a consequence have been thoroughly studied. Among the most
"nportant results of this study are the following facts:5

Charjio of tho electron 4.770 X lO-'ies.u.M
"f» 0,04 X 10-"

ft
Itadius 2 X 10-" cm. upprox.

I'he proton has not heen so thoroughly studied. It is not so easily
"*«ated, and Ihe effects of electric and magnetic fields on its motion are
''"isiderably smaller than similar effects obtained when electrons are

nf.t i

T,le Prolon apparently has a mass of about 1,838 times that

.'i
electron and a considerably smaller radius.

1 he mass of electrons and protons is purely inertia) in character. In
it her words Ihese fundamental units of electric charge consist simply

.,
Pur£ electricity. For the sake of completeness it should be added

forV m
.

nsa ? not '"dependent of velocity and that the values given
r loth the electron and proton assume velocities which are small

'n comparison with that of light.

Department of l'hytfics, University of Wiwhinirton.
Mili.ikan, K. A., "The Kleetron."

27
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3. Atomic Structure. The atoms of matter consist of a central
positive nucleus surrounded by such a i her of electron.- :,« will
neutralize the nuclear charge. The central positive nucleus consists of
liolh elections and protons with an excess of die latter. Tlrs excess
determines the chemical characteristics of the atom bv determining thenumber of electrons outside the nucleus, while the total number of pro-
tons determines the atomic weight of the element. According to one
view the electrons outside the nucleus move in planetary elliptic orbits
about it. 1 he radius of the different orbits varies within a single atom
and as a consequence the strength of the bond existing between the
nucleus ami the different electrons varies.

4. Ionization. The outer electrons are in general loosely bound to
•lie nucleus and under favorable conditions mav be completely disso-
ciated from the remainder of the atom. This process of the removal
;>! an electron is known as ionization. It is the process bv which electrons
are removed from a heated filament in a vacuum tube, from an alkali
metal surface in the photoelectric cell, and from the plate and grid ofvacuum lubes when bombarded by the filament elect ions giving rise to
the secondary emission so commonly experienced.

5. The Nature of Current. The "modern view of electricity regards a
current as a How of negative charge in one direction plus a flow of positive
charge in the opposite direction, in electrolytic conduction (he unit of
negative charge is an atom with one or more additional electrons called a
ncgntir, !',,,, and the unit of positive charge is an atom with one or more
elect t-otis less than its normal number known as (he positive ion.

to conduction through gases, as, for example, through the electric
arc, the negative ion is usually a single electron, whereas the positive
ion is as before an atom with one or more electrons removed

In conduction through solids, however, the current is strictly electronic
an.l is not made up of two parts as in the previous cases. The electrons
constituting the current are the outer orbital electrons of the atoms
fcinec these electrons arc less tightly hound to the atom than the other
electrons they are comparatively free and are often spoken of as free
electrons. I hese electrons move through the solid under the influence
cit an electric held colliding with the atoms as they move and continuously
losing energy gained from the held. As a consequence the mot ion of the
electrons in the direction af the field is of a comparatively small velocity'
of the order of 1 cm per second), whereas the velocity of thermal agita-
tion of the free c cctrons is high (ahout If)7 em per second). According
to this view of (he electric current in solids, conductors and insulators
differ only in the relative number of free electrons possessed hv the
substance. *

Since current consists of a motion of electric charges, it mav be defined
as a given amount of charge passing a point in a conductor per unit time
In the electrostatic system the unit of current is defined 1o be a current,
such that an electrostatic unit of electricity crosses any selected cross
section of a conductor in unit time. In the practical system the unit of
current is the ampere which is approximately equal "to 3 X 10» elec-
trostatic units ot current and is defined on the hasis'of material constants
as that current which will deposit 0.0011 1800 g of silver from a solution
of silver nitrate in 1 sec.

1 Jeakh, J. H., "Electricity nnd Maftnetiem." p. 306.
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6. The Nature of Potential. An electric charge that is resident in

aa electric field experiences a force of repulsion or attraction depending
on the nature of the charge. Its position in the held may be considered
as representing a certain quantity of potential energy Which may be
taken as the amount of work which is capable of being done when the
electric charge moves from the point in question (o an infinite distance.
If the convention of considering a unit positive charge as the test charge
is adopted, the potential energy at a point may be taken as characteristic
of (he field and consequently will be regarded simply as the potential.

In a similar manner the difference of potential of two points may be
described as the amount of work required to move a unit positive test,

charge from one point to another. More specifically a difference of
potential in a conductor may be spoken of as equal to the energy dissi-
pated when an electron moves through the conductor from the point of
low potential to the point of high potential. This energy is dissipated
in the form of heat, caused by the bombardment of the molecules of the
conductor by the electrons as they proceed from one point to another.

7. Concept of E.M.F. The idea of potential leads directly to a con-
ception of an electromotive force. If a difference of potential between
two points of a conductor is maintained by some means or other, electrons
will continue to flow, giving rise to a continuous current. A difference
in potential maintained in this way while the current is flowing is known
as an electromotive farce. Only two important methods of maintaining a
constant e.m.f. exist: the battery and the generator. Other methods,
us, for example, the thermocouple, are not primarily intended for the
purpose of maintaining a current.
The unit of e.m.f. in the practical system is the volt. It is defined as

10" cs.ii. of potential or as 1.0000/1.0183 of the voltage generated bv a
standard Weston cell.

8. Ohm's Law and Resistance. The free electrons which contribute
to I he electric current, have a low drift velocity in the negative direction
"I Ihc field within the conductor. In moving through the metal in a
common general direction they enter into frequent collisions with the
molecules of the metal, and as a consequence they are continually retarded
iii their forward motion and are not able to attain a velocity greater than
< certain terminal velocity it, which depends on the value of the field
and the nature of the substance. The collisions which tend to reduce
•lie drift velocity of the electrons act as a retarding force. When a
current is flowing, this retarding force must he exactly equal to the
•'eeeleraling for,-,. „f Hie f, |tl. The retarding force is proportional to A',
• nc number of free electrons per unit length of conductor, and to it, their
'.'"It velocity. It may be designated ns fr.Yit. The accelerating force
'^proportional to the field E per unit length of conductor, to the number
j* or electrons per unit length, and to the electronic charge e and mav
ne represented as NEe. Then XEe = kXu. Since the current i has
uecn given as

i = Neu

NEe = Jfc-
e

E = jL« - Ri
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where

R =
7&

The statement E = Ri is known as Ohm's law. R is here defined as the
resistance per unit length. The unit of resistance is the ohm. It may be
obtained from Ohm's law when the e.m.f. is expressed in volts and" the
current in amperes.

9. Inductance. Circuits possess inductance !>y virtue of the electro-
magnetic field which surrounds a conductor carrying a current. The
coefficient of self-inductance is defined as the total number of lines of
force passing through a circuit and due entirelv to one c.g.s. unit of cur-
rent traversing the circuit. If .V is the number of lines of force linked
with any circuit, of inductance L and conveying C c.g.s. units of current,
A* — LC.
The practical unit of inductance is the henry. It iscqua! to 10'c.g.s.

units of inductance. If the number of lines of force .V through a circuit
is changed, an e.m.f. due to this change of f!ux is induced in the circuit.
This e.m.f. is given by the equation

tlX

dl

,tlC

It
The inductance of a circuit is equal to 1 henry if an opposing e.m.f.

of 1 volt is set up when the current in the circuit varies at the rate of 1
amp. per second.

10. Mutual Inductance. The coefficient of mutual inductance is

defined in the same way as that of self-iuductanee and is given in c.g.s.
units as the total magnetic flux which passes through one circuit when
the other is traversed by one c.g.s. unit of current, or

A' = M

C

dN WIC
e = —-r, = — .if—

at tit

The practical unit is (he henry as in self-inductance.
11. Energy in Magnetic Field. Energy is stored in the electromagnetic

field surrounding a circuit representing the energy accumulated during
the time when the free electrons were initially set in motion and the cur-
rent established. This energy is given by' the equation, W = }4LI*,
where, if L is in henrys and / in amperes, the energy is in jmdes.

12. Capacitance. The ratio of (he r/iirir-lilii of charge on a conductor
to the potential of the conductor represents its rapacity. If one con-
ductor is at zero potential and another a! the potential V, the capacity
is given as the ratio of the charge stored to the potential difference of the
conductors

If Q is in coulombs (the quantity of charge carried by I amp. flowing
for 1 sec.) and V is in volts, C is known as the farad.
The energy stored in a condenser is given by the equation, W = MCV

where, if V is in volts and C is in farads, 1!" is in joules.
The force acting per unit area on the conductors of the condenser

tending to draw (hem together is
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V = J

P = B1 = IL
SV 8*<fJ

where d is the distance separating the condenser plates, and V is the
potential difference.

Other expressions relating charge or current to capacity and potential
difference are

jidt

C
and

13. Units. The practical units that have been described are related
to the electrostatic units as shown by the following table. A third
set of units, known as the electromagnetic, is also related to the prac-
tical units, the ratios of which are given in this tabic.

Quantity Name of
unit

Measure in

electromagnetic
units

Measure in
electrostatic

units

CliarKC of electricity
I'ntctitiut

Coulomb
Volt
Farad
Ampere
Ohm
Henry

io-i
10'

io-«
io-i
10*

to*

3 X 10*

Haii -
8 X 10"
8 X 10»

H X 10 "Hesifttance

inductance

14. Continuous and Alternating Currents. If the free electrons of a
conductor move with a constant drift velocity under the impelling force
" : an invariant electric field, Die electric current in i he conductor is
spoken of as being continvons, or dired. If, however, the impressed
'lectric field is varying in both direction and magnitude, the drift veloeitv
" the electrons will vary in both direction and magnitude, since electrons
always Now m a direction opposite to that of the electric field. A current
"I i Ins kind which varies periodically with the time is known as an
""< ri,„t, nlj current.

.ri-

16
t

-

W
n
Ve Forn1, The current or the e.m.f. may be represented

mpnically as a function of the time by assigning to successive values
•« the latter variable the value of the former. There is an infinite
ira ly of functional relationships between current and time, but of all
ne laws by which these two variables may be connected there is one

(

'aat can he differentiated from all others. This law is that of the sine
'W'ic function. All other relationships can be resolved info a linear

"I" atmtion of functions of this simple type.
lie form of tho sine function is shown in Fig. In. It is represented

•"''lylically by the following type of equations

i = /o sin oil

e = Ea sin uf

j V"''
e l

\
K tnc instantaneous values of tne current and voltage,

»" urc the maximum values, and wis 2w times the frequency with
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whkli the current or voltage alternate*. The sine wave is the ideal
toward which practical types approach more or less closely. Since it

cannot be resolved into other types, it is the pure wave form.
16. Harmonics. Current and voltage waves, in practice, arc not pure

and may therefore be resolved into a series of sine or cosine functions.
One of the functions into which the original wave is resolved will have a
frequency term equal to that of the original wave. All of the other
functions will have frequency terms of higher value, which will in general
be designated as harmonics of the lowest or fundamental frequency.
A few types of complex waves which may be resolved into two or more
pure sine waves are shown in Fig. ll> and c. The resolution of a complex
wave into its component parts may be accomplished physically as well
as mathematically. This may be demonstrated by means of high- and
low-pass filters in the output circuit of an ordinary vacuum-tube oscillator.

t
:

I£lv3wt Ijififust ltimwt t^niatl /junjart

la! lb] £ c

)

Fin. 1,—Sine wave and complex waves.

17. Effective and Average Values. The effective valve of an a-e wave
is the value of continuous current which gives the same power dissipation
as the a. c. in a resistance. For a sine wave this value of continuous

current is equal to the maximum value divided by %/'2. The average
value of SO alternating current is equal to the integral of the current
oyer the time for one-half period divided by the elapsed lime. For a
sine wave I he average value is equal to the maximum value of the current
divided by t/2. 'ihe ratio of the effective value of the current to the
average value is often taken as the form fad/rr of the wave. Thus all

types of waves may be simply characterized by means of this ratio.

Direct-current meters read average values of currents over a complete
period. Such meters therefore read zero iti an a-e circuit. Thermocouple
and hot-wire-type meters read effective values. Such meters are there-
fore used for making a-c measurements at radio- as well as at audio-
frequencies,

18. Phase. The current in a circuit may have its maximum and
zero values at the same time as those of the e.m.f. wave, or these values
may occur earlier or later than those of the latter. These three cases
are illustrated in Fig. 2. When the corresponding values of the current,
and e.m.f, oeeur at the same time they arc said to be in phase. If the
current values occur before the corresponding values of the voltage wave,
the current is said to be in leading phase, and if these values occur
after the corresponding values of the voltage wave, it is said to be in
lagging phase.

19. Power. The power consumed in a continuous-current circuit is

W = ET = 1*R, where It is the effective rexittanve Off the circuit. The
nowcr consumed in an a-c circuit having negligible inductance and
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capacitance is given by the same equation with the necessary restrictionson / so that it, represents the effective value of the current and no the

cm'uttV'^- FTZr^V:0USU™i in !,M imklCtive ™ ciiUtvouituit ts ft - EI eos Pj where v is the phase angle, that is the atude

<Jj»Z
l?d

,

°f (fimi " cos ^" is commotdv refer ed to as
t he power factor of the circuit.

"

tooF/Me ^mnUnW-lag^p^e Currenti„ 3Q°-LtrtiryPhen

Fig. 2.—Phase in a-c circuits.

DIRECT-CURRENT CIRCUITS
20. Direction of Current Flow. An electric current is a flow of electric

A-
dlflprt

;

ncR <» elwfne potential exists between two points ofthai medium. In metallic conductors there is but one type of charge

of n ~l V
1 curr

t
ent a metallic conductor (hen consists soteh-Of an electron current. The convention arose historically of sneakiiuVof an electric current as flowing from the high potential (Eve.
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clT' differential coefficient de/,Hpositive value, may be subdivided into two other classes, if ihe
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value of de/tH is constant over the entire range of voltage and current
from zero to the maximum value, and if this value is designated by the
quantity E, then Ohm's law may bo used and e = tit. In this ease, R
is both the d-e and a-c resistance. If, however, It is not constant over
this range of values, the value of R given at a particular value of e and
i given by the equation

is only the a-c resistance of the circuit at the particular value of e and i
chosen The a-c resistance given by this equation may bo quite different
from the d-c value as given by the equation

i

In a vacuum-tube plate circuit the d-e value of the resistance is frequentlv
about twice as high as the a-c value.

Zero Phase Currenf in I ogytna Phase Current m leadingPhase

Fig. 3. -Vector rnpreaQiitntion of a-c circuits.

ALTERNATING-CURRENT CIRCUITS
22. Impedance. The resistance to the flow of an electric current

having the value i = /„ sin at depends on the circuit element through
which the current is passing. In a pure resistance the potential fall
would he Ei « ItR sin at, which is seen to he in phase with the current
passing through it. In an inductance the potential fall would be

di= Ins ' aLIn COS at = jaLIc sin at = jaLi

and therefore leads the current by a phase angle of 00 (leg. In a capaci-
tance the potential fall would be

E*
=
dfm = =

i£
cos "l =

~~He
sln w(

aC
,

i
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and is therefore led by the current bv a phase angle of 00 <W Tt,„
potential fall through all three elements tZn together t equal to

h!'generaifas
nt ° f

'
k the <* *** circuit. It is written,

r„ductalo
X

tndfiflf^f^ °f l,,e vimih
>

L iB «* total seriesinauctaiK c, and G is the effective series capacitance. The term invok-es of special importance, fork is this term which gives to tl" current

r argeXnTO^{T^ d^ing 0(1 ^^hcr mor larger than
.

This quantity is known as the circuit reactance

Fig. 4.—Reactance and impedance of parallel circuit.

J-'^ designated by the letter X. The impedance may be written,

»^^A^^ll^^ ^-e is required.

*here z = V7^+X=
X

<t>
= arc fan ^

m A
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In this expression Z represents the absolute value of the impedance, z

the complex value, and <t> the phase angle.

The impedance of a single circuit will be given to illustrate the method
of obtaining this quantity for any circuit. For a parallel combination
of circuit elements, such as illustrated in Fig. 4a, it would be obtained
as follows:

I _ juL
2 "

1 . I
~ 1 - U»LC

1/J3B 3f>L>

This equation shows that when o>* = 1/LC the impedance is infinite.

It may be represented graphically as a function of u as shown in Fig.

4/i. The figure and the equation illustrate the case of parallel resonance.

The case of series resonance is illustrated in Fig. 4r, and the equation is

z = j(uL ~(^' w '''cn holds for a circuit having only an inductance L

and capacitance C in series with the e.m.f. In the scries case, the
impedance is zero at. resonance; that is, when u1 = I/AC and in the
parallel case the impedance is infinite at. resonance.

23. Circuit Parameters. Every electric circuit, no matter how com-
plicated, is made up of a particular combination of inductances, capaci-
tances, and resistances. These parameters and the manner in which
they are combined with one another completely govern the performance
of a circuit and determine the value of the current at any point of the
circuit at any t ime for any given value of t he impressed e.m.f. or combina-
tion of e.m.fs.

Inductances, capacitances, and resistances may be lumped or distrib-

uted in nature. They are regarded as of the former type if their values
are more or less concentrated at one or a finite number of points in a
circuit. For example, the inductance of a circuit would be considered
as lumped if a definite number of places in the circuit is found where
inductance exists, and at all other points a comparative non-existence of

inductance. On the other hand the inductance of a uniform telephone
line is considered as distributed since it exists along the entire line and
may, at no point in the line, be neglected.

24. Circuit Equations. Every circuit may be completely expressed
by a system of simultaneous equations. Having expressed a particular
circuit in this manner, a solution may be obtained frequently without
difficulty. Since the equations are of primary importance, methods of
obtaining them will be given.

There are two distinct cases. When a sinusoidal voltage or combina-
tion of sinusoidal voltages is impressed on a circuit, a.c. flows in every
branch of the circuit as a consequence of the impressed e.m.f. This
current may be divided into (wo parts. One part is known as the
transient current, and the other as the current of the xteotly state. The
transient current disappears very shortly after the voltage, has been
impressed. The steady state continues as long as the e.m.f. continues
in its initial state of voltage, frequency, and wave form. Often only
the steady state is of interest. Examples of this arc to he found in

studies of r-f transformer performance and in studies of electric filters

of the low-pass, high-pass, or band-pass types and in the studies of the
various characteristics of different antenna-coupling methods. At Other
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times the transient condition may be of primary interest; as, for example,
in the study of the fidelity of reproduction with regard to wave form of
jin electromagnetic or clectrodynamic loud-speaker motor.

It" interest centers only in the steady state the following method is

to be used: Apply Kirchhoff's second law which stales that the sum of
nil the e.m.fs. around any circuit is zero, writing one equation for each
branch of the circuit, and using as the potential falls the values juU for
each inductance, / fjuC for each capacitance, and IR for each resistance.
If inductances, capacitances, and resistances occur that are common
to two or more branches, they will be used once for each of the common
branches paying due regard to the sign of the term.

r WrtVh tHRflP 1 i VvVA—, fMV.'

I

r l ^} *n«r r.

L_ UllG ?U.,I
10) tbl icf

Fiu. 5.—Circuits illustrating use of Kirchhoff's laws.

This method may ho illustrated by the examples of Fi«. 5 and the following
equations:
For circuit a:

= /(« +iX)

I = _*
it + iX

For circuit i>:

E m /irt, +juLiTi + v~r -jwMI, m /i2i -juMI,

= /-/f. +juL*I> +jr^r-
3

- fulfil m /*, -juMI,

where is the total complex impedaiicu of circuit 1, and is the total com-
plex impedance of circuit 2.

'•or circuit c:

li /i R\ +jwL\I\ + j'taWi — j'cii.V/i — jul.oli

m lith -f- jail.' -J• +ju>LiIi — fulfil — juLuh

cir,

"

re
';
e
,
<
!
mK equations, use the instantaneous values. The equation for'™uit a of Rg, 5 is then written
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de - I
rfn

1 J?
di x '

di <ft»
+

"dt
"*" c

where r and ( arc the instantaneous vnhica of the impressed c.m.f. and cu

rent respectively, fat circuit h.

To obtain the transient solution, c and rfc/<W are replaced by zero and th

equation solved by the methods used for linear, homogeneous equations o
the first deierec.

26. General Characteristics of A-c Circuits. The general equal ion

applied to a number of the more important radio eircuits yield th

following results.

Current Flow in an Inductile Circuit:

where E is the constant impressed c.m.f.

Tinf Constant <>f on Iniluctirr Circuit: The time required for a current

or to about 03 per cent of its final value. This time is cqurise to

to l./R.

Current Flow in a t 'apneitire Circuit:

*-*«-»

when E is the constant impressed c.m.f.

7't'mr Constant of o Cui»ieitire Circuit. The time required for the currcn

to fall from its initial value to l/t or about 0.37 of this value. This time
'

equal to RC.
Current Flow in an I ndnclice-capacitive Circuit:

P -Si U
i = ."e 2L sin ait, if It- < 2£

ii>L C

E -5
4t 2/-

ul.
. if 11* - M.

where w is 2x times the natural frequency of the circuit which is Riven by t

equation

1 2rVLC HA
Logarithmic Decrement. Ratio of successive maxima of the current in

oscillatory discharge is equal to
RT _R_

where I: 21./ is called the log. dec. of the circuit, T is the natural period, an,

f the natural frequency of the circuit.

Sec. S| ELECTRIC AND MAGNETIC CIRCUITS 3!)

Currents in Two Circuits Coupled by a Mutual Impedance, M, when aSinusoidal BJt F„ £, Easts in Circuit I;
" " '

"

*l +

/ „ „ jutME

« l,, r
;
. (i and tt aw the complex impedances of circuits 1 and 2 respectivelyA#«iirc Reactance of One Circuit Coupled to a Second Circuit:

As 1

where A
i and A, arc the actual reactances of circuita 1 and 2 respectivelyand /: is the absolute value of the complex impedance of circuit 2

blfcctirc Resistance of One Circuit Coupled to a Second Circuit-

W
^'ff,,K„

a
rl^5

/
ftr0 l

J'
e "ctm

;l
rcsistances of circuita 1 and 2 respectivelyAJTreiire Total Impedance of One Circuit Coupled to a Second Circltil:

m m. 4.
wI '

1/S
_ p . iv x/J,+,X, + S7+7r,

h
P
Va1rM,le.^°

nanee Relati'"1 ''la '''"^ W*f» On/,, Me Reactance o/ Circuit 1

t/v£&^tmmt* Region Obtained when only the Reactance of Circuit 2

1 InT'l A^VaHaMeTnanee "** **" Rmclance °t Both Circuits

Cas, I.- If u-'Mt <R,R.
Resonance relation Xi m and A' } =

Lose] I; If „•.!/« > /},/{,

Resonance relation = «=

Resonance relation A*i = 0, Jf i
=

Rj ttiM/i

*JW/S^Cfac^^ op,,
'mum «• wr*

RiKj + w>M*
' ^*IlIHci* {* Iv • pi >

-• • —WoOwiWrtfaog «aa Flaahlu Wnm," Ofctp. XL
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Case* II and III: If oi'M' £ tfifts

/, „ E
2\/«iKi

/: for cases J I and III is Been to be greater than for caao I and is indepeuden
ofaj.V.

MAGNETIC CIRCUITS
26. The Fundamental Quantities of Magnetic Circuits. The fi

fundamental quantity is tin- magnetic flux or induction. The unit o

flux is known as the maxwell and is defined by the statement that from

unit magnetic pole, 4s- maxwells, or lines of foree, radiate.

The second fundamental quantity is the reluctance. It is analogou

to flu- resistance of elect rie circuits, as the Mux is analogous to the enneu
The unit of relucta nec is the oersted and is defined as the reluctan

offered by 1 cm cube of air.

The third fundamental quantity is the magnctonwticc force fni.m.f.

It is analogous to the e.m.f. of electriea! circuits. The unit of m.m.f.

the gilbert and is defined as the m.m.f. required to force a flux of 1 maxwc
through a reluctance of 1 oersted. Thus the fundamental equation i

which these three quantities are related to one another is:

M - <t>R

Other important quantities of magnetic currents may be defined
_

follows: the magnetic field strength is represented by the quantity // and
'

equal to the number of maxwells per unit of area when Ihu mcdiui
through which the flux is passing is air. This unit is known as the ga

if the unit of area is the square centimeter.

In any medium other than air the lines of force are known as lines

induction and I he symbol H is used instead of // to represent them. I
air the induction fi and the field strength // are equal to one another, bu
in other mediums this is not true.

The permoabiHty n is the ratio between the magnetic induction li an

the field strength //. In air this ratio is unity. In paramagnetic ma'
rials the permeability is greater than unity, in ferromagnetic materi

it may have a value of several thousand, and in diumagnelic materials

has a value of less than unity.

The intensity of magnetization / is the magnetic moment per u

volume or the pole strength per unit area. The unit of magnetic po
strength is a magnetic pole of such a value that when placed 1 em from

like pole, a foree of repulsion of 1 dyne will exist between them. T?

magnetic pole strength per unit area of any pole is measured in terms

this unit. The magnetic moment of a magnet is the product of the po
strength and the distance between the poles.

The xusceptitriliti/ K of a material is equal to the ratio of the magneti!

tion / produced in the material to the field strength // producing it.

of these quantities are connected by the following equations

B m „//
/ = KII
B = 4rl + II

v = 4*K + 1

Magnetization curves are of great importance in the design of magne
.structures and should be immediately available for all materials wi

which one intends to work. These curves may give either the values
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n"
S

1 iZAV!™ '.'"V"""™
1,.." <h<> values of / as a function of

// tj pi. .il B-II curve ,s shown in Fig. 0. The rat io of t he coordinates
of a B-II curve gives t he val-
ue of n for the material at the
particular value of // chosen.
The ratio of the coordinates

iri an l-tl curve similarly
gives the value of the aus-
ceptibility K.

Magnetic saturation is a
phenomenon occurring at
large values of // when the
induction B increases at a
much lower rate with in-
crease of // than is the case
for small values of //.

The retenlwity of a sub-
stance is (ho value of B in the
material when the field // is

reduced to zero after having
first been raised to above its saturation value
of the B-II curve of Fig. 6.

The coerciBity of a material is the minimum negative value of //required to just reduce the induction to zero after the field strength //nas
i

nrst been raised to a [K.sit ive value Sufficiently large to saturate the
fltatanaL It is given by the point C of the B-II curve of Fig. 0.

27. Magnetic Properties of Iron and Steel.

-Typical 13-1/ curve.

It is given by the point A
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The design of a magnetic structure is usually begun by a consideral ion

of the flux requirements in a particular air gap. The size and shape of

the air gap are generally given, ami the flux density desired in the air

gap is known. From these data one can compute R and <£. For the

quantity <j>, 4> = BA, where A is the area of the air gap and B is the flux

density desired. This equation assumes no leakage flux, and since thia

is a condition never realized in practice and from which there may be Sj

far from negligible departure, one must add to the value of 4> given by!

this equation a correction the value of which is dictated by experience.

For the quantity R, R = LiA, where I is the length of the air gap and

A is the area. This equation neglects the reluctance of the magnet
itself and of all other iron parts of the magnetic circuit. Since all

reluctances but that, residing in the air gap are very small in comparison^

this procedure is usually justified, although there arc cases in which]

additional reluctance must lie taken into account. In such cases thr

reluctance of the ot her parts of I lie circuit is computed in the same mnnnoi

as that of the air gap, except that an estimate of the permeability I

the part, in the circuit in quest ion must be made and its equivalent air-gap

reluctance computed by dividing by this permeability. Finally,

_ = LBA _ LB^

0.4x 0.4ir.4 0.47T

This equation then completely determines the value of the ampere

turns NI from the original data. This is the important quantity in ihi

design of the electromagnet. The separate values of .V and / are undo
termined by this equation, other considerations such as the nature a

the current supply, the size of the eoil, the heat dissipation that can b

permitted and the cost beinu of paramount importance.

29. Core Materials for Receiver Construction (The Editor). Sinq

such materials operate under widely different conditions each inat.eriaB

must, be properly selected for its pa rl icular task. For example, material
used in economical audio transformers are too expensive to be used fl
power transformers.

Pettier Tranxformer*. Material for cures of transformers supplying
energy for plate and filament circuits is selected as for any power trnnfl
former upon a watt-loss basis. This information is reliably supplied bS
manufacturers of such material, and measurements of this factor air M
generally made by the user fif the material. Loss tests are made dli
complete transformers to determine the suitability of the material undfl
consideration.
The mechanical properties of the sheets submitted by various sufl

pliers are important. By causing injury to or premature loss of " di«l

poor mechanical properlies may tie up a production schedule. Wavjl
irregular sheets necessitate scrapping wide strips from both sides of eadj

sheet and introduce an unexpected eost.

Permeability of the core material is of importance where limited spnflf

or weight requirements make necessary the use of flux densities

14.000 gausses or higher. Here a high permeability is indicated to avoi*

high exciting copper losses ami poor voltage regulation.

Audio Transformers: Filler Reactvrs. Here the permeability is m
importance. The factor to be used is the working -permeability or nppnrcm
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m permeability instead of the theoretical value obtained from B-H or
rB curves. This useful value must be obtained from the\forkir?e,m uctance of some definite design of choke or t ransformcr. Such vaCswd take care of the fact that in audio transformers and chokcl the corematerial is polarized by a relatively high tniidirectionTm^netizmg
force (plate current or load current through the filter).

""sneiizing

The apparent B-0 permeability may be dotorminnrl hm ( l„ t 11

m LaXlX 10' I X 10' La^ 1.256 X AKiN'
=
i.2&dAW X

Ti
where La = apparen t inductance in hourys

A = cross-sectional area of core in square centimetersKi - core stacking factorN = number of turns in the winding
I = length of magnetic path in centimeters

•»»< but docs not affect t£e pe^eabWdSgBfa^8^ lower lnd^
nJhw $*£f the stac

,

kinS ract« r f°r any design is given by dividing theproduct of the core volume (cubic centimeters) and the specific gravity

i gra,ns
re tC aCtUa ' ,mMd W°iBht °f the c°rc

A"
W

1 " va

^L^rTvtT^ff «?'
CGra in

?
ram

,

S; V " v<>lumo in Wbic centimeters; g -"ileum- gravity of the core material. * "

The value of g may vary as followe:
Silicon steel with silicon content 3 per cent or loss. . 7 7hi icon steel with silicon content more than 2 per cent"

" 7*6
Allegheny electric metal _ g'g

••.:-'i?.'.: r

i

;

,W °f tran
/

f
?
rm°r iron mi>>,ly frora wWoh a designer

.. ne '.'"^menial or apparent r, cpenm-n .1 ( y „f the iron he pro-

•^ftSehe*^
"^uctancc of a winding on a core with an air gap use the

Total m.m.f = 1.256 X I X It = Hdi + Hd, = BJh + B*lu 1 = current (d-c)
AT = number of (urns in the winding

'1 and l 2 = the iron and air paths
•h and Hi = magnetic potential gradients along those paths

//: ^ Ha in an-
1

fi-//
h
!M,r

iUa
!

i0D h that of a 8tra>eht lino intersecting the vertical asis of a

\l^ E
Mn\Tre5P°ndinB t0 **' - ° !>»d «» - m.m.fi

a
and^nto-

fr
>
"
m

honi:°ntal
fr lS

,

at
«
a

V
oint corresponding to % = andakJXU./h. Thus the d-c flux density in the core and the magnetic
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ixiu>n I ial gradient in the iron part of the circuit and the a-c permeability

(«« ,. - HI!) nuiv Ih> del ermined. The a-c reluctivity is the reciprocal of the a-o

pcrmoability. The npjmrrut ulucihit), is equal (in cases where the air gap la

1 per cent or less of the iron path) to the a-e reluctivity plus the ratio or the

air cap to the longth of the mean iron path. The reciprocal of this value or

apparent reluctivity is the apparent permeability which, substituted in the

formula above, determines the inductance.

RADIATION

30. Nature of Radiation. Electromagnetic energy may arise from

cont inuously varying electronic currents iii a conductor, displacement)

currents, or oscillating dipoles. In-order that this energy may b

appreciable it is necessary that the system of conductors be of such

form that the electromagnetic lield will not l>e confined in any way an

that the frequency of oscillation of the current or charges lie high. Ih

various forms of antennas and the employment of radio frcqucnci

satisfy these requirements.

The nature of radiation may he understood only alter a comple

examination of Maxwell's equations and the various trnnsformatio

of the wave equation. Anv attempt to give a siiu]ileyet accurate pictll

of the phenomenon df radiation must be fruitless, though such pictu

mav aid in an uti<lerstanding of the subject. Such descriptions ma
he found in any text on radio. An exact analysis of Maxwell s cquntio

shows that whenever an electric wave moves through space an assnciat

magnetic wave having its vectors at right angles to that of the elect

wave must accompany it. Both vectors, furthermore, are at rig

angles to the direction of propagation. This analysis also shows ih

an electromagnetic field due to an oscillating dipole or to an oscillatm

current in a conductor has two components. One of these varies inverse

as the first power of the distance from the source and is, furthermo

directly proportional to the frequency, and the other varies inverse!

as the second power. of the distance. The former is known as t

nuliutitm ficl'l and the hitter :i< the intlwlion firhl. Though indi

tinguishable physically, the induction and radiation fields have a separa

mathematical existence accounting completely for the phenomenon
energy radiation. The energy of the induction field returns to the CO

doctor with the completion of each cycle. Its existence is confined,

one might expect, to the neighborhood of the conductor, whereas t

ratliation field mav be thought of as a detached field traveling ourwa

into space with the velocity of light and varying much more slowly

intensity with distance from the conductor than the other.

31. Vertical Antenna. The most simple form of antenna is the vertie_

wire. The electromagnetic radiation field depends on the strength M
the current in the wire, and as a consequence its intensity is increase*

if the current throughout the vertical wire is uniform. !l is for thl

reason that a counterpoise is usually attached to the lower end of the

antenna and a horizontal aerial lo the upper end. The capacity 4
the counterpoise and aerial may be made so high that the current throiighi

out the vertical portion of the wire is practically uniform.

Under these conditions the magnetic field at any distant point is given HI

the equation
uhh

<-9
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where a = 2vf
/ = frequency of oscillation
/o = maximum value of the current in the antenna
c = velocity of light in centimeters per second in vacuum
i = distance from the source in centimeters
k = height of antenna or length of vertical wire in centimeters

and
„ 300a)A/o=

lQel
cos a

'
1 ~ z '

voltsHfV-i)

These equations 1 are derived by considering the antenna as an oscillating
Hertzian doublet of separation A. The effective values of the magnetic and
electric fields are

_ oihl. 2xhl.
' " lOel " "TOXT

_ _300uA/. GOOtA/,

lOd
=

10M
where /, is the effective value of the antenna current, and X is the wave length
of tlio electromagnetic wave.

33. Loop Antenna. The field due to a loop antenna is given by the
equations

Axhlt w»
"• =

7oxT mn
x

].200irA/. . T»
h - = m 8m

X

whore « is the distance of separation of the vertical portions of the toon in
centimeters.

33. Coil Antenna. For a coil of .V turns having negligible capacity
Between turns at the frequency considered so that the current in alfturns
»s substantially the same, the field is given by the equations

-iirXhlr . »sm
-ToxT sm

x

34. The fundamental and harmonic frequencies of oscillation in anI i leniia may be calculated in many cases. If the inductance and
:'"'!>' "f t be vertical wire of the antenna are neglected, the low frequency"pacny and inductance are given by the equations'

C = Id

<Wu',
(

'

:

"i
<lH !U\' "10

' ,;l l>acity and indiictaiiee per unit length of con-

'•alci,,', if ' 18 tl)e !cnKt'> of conductor. These equations mav beuaxea by means of accurate formulas which are available.'
en the low-frequency reactance of the antenna is

X <dLi 1

' Bur %'"'•'''"'!,' C.W. 74, pp. 72 3.
'

"r -Viudanl, Circ. 74, pp. 237-243.
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The high-frequency reactance of the antenna is given by the equation

Tlic reactance of the nntonnn becomes zero when

oi/v'C./.i - «^(» = 1, 3. 5 • • • )

that is. when

2x 4lVCAi

The reactance becomes infinite when

uly/CiCi - »n;j(m = 0, 2, 4

that is, when

2t 4IVCii

I is to be

- */5 cot uly/C'iL,

If the inducmnce of the vertical wire is to bo considered, or if a series indu

tance is used with the antenna

X " uL

where L. is the total inductance of the vortical wire and any coils in sen

with the antenna. ..... •

The harmonic frequencies of the antenna at winch the reactance is z

do not differ by multiples of ir as before. The natural frequency of osc

tion is given, however, quite generally by the equation

- yjL' cot ulV&Li -

cot arfV&Z/i = L,

aVCiLi «

36. Antenna Resistance. The resistance of an antenna may he diyid

into three parts in which the ]x>wer dissipation is of the following kin

1. Radiation.
2. Joule heat.

3. Dielectric absorption.

The power radiated depends on the form of the antenna. It is pro

tional to the square of the frequency of oscillation and to the square

the current flowing in the antenna. Due to the latter consideration i

may write P = Al*, where .1 is a constant factor depending on the to

of the antenna and the: frequency. It may he called the radial

resistance. For a given antenna the radiation resistance varies invert

as the square of the wave length. The ohinie resistance to which

joule heat is due is approximately constant, the skin effect and ot

factors being comparatively small. The resistance due to dielee

absorption is direct Iv proportional to l he wave length. When these th

components of resistance are added to obtain the total resistance,

finds that for every antenna there is a wave length for which the to

resistance is a minimum.
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36. Energy in the Field. The energy of an electromagnetic field at.

any point is given by the equation'

where E is in electrostatic units instead of volts as in the previous equa-
tions « is the dielectric constant, :in<l M the permeability of the medium
In free space

Hut, in general,

V = g|(P* 4- W)

v - r £s -ir ir

_M» H'- .
,~ ir ^ ir

m 00 sPace -

The energy flux through 1 sq cm of surface, perpendicular to the
direction of propagation, is given by the equation

s = vv = ~=u = -^-V's.1 - *
Lyl-my/tli ir V ir > «

*

free space.

val . /,r " r';i >r, -'''"
1

'-
|T''<-l.ve values, and E.anA Hm the maximum

" > the eectric and magnetic holds respectively. Therefore, for

wire \ ''
V!lll "'s<lt

'

,
l'

,

'-iric and magnetic field* due to a vertical

P 2rhl,
*• = —rsrr e.s.u.

H, = - 2rAJ,

T]
4r\l0\l) fO'X»i«

i,»nmvin.,
t

m.
al r

;

l<li ". (io" rro,n il v?rt
,

ic» l antenna, assuming that H has
VlrST;? "I

' le wi"** "?! Plane of the antenna and (hat its

sine I.' ;'"
:
-'

v<,«'eal plane at a distance I from the antenna follows a»«
,

is given by the expression

or ^(TiS) CrgS PM 8Cl'0,ld

75 watts

".. Mathematical Theory of Electricity and Maitnotnui." p. S18



SKCTION 3

RESISTANCE

By Jessk Mahstex, B.S. 1

L General Concepts. In any electrical conductor or system in which

there is a flow of current there is a certain amount of energy continual!

being lost or converted into forms not readily available for use. As f

as is known at present this dissipation of energy may take one. of t\

forms: there may be an evolution of heat, and there may be radiata

of energy into space. Such energy dissipation is attributed to a proper!

of electric conductors or svsteins termed resistance.

When dealing with continuous currents, the resistance of a conduct

or network, ft, is adequately defined by Ohm's law,

E = iR (I)

where E is the voltage drop across the conductor or network and i

the current through it. This assumes no back e.in.f. due to polarizati

or other causes. In this ease I he dissipation of energy takes place etltir

in the form of heat generation, and the rale at which electrical ene

is thus converted into heat is given by Joule's law,

P = i"R

where P is the power or rate at which electrical energy is being dissipa

in the form of heat, i is the continuous current in the circuit, and ft

resistance of the circuit.

Ohm's law is insufficient to define resistance in ft-c circuits. It

found experimentally that the rate at which heal is evolved in a cm
exceeds that which would be necessitated by the resistance ol the email

as determined bv Ohm's law. This is due to the fart that the elect*

magnetic and electrostatic fields around the circuit vary with tunc :M
introduce effects which increase the losses in the circuit. Among Ihefl

effects may be enumerated the following major oneB!

1. Eddy-current losses in conductors and other masses of metals in and

the circuit.

2. ffyxtrrcsix losses in magnetic materials.

3. Dielectric losses in the insulating mediums.
4. Absorption of energy by neighboring conductors or circuits by mduc
6. Radiation of electromagnetic energy into space.

6. Sfrin Effect. Increase of conductor resistance due to non-unu

current density.

I Member. Institute of Radio Enginconi; associate member. American InstituH

FJcclr'K'al Kngineora. chier engineer. International Kesistauce Company.
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AN these effects result in an increase in energy loss in the circuit over

i trottucc the concept of a-c resistance or effective resistance, which is
tictmcti by the more general joulcan relationship,

P = i:R effective
(3)

where P is the power loss in the circuit due to all causes and i is the effec-

r,",,|
l

vT«
t V hc Vlri 'Uit

- °"i
l

'S !
,,w for <-™«"~ currents follows

directu trom this more general definition.
2 Units of Resistance The practical unit of resistance is the ohm

flu- mu ^ 'I
Olun';Jaw when the voltage and current are unity in

'.

'

,

*Vi

1

f r*V
?^!f

l
-

aS
' r°

W0VCr
' 'J™''

arbitrarily defined ns'the

«\ ^h^J iL-i
of!l< '

',lmn
.

(
>,
r.'"^i'iiry having a uniform cross section,eight of 106.3 em, and weighing 14.4.521 g. Owing to the increasing

ii e of resistors having resistances of the order of millions of ohms, tho

"To" V 11™ ''"Plo.vcd. The megohm is equal to 10« ohms.
3. Specific Resistance. It is found cxperimentallv that the resistance

t h'sf^ seet,
!

on
,

:

f
'f0r 18

',r">)orliol,al to »nd inveS

R = 1 (4)

The proportionality factor p is called the specific resistance of the con-'inctor and is a timcliou ot I he material of the conductor
from this definition of specific resistance il is apparent tint nnvmirnber of units may be derived for specific resist.,,,!e

'

le cml g up

,

" units chosen for / and ,1. The unit generally emplovc 1 in , rac
'•

7 '><.er,i,g is the ohms per circular mil foot, and is the resistance of a
•
length of lie conductor having a section of I cir. mi! (diameter

1 mil for a circular conductor).-
"www

i.in7v

V
?
U
,T

Resis,ivity- the above definition, I and A arc both
' >

,

in the same system of units, then „ is the resistance of a unit cube
' material and may be defined as the lolume resistivity the material

' should be noted that volume resistivity i s not the resistance of any«n volume o. the malcnnl but is specifically the resistance of unit
U li

m<
-;

asurp
1

d fnecs whose areas are each unity.

itsiJ
11

J

k
I

nowl<,
.

(1
f-'

, • «!» dimensions of a conductor' ami its specificf^'anec the resistance of (he eondu<-tor to d.c. may he com p^te.i from
eoLj V'.

Co"s 'stC!nt "nlls '""St he emploved. Tho resistance thus^nputod w,l be correct .,, ,|,e temperature for which the spec

c

otho '
ilpP.'",S ' '° ohtaln ,hc r,,!iis">»'^ of the conductor at anv

i temperature a correction will have to lie applied
y

nin,.r
emperatu

,

re Coefficient. The resistance of a conductor is a

C„ 't* •wni'crotwre. \\,th„i the temperature limits generally

«<io"T ", P™«>™ >'« resistance due to temperature viri-on is directly proportional to the change in tcmperaturer

R, = R,,\\ + a(t, -<,)] (5)

g ', and ft(j arc the conductor resistances at temperature /, and /,
. Pectivoly.
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The proportionality factor a is defined as the temperature coefficient of

resistance oTtho material and is the change in resistance of any material

ner ohm per degree rise in temperature. ,. . ,_]
' AU conductor do not react alike to changes in temperature. MetaJ
for example, have a positive temperature coethcient. Nunc allojs,

such a; manganin and' constantan, have practical v zero cmp-ra.nre

coefficient and are therefore used primarily for resistance standards.

A knowledge of the temperature eoc'I.ocNl of conductor malor.ala

eoabke one at times to make more accurate determma lions of temj

nerature change than is possible l»y thermomctcrmeasu cements, espenally

cases where parts to he measured are not readily accessible. Rests*

anee deter uitions of the conductor are made a hot!, temper:,:..

and the temperature change computed from fcq. (b).

6. Properties of Materials as Conductors

Material

Specific
reeiatanre

at iyC. ohms
per cir. mil ft.

Temperature
i If'u-ieni per

»< |,ct«eell ->0"

tu I uhaM
per °C. . 1

Silver
Copper *

•

Aluminum
Nickel (pure)
Iron (pure)
Phoephor bronze
Lead - •

Nickel silver, 18 per cent ((.eriiuin mIwtj .
........

ManKanin (copper. 82 per cent: nmimaiicsc, 14 per

cent; nickel. 4 per cent) ..... •

Constanta.. (Advance, Cupron. Ideal, l»-Ia> (copper.

55 per cent: nickel, 45 per cent)

Nichromo (nickel, 00 per cent-

cent; iron, balnnre)

chromium, 16 !>cr

!) 75
10 55
17.3
58
61.
70.
114.
11)0

290

204

050 to 075

0.004
0.004
0.0030
0.0048
0.0002
a.004
0.0041
0.00013

II.IHHHI2

0.0.10112

|).OOI)I7

7 Resistors in Series and Parallel. Simple and complex network

resistors mav he represented by an equivalent resistor which may

expressed in*terms of the individual resistances making up the net wo*

r-e,—r
f^-WlAV

Fio. 1.—Simple series

circuit.

Fio. 2.—Parallel
cuit.

The equivalent resistance of a number of resistors connected in

is equal to the sum of the individual resistances. Referring lo rig.
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= e. + ej + + e„ = R,i + R*I + • + R«i =
t(Bi + Ri + + R.)

• +R»)

-X*

The reciprocal of the equivalent resistance of a number of resistors
connected in parallel is equal to the sum of the reciprocals of the indi-
vidual resistances. Referring m Kin. 2:

t = ti + it +

R*Ki»

^eqlliv.

n

1

+ in -
E
Ri + 1 -

RESISTANCE AS FUNCTION OF FREQUENCY
.

8. Skin Effect. It may he shown that, the resistance of a conductor"a minimum whet, the current density is uniformly distributed over the
cross section of the conductor. This condition obtains for d.c. The
resistance increases for non-uniform distribution of current density overinc cross section of the conductor. This latter condition obtains in
i omt.iciors carrying a.c. This is a result of the distribution of magnetic-

i\ tme> outside and inside the conductor. If the conductor is assumed
»e in:, ,le u]> of a number of conducting elements in parallel, then the

il i

r elements, homg surrounded by more flux lines than the exterior,

ek'„
:

',
V

'' ^r! u
'r
,

""d, therefore, the current in the interior
.

i nt.. w ,u „. ]pss (hnn tmi( in (h(, cxt(.r ior elements. Asa result t lie

unir I Cr"WlU towarri < l,e surfncc of the conductor, giving a non-

eondii', !""'",'
.

(1('".S|( >'- .This imperfect penetration of current in a

Hki„ r
r,,i!" ltlnB i'i an increase in resistance, is termed skin effect.

etfect in a conductor is a function of the following factors:

m
here t _ thickness of the conductor

1 ~ 'fcquency of current
m - permeability of the conductor

specific resistance of the conductor in microhm-centimeters

dric 'ir,'oL
C

i

t0
.

com
?
u,c accurately the h-f resistance of simple round

ed functions of the above factor. To
lea have been prepared from which
•c resistance /?„ may be quickly deter-
easily measured d-c. resistance the h-f

fac.iil',1,
l '"m

'he
n.'tio ilfTr

*'

"oiled. From\k?
U
r
ta,

!
ce Rf

,

to t,"c "^stance R„ may be quickly deter
fetietanoe m„,r i

factor a" the easily meosnn
'

«-c may be computed
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The table below gives the values of It//R« for different values of t

factor —*V?V3000
where d is the diameter of the wire in centimeters, p is the volume 1

tivity in microhm-centimeters (1.724 at 10°C. for copper i. x may bee.
pitted for any particular case, and Wo may he measured at (I.e. orcompub

9. Ratio of H-f Resistance to the D-c Resistance for Different Vahj

of * = xrfVW/p X Vi/iooo.

X Rj/Ro X Rf/Rt X

1
1 DWN 5.2 £ 14.0 -*)

. 201
5 | BQQ8 5.4 1 In u.a '*

i S(

0.6 5.6 ,) 15.0 5.561
0.7 110] 2 5.8 2 324
0.8 002

1

6.0 .) 16.0 5. 911
0,9 1

I 6.2 3 10.

>

17.0 8.26!

1.0 ] 005 6.4 2
18.0
19.0

6.62]
i; :i74

1.1 114 m 0.6 n£ II',' 20.0 7.324
1.2 t Oil r,.s 2 073
1.3 1 015 7.0 2 743 21.0 7 681
1.4 1 020 7.2 2 813 22.0 8.034
1.5 1 020 7.4 2 SS4 23.0 S.339

24.0 8.7*1
1 .0 I 033 7,0 2 054 25.0 !I004
1.7 L (142 i.s 3 024
1.8 I 032 8.0 3 001 28.0 0.441
1.9 064 8.2 3 165 28.0 10. 15]
2.0 1 078 S.4 3 235 30.0 Ml SO

32.0 11.57]
2.2 1 111 Mi 3 300 34.0 12.27
2.4 1 152 8.8 3 370
2.6 1 201 9.0 3 14fi 38.0 12 98
2.8 1 256 9.2 3 517 38.0 13 69
3.0 1 318 9.4 3 587 40.0 14.40

42.0 15. 10
3.2 1 385 9.6 3 058 44.0 15.81
3.4 1 l.VS 9.8 3 728
3.6 ] 520 10.0 3 799 40.0 16.fl
3.S 1 603 10.1r. 3 975 48.0 17.22
4.0 ] 678 11.0 4 151 50.0 17 93

60.0
-

.•1 47
4.2 1 752 It.

5

4 327 70.0 25.00
4.4 1 s-„'i; 12.0 4 MM
4.6 1 890 12.5 4 11X0 BOO 28.g
4.8 I 971 13.0 4 S.W 90.0 32 01
5.0 2 043 13.5 5 033 100.0 35.61]

It is frequently useful to know the largest diameter of wire of diffefl

materials which will give a ratio of W//ft of 1.0! for different frequent?
For ft ratio of R//R<, equal to 1.001, the diameters given below shl
he multiplied by 0.55; and for R//R a equal to 1.1, the diameters shouM|
multiplied by 1.78.
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11. Reduction of Skin Effect.

In view of the tendency of the

current (*> crowd to the surface

of the conductor at high fre-

quencies, the remedies which
have been found practical la

effecting an improvement in

the resistance ratio AV /? have.

been those in which the con-
ductor has been designed so

that il presents a skin to the

current How. These arc:

1. I'kc of Flat Copper Strip.
While skin effect is present, for

the ~:itih: cross-sectional area a
flat atrip (rives a lower resistance
ratio than do round conductors.

2. Ute of Tubular Coitditclore.

Here i he external magnetic field

is much greater than the internal
field, and therefore all parts of
the conductor are affected alikp
by the field, thus reducing tho
skin effect.

3. fee of LUtendrafU. Ac-
wrdinK to Eq. (0) tho smaller
the diameter of the wire the less
tho skin effect. Litzcndraht is a
braided cahlo made up of a largo
number of fine strands of wire.
When certain precautions nro
taken this braid shows a very
>j»uoh lowor resistance ratio than
docs a solid copper wire of equal
•action. These precautions arc:

o- 1 inch strand must he thor-
oughly insulated from every
other sirand to avoid contact
'eiistance.

Hniidinji must he such that
"""eh strand passes from thoccn-
™r to the outsido of tho conduc-
tor ;it regular intervals—a sort
',' transposition. This ensures

•
j-'at si rands are affected aliko
°y the magnetic ilux.

.
<• l-'ach strand must bo con-

tinuous.

12. Types of Resistors.
Resistors generally used in ra-
.
llf

> and allied applicationsmav
"e broadly classified as:

Fixed resistors.

Variable resistors.

fa
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Each of these groups mny he further classified on the basis of the naturj
of the conducting material of the resistor, as

1. Wire wound.
2. Composition (employing carbon).

are I

res I

l a

13. Fixed Wire-wound Resistors. As commonly made, these
wound on (1) ceramic forms, (2) strips of fiber or bakelite, and (3) co
of textile cord or glass fiber. Those windings are then embedded in
covering or coating for protective purposes. The nature of the covering
depends upon the core and power rating of the resistor. The character
isttcs of the wire-wound resistor are those of the particular wire employe!
and generally show a negligible or slight temperature coefficient and' nil
voltage coefficient, i.e., the resistance is independent of the appliej
voltage. Wire-wound resistors are used in radios at powers ranginJ
from less than \{ watt to 200 watts or more. To cover this wide band
different designs and structures arc used, which for convenience may be
classified as low-, medium-, and high-power resistors, which correspond
to the core structures (1), (2), and (3) above.

14. Protective Coatings for Wire-wound Resistors. Coalings on win!
are employed to protect the windings from mechanical injury, to proveJ
electrolytic, effects and consequent corrosion due to penetration of
moisture, and to provide an insulating covering for the winding. CoaJB
ings most widely used in practice are as follows:

A. Vitreous enamel coatings.
B. Cement coatings employing inorganic hinders.
C. Cement coatings employing organic hinders.
D. Molded bakelite.

Coatings in Ihc first two classifications A and /i, are capable of with!
standing temperatures in excess of 2."0 C

C. without deierioratioii. Thej|
afford a high measure of protection against humidity. Exception to t lie

latter statement are coatings employing sodium silicate (water glasM
hinders which are highly hygroscopic and, therefore, unsuitable whorl
resistance to humidity is an important factor.

Coatings in classification (' arc capable of withstanding temper!
aturcs up to about 175°C., this varying with the nature of the hinder]
Resinous binders stainl lower temperatures than asphalt ic bindcrtl
They are, however, superior to the higher temperature coatings in t heir •

moisture-resistant properties.
Coverings of the last classification, D, are capable of withstands

temperatures from 100°C. to 160°C., depending upon the nature of tM
bakelite used. The ordinary general-]>urj>iise molding materials with
wood-flower base arc good for ihe lower temperatures, whereas til
asbestos- or mica-filled bakelite is good for the higher temperatures

15. Rating Wire-wound Resistors. In view of the low tempcratuH
coelhcienl of the resistance wires generally employed in radio wire-wounfl
resistors, the resistance change with loads normally encountered is small*
The rating is, therefore, primarily determined by* the power the resisted
can dissipate continuously for an unlimited time, without excessive teJttfl
peraturc rise or deterioration of the resistor. Some manufacturers raW
resistors on the basis of the power that will produce a temperature rise «'f

,

300°C. in an ambient temperature of 40%'., when the resistor is mounted
in free air. Such perfect ventilation conditions are seldom cncountertH
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\n a result, it is generally recommended that such resistors be used at

one-fourth to one-half the" nominal rating, which results in a temperature

rise of 100°C. to 150°C. In practice even these temperature rises may
be excessive owing to such factors as poor ventilation, proximity of

resistors to parts which may not be subjected to elevated temperatures,

and Fire Underwriter's approval. The specific application, therefore,

limits the practical use of a resistor rather than any nominal rating.

16. Factors Influencing Rating of Wire-wound Resistors.

1. Heat-resistant properties of protective coating.
•j. Heat-resistant properties of winding core. (Ceramic cores are most

widely used, which withstand very high teinpcnilnres.i

3. lTsc of intermediate taps. Taps reduce effective winding space, result-

ing in less active cooling surface, reducing the nominal rating. The extent
of reduction depends upon length of the resistor, being smaller for long units
than fur short ones. On short units 2 in. long the rating may be reduced by
as much as 15 to 20 per cent, whereas on long units G in. long the reductions
may be 3 to 5 per cent.

17. Types of Resistors. L Low-power Hexistors. These units dis-

sipate x
'< to I watt per square inch of surface. There are (wo general

type flexible resistors and (b) bakelite-mohled resistors. Hot h have
cither a core of cord or glass fiber. The former has a textile or glass-fiber

covering, the latter is molded in bakelite. The latter are made in
sizes having ratings of ]4, 1, and 2 watts, corresponding I" dimensions
of the order of Jfq in. diameter by_ % in. long, in. diameter by 1 H in.

long, and :
<\ n in. diameter by ! % in. long. They are equipped with wire

|eads making them very convenient for so-called point to point wiring
in circuits, eliminating the necessity for special fittings for mounting.
The flexible resistors with glass-l ; ber cores and coverings are capable
"f much higher ratings. Low-power resistors are used largely as biasing
resistors, isolation resistors, and voltage-dropping resistors.

2. M rrl iii m-power lirsistom (Flat Wire-wound Type). These units
dissipate between 2 and l watts per square inch. They consist of win-
wound on strips of fiber or laminated bakelite to which lug terminals
are attached at appropriate points. The strip is covered with bakelite,
either by molding or other means. This assembly is then tightly enclosed
"l a sheet-metal punching with mounting holes, or a metal mounting
litrMi is attached in intimate engagement with one side of the resistor,
^jjl'litig Ihe other side to be mounted flat against a metal chassis.

I his design has many advantages. It is easy to mount. The metal
enclosure, or mounting strip, and the chassis act as heat distributors,
preventing excessive differences in temperature along the length of the
Unit.

i S( .
j s m;u [ (. f t)u, mt»{a [ chassis and metal mounting to conduct

JjW away from the resistor, which enables higher power ratings for a
Kiven temperature rise.

I hey are used in the, power range from 2 to 20 watts. Lengths vary
iron, 2 to 6 in. Widths vary frem '4 to % in.

•v Hujlr-pninr Jitsistors. These are wound on cylindrical ceramic
ilru i have cement or vitreous enamel coatings." When inorganic

froi "e
° r v 'trco,ls coatings are used, they arc made to handle powers

of c
l u ^''O watts, depending upon the size of the unit, at dissipations

25(i J"
1(1 watta P°r square inch of surface. These ratings arc based on

< temperature rise.
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Winn organic cement coatings arc used, lliev arc made to dandle
powers from i to 80 watts, depending upon the si^<- of I he nnil . at dissipi
| ions of 2 to 4 watts per square inch of surface. These ratings ai
based on a temperature rise of 125*C. This coating is used primaril
when maximum protection is desired against humidiiv.

18. Temperature Rise of Wire-wound Resistors. Figure 3 shows th
temperature rise to be expected at various loadings of wire-woun
resistors wound on ceramic forms, with vilreous-enamc! and ceinen

^nSSSfr lh<! 100 per ccl,t ri,ti"K is ,,;ls(;d on manufact urers' rat in
of 250 (,. rise in open air for class .1 and H coatings (Art. 1 !) and 125°(
rise in open air for class coating. Temperature is measured at
center of the outer surface of the resistor.
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10 20 30 40 50 60 TO 80 90 100
Power in Per Cent of Rated Value

Fig. ft.—Temperature' rise of wire-wound resistors. A, vitreous enum|
or inorganic cement; B, organic cement covering.

19. Variable Wire-wound Resistors. These are usually of the coj
tinuously variable type, made by winding resistance wire on a
strip of fiber, bakclite, or other insulating material. This strip may 1

formed into an arc and placed in a protecting container. A metal)
Hiding arm is arranged to travel over the winding, thus making eonta
with each turn as it is rotated. The choice of wire and size is determine
by the resistance and space requirements.

In general, wire-wound continuously variable resistors arc wound -

that the resistance changes uniformly with the motion of the slidul
contact. For certain uses, e.g., antenna-type volume controls, it jdesirable that the resistance change be non-uniform. In this case

"

form on winch the wire is wound is sometimes tapered so that the resu
anco per degree rotation is not constant. Other methods of tapcri
employed are winding with variable pitch, winding sect ions of the conU,
with different sixes of wire, and copper plating siart and finish of til

winding. Some of the factors to be considered in design arc as folkrtT

1. Contact between slider and resistor element should be positive.
2. Winding should not become loose on the form.

3. Sliding contact should not wear away resistance wire.

4. Resistance change per turn should be as small as possible.

5. Slider material should lie such that it will not oxidize.

20. Composition -type (Radio) Resistors. The term compositionrtypc
resistor is employed to eover that group of resistors in which a conductor
is mixed wit a binder in definite proportions and suitably treated to

produce a resistor material. This type of resistor has attained a wide
popularity because of the following advantages: (1) Flexibility in range
it may be made in any value up to several megohms; (2) compactness

—

its physical dimensions arc small for any range; they may be made in
sizes as low as J-g in. diameter by J£ in. long.
Numerous types of these resistors have been produced, but they take

two general forms:

1. Sulul-Ijody Rcxittor. In this type the resistor material is extruded,
pressed, or molded into its final physical form, which generally is a solid roil,

after which it may bo subjected to some form of heat treatment. Tho
*>-r :i.|rd tuttmn resistors arc examples of this type.

Vo l + S
100 120 140 220 240

ia\- 1.0 Meqohm-V4watt Resistors

Volts
ISO 180 270 300 330 360

ar

(fa)- 100,000 ohm -
I watt Resistors

H. I. VoKtige characteristic of various resistors. Curves .-t are motallizod-
fdament type: others are carbon type.

{' ''" >»r >U~r.ontcd Rcsielom. In this typo a conducting coat or film is
•
u.-l

1

1

10 ,.„.,. „i ., continuous glass filament or other form. In ihc
j5"e of the glass filament this is compietely enclosed in an insulating tube.

'' "'-called mttatti!c<I~filament resistors arc examples of this typo.

Characteristics of Composition -type Resistors. Com posit ion-type

„,
?"'!'.''''''';">' known as rutlio) resistors possess properties differing very

are
'
'r n

from t 'los0 metallic resistors. The most important onr3
us billows and are possessed by all these types in varying degree:

voliui! f 1 '"-1!' ChttnclerUtic*. The resistance is not independent of the applied

•he tiijii
generally falls with increasing voltage. Typical curves showing

lou<i [,7,,
111 which the resistance varies with voltage (heating ofToct duo to

The n
mcaont or corrected for) are shown in Fig. 4.

'eferred t

™cntaw! l
'na"Be °f resistance nt a given voltago measurementu W its resistance at some low voltage such as 1 'f volts has arbitrarily
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been called the voltage coefficient. This coefficient, increases as the physicJ
size of the resistor decreases and increases with the resistance value It ialso a function of the ingredients or mix employed in the resistor. Figure I
stsows for a given type of carbon resistor the relationship between voltao.
coefficient and size and value of the resistor. The test voltage at which eaclmeasurement was made is indicated for each value of resistance.

2. Itadio-frequency Characteristics. Unlike wire-wound resistors, coirj
position-type resistors decrease in value w th increasing frequency' ThB
effect is very marked in the high-valued resistors such as 1 megohm but 1
absent, or very small, in (he low values such as 100,000 ohms" and imdeil
1 ho effect decreases with the diameter of the active resistor element. Skil
effect is not the factor which determines this characteristic. Two factors
play a prominent part here as follows: (t) the shunting effect of the indi-

0. 0.2~ 0.3 0.4 0.5

Megohms
Pig. 5.—Voltage coefficient of carbon resistors,

vidual capacities between conducting masses in (he resistor element tends t"
reduce the effective resistance: (2) the dielectric in binder and fillers of thesj
resistors and their housings introduces losses with increasing froouenev wlii
likewise act to reduce the resistance.

3. humidity Characteristic!. The effect of humidity in general is to caa rise of resistance. This effect may sometimes he reduced by suita
treatment.

4. Noise. These types of resistors all show, in varying degree, the prcsea
ol microphonic noise. The degree of noise is a function of the load, size of
resistor, and the nature of the materials used in the resistor. In general for 1

given set of materials in the resistor, the noiSo level increases with increa
'

resistance and decreasing size of the resistor. Figures 7a and 7b show typi
noise-level curves for two makes of resistors. The change in each curve
the point of discontinuity shows where a change of mix or materials *
made, i he curves also show the increase in noise for a given value as *

resistor size decreases. Noise measurements were made in accordance wi
the method described in Art. 25.
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I2C0 1600. 2000 2400 2800
Frequency-kilocycles

Rq. Go.—Resistance-frequency characteristics of various types of I-niegohin
resistors up to 3 megacycles (University of Wisconsin CWA project E-16-5).

D.C. 0.1 0.25 0.5 1.0 2.5

fco. 66 _™ Megacycles
Characteristic for filament-type resistor, carried to 20 megacycles,

in two different insulating housings.
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22, Rating Composition-type Resistors. The rating of composjtio
type resistors is a more complicated matter. The temperature coefficia

of this type of resistor being larger, it is possible for a resistance change
become quite appreciable before a temperature limitation Is c.xcecda

350

325

300

275

250

225

C 200

o 175

3 150

125

100

75

50

25

8|eg

She' 2 Res s1 or

I

t

i

i

i

i

i

f
i 1

i i

f

i

i
!

1

/

Resislnnce^megohms

350

300

,250

5 200

|
ISO

1 100

50

Resistance .megohms

b
Fic, 7.—Xoiso-level curves of typical resistors.

furthermore, with I he higher ranges, such as 0.25 megohm and over,
which the power dissipation may be very low, the voltage eharaclcrisi

may be a determining factor instead of the load-carrying characteristi

It is therefore customary to rate this type of unit on the basis of the raj

imum load it can carry, or the maximum voltage which can be appj
to it, without exceeding prescribed resistance changes. The present
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lvinges generally accepted are 5 per cent for intermittent rated-load

nncrution and 10 per cent for 50 per cent overload operation.

\s a result of recent developments, notably the development of insu-

I-ilnl resistors in which the resistance element is molded in bakelite

ad also the development of new mixes, it has been possible to increase

t|,c r&tine of given sizes of resistors, it has especially been possible to

ase the rating of the smaller sizes of insulated resistors. This was

made possible by the discovery that this temperature, rise
_

of the very

diorl resistors is appreciably lower for a given power dissipation than

would lie expected from its reduced cooling surface. The reason for

this is that the metal end terminals, because of shortness of the unit,

85ver a substantial portion of the entire resistor and are very close to

center hot section, and therefore cool the resistor by conducting the

heat. away. ,

Tint following table gives the most, generally adopted standard ratings

and sines of insulated resistors, as these resistors are definitely replacing

I he non-inniilated type:

Hating
watts

Diameter of
resistor, inches

Over-nil length
of resistor, inches

Vi
H

L

2

H
Vi tO Ij'o

K
H

H to «
is to i«

23. Composition of Resistors, Radio resistors of the carbon and
filament types generally employ a conducting material of high specific

resistance mixed with a filler and binder. The most widely used conduct-
ing material is some form of carbon or graphite. The fillers and binders
employed vnrv with the t.vpe of resistor. Kxaiuplcs of these are clay,

ubber, and bakelite. The filler, binder, and conductor are mixed in

proportions to obtain resistors hnvinjr, different ranges. The
Method oi" making the resistor varies also \i ith its type, The solid-body
types are generally either molded or extruded. The filament resistor is

PMde by baking the resistance material on a glass rod which is sealed
111 * ceramic or bakelite container.

24. R.M.A, Color Code. The use of resistors lias increased to such an
and so many are employed in a radio set that il lias become desir-

••Mo to identify each resistor 'for range in a quick and simple manner,

l

'"'
1 idi titifieation simplifies assembly of these units in radio sets and

,'; ','
11

- rvicing. A color code has therefore been adopted by the
tailio Manufacturers' Association.

- color code takes into consideration the fact that composition

i»r

S

!i"
,rs !,ro nl:,de with leads coming out at right angles to the axis

I

resistor and also with leads brought out of the ends axially. The
o»>r code also enables the tolerance of the resistor to be identified.
l »e color code standard follows:
T

Wkidh
co

rin shall be assigned to the ngure3 as shown in the table below in

aril <• r
a,j|° desinnations indicate the color shades as shown on the Stand-

Ail^
C' llrd of America, Sth cd., 192S, issued by the Textile Color Card

Clatl°n of the United States.
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Figure

(!

1
2
3
4
5
e
7

8

Color Color to 1m ogehrtlont to

Black
Brown
Red
Orange
Yellow
firecn
Blue
Violet
Cray
White

Cnlilc 001 13
Cable fill] l!l

Cable 1J1KM1
Cable (10187
Cable 60103
Cable 00102
Cable 00010
Cnble 00034

a a c CWl 3

JL^l standarli fixed-coin position resistors with radial loadsindicate the nominal resistance value, of the resistor in accordance wi.h
following system and diagram:

The body A of the resistor shall
colored to represent tiie first figure of
resistance, value. One end Ii of
resistor shall bo colored to rcpr
Hie second figure. A band, or dot, !.,

color, representing the number of ciph
i • j uu • . . . following the first 1w<> figures shalllocated within the Iwrly color. Two diagrams (Fig. 8) illustrate two interpre

standard
8tttndard

'
l>oth of whW

< «• h> be in accordance will.

Examples illustrating the standard are as follows:

Standard
U.M.A.

resistor of

I Jlitn-, A
10

200

3,000

3,400

40,000

44,000

43,000

Brown
1

Bed
2

< > 1 1
; v.

•

3
< >r:i fLI".

-

3
Yellow

4
Yellow

4
Yellow

4

D C

Black Black, no cipher*

Black Brown, one cipher

Black Bed, two ciphers

Yellow
4

Bed, two ciphers

Black Orange, three ciphers

Yellow
4

Orange, three ciphers

Orange
8

Orange, tlirco ciphers

„J-
sh^J,tos'aii.'laro m. making fixed composition resistors with axial loadsindicate the nominal resistance value of the resistor, l.v ban, Is of eolorthe body of the resistor, in accordance with the foUowingwrtMi ^1

rhree or more bands of color shall provide indications as follows-Band A shall indicate the first significant figure
of the resistance of the resistor.
Band It shall indicate the second significant figure.
Band C shall indicate the decimal multiplier.
Baud /;. ii any. shall indicate the tolerance limits

about the nominal resistance value.
It shall lie standard to indicate the significant

figures of tho rosistanco value, the decimal multi-

•a^ass ^"jsssssr
*nd Mtcna!ons °f ,h° stand

Ml
A BCD

Fio. 8a.—Fixed co
position resistor
axial leads.
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Color

Black...
Brown..
1W .

Oruiete.
Yellow..
Oret ii . .

.

Blue ...

Viol.'t . .

.

Gray ..

.

Wl.:-
GolJ...
Silvn
No color

Decimal multipliers

Significant
figure

Power of
10

Multiplying value

1
.

2
3
4
5

7
S
9

10»
10'

10*
10>
10«
10* .

I0«
10'
10'
lll>

10-i
10-'

I

10
100

i. two
to. noo

100.000
1.000.000

1(1. 11(H). (Kill

loo.ooo.ooo
i .uoo.ooo.ooo

0.1
0.01

Tolerance
per cent

± S
: 10
±20

25. Test Specifications. Over tho last few years, :i series of tests have
been developed which are designed to establish the performance merit of

composition resistors. While those tests have not been established as

Standard, they have gradually been adopted by the leading, manufac-
turers as the basis of specifications for composition resistors. Those
tests are as follows:

Rrai.itHncr Meavtm-mrnlx. Unless otherwise specified it shall be standard
to measure tho resistance under the same voltage drop as normally exists

across the resistor in the application for which it is intended.
The readings are to be made as quickly as possible at 20°C, preferably

with a limit-bridge circuit arrangement so that tho resistors do not have an
opportunity of undergoing an appreciable tempcraturo rise duo to the current
passing through them under the conditions of the lest.

.Vorm iH„ ..[,/ /,,•/,. 'ft st. It shall bo standard to make normal-load life tests
hy placing the rosistors on load intermittently 1U hr. on and Ji hr. off at an
ntnhio:,! temperature of -WO., for 1,00(1 cycles or 2.0111) hr. at the voltage
representing the rating of the resistor as specified by the resistor manu-
facturer. Any readings taken should Iks made by uniform method at tho
end of '..-hr. off period. The results of this test, shall be plotted, showing
the pej. tent permanent change in resistance vertus time in hours.

Hither direct or alternating voltage may be used in the foregoing tests
"eiieuding on how the resistors arc intended to bo used.
.

B shall be standard for the resistor manufacturer to state tho rated potential
" direct voltage with a supplementary rating on alternating voltage when
»«<luostod.

ah Caamet«risfte». It shall he standard to plot these characteristics,
''owing the per cent change in rosistanco values BcrsKS loads in watts, making
gUings al 10 per cent intervals up to 100 per cent overload value or up to
oe maximum rated voltage as specified by the resistor manufacturer, con-

,
''"'K the tests at an ambient temperature of 40°C. and allowing a mini-

trie'

11
• '° m'"' at constant load immediately precoding each reading, so that

eh/
le8

!
8tur comes tip to equilibrium temperature conditions after each

Hi,'.'
,"" '"

'l1"'- The resistors ore to be exposed 1 hr. at 40°C, hoforo starting

vS*!?
8 Each reading is to be made under steady-state hot conditions at tho

drop existing for the particular wail ago selling.

cilr,.
t'hitriirJrristics. It shall be standard to plot voltage-characteristic,

making readings with uniform voltage increments up to a maximum
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Jhi'^ .

rcPr«sen«/''l£ 100 per cent overload in watts on the resistor or tin I
h "UT V0ltflg

'?
ra,i

i,K
of thp rwistor

- The resistors are?X at luSfl

com' on o the tL^Th™ d" '.
IO

'
h!lV" »"«'»'!»"""»<> •<< I"-." undo Jthe test. The resistors are to l» connected in the circuit J««X,

t? T,ffi0,,t
.

f°r
V

,

"!f
in « 1 ^«ta„cettem^a~^

I,,,,,. ;, r
' 11 '"' K,;'"'l:"'l expose resistors to a relatilhum d, y of J2 per cent nt an ambient tempera ure of 40^ for ISO hr 1which line the resistance value is recorde. . The rectors 'then „„. „','

I

exposed to n relative humidity of 00 per rent for •JfJil h wlii . i?Jlemperaiurrof 4WC,. and , |„. ,i„a| „^ ,^\' „ !
'

, J ^ ,,
?> '{.!!; »"J

ISK,Pr£"'« f .1
hunXvHmmW '° i,r '°r thc ,l 'Si;4, " rS ,ul™ ™'»™

'
'™„

« 1

OrVr/Lf/ 7- /

S!

""t'i 'V'T, T^'' 'T"'.-
v ,,l<, ;i:""<> '"'Hli nons 1

ff,
J'- «.I,.t»

T humidity for :!
' l"ri«! of < d, vs Head ^"rojbe taken at intervals by uniform method so thai a curve can \c JZ?A

- ""» -wSfat-^w^ssaS
used with a resistance inpn, circ.nfl he iU'rTcn i ?„°

J

sa'ir^rr.i^to^™ " f "-..itr/xtesoi

r.f i 0(u> >

1 8 ? ibrnted pntentiomctor; S s a source „i suouUi

io nave app10ximatcly the same resistance value as the unknown und«l
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tpat £ is 'hen adjusted until the voltage normally existing across the

resistor, in ihe application for which it is used, is placed across the terminals

„f V '1'liis voltage is, of course, one-half that shown on the voltmeter when
s j, adjusted to be exactly the same as X. Thc switch on the output of tbr

unpbfior i" placed on the tube voltmeter sotting, and the switch on thc input

is connec ted across th« unknown resistor. The gain of the amplifier is

adjusted to obtain a definite deflection on the vacuum-tube voltmeter, after

which ' is not changed. The input switch is then thrown to the calibrated

potentiometer setting, and the setting of thc potentiometer is adjusted until

the reading of the tube voltmeter on the output of the amplifier is the same
as before. The setting of the calibrated potentiometer, which is calibrated

in microvolts, shows the equivalent mm voltage variation existing across the

particular unknown resistor lieing tested. It can then be stated that the

noU- of the resistor is equivalent to so many microvolts r.m.s. for the particu-

lar voltage drop existing across thc same.

i
—rvt Loud
H-H,

Audio
Amplifier

1

-
:

'fyea/rer

TubtVoltrroter

R[- Calibrated Potentiometer

X - Resistor under Test

it 'Quiet Resistorfhaving approximately

same resistance valueasX)

I'm. <J.—Circuit for resistor-noiso measurement.

26. Acceptable Performance. On the basis of then specified tests
the following is considered acceptable performance:

1. Life T«t 8 per cent change or less

2. Overload 10 per cent clmngc or less

3. Humidity 10 pur cent change or less
4. Noise 500 iiv or less

ti^'*
^ePresentattve Values of Resistors Employed in Radio Sets,

"if range of resistors usually employed in radio sets extends from 1 ohm
up to 20 megohms. These resistors arc used for various purposes, such
S* Providing grid bias to radio, audio, and detector tubes; plate coupling;
voltage dividers; and filters. Typical values employed for these various
"Pplictilioiis ire enumerated below:

1. Dfterlnr bins rauston 5.000 to 30. 000 oh ins
2. Power tiins resistors 200 to 3.000 ohms
3. Voltage dividers 1 .000 to 100. 000 ohms
*. nntc-eounling resistors 50,000 to 250.000 ohms
fi- Grid leaks 100,000 to 20 megohms
u riltcr resistors 100 to 100.000 ohms

hiti/*
^a

.

r 'able Carbon -type Resistors. In numerous radio applications

of .

vnr
'.
aWc resistors arc required, e.g., for controlling the sensitivity

Up 1

1
'- ' v< ' r ' ,v varying llie r bias on the r-f tubes a variable resistor

lie." jl"' (lp0 ohms maximum is commonly employed. For adjusting

Hp ,')''!!'" signal level in automatic volume control sets a variable resistor
^-o megohm is not uncommon. From the poiut of view of cost,
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wire-wound resistors of this order of magnitude are nroiuhi! ive p„hmorn at u desirable to have a non-uniform u£?of cha ngc' res S£

(c)
. (d)
no. 10.—Typical uses of variable resistors.

to^V^SiSS ofStarSd ^ ^ bG ""^

resistor is rer.nir, , T "

wherever a nml inuous v variab
ri,™' Tl ev find t SwSlUt uVr1

f " itlU' r P*™ 1™"'^ 4
tools in radi.. oce e J So '

™!j!mo contro,
f
anfl t»nc <°1

the basic circuSs^t&Thel^Z^f^O. H
^^WS^^^l^re

r^r'
by varyin

* I
B ft2jSu?i?mtTi for varying r-f input'to antenna tube (Fin MM

m£lol)
, y a"tCn,,a input oon.blration of F»gB

g
i0a^„d 1

4. Audio-level control (Fig. IOd).
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5. Combination load-resistor and audio-level control in diodo rectifier

C ' TC
(\'. Tapped volume control for acoustic compensation at low levels.

Tuned circuits nre shunted across one or more tups to produce varying degrees

of a-f compensation at different levels.

7. Gain controls and fodcrs for phonograph and a-f amplifiers.

8. Tone control in a-f ampli-

fiers for varying a-f frequency
characteristics.

it. High-frequency variable re-

sistor when non-reactive feature is

essential, as in signal generator
attenuators.

10. Television controls, such as
brightness, contrast, focusing.

30. Tapers. The circuit con-
siderations involved in these

applications arc discussed else-

where in (his handbook, par-
ticularly in the section on
Receiving Systems. However,
each of these applications calls

for a resistance curve, or taper
as it is termed, which is most
suitable for it. This tape1" de-
fines the law of resistance
changes vertmt angular rotation
of the variable arm.

_
Some

uidelv used curves are given in

H 1 1.

,
A suitable specification defin-

ing the taper should include:

1
;
Curve showing resistance

variation against activo angular
rotation of the contactor. \\ here
* switch is incorporated in the
variable resistor, the angle taken
UP for operation of the switch is

wtnnicrcd inactive. Curve
""will indicate whether resist-
ance increases with clockwise or
counterclockwise rotation.

.J*. Itcsistauco at extreme coun-
wclockwiso end between vari-<* arm and left terminal: this is

FiO.

ID 40 60 ' 50
Per Cent of Rotation

11.—Taper curves of variable
resistors.

too

tup

ally called left terminal minimum and is specified as "less than so many

Hi'sisi mire, nt extreme clockwise end between contactor and right
innl; ibis is generally culled right terminal minimum and is specified as
l

\v5?
n 80 many ohms."

JVhen a tap is specified, the angular location and resistance of the
should be given. The resistance lictwccn tho tap terminal and thev»rinblc arm, when located at the tap, is sometimes specified

tier*
Choice of Volume-control-tesistance Curve. 1 In an audio nittpli-

tr "1 which the maximum output is 40 db above the minimum output,
By tho editor.
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the volume control should be so made that each J£n of the rotatio
should correspond to an attenuation of 1 db. If the volume control had
total attenuation of 8<) db, more than is necessary on this pan mil;
amplifier, each j-,ju of the rotation will correspond to 2 db attenuata
since only half of the total rotation can be usctL In the second case tl
control should be more critical than in the first case.

In a radio receiver the design of the volume control differs wide]
depending upon whether the receiver has automatic volume control t

not. If not, the entire voltage pain of the receiver must be under coi
trol, perhaps 120 db. The tendency for the volume control to beco

— 1-M S

100 90 60 10 60 i0 40 iO 20 10

Min Volume Per Ce.nl- Knob Rotation Maj.Voiume

Fio. 12. -Advantage of special taper for volumo control.

noisy or to* be difficult to adjust without producing violent jumps
volume change increases with the total gain that must be controlled.
The fact that a-v-c systems cannot deliver a uniform voltage to IW

audio detector because of (.lie wide variations of input voltage (ranging
from a microvolt to several volts) makes necessary a different shape 4
attenuation curve than would be used on an audio amplifier used 9
itself. A type of curve (Oentralah) useful in the a-v-c receiver
shown. Here, approximately uniform attenuation of 40 db is secured j"j

80 per cent rotnl ion from the maximum volume. This is the range moSJ
often used. The departure from linearity in the first 15 per cent w
rotation is to keep the resistance gradient within limits representing In*
noise.

Between 80 and 100 per cent rotation, the curve changes rapidly W
provide n total attenuation of 80 db. Rapid attenuation in this regie1

!

is accomplished without noise because the resistance change per dcciWl

Sec. 31
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;
mall. Such a curve is much more satisfactory than a straight logarith-

mic line (note the 80-db curve). In addition they arc simpler to build.

^ tapered resistance curve such that equal increments in rotation

ofoduce equal increments in attenuation (a straight line when plotted

against the logarithm of the resistance) requires that a change of 300,000

oh ins lake place in the first 1 per cent, 120,000 ohms in the second 10 per

,
and so on till the last 10 per cent rotation produces a change of only

75 ohms. This is true of a 500,000-ohm control with a total attenuation

of 80 db. .

'

82. Wear Characteristics. Variable carbon resistors necessarily have

the same general electrical characteristics as fixed carbon resistors. In

addition, owing to the mot ion of the slider on the resistance clement, there

is a certain amount of wear on the resistance element. This produces a

change in resistance value and noise. Factors influencing those changes

iire as follows:

1. Hardness of resistance element which determines ability to withstand

abrasion.
2. Pressure of moving contact on resistance element.

S. Smoothness of moving contact surface.

33. Specifications for Variable Resistors. No standard specifications

have been established for variable resistor performance. A typical

specification, however, representative of acceptable performance is here

given.

1. Endurance or Wear. Life test: Units shall not fail before 10,000 com-
plete operations when operated without electrical load. The unit shall be
operated over its full range including operation of switch at a rate of approxi-

mately 1,000 operations per hour. Failure shall be considered as a change in

resistance of greater than 15 per cent of the initial resistance or mechanical
fracture of the switch.

2. JVo£ss. Units shall be of such a. nature as to produce no audible sound
in the loud-speaker of the apparatus in which the unit is UKod.

8. Humidity. The resistance of units shall not show a temporary change
of more than 25 per cent when conditioned 100 hr. at a temperature of 40°C.
i*tnl a relative humidity of 80 per cent-. Units shall be conditioned 24 hr. in a
desiccator before placing in the humidity chamber.

4. /feststenw; Curve. Hie resistance curve and permissible variations over
•he entire resistance range of effective electrical rotation shall bo in accordance
with the drawing fas supplied by the purchaser). These curves shall be
*it!iin the required limits and must conform in general shape to the nominal
curve of the drawing.

References

Bur. Standards Circ. 74.
"hiver-Harris Compant: Bull. 11-40.
Kkxnklly, Laws, and Pnaoa: Ivxperiinenlal Research in Skin Hffeot in Conductor:

,

T"><<«. A.I.E.E.. 1918.
glpBHCBOST: "Principles of Radio Camtauaioatioa.**
| l^arcn: "Handbook for Elociricit] Ehtgtaaera."
Wilbur B. Dbiver Comi-anv; " Itoisifctaikco Handbook,"



Set. «i
IXDLCTAXCK 71

SECTION 4

INDUCTANCE

By Gomer L. Daviks, B.S. 1

I. Magnetic Flux. The property of electrical circuits called inducta*depend, upon Iho magnetic eflWs associated with a fcwof etorifd
1

rent In a magnetic .system the magnitude of the force o,.,,,!altract.on or repulsion is proportional to the producl of theSof the p„W and mversely proportional to th£ square of the Kmbetween them. A w , (,<7,„,„; is dofinod ag /h . [ °,' Xchrerfa similar pole at a distance of ] am with a force of I dyne The fonibetween two poles acts along the line joining the po es Consequenta unit north pole ,„ The vicinity of a magnet fa acted upon by

w

S '

one of mpnls on, due to the notl a pole of the magnet: and oneturn, dne to the south pole. The resultant is thi k ( d oree exerted bhe mag, l0t upon the unit pole. Thus the magnet ZStf eld offarce or magnetic field whose direction andMagnitude a v , oil

SlSrtiZ&fSr antl milBnitUdC
° f^ 83 upon a^

If a unit north pole is allowed to move freely in a magnetic field U Jmove m the . ,-,,,,„„ of ,|,e field at each point and wft££ out a

J

" :lU
;
* 1,(1

I'
'««<.*//«»*. Tl„. .„(«! field is considered )„ he n de

I a urge number of such lines. In any region of space the o a of al

''i^f V

,

M
r
,h;

'

!t r^ i,>!1 is tM ' -™weii?faxt tha region
th,;

)
.

,n,
|

,,,M 'r !,,!,,s of (><»«•* ihrongn a unit, area of a suSad

elect nc currents. The magnetic field near a straiglu ' n'rZtearTv nl

the flux density at any point outside the wire is proportional to he eulvent and inversely proportional lo ((,, distance' of the pint from (hs!,x,sw! ! «•""•- ir M.c wirv can-vine the e.mvm i' n d oor more levers on a cylindrical form, rhe held msKlc of tin o i i pandffito the axis of the cylinder and is proportional to the product of tCrent and the number of turns on the coil. This product of current ftamperes) and number of funis is called the ampereSurmTof the cod Tlflux density along the axis of the coil may be expressed*«2 he nroduct

V

SstStT8 y 51 emistailt
-

Ir 1,10 wkdiBg is of

I Riwmeer,- Washington Institute at Technology, Washington, I> U
70

3. Inductance— Definition and Units. 1 When .the current in a circuit

Ohm's law in the form in which it, is stated for constant-current

oircuits, no longer serves to define the current.

The magnetic flux associated with the circuit:, varies with tho current and

Induces a voltage in the circuit which is given hy the equation

- = ~t »
where c is the induced voltage. <jt the flux, and i the time. As the flux is

pnijiorlional to the current, it may be written

<t>
= Li (2)

whore L is a constant and i the current. Then

d di
(3)

If the current is increasing, the induced e.m.f. opposes the current, and
work must be done to overcome this c.m.f. If the work is IV,

dW
dl

-Li

and

jC
Lidi = —

2

(4)

(5)

is being the final value of the current, the initial value being taken as zero.

The quantity L in I hose equations is the Coefficient of nrlf-indiiction,

*clf-inductance', or simply inductance of the circuit. It may be defined in

three w ays: from Eq. (2), as the flux axxaciaied with Ike circuit when unit

current is flawing in it; from Eq. (3), as the back e.m.f. in the circuit caused

I'll unit rale of change of current; and from Eq. (5), as twice the work done
hi t *!,,blinking the maftteUe flux associated with, unit current in ihe circuit.

These three definitions give identical and constant values of L provided

there is no material of variable permeability near the circuit, and pro-

vided the current docs not change SO rapidly that its distribution in

ne conductors differs materially from that of a constant current. If

these conditions do not hold, L is not constant and the values obtained
from the three definitions will in general be different.

The units used for inductance must conform to the units used for the
other quantities used in the defining equations. The practical unit is

ihe henry, which is the inductance of a. circuit when a back e.m.f. of 1

foil ia induced in the circuit by a current changing at the rate of 1 amp.
tw second. The relations between units are as follows:

1 henry = 10 s e.m.u.

= 1.1124 X 10-' a e.s.u.

The henry is subdivided into two smaller units, the millihenry and the
"Verohenrv." The millihenry is one-thousandth of a henry, and the
roicrohenry is one-millionth of a henry. The millihenry and microhenry
afc a bb reviafed mh a ud uh respectively. Thus

1 henry = 1,000 mh = 1,000,000 ph

•
1

Btmimnh, S. a., " Electricity and Magnetism," Chap. XI, 1928.
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The term "inductance" refers to a property of an electrical circuit o
pieee of apparatus but not to any material object. A piece or apparutu?
used to introduce inductance into a circuit is properly called an ii,<l iri
or coil.

4. Current in Circuits Containing Inductance. If a circuit containin
a source of constant e.ni.f. and pure resistance onlv is closed, the curren
rises instantly to its full value as determined by Ohm's law. If the eimr
contains inductance, a hack e.m.f. of the value Lj

t

acts during the tir

the current is changing, so that., if the o.in.f. of the source is E, (he acta

e.m.f. available to force eurrent through the resistance is B — £r

The equation for the current in the circuit is

! Ri*-4

The solution of this onnation is

C

c

(

The time I is reckoned from the instant, at which the switch is closed and
is the base of natural logarithms.
At a tinW = L/K after the circuit is closed, the current has a value equ

to 7o^l — Y or about 63 per cent of its final value. The quantity £/,

is called the time conxtant of the circuit. The time constant, or the tim
required for the current to rise to u value of 1 — - times its final value, do
not depend upon the actual values of inductance and resistance but onlupon their ratio.

The current in such a circuit is shown in 1%. 1 for several values o
L/tt. Theoretically the current does not reach its maximum value /

0.iOr

. - '3 20
t -.» t era stccrJ

Flo. I.—Rise of current in inductive circuit,

except at an infinite lime after the circuit is closed, but practically tl
difference between the actual current and the value A, becomes neriiztl
after a relatively short time.
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If, after the steady current / has been established in the circuit, the

source of the e.m.f. is short-circuited, the current does not fall to zero

instantly but decreases according to the equation

lit

' L

This equation is plotted in Fig. 2 for the same values of the circuit

constants us wore used in Fig, 1. In this case (ho time constant L/R

i 5 8 • 10 12 14

Fig. 2.- Fall of current in inductive circuit.

represents the time required for the current to fall to \/t or about 37 per
cent of its initial value.

If, instead of the source of e.m.f. heing short-circuited, the circuit is

Opened, the resistance becomes extremely large and the current falls to
scro almost instantly. As a result of this rapid change of current, a large
••"1-f- is induced in the circuit, causing a spark or arc at the point at
which the circuit is opened.

J
Impressed e.m.f

Fio. 4.—Phase relations in induc-
tive circuit.

Fig. 3.—Series cir-
cuit containing resist-

ance and inductance.

^ hen the eurrent in an inductive circuit is changing, a back e.m.f.
.'her than that due to resistance acts in the circuit. This back e.m.f.

BPWportionaJ to the current and to the quantity uL, which is called

U .\"" l " rl
i''

e fenclance and usually written A';,. Also, the phase of the
e.ni.f. is {)() deg. behind that of the eurrent. To force a current

lSn
il

l
5ure inductance, therefore, requires an impressed e.m.f.

hv out of phase with the back e.m.f.. or one leading the current
°y 00 deg. (Fig. 4).
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Now, if a sinusoidal e.m.f. is impressed on a circuit containing resistan
and inductance in scrips (Fig. 3), the current in the circuit will also
sinusoidal, provided the resistance and indue lance are independent
the current. The portion of the impressed e.m.f. required to fo
current, through the resistance will 1)0 in phase with the current, while t

portion required to force current through the inductance will lead t

current by 90 dcg. The resultant phase of the impressed e.m.f. wirl
respect to the current will have some value between zero and 90 degl
depending upon the values of resistance and inductance in the circuit.

To determine mathematically (he behavior of the circuit, described
above, it is necessary to set up and solve the differential equation fqj

the circuit. This equation will have the same form as Eq. (7) with jj
replaced by Em sin est; that is,

The solution is

l)Q + Hi = Em sin al
at

Ei

Vfl 1 +
sin (&>/. — <j>) + c£

Rt
' L

(in

(Uj

where tan q> = a>L/R, and c, is a constant to be determined. The first

term is the only one of importance after the current has been flowi
for a sho rt time. Thus the current has a peak or maximum amplitud

of Em/\/R-' -|- 'ji-L
2 ami lags I he impressed e.m.f. by the phase angle

whose langeilt is mL ;

7?. Tin* f:;i:-.ntify \f~R" + ::"! * i., rsillcil I'-.f im-pfhttCt
of the circuit and is denoted by Z. In terms of the effective values <

current and e.m.f. / and B, the equation for the current maybe writt

/ = E
r w_ T Em
or /v = —jy-

J? Z
In complex notation this form is

Em sin o)t

R + juL
or, iti terms of the instantaneous e.m.f.,

i — e - e

It
|
jwL 2

The quantity z is called the- com //lex. or vector impedance.

(12

(13

It is a vect

jwLi

Fio. . -Vector relations of
inductive circuit.

i he vector impedance.

with a magnitudeVR* + o>*L*orZ, uD
an angle whose tangent is <oL/R.
vector diagram showing these rein tic*

is given in Fig. 5. Thus the relatii

between current and e.m.f. in an a-c cto

ruii continuing resistance and indue
mice in series may lie expressed in tb

same form as Ohm's law for d-c circuit*i

provided instantaneous values of current

and voltage and vector impedance a*B
used [Eq. (14)]. A similar relation mafl
be written using effective values of en's!

rent and voltage anil the magnitude <jfi

Both I he vector impedance ; and its magnitudem
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ore generally referred to simply as impedance, the oontext usually indicat-

h| « bich quantity is meant.

The impedance Z increases as the frequency js increased. Con-
sequently, for constant values of E, Tit, and L, the current / will decrease

—

R -

L'li knry

2

'X-l.

d a) * ) MM 100 120 HO 160 at

Fig. 6.-

FrequencyjCjttcs per SCCOMl

Impedance of inductive circuit with frequency.

, ass

Its the frequency increases. Figure b' shows values of 'I pleated against
frequency, and Fig. 7 shows how the current in the circuit of Fig, 3
varies with the frequency of the impressed voltage.
Consider Eq. (11). After the

switch has been closed for some 0-

bine.
| lie values of current and

voltage bear a definite relation
to each other at each instant
during a cycle, and this scries of
relations is repeated during
ever, cycle. The circuit is now
raid to be in the steady-state
^million, and the first term of
*e right-hand side of Eq. (11)
P ietely defines the current
1,1 h'nus of the voltage and im-

However, for a short
"Jterval of time after the switch
*<•!(«;„

|

)
the second or transient

0.3?

1

1

A' ISO Oh™
L'
£•

1 Hvtiy

10 Volts

Fig. 7.-

Fratuericy.cycles per second

Current rs. frequency in inductive

crtn generally has an appreciable value and must be considered. Bv
™parison with Eq. (9) it is seen (hat this transient current has the

shown in Fig. 2. It is evident that the duration of (he
fori,.

truii.v

j jue of the current, which is equal to the constant c, must, however, ba
,,]

'''
1,11 "ed. Now the current must be zero at the instant the switch is

of ft •
nee ear

',
ltot rise to some finite value instantaneously because

I,,,".'"'
inductance in the circuit) and, therefore, if I is taken as aero at

^Uist i, n t f ci(J5mg t|ln suiteh, the value of c may be found mathe-
"Cnlly to be defined by the equation

Ment current will depend itpoti the time constant L/R. The initial

Em : . ,
—&~ sin <t>

= 1m sin (16)
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The physical significance of this equation is most readily seen I

reference to Fig. 8. 1 In a of this figure, (lie curve e represents the votafL
impressed upon llieeireuil and (he curve marked "Steady-state current
indicates the value the current would have if the switch had heen close

at a time much earlier than the time represented in the figure. Accort

FlQ. 8.—Effect on transient current of closing circuit at different times
the cycle.

ingly, at the instant of closing the switch, the current should have
Ihe value given by the intersection of the steady-state current citnfl

with the vertical axis in the f'gure. Hut the actual current must
zero at this instant; therefore, the transient current st have th|

value r, just neutralizing the fictitious steady-state current. Th
transient current then decreoa

Pomr token
from Generator

according to the curve Jabeli

''transient current," and the aetll

current is the sum of the stcady-stal
current and the transient. current,

the switch should he closed at

instant at which the steadv-stntet
rent would he zero, as in Fig.

constant r would he equal to zero i

there would he no transient tor

Consequently the quantify ... in
'

(15) represents the phase angle of4
instant of closing the switch Wjl
reference to the nearest time at whifl

(lie stcady.-state current crosses the zero axis in passing from negative]
positive values. In Fig. So, the switch was assumed to he closed shor'

after the steady-state current passed through such a zero value; thcrefoi
in this case, the so-called "phase angle'

1

isa lag angle, nnd sin cfrisnegativ

ranking c negative as shown.
6. Power in Inductive Circuit. The instantaneous power used in

circuit of Fig. 3 is the product of the instantaneous values of current, i

voltage. Figure !)• shows (his power at times to be negative hecat

1 MoRECnovT. J. H., "Principle* of Radio Communication." 2d cd , 1027.
'Ibid.

Current

Power returned /q Generator

Flo. !).— Power in induct i\e circuit.

4!
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the current and voltage have opposite signs. Such negative power

fpnrescnts a restoration to the source of some of the energy stored ill the

1,1'igiictic field. In h circuit containing inductance only, the current

So voltage are 90 deg. out of phase and the negative loops of the instan-

taneous-power curve are exactly equal to the positive loops, so that the

overage power taken by the inductance is zero.

In general, the instantaneous power is given by 1

p = Ex sin at X /« sin <<>rf — <fr)

— EmI u[ain* ttil cos d» — sia tiit cos ut sin 0)

= ^"2"
(
cos * — voa^ 008 * ~~ sin B'n ^ ^16'

The average value of the second and third terms in the last parenthesis is

«ero. an that the average power taken by the circuit is that expressed by the

first term, or

/> = eos <t>
- EI cos e> (17)

where, as hofore, Em and / u arc maximum values, and E and / are effective

values of the voltage and current. Since

E - IZ
and

. R
COB

P - IZ X / X j - I'li (18)

This 1,1st equation is often used to define the effective resistance of an a-e
circuit.

y :i consequence of Kq. (17), the power in an a-c circuit containing
inductance and resistance cannot be determined by measuring the current
"ml voltage unless the value of the phase angle <t> can also be measured.
As this is usually difficult, the power must generally be measured with
11 wattmeter.
The quantity cos d> is called the power factor of the circuit. In a circuit

containing only resistance, the power factor is unity; in a circuit con-
wining only inductance, the power factor would be zero. As applied to
" -itl as.an inductor, 1 lie power factor at a given frequency gives (he
JJttio of the resistance of the coil to its impedance and may be used as ft

JjRUrc r,f rm, r j| for t i lf. ,.(,[] As the ideal inductor would have zero power
actor, a K i m( \ coil should have u very small power factor.

Measurements of Inductance at Low Frequencies. The measure-
ment of the. inductance of air-core coils at low frequencies is relatively
inip],. , ls ,| |( . i nfjuctance ja sensibly constant with change in frequency

dp! 7
ir "' llf - Iron-core inductors, for reasons which will be examined in

later, do not have a fixed inductance under all conditions, and
°asnrc!nents on them mqst be made under conditions which duplicate
nearly as possible the conditions under which the inductor is used.
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A simple method of approximate measurement uses Hie circuit of ]

10. An a-c voltage of known fre(|iiency is applied at E, anil the .

mid voltage read on the meters. The voltmeter reading divided
ammeter rending gives the impedance and, if the resistance is m<
by a d-c-bridge or voltmeter-ammeter method,

L =
7

The method is usable for iron-core coils that carry a.c. onlv, providl
the measuring current is adjusted to the value that the coil carries in us

AC. Source of
measuring frequency

Ammeter

Ok
Duttt~OirreittJ^.

Vollmrhsr

J
Flo. 10.—Circuit for

measurement of induc-
tance.

-Measurement of iron core
currying a.c. and d.c.

If measurements are made at a number of current values, the curve
inductance against current may be plotted. The results obtained m
this method are generally slightly larger than the true values of indue
tancc because the a-c resistance, particularly in iron-cure coils, is great*
than the d-c resistance,

7. Measurement of Inductance of Iron-core Coils. When an iro*
core coil must carry relatively large d.c. upon which is superimpose^
small value ot a.c, its inductance is dependent upon the mngnitudesf
the two currents flowing through it, and other methods must be used.]

Tin- impedance of an iron-core coil carrying d.c. and a.e may I

measured by the circuit of Fig. 11. The d.c. through the circuit
adjusted to the value carried by the coil during operation, and the
source adjusted to impress a voltage across the coil (measured by L
thermionic voltmeter) equal to the n-c voltage across it under opera til

conditions. The resistance W„ is then varied until the alternating voltai
across it is equal to that across the coil, as measured bv the thermion
voltmeter. Then the impedance of the coil at the measuring frequcnq
is equal to R». Readjustments of the impressed direct and nlternatut
voltages may hi- necessary as l{, is changed. The condenser C prevent!
the direct voltages across the coil and resistor from affecting the thcrmj.
onic voltmeter. From the impedance and the resistance of the coiSj

the inductance may be calculated bv Kq. (19).
In Fig. 12 is a simple method of arriving at the impedance of an iron

core coil based on the supposition that the inductance is high compar
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The voltage across Jt and A' is measured with a
icter, f

"~\~E*;Er) X H, whence

to the resistance.

vacuum-tube voltmeter, for example. Then Er/R = / and £,// = X

X = R/Er (20)

In the general case in which M represents (he total losses of the coil,

the power factor of the inductance is cos and

cos = E*-% — Eg — Er

*1EiET

(21)

and the total losses in the core and winding may be thus obtained.

Once the impedance, reactance, and inductance of a coil have been

determined, the permeability and finally the magnetizing force and flux

density of an iron-core coil may be obtained. Thus the a-c flux density

R
wwvvwiA—-o—

'

M—

60*

Kit;. 12. Circuit for (IcterminiiiK inductance of iron-core coil.

„ E,h. X 10"
Bm" =

4.44 XfX.NX.AXK *aUSseS (21«)

"here EM .
= r.m.s. voltage across the coil

/ = frequency in cycles per second
N = number of turns in the winding
A = cross section of the core in square centimeters

K = core-stacking factor (see Sec. 2, Art. 29).
The polarizing m.m.f. resulting from the d.c. in the winding, in gilberts

^r centimeter is given by

//„ = 1.25GA7

I

(2U>)

where X = number of turns in the winding
/ = d.c. in amperes
I = length of magnetic circuit in centimeters,

lo net m.m.f. in ampere-turns per inch, multiply Ih by 2.032.
yw following table (Allegheny Steel Company) gives values of Ba

"d II u found in practice.
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Coil B'max , (tmisjcs //•>, eilbcrUj/

l)ctcrior-sl»Ro audio Immformer 5 lo 10
Snroiui-niasp a-f i ruiuiforiucr 250
Pugth-pull output transformer with two primaries.. 7,<iOII
Polarized output transformer 4 200
Heavy-duty filter reactor (80 ma) " 'did

. 6 to I

.

1.6

0.7

_
8. Turner Constant-impedance Method. For measurements invo"

">.B a-c- only, the constant-impedance method (of Turner 1

), shown
Fig. 13, is used. The method is baaed upon the fact thai, w"
1 — = 0, the impedance of the parallel circuit is equal to a>C an
independent of the resistance in the inductive branch. Consequen
the line current will have (he same magnitude with the switch open
closed. To measure any value of inductance, then, it is only nece
to adjust the capacity so that the reading of the ammeter A is the

:

for both positions of the switch. Then

L - l/(2orlf7)
(

Fui.
const
method.

13. —T u r n e r Km. 14. Mcasuritin Hrcuit. for coils rnrrving
a n t -impedance a.c. and d.c. j

When the coil must carry d.c. as well as a.c, the circuit of Fig. I 1 m
be used for the inductance measurement. Two similar inductors
used, the d.c. through them being adjusted to the proper value In me
of the resistor A', and measured by means »r the <l-e ammeter M.
switch A" is then thrown to the right and the resistor lt t adjusted to ma
the constant-potential difference between the points A and B zci
Then, with »S" thrown to the left, the inductance measurement may !

carried out in the manner already described. The result is ihe indiictanO
of the two coils in parallel, which is one-half the inductance of one coifi

9. Measurements of Inductance at High Frequencies. Verv oil en ihf

low-frequency inductance of a coil, determined by one of the metho
already given, may also be used as the high-frequency inductance.

C^l?W K>"'£ I-

16 °l^sS
n
i9

I

SP<^',nCC Mctllod for Mcasurin* luductanee of Cho

Sec. 4 rxiiVCTAXCE SI

soiiic instances it is desirable to determine the inductance at. the operating
frequency, Bridge methods are not suitable for measurements at high
frequencies. Two other methods are commonly used: comparison of
die coil with a standard, and measurement of the capacity required to
tune the coil to resonance with a known frequency, from which the
inductance may be calculated. Both methods give the apparent
inductance.

In the comparison method, a standard inductor, having an apparent
inductance L, at the measuring frequency, is connected in parallel with a
calibrated variahle condenser, coupled to an oscillator and the coil-
condenser circuit tuned to resonance, the capacity C. of the condenser
being noted at the resonance setting. The coil to be measured, whose
inductance is denoted by Lr , is then substituted fori,, the circuit retimed,
utid the condenser capacity d again observed. Since the frequency is

the same in both cases,

<23)

of the

(24)

If the low-frequency inductance L a and internal capacity C\
standard coil arc known,

LixOz — Liq{Ci -J- Co)

In the second method, it is necessary to determine accurately the
Frequency of the source. The coil to be measured is connected to a
calibrated variable condenser, coupled loosely to the generator and
tuned to resonance. If / is the frequency of the source, Lr the apoarent
inductance of the coil, and Cx the condenser capacity at resonance,

L, — 1

39.48^0, /»(?*

»n this equation, Lt is expressed in henrys and Cm in farads,m nh and C, in nnt, the equation becomes

2i).:« X 10"

(25)

For L,

(26)

iff
*''* capacity necessary to tune the coil to resonance at a number of

"nerein frequencies is determined, a graph of the squares of the wine
"'"Ctlis corresponding to the
"cvcrul measuring frequencies
"Hat list the measured values of
'ipncny will be a straight line

J

1 nose slope is the pure indue-
and whose intercept with

:"c '"'Kntivc-capacit v axis is the

Tk-'
r,,:

'' t"ip!'citv of the coil.
's illustrated in Fig. 15.

Co i

'nductal>ce of Iron-core
" s

- Iron-core coils

it
II 6

...

M -XX ah
f—

1 1
1

-20 o n w u to to go h)
Tuning CopX'lT,nKramcro^irads

vwiiB are Flo. 15.— Method of determining in-

fo
' Useful, at relatively low ductanco and distributed capacity of a

pfi

,/|"'" (
'"'-S and their use is gen- coil,

iru?
''r>n '-nt,d to circuits carry-

Vurreiita within the a-f range. (But sec Art. 16.)

Perm" mductanco of a circuit is not constant if anv inalerial of variable
""-'ability is within the magnetic field of ttic circuit. Consequently.
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when a coil is wound on an iron core, its inductance is dependent up
the circumstances under which it is used. Accordingly, to use iron-o

coils most advantageously, it is necessary to study their characteris

under varying conditions. Three important cases must he distinguish^

the current through the coil is a.c. of single frequency; the current con

of a d-c component upon which is superimposed a single-frequency
component; I lie current is comprised of two a-c

components of different frequencies.

The average inductance of an iron-core coil

carrying a.c. of single frequency is dependent
upon the magnitude of the current. Also, the
a-c resistance of such a coil is higher than that

of an air core coil with an identical winding.

Therefore all inductance measurements of iron-

core coils should be made with the measuring
current equal to the current which will flow

through the coil in operation, or the inductance
may lie measured tor a number of different

currents and a curve of inductance against
current plotted. Via. 16.—Character^

In many radio applications a coil carries a „f co il parrying largo

relatively large d.c. with asmalla-c component of d.c. and small valua

superimposed. The inductance of an iron- a.c.

core coil under such conditions is a function of

the magnitudes of the d-c and a-c components of the current. Tb
illustrated by Fig. 16. The constant magnetizing force (due to the t

may be such as to cause the core to be magnetized to the point A.
alternating component of the
netizing force (due to the a.c.)

then carry the iron through thet

hysteresis loop CB whose slope isl

tin' same as the slope of the magna]

zation curve. The permeability 1

resented by the slope of this

hysteresis loop is called theiucn
l/il itcrmeabitily. As the cons
component of the magnetizing fol

or current is increased, the (joint

moves farther up the magnet izati

curve and the incremental nerni

hilily decreases, as indicated by
small loops at I) and E. As sat*

lion of tnc core is approached,
incremental permeability, and he

the inductance, becomes very sn

As the magnitude of the a-C <*>

ponenfc is increased, the slope of'

370r

m
m

E. 160

1 IK

J 60

M&surtng a-c tmf

<

io n
Uoyislitng forte -Aff^(reW?erC.H &to4) CurrS-nt)

Fi«. 17.— Effect of d.c. on induc-
tance of coil.

hysteresis loop, and accordingly the incremental permeability, incre^H
i boa increasing the inductance. Consequently I he inductance of an irof

core coil under these conditions decreases with increase of the d-c cflB

ponent of the current, and increases with increase of the a-c eomponcjj.

Figure 17 shows the decrease in inductance with increase in const*1

magnetizing force.

ConstantAbgncfanottve force
(nnpere-lomptrm\

If an air <ia/> is introduced in the magnetic circuit of an iron-core coil,

,li,.
inductance of the coil is generally diminished. Jf, however, the coil

ia carrying both d.c. and a.c, the air gap may so decrease the constant
flux that the incremental permeability is actually increased, so that the
effective inductance for the a-c component is increased. The effective
resistance of the inductor is also decreased by tiie introduction of an air
pip.

-

" These effects are illustrated in Fig. 18. 1 As a consequence of
these characteristics, iron-core inductors that arc intended for use in
circuits where they must carry d.c. as well as a.c. arc usually made with
mi air gap in the magnetic circuit of the cote.

When thcinducforcarrieatwoalternnt-
ing currents of different frequencies, the
effects of the variable permeability of the
iron arc somewhat more complicated and
of relatively less practical importance
than in the cases already treated. 5

11. Inductors at Radio Frequencies.
When inductors are used at radio fre-
quencies, many factors affecting their
performance come into prominence.
The h-f resistance of a coil is much
larger than its d-c resistance because of
a number of losses which come into
existence with the operation of the coil
in h-f circuits. The factors causing this
increase are skin effect, eddy currents,
dielectric losses, and internal capacity.
When the wire is wound into a coil,

the effect of (he magnetic field of the
coil is such as to concentrate the
current on the inner surfaces of the.
turns. Figure 1!) illustrates this effect,
the depth of shading indicating the cur-
rent density. This concentration of
current causes a furl her increase in ;he

Air Gap
\"°. 18.— Effoct of air gap on

coil characteristics.

tiuir
'

"'sistaiiec of the coil, and also causes a decrease in the inc.uc-
ic as the frequency increases. However, the variation of inductance

i rr qnnicy is generally small in comparison with the variation caused
• ''''crnal capacity.

-"'.'/ currents in the conductors composing the coil constitute a
fcc

ions stmrcc of loss at frequencies over :-i,(i(Kl

~ 1 hese losses are minimized by the use of

Latah?
sm -'dl as possible without"unduly in-

ttaen!'.'
15

.
(:OIK'uetor resistance, or by the

l_ [tubing instead of wire. Because oft hese
: 't frequencies higher than 3,000 kc there

iw, "I'Umum wire size giving a minimum
jwnce in inductance coils.

I'm. 10.—Concentration
. Anu' r '." '"««?""«* c,°' ls ' . of current at surface at

aieiednc m the field of the coil also high frequencies.
""Uces losses which become important at

i

1

Tcr'vv "°E7- j u - " Principles of Hadio Communication," 2d cd., 1927.
u
^ri>,,,,;',''-,.

M - Induitimre an AITeiti-d by Initial Masiwtir Suite, A""Win.., M - Inductuiioe aa Aflci tcii l>v I

™"'U Current*. Proe. I.R.E., IT, 1822, 1020
Air G&p. and
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these frequencies, so that the typo ami amount of dicleci rie within the field

of the coil must be carefully regulated. The dielectric should be of
"

best quality and its volume must be kept at a minimum, 'lite conduct
of the coil should, in general, come in contact with the dielectric as
as possible. Coils are often wound upon skeleton or ribbed winding foi

so that each turn touches the supporting insulating material at onlyai
points and is surrounded for the greater part of its length solely by

12. Effect of Coil Capacity. Every inductor behaves not as a
inductance and resistance in scries but, as an inductance and rem*tr
shunted by a small capacity. This behavior is caused by Ihe self- \

internal capacity of the coil. The resistance nnd inductance of
equivalent parallel circuit at any frequency are called the apj
resisttwee and apparent inductance of the coil at that frequency,
apparent resistance is given approximately' by the equation

j?

Ra =
(1 - ffl'LC,)'

and the apparent inductance by

* 1 - 6)
!LC„

where It and L arc the resistance and inductance the coil would
at the frequency u/2ir if the internal capacity C« were absent,
equations do not hold for frequencies near the natural frequency of

\

coil; that is, the frequency for which 1 — o^LCe = 0. These equat"
are derived on the assumption that the e.m.f. in (he circuit is introdu
in some manner other than by induction in the coil itself. If the ej
is induced in the coil, the internal capacity is merely added to any otl

capacity which may be connected in parallel with the coil. Sine
coil is practically always used at frequencies for which I — U*LC
positive, the apparent resistance and inductance of Ihe coil will incr
as ihe frequency increases, the apparent resistance becoming very la

as 1 — u'LCo approaches zero. The percentage change in resist
for a given change in frequency is about twice as great as the eh
in inductance. At frequencies for which 1 — is negative, thei
behaves as a capacity rather than an inductance.

It has been found 2 that the internal capacity of a single-layer
roughly proportional to the radius and practically independent of

J
number of turns and the length. For a closely wound solenoid,
internal capacity in uai is very approximately equal to six-tenths
the radius in centimeters.

13. Types of Inductors. A straight wire has a certain amount
]

inductance, but. to make inductors small enough to he convenient if

necessary to wind the wire in the form of a coil thus utilizing a _
length of wire in a small space and also increasing the interlinkage
flux and wire.
The simples! inductor constsls of n single square lum of wire,

inductance of this arrangement may be calculated accurately, but it 1

E Kadio Inntrumonta and Measurements, Bur. Standards Circ, 74,
' Howe, G. W. Q„ Jour. I,E E. (London), 60, (53, 1022: nlao Moullik, E. B.,

Frequency Measurements," p. 340. 1091,

Sec- *l

fcu-
oilier advantages.
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This type is sometimes used as a. fundamental

The single-layer solenoid consists of one layer of wire on a cylindrical form,
the i urns either adjacent to one another or spaced. Sometimes the coil ia

made self-supporting by means of a binder, such ns collodion, and the form
jjknovod after winding.

.

Multilayer coils must ho used when a single-layer coil of the required induc-
tance would be inconveniently large. The multilayer coil may take one of
three forms: taper wound, bank wound, and honeycomb or dnolateral.
Th« I'lifer-wound coit is useful only at low f ren. uencies because of its high

Internal capacity caused by the proximity of turns of greatly differing poten-
tials. The wire is wound on the coil in layers,
each layer being completed before another is
begun. Iron-core coils are usually wound in this
manner. If a very large number of turns must
be used, it is belter for the whole coil to be made

b_ ,„ ,,„„. . .. „ up of a number of "pics," each pie being a short
Flo. 20.—Bauk winding, layer-wound coil. The pies are assemhled side by

, . ... , , .
s'do to form the complete coil. Insulation is

greatly facilitated by this type of construction, anil the internal eaoacitv is
somewhat reduced.
Bank winding is one result of the attempt to dovisc a multilayer eoil with

Mi.riwlv low internal capacity. The turns aro wound in the order shown
try (tic it oss-sectional view in 'Fig. 20.
Honeycomb and rfuofoteraj windings are further results of the same effort.

<i

,rlr« *MT»W back and forth from one side of the winding space to the«ner
.
adjacent turns of the same layer being spaced from each other bv

ZZ„.
I,mes

t
th

,

e
.
,v,rp diameter. The effect of this type of winding is (o

iv r i

,""ls of adjacent layers to cross each other at an angle and to separate

iiiIII )

8
Vy

a
-
1 Ieast thc diameter of the wire. A coil of this type s self-•npportmg and quite compact.

< ; '' ket-weave and ™fder-web windings were developed also to minimise tlie

7.;
opacity. In the basket-weave coil the wire is wound in and out of

Dec
' rf

,P
esa 864 "! :',<'in-le. Adjacent turns cross at, an angle. The

Ei h
.removed after the winding is completed and the coil is self-

tlio nH i j •
13

.

eraf"itiaJly a single-layer coil. The spider web, on
v

.

II,,,, hand is primarily a multilayer coil of one turn per layer. The™ W «m„id back and forth between a series of pegs fastened radially in<ir u l.i
r form. This coil may also be self-supporting.

alninsi ,

13 1
\
0U,,d

,

!lro,",d a doughnut-shaped form. Its field is

Pfcrntus
lnteniah so that it may bo placed close to other coils and

I
*oun!l n

p ' r
c

al typ
?

of L'.c,il
,

i8 «elf-explanatory—the wire being
tt

I in the form of a spiral, each turn haying a greater radius1,1 Hie preceding one.

iiiuv "l

V
f
riable

.
Inductors. Any of the previous types of coils

ii h
'"' "Wed "lit! number of turns in rin-uii varied v, iili

;
i *«itch or clip. This method gives oiilv a slcp-bv-step

«iuk, i

considerable loss may be introduced bv the
1 portions of the eoil.

!
ir,e

['^"'"nuously variable inductor may be made bv conneof-
series or parallel two coils having a variable mutual

glenoid,?;., P- ct>1^ m
-
a ? be ^ngte-'^'or or multilayer w"°'ds and their mutual inductance may be varied by chaiig-

u,u""or '

" r,^
tance between the coils or by totaling nne'with respect to the

"fcfu'im,
most ™mm011 form of variable inductor, however, is the

Bi-ment commonly called a variometer, a cross section of which is

too. 21.

Variable

i|

Ar,
»rri„.
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shown ill Fig. 21. The inner coil is rotntablo about the axis A, whic
perpendicular to the plane of flu- figure. The (wo eoils may be conne
m either .series or parallel, thus increasing the range of the insiru
considerably. The mutual inductance between the eoils may lie ine
by winding the outer coil upon the interior of a spherical surface, ins
of using the cylindrical form shown.

If a slight increase of resistance of a coil is not objectionable, »n<f
desired range of inductance variation is small, a copper disk slig."

smaller than the inside of the coil form may be mounted on a a
perpendicular to the axis of the coil. The inductance of the coil wi
appreciably decreased when the plane of the disk is pcrpcmlic
to the coil axis, the decrease of inductance becoming less as the di
rotated away from this position.

15. Design of Inductance Coils. It is desirable that the induct
should be as large as possible, while the resistance is kept at a minim
There are some cases in which a relatively high resistance is permir
or even desirable. Choke coils for use at high frequencies must ha
high impedance with a minimum infernal capacity.
To determine a basis for comparison between coils of different c

ncteristics, a factor of merit for an inductor must be defined,
for use at frequencies above :f(H) or 100 kc are usually small in siz~
that volume is relatively unimportant and the desirable character*'
are high inductance (and, therefore, high reactance) and low resistai
The ratio of inductance (or reactance) to resistance may then be tar
as a factor of merit, the ideal coil having a large ratio. .Sometimes
power factor of the coil, which is equal to the ratio of roaistan
impedance, is taken as a factor of merit, an ideal coil having zero
factor. The ratio of reactance to resistance {Lw/R) is sometimes c
the Q of the coil. (See Table I, Sec. 6.)
A coil to he used at frequencies below 300 kc is likelv to be some

large if wound in a maimer that would be entirely appropriate at hi
frequencies. Consequently the factor of merit for coils designed for
at the lower radio frequencies should include the volume of the indu
and may be defined as the inductance-resistance ratio divided bv
volume of the coil.

For a given length of wire, maximum inductance is obtained when
wire is wound as compactly as possible; that is, in a bank-wound
with :i winding cross section ;is ne.-irlv square as possible. The b
wound type is mentioned because the ample mult i layer coil is practi
useless at radio frequencies because of its high internal capacity,
closely wound single-layer coil made up of the same length of wire

"

considerably lower inductance than the bank-wound coil. Howcveri
radio frequencies, the resistance of the aingle-laver coil is so much 1
than that of the multilayer coil that the LJB ratio of the former is OL,

larger than that of the latter. In view of its simplicity of construe
the single-layer solenoid wound with solid wire would appear to be
most desirable coil type at medium and high radio frequencies, !
though within certain ranges of frequency some other tvpes have cc
advantages. At high frequencies (above 3,000 kc)," the single-'
solenoid, either closely wound or spaced, is used almost exclusively.

For a given wire length, this type of coil has a maximum indue
when the ratio of diameter to length of coil js 2.46, 1 although this

1 Radio Instruments and Measurements, Bur. Standard! Circ. 74.
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is not critical. The inductance decreases somewhat rapidly as this ratio
becomes much smaller than 2.40, while the decrease is only slight for

laiger values of the ratio. Since the internal capacity of" the coil is

approximately proportional to the diameter, it is advantageous to use
,, mtio of diameter to length somewhat smaller than 2.40, provided
that the coil is to be used under such conditions that the decrease in

internal capacity effected in this way more than compensates for the
slightly lower inductance-resistance, ratio.

A multilayer coil has a maximum inductance when the cross section
of the winding is a square. It has also been shown 1 that, with a square
cross seel ion given, the inductance of this type of coil is maximum when
hi' mean diameter is 3.02 times the depth of the winding.
Below 300 kc the volume of the coil must be included in the factor

of merit. In these circumstances, the honeycomb and bank-wound coils
Outstrip all others, the honeycomb type being somewhat superior to the
bank wound. Table I gives the characteristics of honeycomb coils.

TaHLE L HoNBYCOMB-COIIi DaTA

Wave lengths with the

Turn*
Size of

Induc-
tance,
mh

Distrib- Natural following shuut-rolidenser
uire.

11. A S.
uted wave capacities, pi

on coil rapacity, Icnitth,
gago put meters

0.001 0.0005 0.00025 0.0001

is 24 0.038 26.8 60 372 287 103 131
35 24 1) 07(1 30.8 01 528 378 -77

301
188

50 24 0.150 36.4 130 743 534 270
37975 24 0.315 28.6 170 1.007 770 580

100 24 0.585 36.1 274 1.470 1 .055 771 5;i2
150
200
250
300
ion
.TOO

600

, 7.50

1.0(111

1.250
1. 800

24 1.20 21.3 313 2.180 1.548 1.110 746
25 2 27 18.0 391 2.870 2.050 1,470 980

1 .35525
25

4'20 22.9 585 3.010 2.800 2,020
6.60 10.0 (ill!) 4,000 3,400 2,510 1 .1)70

25 10.5 17.4 XI Hi 6. 180 4.400 3.180 2.095
25 18.0 17.3 1.052 8.070 5.750 4.140 2.740
28
28

37.5 10.2 1 .800 11.600 8.300 5.980 :> . oso
40.0 is :; 1.785 13.300 0.500 0.830 i ..in

28
28

85.3 16 B 2.260 17.600 12.500 9.000 5.950
ML' (1 15.5 2 400 20. 100 14.300

24.200! 17,200
10.250 6.780

28 181.5 15.8 3.000 12.350 8. 150

tie
-

for Various Frequency Ranges. A study of the charactcris-

leisi"
Vilr"m -S types of inductors in the frequency range of 300 to 1,500 kc

f

w ijc.cn made by Hund and l)c Grool. J Their results show that in this

(J
1'11^' hand the single-layer solenoid and the loose basket-weave

with
|

1V
i

"'H" 1'" 1 inductance-resistance ratios of the coils wound
('oil

w ' ro
'
witn tnc rii(u;l ' basket weave or spider web a close third.

nJ',
u '"mil wit h 32-38 Litz wire were found to be somewhat better in all

Wiof •
sollt|-wire coils. Contrary to a somewhat generally accepted

in (i
'
n

:
PW '"""ken strands in the Litz wire made only a slight difference

ine t-l resistance of a coil.

* Rw!' In»'ruments and Measurements, Bur. Standard! Clre. 74.

ilpoils t-.i!'"
1"??' ,lmJ H - B- I,E f: "«or. lladio Krequency Resistance fad Inductance

ISjj -<.| i m Broadcast Reception. Bur. Standardt Tech. I'avcr 208, Vol. 19, p. 651.
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In solid-wire coils, little is gained by using n wire size larger than
21-AWG, although No, 16 gives a slightly lower resistance betweel
and 1,200 kc. Spacing the turns does not decrease the resist mice ap
ciably—not enough to compensate for the extra length necessary,

number of binders were iried on single-layer coils, ail of them cauaifl

slight increase in the r-f resistance of the coil. Collodion appeared
be the best of these binders.

At frequencies above 3,000 kc, dielectric losses, eddy currents,

internal capacity arc important. The first two cause relatively In

increases in the coil resistance. The third increases both the resist*

Carve A-Ptsfyiran Core 6smZ63

1 _L L^Ui^L-J I I

Plus 40 10 20 10 10 10 JO 40 Mam
KcCff Resonance

Fig, 22.—Iron-core coil characteristics,

and inductance of the coil if the voltage in the circuit is not indue

the coil itself. If the circuit e.ru.f. is introduced by induction ioj

coil, the internal capacity, acting as a parallel condenser, detenu iiieH

highest frequency to which the. coil can be tuned. ' As Ihc upper lint

parallel tuning capacity is not very7 large (in order that the L/C
be not too small), a large internal capacity . seriously restricts the

over which the coil may be tuned efficiently. It is for these reasons
the single-layer solenoid is used almost exclusively at such frequeucieJ

Coils for Short-wave Receivers. A considerable study of oo9H
various sizes made from wire of various sbes and for use at frcqtic" 01

of the order of 15 Mc was made by W. 8. Barden and David OriBlJ

1 Electronics, June. 1934. p. 174. (This material and that on iron-cure induct nur**j

by vi» Editor.)

Sec. 41
INDUCTANCE S9

u was determined that maximum value of Q for such coils, of the order

„( l fih inductance, could be realized when wire diameter and spacing

between turns were of the same order of magnitude. Very large wire

(jong coils} was not superior to medium-size wire, say No. 20 or No. 22.

('sing wire of No. 14 si go, 1 -in.-diameter coils were superior to i^-in-

Jjiamotcr coils for any winding length.

[t, was determined that shielding the coil does not reduce the Q to a

serious extent, provided proper spacing is observed. In reasonable
'„,. ire Q need not be decreased by more than 10 per cent or L by more

I
Ifj per cent. Bakolile winding forms have some effect upon Q.

Thug :i M> coil of No. 10 wire (0.104 in.) was wound on a 2-in. length of

I, ,Vim.-diameter bakolite having a 0.125-iit. wall. This coil had 0.333-in.

;r!iiig pitch. At 15 me, Q = 212. Upon removing the winding form

it remained self-supporting, and Q increased to 229.

Coils made of No. 1-1 wire on a 1-in .-diameter form with 0. Ill in.

between turns (0.8S p\\, turns) were found to be good compromise

coils. These would have a Q of 184. Coils made on 0.5-in. forms wound
w ith small wire, say No. 24, have values of Q in the region from 75 to 1 00.

Iron-core R-f Inductances. From 1931 to 1935 considerable headway
wis made in the use of ferro inductors at broadcast and intermediate

frequencies. The advantages offered by iron coils over air coils are the

small .size and high Q. They have been especially useful where it is

i lire.--.;

i

it to get high gain, or high selectivity, in small space, or with a
minimum number of tuned circuits. Some attempt has been made to

use coils with variable iron cores so that in tuning a circuit the inductance
would he varied instead of the capacity.
One such material (Polyiron) has an iron content of 95 per cent. The

remainder of the pressed core is bakclile and insulating varnish. Por-

eabiliiy measured with toroidal eores is of the order of 12; its specific

eraviiy U 4.8 against 7.0 for solid iron; its conductivity is 100 mhos per
cubit centimeter against 10

-
* for solid iron. Permeability remains con-

stant from 50 to 2,000,000 cycles. Variation of magnetic force from
"01 to 10 gauss makes no appreciable change. 1

Another iron which has come into use in this country is Ferrocart,
jdrwiilv widelv used in Europe. Intermediate-frequency transformers

J»r 45ii. X70, '31S0 and 175 ke have been designed "from Ferrocart and
gWyiron as have transformers coupling an i-f stage to a diode detector,
hu* automobile and other receivers where high initial gain is required, to
ri'uiire i

| u . noise to signal ratio, iron coils seem to offer considerable

"dvailliigos.

:• ivjm-iil receiver of the charrici. eristics given below, the table

die ad vantages to be gained by using iron instead of air-core coils,

"his receiver was a six-fnbe a-c export tube, employing 370-kc i-f

•JjUwFormer*. It used a tvpe 67 first detector, type 27 oscillator, a type

,

1

' amplifier, a type 2A6 diodc-t.riode, a type 2A5 output tube and a
yPc Nil rectifier. The high impedance of the plate-cathode circuit of the
'rK| dfiwdot is partially responsible for the excellent selectivity of the
rocciver.

: '" '••<:!.
i'.v, R^lpii H,, Tuninn by Permeability Variation, FAeeLronics, July, 1981s

\.
>!W '-.uv, Aki'iiKD Iron Cure Intermediate Frequency Transformers, Klectrvniet,

J*r
h; '"' r '

' I'oj.i 'iMnr.rv \\ .]
,
Pur: her Notii on Iron-core C'hOk, Mretromt*.

! I'.iiil; [.Vrro-i»duPK.r» Mid fY-rruiiubiluy Tuning, 1'rvc. J. U.K.. \lnv W.i:',:

v., Ferrocart and Its Applications, Electronics, November. 1984,
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Oare was taken to align the receiver properly at each frequency
order that each tost be made under the beat conditions., conditions.

With Air-coke Thaxsfokmers

As the frequency inoraaaea

frequency being

L„ = 0,002

Frequency,
kiiocryHe*

Band "width
10 times,
kilocycles

Band width
100 times,
kilocydea

l*and width
1.00(1 lituw,
kilocydes

Sen.HLl ivil.y

tliu'rovi

1.400
i ,oou
600

IS
13
19

37
as
26

62
46
42

5
j

4

With Ihon-core CrttlTa

1,400
l.noo
600

7
7
T

16
u
14

31
27
26

5
4
6

The advantages from the- standpoint of gain are as follows.
In a five-tuhe a-c d-e set of the better type employing 45B-kc i-f tra

formers, the tnbe complement was as follows: GCVi, GDb, 75, 43,
25Z5. The type 6C6 was employed as a composite o.seilialor-fii
detector. In this receiver the two i-f transformers and also the antef
coupler were replaced with iron-core units. The sensitivity at 1000
increased from 100 to 20 fiV.

17, Calculation of Inductance of Air-core Coils. The inductanc,
many types of air-core coils may be calculated by means of forml
involving the dimensions of the coil and the number of turns. 1 Scv
formulas from Circular 74 of the Bureau of Standards arc given had
Few of the available corrections to inductance formulas arc include
smee they apply only to the calculation of the I-f inductance The
inductance of a coil cannot he calculated with a high degree of accu
because of the skin effect and coil capacity.

In the following formulas all dimensions are expressed in ecntimoton
the inductance is in micrnherirys.

18. Straight Hound Wire. If I is the length of the wire, (/ is the rliar
of the cross section, and ft is the permeability of the material of the wire,

0.0021

0.002[ 303 logic ~
a
- 1 I- a

O.7.]

If m = 1 (for aU materials except iron),

U = 0.002/^2.303 logi.

The return conductor is assumed to be remote,
low-frequency inductance.

' Rosa, E. B., and F. W. Ghovkr, Eur. Standards Set. Paper 1BU: Okoveb. I._
Bar. standards tm. Pa-pa-t 320, 1017; 435, 1022; 408, 1023. See for mil drain" f*calmtlnuon, espeoially at low frequencies, Moticas- Biriwss mid I-f, M Tuiinkk i'luU
tance of Coils, Bull. Sll, Univ. 111. Jlng. Eiper. Jan. 8, 1012

These' formulas give

I
J!

{301

(3»

IV.

the inductance decreases, its value at infinite

jfegN * - 1
j

A general expression for the inductance at any frequency is

L = 0.0021^2.303 login
4?

I +

(32)

(33)

The quantity 6 is obtained from the
argument x, where

table below, as a function of the

x = 0.1405d- (34)

.I.. I / ie the freoueaoy and p is the volume resistivity of the wire in microhm-
i-entiniotnrs. l'or copper at 20"C,

xc = 0.1071rfV?

This quantity o will ho used in Beveral of the following formulas without
further definition.

Value of & in Inductance Formulae

0.5
I a
1 .-.

.' a

0.250
II 2.-,(>

II LM'J

0.247
0.240

2.5
3.0
3.S
4.0
SO

228
0.311
0.101
0.1715
0.1.1D

fi

7.0
8.0
9.0
10.0

0.1 16
0. 100
0.088
0.078
0.070

12.0
14.0
16.0
18.0
20.0

0.058
0.050
0.044
0.039

25.0
30 C
40.0
50.0

0.035 BO

.028

.024

.0175
jO. 014
I0.012

70.0
80.0
90.0
100 O

0.010
O.0O9
0.008

007
0.000

19. Two Parallel Round Wires -Return Circuit. The current is assumed
jo flow in opposite directions in two parallel wires of length / and diameter d,
"ie dim.mco between centers of wires being D. Then

0,004/ 3 losioW - B
a I.

(35)

j

)'"* neidecta the inductance of the wires connecting the two main wires.

I

'Hc wires are long, their inductance may be calculated by Eq. (S3) and
j.'", 1,1 'he result from l-lq. (3.3). or the whole system may be treated as a

2ft e the '"dnctauce calculated by Eq. (37).
*

1>V
*'uar« «' Round Wire. The length of one side of the square is denoted

' •! other letters have already been defined.

0.008a ["2.303 logio
2

j
^

81 Rectangle of Round Wire.
t!)o diagonal = \/« s +

2a
0.774 + mS (36)

The sides of the rectangle arts a and ci

Then

0.00921 + at) log]
A eta 1

1

d
ttlogio (a + 0) — ai logic (at -j-

+0.004^501 + a,) + 2(0 +fj~ 2 fa + ai)
J

(37)
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22. Grounded Horizontal Wire. The wire is assumed to be parail-
the earth which nets aa the return circuit. In addition to symbols
used, h denotes the height of the wire abovo ground. Thou

L = 0.004005/
4k

logiti j + logiQ

V + ill'

+0.002 1 V- + 4A

23. Circular Ring of Circular Section If a is the moan radius of the

L m 0.01257a£ 2.303 logu.-^ - 2 + juoj

provided that d/2a $ 0.2.

1»

19-

C

1

4

5
t

-7»C~*

:>:.

oooon

CHARTn

fytitfh atpai/it oftnfuitctwn

ixorrpie : IfL 'flO/nti,d <j'and n 'JSS

Fit:. 23

24. Single-layer Coil or Solenoid

•rrOmtt.

Inductance-design chart

CHAM I

CoflKft ftHIJ imown H * . i'/ :m / third

oipvni el»*trtKtiw>

Saati J/* jjjdj.«i c •tsmsmfj.
muL-r,

(
, 0X8950%'—
/j = —g /c

where w. is the number of turns, n is the radius of the coil measured front

axis to the center of the wire, o is the length of the coil, and A' is a Functi

2a l>, the value of which may be determined by moans of the table
"»

Diam-
eter I

lcMltl"

IKDVCTAXCE

Valve of K in I'ou.mi/i.a 40

> A*
1

Differ-
Diam-
eter to

I Ji fi-er-
1 >;.'W:i-

etcr to A'
njfip,r-

ence .

[(until
ence

Ifiict 1.

tnce

1 01)0!) — 0209, 2 00 5255 Q |
|
y 7 00 (1 2584 — 0047

•1791 203 2 10 5187 112 7 20 2537 45
.0588 107 2 20 51125 107 7i40 2491 43
<>:i<»] 190 2.30 if is 102 7.60 24 4S 42
!fl201 1S."> 2 40 4S1!> 97 7 SO 2406 40

0.0010 n 0178
1

2 50 171't -- fl MAS 8 00 2306 Q(>94

. XS3S 1 73 2 60 40''6 Sf 8 50 2272 80
stiti.-. 167t 2>0 So O^OO HfUS 79
Sl'lO 16 J 2.80 4452 82 9.50 210*5 73
.8337 1 51

»

2 go 437Q 78 10 00 2033

0.S1S1 — 1 i50 3 00 u 4292 — 0.0075 10 2033 — 0133
.8031 ) 46 3 10 4217 72 110 1903 113
.7885 140 slid !4L45 70 12^0 1790 08
.7745 3.30 .4075 67 13.0 87
.7600 18 1 3 40 4008 04 14 1005 78

0.7478 — 0' 01^7 3 50 3044 — 0061* 15 1527
.7351 I *'S

'. CO GO 16 1457 63
.7228 118 3i70 ! 3822 58 17 1394 58
.7110 1 1 ft 3.80 . 37(14 56 18.0 I8U 52
.6905 1 1

1

3 90 3708 54 in o 1 284 48

M 0884 — 0107 4 00 8604 Q QQ;32 20 1 236 n in .U . UuoO
0777 1 fU a' i n MM •"»

] 22 1 151 73
.6673 100 4 SO .3551 40 TMJ) !l07S 03
.8573 08 4.30 .8809 47 20.0 .1015 50
.6475 04 4 40 3455 40 28 0959 49

0.6331 — n nnniU . ' 1

I 4 50 3400 30 09 10 g 0]Q2
f,»M) Ml 4!eo 43 A - / \f . UDUD fin

.6201 si; 4.70 .3321 42 10.0 .0728 64

.6115 84 1 W) 41 45.0 .0664 53

.6031 81 4 til) 3238 AG 50 061

1

43

.-.(ISO -0.0079 5.00 3198 -0,0076 00.0 (1 052S U . -LAW 1

5X71 7i. 5.20 '1 122 72 70.0 0wS7 48
. 5795 74 5.40 ! 3050 69 80.0 "0419 38
.-.721 72 5.60 2HS1 65 90.0 o;»i 31
.5840 70} 5.80 .2016 62 100.0 .o:sr>0

0.5570 -0.0068 6.00 0.2854 -0.0039
.-,.-,11 67 6.20 .2795 56

. 5444 65 6 40 .2730 .-,1

.5370 03 6.60 . 2685 52

.5316 61 6.80 .2633 •111

tJ?^' ^ u,t ilayer Coils: Circular Colls of Rectangular Cross Section, For
f"oiU of :l i\i\v hiytTM, Tlu' fijllowi hk furtiiulu may ho used:

LmlH _ 2^1^(0.693 +A) (41,

•Kii^Vj
' a " 10 '"flfctaneo calculated by Eq. (40), » und 6 are the s.-me as in

%,.f
'

'
!l

. 'i in the radius "I mil mensured from axis to center of winding cross
^-*ion. c i 8 the radial depth of winding, and B, is the correction given on p. 90.
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Value of B, in Fobmula 43

ISec j

b/c B. b/c B, b/t B. b/e B. b/c & b/c Hi

1 0.0000 6 0.2446 11 2844 16 0.3017 21 0.3116 20 (1 318]

2 0. 1202 7 o.2-ir.3 12 u 2888 17 0.3041 22 0.3131 27 31M
3 0. 1753 8 2066 13 (1 2927 18 3062 23 II :iMfl 28 3201

4 0.2076 9 0.2730 14 (1 2061 19 0.3082 24 0.3157 29 3301

5 0.2292 10 0.2702 15 C 2901 20 0. 3099 26 0.3169 30 (1 32M

For short multilayer coils, the dimensions shown in Fig. 2 ( an' u.-cil. Two
formulas are required, one for use when b > c, and the otiicr for use when 6 ]
c. In the first case:

L m 0.01257a«*[ (l

log,

" 0.01257«»{ 2.303(1 + 3-|i + g^)

lofcf -r - (fi +
Ilia*

32a'

Sa V 1
IJ

When 6 < e

L - 0.01257an>[ ( 1 + + —)
32>i' ' Wta'

1
80

Ion ¥ - v. +

Fig. 24.—Mul-
tilayer coil.

= O.OiaSTon 1
,

[2.303(l +
3^-1 +

I/i, ifj, and y% may be obtained from the table shown below. These f«#

mulas an quite accurate as long as the diagonal of the cross sec-lion 01 Fig. 3*)

does not exceed the mean radius. The accuracy decreases considerably afl
becomes large in comparison with a.

For very accurate results, a correction must be adderl if the insiihition flj

the wire occupies a considerable percentage of too winding space. TM
correction is given by

if. = 0.01257a<i[ 2.303 logio ^ + 0.155 ]
1

where D is the distance between the centers of adjacent wires, arid d is

diameter of the bare wire.
36. Multilayer Square Coil. If n is the number of turns and a is the s}J?

of the square measured to the center of the rectangular cross section win**

has length 6 and depth e, then

L = 0.008an 3
[ 2.303 logic + 0.2235^-^ + 0.726] (*

If the cross section is square (i> c), this becomes

L m 0.008air"[ 2.303 login £ + 0,447^ + 0.033 ]

Set. 4| INDUCTANCE . 95

Vautb op Constants in Fohmctlaw C42) and (43)

b/c or e/b m • e/6 Vt b/c

5000 a 125 0.597
O.OBfl 5253

05 5490 05 127 05 . 509
10 5924 10 132

. 10 . 602

0.16 6310 0.15 142 15 0.608
0.20 6652 0.20 155 20 0.615
0.25 6053 0, 25 o 171 o 25 6*M

30 7217 0' 30 102 30 . 633

0.35 7447 0.35 215 35 0.643
0.40 7645 0.40 242 40 0.654
0.45 78 16 0. 45 273 45
0.50 7060 50 307 50 ' 1

<
i

.
.

0.55 8081 0.55 344 55 0.690
0.60 8182 0.60 o 384 n 0.702

65 8265 427 65 u . i la
0.70 8331 0.70 474 70 0.729

0'.75 s;;.v; 0.75 523 75 0.742
[I Ml) 8422 0.80 576 80 0.758
0.85 S 45 1 0.85 632 85 0.771
0.00 8470 O.DO 690 90 0.786

0.95 SIMP 0.05 -:,> 05 0.801
1.00 8483 1.00 810 1 00 0.816

Formula (43) may be used to correct for insulation by replacing the factor
01257 by 0.008.
For a single-layer square coil,

0.008a»>[ 2.803 logic" + 0.2231
j|
+ 0.726 ] - 0.008an(.4 + B) (47)

and li are given 1k>1ow. where d is the diameter of the bare wire and D is
to distance between turns, measured to the centers of the wires.

Value ok A is Formula (47)

d/D A d/D A

1 00
0.95

90
0.85
0.80

0.557
506

0.452
0.394
0.334

0.40
0.38
0.36
0.34
0.32

-0.350
-0.411
-0.465
-0.522
-0.583

0.15
O 14

0. 13
0.12
0.11

-1.340
-1.409
-1.483
— 1.563
-1.650

0.75
0.70 '

0.65
0.60
0.55

LI SliSI

0.200
0.126

G40
-0.041

0.30
0.28
0.26

L!4

22

-0.647
-0.716
-0.790
-0.870
-0.957

0.10
0.09

CIS

07
0.06

-1.746
— 1.851
-1.969
-2.102
-2.256

0.50
48

0.46
44
42

-0.136
-0.177
-0.220
-0.264
-0.311

0.20
0.19
0,18
0.17
0.16

-1 .053
-1.104
-1.158
-1.216
-1.276

0.05
04

0.03
0.02
0.01

-2.439
-2.662
-2.950
-3.365
-4.048
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Value ov B in
- Foumttla (47)

[Sec

3^" Ultii L)l!T of

turns, it
S r^tiiviber of

turns, ii

1 0.000 40
2 0. 114 45
3 0.1 IWi 50
4 ii MIT" 60
t O.'J'.S 70

a 9.283 SO
7 0.244 90
8 100
9 0.280 150
10 0.266 200

15 0.286 300
20 (1 L".I7 400
25 o.:jo4 500
30 0.30S 700
35 0.312 1.000

0,815
0.317
U.rilO

. 322

. 324

326
0.327
0.328
0.331

. 333

0.334
0.335
0.336
0.336
0.338

27. Inductance Standards. Like all other standards, inductat
standards most he nigged, permanent, and constant. The simpl

fundamental standard is a single square turn of round wire. The ind

tanee of BUcfa a standard ran be calculated with great accuracy.

When n standard having a large value of inductance is desiredj

single square turn becomes loo large for use, and it is necessary to or

some more compact form. The resistance and internal capacity ill

be kept to a minimum. Furthermore the turns must, be held ripirtl

place so they cannot change their relative positions. The diekr
in the field of the mil must have a. minimum volume and lie of

material that the losses in it arc os small as possible.

These requirements arc best met by a single-layer solenoid wil

spaced winding. For a minimum conductor resistance, the ratio:

diameter to length should ho 2. JO, iml a somewhat smaller value of

ratio is desirable to reduce the internal capacity, this being proporti

to the radius.

Que excellent form of standard inductor is made by winding
covered Litz wire in slots in the edges of strips of hard rubber, the e;

of w hich are supported by hard-rubber rings. With this skeleton t

of winding form, the cross section of the coil is polygonal rather t

circular. In order that the proper ratios of diameter to length may
maintained, the coils must be of large size, their diameters ranging f

10 fo 40 em. for inductance values that are necessary in the freqii"

range from 15 to 1,500 kc. Such a coil must be given relatively en
handling, however, since jolts might cause some of the wires to ehi

their positions. A more rugged coil ronsists of bare wire wound u~
threaded cylindrical form, the turns being cemented in place with o
little ccinentj preferably collodion. The form should be as thin

consistent with adequate strength. Glass forms may also be tt

although ii i* ii.cn necessary to cement the turns more thoroughly
in the case of ft threaded form.

With recent advances in the precision of frequency determination
improvement in standard condensers, the temperature coefficient

Sec. «1 INDUCTANCE 97

ifendard inductance may become an important factor. It is possible,

in this case, to reduce the temperature coefficient by a special, design

of llic winding form.

28. Mutual Inductance. As the changing magnetic field duo to a

varying current in a circuit induces an e.m.f. in the circuit itself, so may
j| induce ari e.m.f. in any neighboring circuit. The e.m.f. induced in the

first circuit, depends upon the self-inductance of that circuit, and, in the

jgine way, the e.m.f. induced in the second circuit, depends upon
the mutual inductance between the two circuits. Mutual inductance

jg i], lined in three ways exactly analogous to the three ways of defining
self-inductance: (1) as the magnetic flux linking the second circuit when
nail current (lows in the first circuit; (2) as the e.m.f. induced in circuit

2 when the current in circuit 1 changes at the rate of one unit per second;

(8 as Iwico the work 'done in establishing the magnetic flux, linking

circuit 2, associated with unit current in circuit 1 . These three definit ions

give constant and equal values for the mutual inductance if there is no
material of variable permeability near the circuits and if the current
does tail vary so rapidly that its distribution in the cross section of the
conductors differs greatly from a uniform one. The change in current
distribution at high frequencies, however, has a very slight effect upon the
mutual inductance.
The units of mutual inductance are the same as those of self-inductance:

in thi' practical system they are the henry and its subdivisions, the milli-

henry fmh) and microhenry (j^h).

29. Measurement of Mutual Inductance. When two inductors,
a mutual inductance, are connected in series so that their mag-

netic fields aid each other, the total inductance of the combination is

L' =s /,! + Lt + 2M (48)

* '•• 's i he inductance of the combination, /-. and /« are the indue
tuners of the coils, and M is their mutual inductance, If the connections
'o one of the coils are reversed, the total inductance becomes

h" = In + Z* - 2M (49)

Tiier
, from these two equations,

M V - L"
1

(50)

These relations furnish a convenient method
'or

'

llic measurement of mutual inductance. The
'odui taiice of the two cods connected in scries is

"•wtM.rc.) by any suitable method, the connections
jo one roil reversed, and the inductance again
joei'fiirc'i. The larger of thetwo measured values
j.'h' a denoted by L' and the smaller by L" . and
' is calculated hy means of Eq. (50). This
"''thru) ;a applicable at any frequency, provided
°e "iductance-measurcment method is appropri-

Sl "that frequency.
'">'i .1/ is small in comp
the larger of the .

'tie thod applicable lor all values of :U is illustrated m
t;.,

"!' r: t» a voltage-measuring device of high impedance,
tndo nic voltmeter. A voltage source of frequency tj;/2ir is

It is not very accurate
comparison wi th the indue tanee

of the two coils.

I'm. 25.—Circ
uring mutual

M

nit for mc.as-
inductntice.

Fig. 25.' V
preferably a
connected t<:

oclms, E, 1)., "Radio Frequency Measuremente," p. 383, 1932.



98 THE RADIO EXGIXEEUI.W HANDBOOK ISee.l

Values ov F for F.ohmula 56

F Difference F Difference rj/rt F i*^^ mm
1 II 1

!! 1 '.,[.

0.010 0.05016 -ii 1)0120 0.30 0.003844 -0.000341 80 c, 0007840 : imm
on 4597 109 .31 S5D3 328 .81 074 l 5!l

.012 4787 100 .32 8175 314 .82 <i 1 til! ii;

.33 7861 302 .83 i}i;i)7 iii

0.013 4687 -0.00093 .34 7559 200 .84 Son w
.014 4594 87
.015 4507 81 0.35 0. 007269 -0. 000280 0.86 ii 0004569 -0 [ililXMSi

.016 4426 148 .36 69SU 270 .86 40S5 464

.018 4278 132 .37 6720 260 .87 31,2.1 133

.38 6460 249 .88 111

0.020 0.04146 -0.00119 .39 6211 241 .89 2775 !S»

.022 4027 109

.024 3918 100 0.40 0. 065970 -0.000232 0.90 n U0023S6 -o.nooo3al

.028 3818 93 .41 5738 225 91 2021 Ml

.028 3725 86 .42 5514 217 .02 1080 316

.43 5297 210 .93

0.030 3630 -0.00081 .44 5087 202 .94 1074

.032 355S 76
0.004885 -0.000195 0.95.034 3482 71 0.45 „ -O.OOOOM

.036 34U 68 .46 4690 IM) .96 5750
i;».OSS 3343 64 .47

.48
4501
4318

Uj
178

.97

.08

3710
2004

0.040 0.03279 -0.00061 .49 4140 171 .99 703

.012 3218 58 1 00 o

.044 3160 65 0.50 003969 -0.000166
O00OS17O.046 3105 53 .51 3803 160 0.950 -o onooofl

.048 3052 51 .52 3643 156 .952 7613

.53 3487 150 .954 7131 SJ

0.050 0.03001 -0.00226 .54 3337 146 .956 6061
;

-060 2775 191 .958 ti2l>L' 44)

.070 2584 164 0.55 0.003191 -0.00014!
-ii nooootf.080 2420 144 .56 3050 137 0.960 II

.090 2276 128 57
.58

2913
2780

133

128
.962

.964

5320 "J
0.100 0.02148 -0.00116 .59 2652 125 .966 14 HO

.11 2032 104 .968 4003

.12 1928 96 o .sn 1X12527 -0.000120
11 (liiOOOljt.13 1832 89 .61 2407 . 117 0.970

.14 1743 82 .62

.63

2290
2177

113
109

.972

.974

3340
211SI 3

0.15 0.01661 -0.00075 .64 2t«iS 106 .976 2<i43
ft

.16 1586 71 .978 2310

.17 15 15 66 65 001962 -0.000103
Hlf*

.18 11 19 62 .66 1ST,!1 99 980 ii ' •IH'iil 'Mil
II'l.'i ii.j_i " 'i

.19 1387 59 .67 1760 96 .982 1708

.68 1664 93 .984 1 1311

20 0.0I32S -0.00055 .69 1571 90 KM 1168

.21 1273 52 .988 926

.22 1221 50 0.70 n ooi isi O.OOO0S7

.23 1171 47 .71 1394 84 0.990 ii 00000703 i
>::(*!

a24 1124 45 .72 1310 81 .992 502

.73 1228 78 .994 320
0.25 0.010792 -0.000425 .74 1150 70 mn; 177

.26 10366 408 .998 062

.27 0.O0995S 388 75 O.OOI0741 -0. 0000731

.28 9570 371 .78 10010 704

.29 9199 355 .77

.78

.78

9306
8628
7073

880
563
628
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,(„. irrtuiiiiils .1 and R, the. mirrenl being denoted by i. When tin- switch

j|i
coniiiH-twl to poinl 1, the vol ux»o. measured is

« - a? • <51)

With the switch on point 2, tho measured voltage

c* uMi = u'MCei (52)
Tli.'i

¥ -S =4? (53)

The capacity C may be replaced by a resistance R. Then

*-S m
If a variable standard of mutual inductance is available, any other mutual

iiidiii'tinice whose value falls within the range of the faanclard may be readily
measured. The primaries are connected in series to a voltage source, the
secondaries in opposition to a telephone receiver or other indicating device,
and ihc .-laralard is varied nr.lil a null indication is obtained. The unknown
mutual inductance then has the value indicated by the standard.

30. Calculation of Mutual Inductance. 1 The mutual inductance of two
pnrullcl coaxial circles may bo calculated by the following method: first,

calculate

,i-

6 +*>' + A*

(55)

where n is the radius of the smaller circle, A the radius of the larger circle,
and l> the distance between the planes of the two circles. From the table
jhown un page 100 the value of F corresponding to the calculated value of rs/n
•» obtained. Then

.1/ = F^Aa (5(5)

The units arc the same as in the formulas for self-inductance already given.
rpr two parallel coaxial multilayer coils of square or nearly square cross

section, a good approximation is given by
M = aiBs.Mo (57)

where ri, and Hi are the numbers of turns on the two coils, and -Vo is the
"lutiuil inductance of two circles located at the centers of the cross sections
»' the two coils,

ind
a:"1"i formula may be used as a rough approximation for the mutual

wnctance of two coaxial single-layer sulenoida.
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SECTION 5

CAPACITANCE

By E. L. Ham., 1 E.E.

1. Capacitance. Capacitance is one of the throe electrical quantr1'

present in all radio circuits. The radio engineer endeavors to coneentra

ca]>acitaiice in definite well-known forms at definite points in the eircuii'

but capacitance exists between different conductors in the circuits at

between the various conductors and the ground. Such enpacitano:

usually small, are ordinarily of no importance in the case of 1-f or
currents but may be of great consequence in r-f circuits.

A aindenser isan elect rical device in which capacitances play the m
role. While sonic inductance and some resistance are present, Ih

quantities are usually of such minor importance that they are n
considered.
A condenser has three essenlinl parts, two of which arc usually inefl

plates separated or insulated by the third part called the tlielectric.

The amount of electricity which the condenser will hold depends
I he voltage applied to the condenser. This may lie expressed

_

Q = C X V. 'Die idptifilinm of the condenser is the ratio of the qunnti
of electricity and the potential difference or voltage, or C = Q T wha
Q is given in coulombs, C in farads, and V in volts. The capacitance of

condenser is dependent on the size and spacing of the plates ami t'

kind of dielectric between the plates.

2. Units of Capacitance. The unit of capacitance is the farad. A
condenser has a capacitance of one farad when one coulomb of cleetri<£

can bo added to it by an applied voltage of one volt. This unit is(
large for practical use so that a smaller unit, the microfarad. abbreviatti

fif, or one-millionth of a farad, is used. A condenser having a capacitanjjj

of one microfarad is much larger than is used in radio circuits. OS
densers for such circuits usually have capacitances between a few the*!

sandlhs and a few millionths of a microfarad. Another unit, the mi^nfl

microfarad, is often used. It is abbreviated i±ii(.
r

l

Another unit of capacitance .sometimes used is the ccntimitir. Tl*

centimeter is equal to 1.1121 mieromicrofarads.
3. Electrical Energy of Charged Condenser. Work is done in charg' 1*

a condenser because the dielectric opposes the setting up of the elects

strain or displacement of the electric field in the dielectric. The cief|ff

of the charging source is stored up as electrostatic energy in the dielectric

The work done in placing a charge in the condenser is

w - ±Q x v = \cv - %
1 Radio Kngincflr, Radio Suction, National Bureau of Standards.

10!)
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where TV is expressed in joules
w

Q is expressed in coulombs

V is expressed in volts. ... . r . t. .«i *„

Tho work done in charging tho condenser is independent of the time takon to

*5**Power Required to Charge Condenser. The average power required to

charge a condenser is given by the equation

„ 1 CV*
p "5T

where P is expressed in watts

C is expressed in microfarads

V is expressed in volts

i is expressed in seconds. .... . lL u
H the condenser is chargod and discharged A times per second the above

equation becomes

P - HCFW

If an alternating c.m.f. of frequency / is used in charging the contionscr, the

oquation may be written

p m bnwy

where /' = power in watts
C - capacitance in farads

Bo = maximum value of voltage

/ = frequency in cycles per second.

6. Dielectric Materials. The dielectric of a condenser is one. of the

three e-M'titial part--. It may be found in solid, liquid, or gaseous form

ur in c bin.it ions of these forms in a given condenser.

The simplest form of condenser consists of two electrodes or plates

separated by air This represents n condenser having a gaseous dielec-

tric. If this imaginarv condenser lias the air between the plates replaced

by a non-conducting liquid, such as transformer oil, and if the distance

between the plates is the same as in the first case, it would be found

that ih,. capacitance was increased several times because the oil has a

higher value of dielectric constant than air which is usually taken as 1.

If the space between the plates is occupied by a solid insulator, a

Mmdenser would result, which would be practical, as far as the possibility

">f constructing it is concerned. It would be found, in this case also,

that the capacitance of the condenser was several times larger than when
a'r was the dielectric. , „ .

The mechanical construction of either air or liquid dielectric condensers

"squires the use of a certain amount of solid dielectric for holding the
two set s f plates.
There are a great mnnv dielectric or insulating materials available from

wWch the engineer may choose. It often is found that a material which is

Vc*>-

good from the electrical standpoint is poor mechanically, or vice

,'Pr*'. Air is the gas generallv used as a dielectric. Compressed air

hlls been used in some high-voltage condensers, and compressed nitrogen
ai|d carbon dioxide arc also in use.

Several kinds of oil have been used in condensers, such as castor oil,

'J'ttoii-ccd oil, and transformer oil. More recently electrolytic roii-

Qt'nser-, have come into use in radio equipment for use as niters and
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fay-pass condensers where a large capacitance is required and either a Jor pulsating (I.e. is applied.
Among the solids used as the condenser dielectric are mica, eerai™materials, and paper. Solid insulators used as mechanic:,! supports!condensers include quartz, glass, Isolantite, porcelain, bakelite .ni«amher, hard rubber, Victron, Mvcnlex, etc.

'

6. Dielectric Properties of insulating Materials. Such property
as surface and volume resistivity, dielectric strengt h or puncture voIt(3dielectric constant, and absorption, are often considered in- d-ecommercial-frequency applications. Such data arc of little value if thinsulating material is to be used at radio fmniencfea For the flapplication r-f measurements of various properties of tin- material an
essential. A material which may be a satisfactory insulator for lo,frequencies may he worthless as an insulator at radio frequenciesOne of the most important properties of an insulator for radio fjquencies is its power loss. I his includes several factors which are dilcult to separate but together indicate its suitability for radio purpodThe general idea of the imperfection of a condenser is brought out!several names such as "power loss," "power factor," and "phase difference," but they are not identical terms

P *
Dielectric constant is another important property of a material whidHas a definite bearing upon its use at radio frequencies
Neither power loss nor dielectric constant alone can be used in seleetiMthe best insulator for a particular application at radio frequencies fioiS

investigators have published results in which a product of the nonS
loss and die ect r.c constant appears. This factor has no recognized najas yet but has certain merits for indicating more completely the ,uilbihty of an insulating material for radio uses. 1
™J;.

Dl
f

1
-

eC
t

t

i

riC Constant. The dielectric constant K of an insulatingmaterial is the ratio of the capacitance Cx of a condenser using the mal
*tSjSS?

dml™irK>*°^ capacitance C„ of the condenser using air as]!SteMf = °'lC
r* T*2* !?

roperl-v of the n>att*ial is somctiml
'rl

w
l.

dndlm<y or specific inductive capacity.
ihe dielectric constant of a material is not a constant in the true =en*

of the word, but vanes with the frequency, moisture content, temper*
ture, voltage applied, and manner of applving it. 1A table giving the dielectric constants of a large number of electrictl
insulating materials will be found in Art. 9.

»u"'M-r ot eiectnw

8. Power Loss, Phase Difference, and Powtf
Factor. Electrical insulating materials are not per-
fects their insulating qualities, and there is a cer-
tain amount of power absorbed in them when used
in an a-e circuit. A measurement of the poivef
toss is the best single property that, gives an indica-
tion of the suitability of an insulating material f<*

IS use m radio circuits. Power loss can be express*
I-'io. 1 -Phns,. i„ ;l

by a number of quantities, the most common!/
capacitivc circuit. used being resistance, power factor, phase difference*

1
and phase angle.

J ^Im,;, if "on 1
ondCTr

',
th

,

C Voltflge af!ross the condenser lag*

fFnT 1 f, II V' l

aiL f deg
'
b
,

0,»'«ltho current as shown fay the angle *

s called ,h ; ,

the
/*

W*^ V.
' ' .™»nI*»nttit * of t.he phase and*

is callerl the phase difference. 1 he cosine of the phase angle is called th»

Sec. •'
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power factor. The power loss in the insulating material is

P - EI cos 8

nr P = EI sin $

C R
4/VVVVW

where E = voltage across the condenser
/ = current in amperes through the condenser

j plus $ = 90 deg. as shown in Fig. 1.

From the above, sin <(/ = cos d, or the sine of j
the phase difference is equal to the power factor. —
When considering a condenser having dielectric

losses, such as current leakage, brush discharge or

Dorona, dielectric absorption or resistance in the

plates, joints, contacts, leads, etc., it is customary to think of it as a
perfect condenser C with a resistance R in scries as shown in Fig. 2.

The voltage vectors may he shown as in Fir. 3. where the resultant voltage

E flawing in the circuit, is obtained by completing the vector diagram. The
angle ^ is quite small for materials suitable for r-f insulators. For small

an dies the angle <p — tan 0, In Fig. 3

Fio. ' 2.—Conden
with dielectric loss

scr

sses.

tan |p
— Rl
J/aC

BwC = 2irfRC

_
Flo. 3.—Vector rela-

tieim in a eon rleuser
with dielectric losses.

The following equation
meters is given

If the resistance, capacitance, and frequency can

be measured, the phase difference can lie calculated

from

<P m 2x/RC

where tf = phase difference in radians
/ =» frequency in cycles per second
R — resistance in ohms
C = capacitance in farads,

sometimes convenient when wave length in

Bp
$ = 0.1079-^

*hcrc df — phase difference in degrees
« = resistance in ohms
C = capacitance in mieromicrofarads

T. X = wave length in meters.
* Br small angles, phase difference in radians is equal to power factor (nearly).
Power factor in per rout is 1 .745 times phase difference in degrees. Power

'actor in per ceiIt ; 3 given by the following equation:

cos e = 2rfRC X 10-'

*"hcre cos = power factor in per cent
/ = frequency in kilocycles

R — resistance in ohms
•p, C = capacitance in mieromicrofarads

tu<i
'cakage of olectricity by conduction through the dielectric or along its

gr*aoe contributes to the phase difference but is generally negligible at high
'Vicneies, A condenser having leakage may bo represented by a perfect

' 11 ."user with a resistance in parallel as shown in Fig. 4. The current
"uaea between the capacitance and the resistance In through the resistance
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being in njiase with the applied voltage E, and 7c through
leading 8 by no deg. as shown in Fig. 5. The resultant current J leade ~M
(!)() deg. — xj/), where ifr is the phase difference. In Fig. 5

the wipneiU-

tan ifi

E/R 1

,
1

v =5S©
Power factor is a term that involves all the power losses in a Condon

If the total power loss in a condenser is IF watts, the voltage applied to i

V voUs (r.m.s), and the current flowing through it is J amperes (r.m.a )

R
rtMWM-

M c

Fto. 4.—Equivalent of
condenser with leakage.

Fio. a.—Vectors in con-
denser with leakage.

power factor of the condenser is W/VI. The relation between I (ampcMM \ tvolts) for a condenser of capacitance C (microfarads) operation
frequency /is

= 2"fcv _ <*cv
10* °°

10s

The power factor of a condenser in per cent may he written

cos = w x 1 0" _ wy_u¥

lie erring again to Fig. 2 showing the perfect condenser C and resistance
leplacnig the actual condenser, the value of R can be calculated from thl
equation W = pf The quantity R is known as the equivalent TctisfaSeMtU 'utideoser at the given frequency,

,wJ, r
xl'rc8ai"n

.

W X.10*/«CK> for power factor can be changed into ti
"l
vw )'»»? >™f•»>.<*. capacitance, and « l>y subsi itui im; ,*/;>.„• II'

and then substituting «OV/10-' for I, givi..K power factor ernnd u,

tfCu X 10 «

9. The following table gives dielectric constant and power fitctor al
certain, frequencies ol » largo number of c-lwi.ri.-il i

i

j ^
1 1 1

.
, 1 f

• . nmirrhk ai
obtained from the sources given at the end of the table. While in son*
casus data from different sources do not agree, differences in compositionmethod of making measurements, and condition of sain pies may aeeoufl
tor such disagreements,

10. Dielectric Strength. The dieted™ strength of an insulating
material is the minimum value of electric field intensity required to
rupture it. Die eetrie strength is usually expressed in' kilovolts
centimeter of dielectric thickness. The fall in insulation resistance with

Soc. 61
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V
r
*M ims of DiZLBCTBlc Constant and Power Factor for Electrical

Insulating Materials at Radio Frequencies

M n 1 CJ-isil

JUaimng No. 211

Alsmag No. 100

Amber

Calau

C«llt

Cellule pi. I

photographic film 1

Ccllulinc nitrate, laboratory f

product >
Cenicnl. dc Khotinski, medium t

hard 7

Porllaiid

Condt;nwa ,

Conduiuui (-.

fiber, black 1

red

luiprpjmotad J
Bard, dry

«qi ' I:

ata 1),

'•Ofosilicute No. 707

'•Ofosilicato
cpl'«ll

. .

.

r'"-ti'ini|

P»t resisting
otoEruphio. villi petal in ooat-
.">«

without gelatin coating

Plim,

Power fac-
tor, per cent

0.0+1
0.061
l) . 10

1

13 )

0.45!) )
:: 470

f

0.478)-
0.405 I

0.513)
0.030 1

.032 I

0.02S>
0.0261
0.025 J

0.041 )

0.0381
0.037

>

0.034 1

0.032 J

5 to 10

"I2.8 V

3 . OS J

fi. 8-8.0
.007 )

0.08 f
0.072 V
0.061 I

.057 )

0.072 1

ii no
(

041 >
0.032

t

0,028 J

1
. 66 1

4.8!) r
3.68)
5.0
fl . 047 )

038 (
0.080 >

028 I

0.02a

)

,038)
O.OH) !

o.oioa
(1 .

35-2
. 08

0.04-0.OS4
0.12 1

. 12 j

D.SB
'

0.70
0. 4

611
1. eol

Sonrci.:
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Values of Dielectric Constant AND Tower Factor for KlectricJ
Insulating Material at IUdio Frequencies.— (Continued)

Material

Hard rubber.

low-Iosa m ,

Isolantitp t

Kalian lavite

Lucit-e.
Marble, white)
gray >

blue
\

Mica
clear, muscovite

India mtiscovite \
* "

India

amber.
built-up, shellac binder

M yea] -est.

Mineral oil

Frequency,
kilocycles

aoo-r>o ,000
1,000

100-1.000

{f
[,000
A
100
:ino

l ,000-50,000
I .ooo
1,000

Dielectric
constant

3.0

3.0-6.0
2.1)

0.6-8.0
( ,s Hi) i; r>7

I 7.M 7.07

3.4-5 8
B.a
8.0

Power fac-
tor, per cent

it LM
(I L'.',

|

I) '17 i

0.93
OSS'!
.74 (
67 f

ii iw J

0.42
0.541
0.61

1

i.oor
1.03;
0.87
ii 88 I

I) xs(
Ii us/
1 on)
0.62)
0.08 i

0.015-0
0.76
ii II.".

)

. 04 f
0.61 >
0.571
0.5,'i)

0.18
0.15)
0.17)

rj m 7 . i

1.75
0.2
0. 19)
0. IS J
0.2 {

. OS 1

Values of WiBhECTRto Constant and Power Factor for Electrical

iMsotATiNC Matbhiaus at Radio Frequencies.—{Continued)

Mil'iTinl

Phenols insulation. laminated
(biikclite)

-Mac*
j

natural lirown )

phenol"' resin. Laminated com-
pound, highcat grade, paper base.

cloth base
molded compound, wood-flour

filler

mica filler

Poljrindcne •

Polyalyrcne

Stvton

Trolilul

Frequency,
kilocycles

( 190
(1.100

18,000

1,000
l.ooo

1.000
1 .000
l.ooo

eo.ooo
120.000
35.000

( 7.50

V 3.000
i 0.500
1 13.600
( 80,000

100
300

1.000
3.000
io.ooo

150,000
1 .000

(300-10.000
( 50,000

1 .000
( oo.ooo
) 120.000
( 60.000
1 120.000

1.000
1 ,000
1.000
l.ooo
A

, 800
f 45 .000
\ 300
< 1 ,000
1 3.000
I 10 ,000
v50.000
( 1,000
) io.ooo
j 1,000
\ io.ooo

( 1,000- 10. 000
i 50.000

( l.ooo
1 50,000
i l.ooo
J 10,000
(35,000

Dielectric
constant

5.4-5.8
5. 1--5.6

4 7
4 4

5
5

5 5
6
3
2 6
2 5
2 64
2

7.0

H. 5-7.0

Power fac-
tor, per cent

3.85-7.36

1

4 .20-6.65

j

6.01
5 fit

8.61
1.0 )

0.04
0.051
.07 j

o oi \
0.02 1

1) 03 I
fl-DoSf
0.125

I

.07 )
0.7
0.70)

. 55 /

0.49 >
63 V

0.S5)
0.U-0.S
0.0101
0.011

J

0.02

0.26-0.37
7.0
2.5
45-63
63

0.20 1

O.lGj
0.21)
0.20f
0.18>
I) 17 I

0.15]
0.20\

1 8 !

o.w f
0.04;
o.oioi
0.011

1

0.1 I

0.06 j
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Vall-es of Dielectric Constant and Powbb Factor foh ELEomfl
IksoLating Mate hi a ls at Radio FitEquENciEs,

—

(Continmar

Varnish film, dear. liriMvu-oil J

dear gum
J

black ftfnphnHlff j
spar I

insulating }

Varnished cloth, yellow 1

black )

Victrnn resin, clear. ..........
Yitrolex
Vulcanized rubber . .

Wax, beeswax

l'Vcfpicncy,
kilocycles

ccrcsin
paraffin

U'ocjfL basswood, dry\
bay wood, dry I

cypress, dry \
fir, dry /

maple, dry s

oak, dry /
birch ..............
maple

oak.

whitewood, dry.

1.0(10

1,000

440 S77
1.10O

18.000

\ 1.000
1.000
i .nno

BOD
500

/ sen
) 42S
) C3o
\ 1 .0150

IS. 01)0

1 >iclee1 ric

constant

2.2
3.2
2.0
5,5
4.8
2.5
2.0
2. Oli

6.4
3.0
3.2
2.9
'• II

2.6
2.0
2.4
2.0
3.1
2.0
3.1
5.2
4.4

3.3

Power fac-
tor, per cent I

1.2)
1.1,
0.81
3.151
5.25}
3.01
S.oj

03 1

0.3 0.4 1

2.9
1.03

I

1.7

0. 12-
0.97
92\

2.
2.

2.
2.9
U.48N
:i Xil
:i. 08 \

Mi
3S.i
4.20;
2.3

i) 07

2.4A I

2.1 I.

3.3 /
2. 45

1

2. 97,/

Ma

Q RanRe of nine samples of various chemical compositions reported.
* Range of 27 samples of various chemical rumpo-i! ions reported.
A Measurements uuide between 80 and 1.875 kc.
1 MlLLEH. J. M., and R. Sauebekg. MruMirclucnts of Admittances nt Ullra-llil'li W

quencics. RCA Rev., 3, 4S0-504. April. 1039.
'Schott, Kkicii, Hoi ldrequenzvcrlust.o von Glascrn unci einigen andvrcti Ilietol

tries, Jahrb. drahtlosen Tele. Tele., 18, 82-122, Aujouit, 1921.
3 IIasdiiek. U., Kcramische Speiialmas»en, .4rcnfr. far tech. Mrwen, 44, 28,

February, 1935.
1 BuoimELO, G. F.. Iiuulnting Materials for the Higher Frcoitcm-icfl T ,t R B

14, 035-639, May, 1939; Radio Tech. DiacH. No. 13, 23-32, September n-i..w 101
I Pkebton, J. L. and E. L. II all, lladio-frequciicy Properties of Tn-u

QST. 9, 29- 28. February, 1025.
6 General Klectric Company.
' Decked. WiLLiAil C, Power Losses in Commercial Glasses, Elcc. World, 89, 001 -lK*

Mar. 19, 1927,
8 Chaffee. J. G., The Determination of Dielectric Properties at Very High M!
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he in temperature is u factor of groat importance in connection with

ll'„.
breakdown of a tlioloctric under the applied voltage. Insulating

terials ure not strictly homogeneous. The current leak through an

insulating niiiti'riit) may' perhaps lie concent rated in a few small paths

1
1

[gh the material, and the energy loss due to the leakage, while small,

large compared with the area through which it is flowing. Thy
,

: i

„;• ilic current flowing through the dielectric become heated with a

resulting lowering of the resistance of the path and an increase in the

,u"n< rl leakage. The heating of the dielectric may lead to rapid deteri-

oration, particularly if moisture is present, and ultimate breakdown.

Tin' length of time of the application of the voltage has a definite beariog

upon tin; breakdown voltage. Most dielectrics will withstand for a

very brief period a much higher voltage than they can when the voltage

is applied for a longer period.

These effects have dictated two tests for condensers, a high flash-test

voltage of very brief duration and the application of a much lower

Voltage for a longer period.

The dielectric strength of a material is usually found to he lower for

r-f voltages than for a-f or d-c voltages. The rupturing voltage at radio

frctinencics depends on the rapidity with which the voltage is raised and
is not nearly so definite a phenomenon as 1-f puncture voltage. Dielectric

bength of solid insulators is difficult to measure because of the com-
plexity of the experimental effects. As the r-f currents flow in the

material, heating, corona, fla-shover, and possible deterioration, blistering,

or charring may result with Consequent changing of voltage and current

as the time of application elapses.

If In uh r-f voltages are applied to an air condenser, a corona discharge may
beset up which appears as a visible glow around high-potential metal parts,

Poinis, and sharp edges and is usually distinctly audible. These corona
efforts represent a power loss in the condenser. Ilcnce the construction of
air condensers for high voltages requires the rounding of all edges and corners
and the avoiding of sharp points which encourage the formation of corona
and flashovcr.

' 11. Dielectric Absorption. When a condenser is connected to a d-e
IMrcc of e.m.f., the instantaneous charge is followed by the flow of a small
"ml steadily decreasing current into the condenser. The additional
''niunc is absorbed by the dielectric. Similarly the instantaneous dis-

charge of (v condenser is followed by a continuously decreasing current.
'«-' condenser does not become fully charged immediately, nor does it

cotnplo|i lv discharge immediately when its terminals are shorted, but
*veral discharges may be secured when the condenser possesses dielectric

9*>rpl ion. The maximum charge in a condenser cyclically charged and
"tsehnrgod varies with the frequency of charge.

If a condenser evidencing dielectric absorption is used a I radio fre-

if^nuitw, a power loss occurs which appears as heat in the condenser,
'ne existence of power loss indicates a component of e.m.f. in phase with
?e current as though a resistance were in scries with the condenser as

in Fig. 2. The effect of dielectric absorption can be measured
^""K with other losses in the condenser, although dielectric absorption
Presents the chief power loss in solid dielectrics.

,,. |

2 - Calculation of Capacitance. Formulas are available for use in
D»l«iing the capacitance for a large number of geometrical shapes of
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conducting surfaces such as spheres and cylinders, either separated
concentric, and flat surfaces of various shapes. The usual type of it
denser calculations are concerned with two or more flat conductors.

When two conducting plates ore parallel, close together, and of large a
the capacitance of the condenser is given by

(LOSS fj X
K3

where C m capacitance in micromicrofarads
K " dielectric constant (which is 1 for air)

S = area of one plale in square centimeters
t = distance between plates in centimeters.

When more than two plates are used in the condenser, the formula beco

C = 0.0885 X
KS(N - 1)

t

where ;V = number of plates.
The actual capacitance of a parallel plate condenser is slightly larger t

the value as calculated from the above formula, because of the fringing of
electric lines of force beyond the space between the plates. A correct!
can lw made for thi.s flinging by slightly increasing the dimensions of
plates. A narrow strip of width to can be added to the actual plate dim,
sions. In the case of circular plates to - 0.4413(, and for plates with strai'

edges to — 0.1107. where ( is the distance between the plates in centimeter

13. Combinations of Condensers. Combinations of
_
two or m

condensers in a circuit arc often arranged in cither scries or paral
( !onilensers connected in parallel (jive a total capacitance equal to the 8

of the capacitances of the individual condensers. Condensers connect
in series give a resulting capacitance which may be calculated from
following:

1

C =

c,
+

c,
+

c,
+

This formula gives t he following expression in the case of two cornier

in series

C, X ct=
c, +c,

The various elements mth as tubes, sockets, mountings, wiring,
in radio apparatus contain many .small capacitances by virtue of the
fcronce of potential existing between the numerous conductors insula

from one another. These small capacitances are known as stray can
tances. While they are ttnimportnnt in some kinds of work, in 0|
types of work, such as in amplifier design, they must be taken i

account. In the case of resistance-coupled amplifiers, ior example, i

'

capacitances reduce the amplification at the higher audio frequencies

'

make a flat-characteristic with high over-all gain impossible.
The effect of stray capacitances is eliminated in the case of conde

~

used as capacitance standards by shielding the insulated plates

Codkbev, Pnu.li' R... "Electrical Condensers," Sir Isaac Pitman * Sons, tL
I-omlon.
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•rounding the shield. In this manner a definite capacitance is always

ILtnrcil for ji given scale setting.

H. Effect of Frequency on Condenser Capacitance. One of the most

import ant considerations is the effect of frequency upon the capacitance

value of a condenser. In the best condensers this effect is nil. In fact

one of the critcrions of a suitable condenser for a capacitance standard is

thai its capacitance shall be the same for two different sets of charging and

discharging conditions. A variable, air condenser, such as the liureau

„f Standards type described on page 120 of the Hureau's Circ. 74, gives

(he same capacitance at 100 and at 1,000 charges and discharges per

second. A condenser having considerable solid dielectric in its make-up
ivill -how a difference in capacitance with frequency. The quantity of

electricity which flows into a condenser during a finite charging period is

greater than would flow in during an infinitely short charging period.

Consequently the measured or apparent capacitance with a.c. of any
finite frequency is greater than the capacitance on infinite frequency, the

latter being called the geometric capacitance. The capacitance of a
condenser decreases as the frequency increases.

The length of I he internal leads of a condenser should be kept as short

and direct as possible to minimize the inductance of the leads which
acts to give an apparent change of capacitance with frequency. The
amount of this change can be calculated from C = 0(1 + u'CL X 10~").

where ( '„ is the apparent or measured capacitance, C is in uf, and L in ixb.

15. Types of Condensers. There arc many ways in which condensers
might be classified, by their construction, size", voltage rating, use,

dielectric., or fixed or variable capacitance. The condensers used in

Kknous radio .applications arc found in innumerable sixes, shapes, and
uses. The. two simplest divisions into which condensers may be classified

have in do with their capacitance, i.e., whether it is fixed or variable.

16. Types of Fixed Condensers. Fixed condensers are available in all

rapacii •< ranges from a few niicromierofarads to several microfarads,
'or any voltage rating up to I'l.ftOO volts or higher, and in innumerable
shapes ami dimensions, all depending upon the use for which the con-
denser is intended.
Paper formerly was used as the dielectric for condensers for use on

lower voltages, while mica was used in condensers for higher voltages.
More recently as the art of condenser manufacture has progressed, an
"''-impregnated paper dielectric is used in condensers for the higher
Phages, the whole condenser being mounted within an oil-filled

•"Warner.
For paper dielectric 100 per cent pure linen paper is used, which must

jneci severe requirements as to thickness, porosity, uniformity, width,
rei'dom from conducting particles, alkalinity, and acidity. Two or

J**
layers of paper arc used between the metal foil plates, depending

"Poii the voltage for which the condenser is designed. Paper condensers
re nvai|.i),] in hermetically sealed plug-in types to fit standard octal-

J"'
radio-tube sockets; both in wax-impregnnted and oil-impregnated

- Pes for d-c working voltages up to 600.

ri|\
:ii "'r condensers arc formed by winding two metal foil electrodes or

fit T"
s conjunction with the. paper ribbons. There are two types of

r.f inductive and non-inductive. The latter type is recommended for

*ork
for h'Shor a-f work. The inductive typo is satisfactory for 1-f



112 THE RADIO ENGINEERING HANDBOOK 'Sec. j

In winding the inductive; type of condenser, the foil user] is narrower thaq

the paper, find the contact IS made with the foils by tinned copper stri

inserted in the winding. The non-inductive type of winding is made wi

the foils ahout the same width as I lie paper. The foil is staggered so that, tl

condenser plates project over the ends of the paper. The terminals .

soldered to the extending foil at the opposite ends and thus make eont

with every turn of the foil. The latter type of eonstruction makes for mi
mum plate resistance and minimum power loss.

Mica has been used very extensively for condensers for use at Tadio fi

quencies. India mica has been used almost exclusively as it has been gem
ally considered aa of superior quality for radio use.

Selected mica is split into sheets of definite thickness, gaged, and t

for punctures or other defects. A condenser is built up of alternating m
and metal foil sheets, the sets of plates of opposite polarity being brour,

out at opposite ends where they are soldered together, forming the t

terminals. The whole stuck of plait** is rigidly clamped together in sue

way as to firmly grip the plates in the center and expel all dielectric other If

mica. The condenser may be mounted ill a suitable container.

During the last few years attention litis been given by the raura

factum* to the. developmenl of small condensers of great stability, 4
whose capacitance changes with temperature are a definite amount

. pdj
live OT negative, as desired. The advent of push-button tuned receive^

sets has required the use of small condensers which would maintain tin

capacitance as the receiver wanned tip or would change their capacitan

so as to compensate for changes in the coils. A type of condenser now

available with positive, zero, or negative temperature coefficient cmplofl

a Bonn ceramic tube as the dielectric, with silver plating inside and O
followed by eoppcr plating nnd solder forming the two electrodes

which wire leads are soldered. Wax impregnation and moisturep

lacquer complete the condenser, which is said to he uneffected by chant
' in temperature and humidity. Condensers of this type have a >

working voltage of 500 and can be obtained in sizes from 5 to 1000 tifif.

J

\ Mother type of low-tempera I arc coefficient condenser uses silvj

plating on mica and is mounted either in a ceramic or low-loss bakelitj

ease. These condensers are wax-impregnated and sealed. They had
small positive temperature coeflic.ienl.s.

If a condenser is to be used with higher voltages, the practice is to constrfH
the condenser with two or more condenser .sections in series, rather than
increase the thickness of (he mien. The former mothod is more flexible thai

I he latter, permitting the construction of condensers for 45,000 volts fl

higher.

It is customary to mount the large high-voltage condensers in stM
tanks which are filled with a high flash-point insulating oil which serves t|

prevent access of dirt and moisture, prevents fiashover along the eo*
denser sections, insulates the condenser from the tank, and conduct
heat awav from the condenser elements. . .

17. Electrolytic Condensers. 1 Another type of fixed condenser win*
has important applications is known as the electrolytic, c.ottihnstr. jM
advantages are low cost and high capacitance as compared with other typ*
of fixed condensers, A unit of S id, 500-volt d-c rating may be inau«9

factored in a tubular assembly % in. in diameter by/Ka m - long.
J(

The electrolytic condenser consists of three essential components: l"

anode, the dielectric film, and the electrolyte. The anode, is alwal

i 7>nta supplied by S. II. Walters, Ooniell-Dubilinr Eluelric Corp.

Sac. 61
CAPACI TANVI! 1 1;{

|,'. ,,[ idiim iuum of high purify find tonus one plate on the condenser.

Kb dielectric film is formed elect roeheniically on the anode and is very

thin The electrolyte may he either » liquid or a pastel ike substance.

ICfffhoj? T-i{

Pi

rilm on
Anode

Anode
Toil

FlU. 6. Iter,

irolytic condenser
construction.

It is the second plate of the condenser, insulated from the anode plate by

virtue of the dielectric film formed on the latter.

Klectrolytic condensers may be divided into two general elasses:

1. Dm electrolytic condensers in which a pastelike form of electrolyte is

U
*^. Wit electrolytic condenses in which a liquid or

(raterlike electrolyte is used.

The electrolyte in the case of dry electrolytic con-

densers is absorbed in porous paper and held iu posi-

tion adjacent to the anode foil by this paper. In

addition another aluminum foil, generally called the

Mthfldc foil is incorporated for the purpose of mak-
ing electrical contact to the dcetroly lo-saturated

paper.

tit the wet type the electrolyte is a. dilute water

Bohit ion. The anodemember wit h ndlnaitigdieleetric

film is suspended in a can, generally of aluminum.
The can is then filled with the electrolyte. The can acts as the electrical

connection to the electrolyte similar to the cathode foil in the case of the

dry electrolytic condenser.
For a given area of anode surface t he capacitance in microfarads of the

Bondcnser is inversely proportional to the thickness of the dielectric film.

The film thickness is proportional to the voltage during the elcctrofor-

tnalion of the film. Therefore, condensers with very low voltage ratings
may be made with very high capacitances. The ordinary ranges are 500
lo 8,000

,

u f in capacitance for voltage ni i tugs of fi to fit) volts d.c. and 2 to

100 juf with voltage ratings of 100 to

150 volts d.c.

18. Electrolytic Condenser Charac-
teristics. The d-c voltage which an
electrolytic condenser can withstand is

governed by the voltage at "which the
Original film is applied. It is nccessarj

that the anode always be connected to

the positive side of the voltage source
An electrolytic condenser connected in

this maiiner will operate satisfactorily

as long tis the applied voltage is of cor-

rect polarity ami does not exceed rated
voltage for more than a few seconds at

tu,,,. ^ reversal of potential will cause I he unit to draw considerable
front even at low voltages. A d-e voltage in excess of rated causes t he
it drew an appreciable leakage current.

'
'
electrolytic condensers have a definite breakdown voltage at which

Momentary surges less than this breakdown

A

fa-
ffa

tl.;

.....

M0 IV) W0 3b0 453 450 500

Forming Voltage

-Electrolytic condenser
characteristic.

^jnianent failure occurs.
j':

1 " 1 ' 'ill higher than operating vulljige will ordinarily do no damage,
the anode area is such as to give 8 frf when the working voltage is
v«Hs d.c, then the same ansa at lower working Voltages will yield

"Pacitance as indicated on the curve of Fig. 7.

-it;)
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Electrolytic condensers liave a power factor which is wnsiditrobM
higher than other types of fixed condensers. This is due in part to tM
fact that one of the conducting plates is the electrolyte which has corni

siderably higher resistance than the conventional metallic plates of the
other types. In effect this places a resistance in series with the condenser
and hence causes a high power factor of the entire unit., "Dry elect rolytS
condensers have a power factor of about 6 per cent at, 00 to 120 evclca,
Power factors increase with frequency, and for this reason the use 3
electrolytic condensers is generally confined to the 1-f application. - j

19. Etched-foil Types. Within recent years methods of treating l:h(

smooth foil surface in such a way as to make it. extremely rough havj
been applied to electrolytic condensers. The anode then liasan iucre:uje«

total area over and ahove the original smooth surface. The diclect
film follows the contours of the foil, and the result is a great increase
capacitance with no increase in volume for any given working voltagi

^ 20

-20

g.-4

-60
I"60

§-80/=
£ -looca

n

-40 -30 -Z0 -10 10 20 30 40 50 dO 70 80
Temperature, cleg. C.

FlO. 8.—Comparison of etched- and plain-foil tempi-i :iiuic cliainctcristaJ

Several methods have been evolved fur furmniion of a niaghcncd *nt"

face for the anode foil. Chief among these are as follows: (1) etching,
whereby the smooth foil surface is attacked either chemically or eleetfl
chemically; (2) mechanical roughening, whereby the surface is roughened
by Suitable abrasive ; and (3) aluminum spraying, w hereby the alum inuTO
is sprayed in molten state on a suitable carrier medium.

"

20. Characteristics under Adverse Conditions. Electrolytic col
densers operate best under normal condition of temperature.. The
limitations of the electrolyte and the film properties are the governing
factors in the operation of this t3 rpe of condenser.

Extremely high temperatures" cause the electrolyte to dry out aM
increase in resistivity with consequent, increase, in" power factor wM
normal temperature is again readied. Furthermore the increase in d-4
leakage current with temperature must, lie considered since there in *
danger of the start of a destructive cycle duo to (.he generation of interns'
heat because of the increased d-e leakage.

Temperatures up to HOT. are considered normal all hough tempera-
tures up to I85°E. are not dangerous if the condenser is rated at 50 W
10O volts higher than the actual operating voltage.

Sec. II
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Low temperature causes a decrease in capacitance and an increase in

in,wcr factor. Those changes are temporary and are restored to normal

J»jien normal temperatures are again reached.

Where high operating temperatures are to be experienced, the con-

struction should be hermetically sealed in metal cans. This construction

[i„jils fac loss of electrolyte to a minimum, and longer life is to be

expected.

21, Applications. The nature of electrolytic condensers makes them
particularly suitable for filter circuits in

j„ .>,,-• supplies where a relatively high
isolating

"ST 3r

J 1 1!

Condenser
Under Tut

Clare

Jldc

Fio. —Production testing cir-

cuit for electrolytic condenser.

capacitance is required together with

the a ,j|jiv to withstand -a d-c potential

niul small superposed a-c ripple. Sec-

ond only in importance is the use as

a-f hy-pass condensers across screen

grids and cathode bias resistors. The
use of a-c clectrolyties wherein the

cathode foil is replaced with a second

anode is important in capacitor motor
service. These latter units are divided into two classes, those for inter-

nal leul duty and those for continuous duty. The former are rated at from
311 to .MM) fif'at I 10 volts a.c. and the latter at 10 to 50 at 25 volts a.c.

The intermittent-duty type functions only during the starting of a
capac itor motor (capacitor start-induction run). The continuous-duty
type functions in the smaller motors rated at about Jioo hp. and is

eontintioualy on voltage during the operation of the motor.
22. Testing. The circuit of Fig. 9 is generally used to test clectro-

lyties in production. Ejc supplies a polarizing voltage so that the voltage

To a lo* Pass FitterS and Qscilkrtor •-—

Standard.
Condtnser

Isolating-

Ctodtnstr
'

iosv Pass Fiffar

lOQahms

IQKhtmiwii** /T
D.C.leakoge
Current

SOOtolQQO
'henries

wfdDiCMxkiagCad,
-

—

!i|i;i>

\ShVrt
,

\C;rtuit>nq

\5wikh

Co-id*ver Und=r i=st'

Polarizing Voltage
'

Fig. 11.—Capacitance and power factor
measurement.

'j
1

^' 10,—Circuit for measuring
' '

'

1

1 n j ] v I j<. (>ondeiiser capacitance.

•- the run denser will be pulsating d.c. The isolating condenser pro-

^hurt-circuiting the polarizing voltage. If E dr. is maintained at a

,'" 'am value, the a-c in illiam meter may be calibrated in terms of the
[j'Pai'il a ticc of the condenser under test, reads the d-c leakage current
2*"gh the eondenser.

Hl .
the accurate measurement of capacitance and power-factor bridge

eif-^v* Huch as those shown in Fig. 10 or 11 should be used. They are

of
yjjutially standard bridge systems rearranged to permit the application

Polarizing voltage
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23. Types of Variable Condensers. Tlio most common type

variable condenser consists of a series of parallel metal plates faatj
to a shaft capable of rotation so that the moving plates intermesh wi(H
set of fixed plates. Air is the main dielectric in such condensers, ahhow
some solid insulating material is required to ensure that the two se^P
plates are correctly located with respect to each other. Many ways;

insulating the plates from each other have been devised, using one

more pieces of the insulating material in shed, rod, or bar form. Hal

lite, hard rubber, Pyrex, porcelain, fused quartz, and Isolantite

some oi the materials used for such insulators.

The most common use of a variable condenser is in association wij

coil, the combination forming u circuit resonant to a band of tr

frequencies depending upon the coil constants and the capacitance n

of tne condenser. For a number of applications it is more convenl

to have the capacitance change in a different way than proportion
the angle of rotation of the plates. This first resulted in the "decremef
plate and the straight-line wave-length plate. As the use of frequi

20 40 60 BO BO 150 140 160 W> 200 710 140

Pressi.re,tti-C»ersq in.Sotje-IOCOIwa.High Prwiurt Capacitor

Fig. 12.—Flash-over voltage (60 cycles) of 2,000-kva. capacitor.

rather than wave length became common, the straight-line frequc

plate came into use and later the "mid-line" plate. There are ol

possibilities such as straight -line percentage wave length and st.raijl

line percentage frequency, the latter being of advantage, in I'rcqucJ

measurements. In any of the above shapes or classifications,
!

movable plates formerly were so shaped an to give the desired freqifl

or wave-length curve. This resulted in an ill-shaped plate difficult

balance or to hold to a desired setting. In some cases semicircjH

rotating plates were used with the fixed plates cut away so as to objH
the desired curve. In any of the special forms of plates the plate sh^
may vary. The minimum and maximum capacitances of the eondc

play a large part in determining the outline of the plate.

Iirass or aluminum plates and steel shafts are ordinarily used,

the condenser is intended for use on high voltages, the spacing bet*!

opposite plates must be sufficient to avoid a flashover or arcing betWj

plates. It is customary to round off all sharp edges and corners in ~
r

condensers to avoid flashover.

Condensers of I. lie air type arc often filled with oil, which i
never

the voltage that they can stand and increases the capacitance from tw<

five times depending on the dielectric constant of the oil used.

„ ^pesed-air condensers were formerly used in some radio trans-
1

1

iions. The voltage which such a condenser will stand is

KiSS-d without changing the capacitance.

;„„-,.„^d gas condensers, utilizing nitrogen under pressure up to

„,5n!'i 111 o'er «quarc inch as this dielectric, are now being extensively used

• wndeast transmitters. The advantages of low loss and permanent

2 .^eristics of this tvpc of condenser have long been recognized, but

Skonlv of recent date that any attempt has been made to offer a wide

, :,..l selection of this typo of condenser.

t manufacturer offers three lines of condensers with flashover ratings

,

,'-

n] ,. a 30 k\ r.m.s. at 1,000 kc, and capacitance ranges up to

not)' I 500, and 2,000 MMb respectively. These are available in fixed,

I',' tnhlc, or continuously variable types, Special units hawbeen
',

„ U with ftashovers up to 00 kv r.m.s. and capacitances up to 20,000^1-

Construction varies somewhat with different manufacturers, One

nffcrs a completclv non-magnetic assembly using heat-treated aluminum

tank' and end closures. As a typical example, a variable condenser

having 30 kv r.m.s. flashover rating will have a height of 36 in., an over-all

iliaincter of 12 in., and a weight of 90 lb.
_

(mm- mher than nitrogen have been used, some of which show con-

siderable promise in increasing flashover voltage and reducing size and

weight. These condensers are. available in either faxed or variable

icitancc tvpes and in slues from 100 to 2,000 Mjtf.
. , ,

24, Gang Condensers. The single-dial control radio receiver brought

problems to the designer in how to tune two to five circuits accurately

using a corresponding number of similar coils and variable condensers

ope g on the same shaft. As it is practically impossible conveniently

lanufacture two condensers exactly alike, to say nothing of three or

four alike, so that their capacitances shall he exactly the same throughout

the complete rotation of the condenser plates and accurately tune the

loodensers with the same number of similar coils which differ slightly in

value, it has been customarv to balance or equalize these tuned circuits

•>>' tin- addition of small paralleling condensers called trimmer or pailder

condensers. Such condensers can be obtained matched to one-half ot
1

I' t .a nt. It is possible to obtain two to four condensers called gang

"ondensers for radio receivers arranged with their shafts in line and
operated by one dial, matched to one-half of 1 per cent. The in dividual

Mndenscrs may bo separated from one another by metal shields if

fceired.

25. Design Equations for Variable Air Condensers. The capacitance

condenser made up of three plates as indicated dn Fig. 13 can be
gained bv determining the area of the overlapping plates, the distance

'"'tween the adjacent plates, and substitution of these values m the
Scleral equation given in Art. 12. The area of the shaded portion of
fitt. 13 is W(r, ! - r,'). The distance between the plates is yz (s -- t).

?™»tituting these values in the general equation, the capacitance of the

pndenser is given by

_ 0.0885HttW - X (3 - 1)=
¥i(s - 1)

DJ')
t! maximum capacitance of a condenser with N plates can be

'Wined by using a similar equation which may be written
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r _ 0.278(r ,' - r,»)(JV-l)

f7^7)
In the above equations C is in micromierofarads and the dimcn.
Pu r* s, and < in centimeters. Tliese equations neglect the capacit.
through the solid insulation which is used in the condenser and
fringing elTeet, the correction for which is in Art. 12. Many condena^
are made to have as small a minimum capacitance as possible, niviagj
large ratio of maximum to minimum capacitance, but this is of douhtj
advantage, as slight changes of capacitance duo to warping of plates

j

wear in bearings will cause a relatively large error at the lower end of

)

ucale but practically no noticeable effect at the maximum capacit
end of the scale.

A semicircular plate eondenser gives a capacitance calibration cufl
similar to C shown in Fig. 14. With the exception of the portions ncail

Flo. 13.—Dimensions useful in de-
termining condenser capacitance.

Fiq

tandciuer ':<'•'' degrees

14.—Semicircular plat*
denser characteristic.

the ends of the curve, it is practically a straight line. In practice, ti»

lower 10 and upper 5 or 10 (leg. of a 180-deg. scale arc not used, so 8jH
avoid the curvature in the calibration curve in these regions, 'i.m

setting docs not give zero capacitance.
A curve for such a condenser used with a coil is show n at /•' in l-'ig. 1^

The frequency changes very rnpidlv on the lower part of the scale. fl
slight capacitance change would make a large frequency change. The*
fore, when using frequency meters having semicircular plate cotidcnsew
which constitute the main capacitance of t he circuit, the coils should he*
designed as to give overlaps without resort to the low-capacitance end^
the scale.

As the wave length X of a wavemcter circuit is proportional to \ IX,

if L is assumed to he constant, \ c v'r and \/(' is proportional to U*

square root of the setting 0. For a uniform wave-length condenser it*

necessary to have C van- as the square of the setting 0, or C = 9*.

Again, it may be desirable that the percentage change in capaeitatf
for a given angle of rotation of the plates he the same for all parts of

*iff

CAPACITASCB
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scale as in t he Kolster decremetor. 1 Tin: twliir etiuutkm for t lit; boundaJ
curve is

r = y/2(\af" +- r 2
2

where C = capacitance when angle 9 =
a — constant = percentage change of capacitance per gjH

division
e = 2.71828

rj = radius of cutout portion to clear washers separating variaJ
plates.

Tne pfl»atious and tables on page 1 19 have been compiled by ClriffitjS
I he four types of plates given ate fop equivalent condensers having*
capacitance at zero setting of 36 „M f and a maximum of 500 mif, with*
plate area of 20 sq. cm.
The paper mentioned above gives the following data for the radijfl

different angles for the condensers mentioned in the table of equation*:

0i degrees

lludivm, centimeters

Si K,

2 49 8 ss 1.93
5 2 56

10 2 80 6 7C 2.02
20 i 76 5 62 2.13
30 2 89 4 80 2.24
40 4 17 2.36
60 3 is 3 32 2.64
80 2 75 2.98
00 3 56
toe 2 37 3.38
120 3 88 2 10 3.85
140 1 90 4.40
150 i ii 4.71
160 i! 78 5.04
170 5.40
180 4 38 i! as 5.80

26. Effect of Putting Odd-shaped Plate Condensers in Series of

Parallel. It any of the above condensers are placed in parallel or*
series with another condenser, the straight-line calibration v. ill be altera*
If paralleling condensers are used, the plate shape would require recalcu-
lation, after which the plate would become mure nearly semicireul**'
Ifacondeiiscr is added in series, the calculation of the plate shape is mW*
difficult. Griffiths' gives complete equations for a number of peri*
combinations, the following table applying to the cases indicated wh<S»
maximum capacitance of variable condenser = 500wf, minimum eapaC

» Bar. Standards CtVc, ?4, p. 117. Bur. Standards Sri. Paper 235.w
'
H. F„ Nut.™ o.i the Um i)f Variable Air Condensers, Exp. W«Mand W*d— BWy 3, a-H, January; 1838.

» (.riitithh W H. F„ Further Notes on the Laws of VnrwMe Air Comlensers
Wireless and Wireless Eng., 3, 743-755. December, 1926.

Ate- 6
i
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kutce of variable condenser = 36 /i/if, series fixed capacitance = 5CKW f>

[iiIil plate area = 20 sq. cm., r = radius of inactive semicircular area of

moving plate = 1.2 cm.

0. degrees

Radius, centimeters

_
Ri 3a

2.74 2.16 9.25 1.82
10 2. SO 6.95
20 o . 57 1.96
30 2 .02 4.65
40 2.15
60 j'.oa
00 2.78 3.32 2.38
70 i'M
00 3.40 2.42 2.85
100 3i37
tie 3!<56
120 2.02 3.57
130 i'.ss
Mil 4.25
ir,(i 4! is 1.78 4.74
hid 4.85
170 i!52
180 4.73 5.06 1.62 7-ie

fts. atraight-Une capacitance with aeries fixed capacitance.
Si, corrected square law of oapamtsnoe with series fixed capacitance.
av r inverse square ln.\r of cupiLcUance with series fixed capacitance.
«*, exponential law of e;vi>M<'h iuuT- with series fixed capacitance.

27. Important Considerations in Design. It is not difficult to find a
,aTge number of condensers on the market which will answer the needs
of any condenser application in radio receivers. The manufacture of
Widunsers for such use has been brought to a high state of development,
"If electrically and mechanically. The design problems here are

a|nmler in that low power and low voltage are to be handled.
when condensers for radio transmitters are designed, provision must

J*
made for handling high power and high voltage. The use of very

i
'R" radio frequencies has added to the problem T>y requiring better

'Osulating materials. Insulators which were satisfactory at low radio
''Cqiii.'ncies hrivc been found to bent lip and be uhsuited for frequencies
""cli as 30 to 100 Me and higher.

The following classification shows how condensers for transmitting seta
HJf' 1>e divided with respect to the voltages to which they are subjected:
ifjose subjected to steady d-c voltages only.
*hose subjected to l-f voltages only.
loose subjected to damned r-f voltages only (obsolete).

ip"so subjected to steady cw r-f voltages only.
'hose subjected to modulated cw r-f voltages only.
ihose subjected to d-c voltages with superimposed r-f voltage.
'nose subjected to l-f voltage and superimposed r-f voltage,

'or
'as* four of the above divisions could he further subdivided into those

'1 flnJC
°" frequencies up to about 3,000 Ice, those for use on frequencies from

to about 25,000 kc. and those for use on frequencies of 30,000 kc and
"Ve. The two latter classes require special construction.
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Iti specifying the rating of condensers for use in radio transmit
the following data should lie given: capacitance, current, freque.
nature of voltage to be applied. A knowledge of the maximum
voltage and maximum current permissible is important. A conda™
should never be operated at more than half the breakdown vidian.
In the rase of r-f voltages this fraction should be much smaller.

28. Standards of Capacitance. Fixed condensers using the bet
grade of iniea or fixed-air condensers are used as capacitance stundaiS
for radio frequencies. For some work a variable air condenser is essrntS
as a standard.

An important requirement of a standard condenser is that the capacitafl
remain constant, the prerequisite of which is rigidity of construction, wbfl
is more difficult to secure in a variable than in a fixed condenser. Thai
should bo no relative motion possible between the' movable plates aM
the pointor. There should l>e no stops against which the pointer or movable
plates may strike and thus destroy the calibration. The maniiei of insu-

lating the two sets of plates is of groat importance, not only in fulfilling!*
rigidity requirement, but in minimizing the power loss. An insulating mat*
rial having a low temperature coefficient of expansion should he used, su that
the capacitance will not change perceptibly with temperature. As small at

amount of solid insulating material as possible
•

—

wva—JKKEj-t 1 should be employed, keeping it well out of tbe

k elentric '"eld- This field is quite intense near tl«

C--T- %b high-potential post. All insulation should
1 f avoided in the vicinity of that terminal if patfl

" ~ * ~ factor is to lie kept low.
Flu. Ma.—Equivalent The condenser should l» provided with a rn«fl
circuit of mr condenser, shield, which may bo grounded during mcosum

incuts if the capacitance is to remain constant. JjB
leads inside the condenser should bo as short and direel as possible. Tie
resistance of leads, plates, and contacts should be kept to the uiinliutu*
Flexible connection to the moving plates should not bo used in a standard.
While it has boon customary and is permissible in some measurements l|

neglect the small resistance and inductance found in variable air coucleusart
made for precision laboratory .work, yet, as the frequency is increased
5 Mc and higher, such omissions may result in considerable inaccuraOJfH
the results. These small residual impedances, when taken into account
give an equivalent circuit for the variable air condenser 1 as shown in Fig. lfS
where C is the statie capacitance of the condenser. It the resistance loss*
the metal parts of t he condenser, /, the inductance of the leads and connocliofl
of stacks of plates, and G the conductance or losses in the solid dielcctn*
parts of the condenser. The variations in these parameters with frequcwB
and their effect upon the effective terminal capacitance for one typo •
lalmratory condenser are treated in the papor.

High-grade mica condensers can be employed as standards after calibrati*
as to capacitance and power factor over the range of frequencies at which tW
arc to bo used.

29. Methods of Measuring Capacitance. There, arc two gener*'

methods of capacitance measurement: (1 ) absolute measurements in tern>*

of other electrical or physical units; (2) comparison methods, where}
condenser of unknown capacitance is compared with u known calibrate"

condenser. The absolute methods arc not carried out at radio frequencies

• Field, R. F., and 15. B. Sinclmk, A Method for Delcriiiiiiine the Residual I" 1'"!,
*

ance and Resistance of » Variable Air Condenser at Radio l'rcnuencics Proc. /.A-***
M, 255-274, February. 1030.
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looroximate calibrations of condensers for r-f use can be obtained using

lie form of bridge operating at 1,000 cycles. A very convenient instru-

'ii id for rapid checking work is found in the direct-reading microfarad

meter which operates on 60-cyclc current.

Condenser calibrations at radio frequencies are conveniently made by

•i
substitution method in a resonance circuit. The standard used must

to one which is constructed for use sis a standard at radio frequencies.

| t
should give the same calibration at two widely different charge and

discharge rates, such as 100 and 1,000 charges and discharges per second.

[f it fills I his requirement, it may be assumed to give the same calibration

at radio frequencies. ,

Oscillator

Flo 15.—Measurement of condenser capacitance.

A simple, tuned circuit consisting of a coil and the condenser under
teat is arranged with a double-throw switch so that the standard con-

denser may be readily substituted. Resonance may be indicated by a

lensitivc meter coupled to the main coil by a few turns of wire.
_
A

crystal detector and I -inn d-c meter make a very convenient indicating

device. Power is supplied clectromngnetieully by a small vacuum tube

oscillator. The measurement circuit is shown in Fig. 15. The shielded
side of the condenser should be
Wounded. It is essential that
•he leads connecting the switch Osiill

poiiiis to each condenser be of
•nc same length in each case as
otherwise the circuits will not
have the same amount of itiduct-

Pia, 16.—Simple scheme for measuring
capacitance.

J*** when one condenser is substituted for the other, which will result

'n an error in tbe calibration. The coupling between the test circuit and

oscillators should be kept quite loose, which will be necessary if a
fcnsitive resonance indicating instrument is used.

.If in t he circuit shown in I'ig. 15 a fixed inductor is used, the calibration

be made at various frequencies depending upon the capacitance for
lh,: different condenser settings. A variable air condenser of suitable

could he connected across the coil at XX and used to keep the

p^uiaii,-,. frcquent-v the same for any setting of C,. If such a circuit

«c»refi,ii v set up, no errors will result if the two circuits connected to C,

r1^ r are similar. The frequency at which the measurements are made
*" be measured with a frequency meter. The frequency or frequency
a
.'J«e over which a calibration is inade should always be stated.
for rougher calibration work, the circuit shown in Fig. 1C may be used

, ,
r

. is tuned both with and without d in the circuit. It should be

t'7'''
that the leads and switch connecting Cx to the circuit will introduce^ in the calibration.
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A method 1 of precision calibration of variable air condensers at a tnaM
frequency 1ms been described En which the unknown condenser and 9
standard condenser arc alternately made a part of (be oscillator furnisWB
the power. The method also offers a very precise means of measur^
the change in capacitance with frequency of a mica condenser.

30. Precautions in Measurement of Very Small Capacitances. It

difficult to get.agreement between different laboratories in the men sir

meat of capacitances of the order of 15 or 20 p«if or less. The reasons 1
this an; several and include differences in methods of measureiueijj

different lengths of leads used, different sizes and spacing of Icafl

stray capacitances to neighboring objects, and differences of a few micro*

microfarads in the capacitance standards of the various laboratoiM
Hence it is not unusual to find a disagreement as much as 30 per centJ
more in the measurement of a capacitance of the order of 10 jiiti.

[>liod if degirfl
the mensurfl

icntial fur dfl

For measurements of small capacitances i i is essent ial to keep all ronnec^B
leads of minimum length and have- them occupy definite positions,. so tbj|

corrections for their inductance and capacitance can bo appl"

Apparatus not actually needed should be kept away from
circuit. A standard having o finely graduated scale is esse

measurements. It should be capable of repeating its capacitance valua^l
any (riven setting. Its capacitance curve should preferably be a straightjT
without any crooks in it, so that interpolations can be accurately made froj

calibrated points.

31. Methods of Measuring Condenser Resistance and Power Fact*

and Dielectric Constant of Insulating Materials at Radio Frequencie*

Measurements of condenser resistaM

QsatlaiorO and power factor of insulating n*U, terials are made in pr.-icl ieally t he saB*

f(J$jn manner as the sample of insulating rfl*

terial is prepared so as to form a ev
denser. Methods of ineasurij
condenser resistance 2 and power flUfl

of insulating materials3 have been gh'rj

in publications of file liiireiui id StaO*'

ards. The American Society for To*
ing Materials has one or more standM
methods of testing electrical insitlatiB

materials for power factor and dielcoW
constant. 1'

PlO. 17.—Circuit for measuring The circuit shown in Fig. 17 majj
properties of insulators. used for measurements of re.ststaJ™

power factor, and dielectric eon
Assuming that the power factor of a sample of insulating material

be measured, the sample in sheet form is made into a condenser of capr

I I

1 11ml. E. L,, and W« D. George, Precision Condenser Calibration at '

-,11- as, Electronic*, 1, 31K-320, 1934.
' Radio Instruments and Measurements, Bur. Btttftdards Circ. 74, pp. 100"103.
s MM lindn of Merisiu'enieut of Propertied of Electrical IcLsnIat ing; MaUalatH,

Standard* BoC P&ptf 471.
'Tentative Methods of Test for Power Factor and Dieletstrio Constant of EM^B

UUialatmg Materials, designation DliiO-39T; Tentative Method of Test for ' -^p
FMtor and Diili atria Constant of Natural Mica, designation D3M-33T; Amcnw
Society for TestinE Materials. 2(50 South Broad Street, Philadelphia. Pa.
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wnPC !,el-ween 100 find 1,000 ^f, as represented by C x (Fig. 17). The
fMjiaiuder of the circuit consists of the coil L, thermoelement T, and
(jouljji'-pole, double-throw switch S, in which resistors R may be inserted.

The s'sil vanometer G gives deflections which are proportional to the square

,,l
1 current flowing in the circuitLTCJt, as electromagnetically induced

I

;\ x i'-i oscillator O.

Tin' i If flections of galvanometer G are noted for several values of inserted

fggistnttcc K and for the case when H is a link of practically »ere resistance.

[Jginff the ''zero resistance" deflection and the deflection for a known value r

ol resistance inserted in switch S, the resistance RT of the total circuit LTCM
i« given by

Rr=- T

The average of the values of Rr calculated for various values of f should
bo taken as the resistance of the complete circuit. The resistance R$ of
tin- circuit alien Cs is substituted for Vx should bo obtained in the same man-
ner. The resistance Rx of the condenser Cx is then given by Rt — Rr — Rs.
It is essential for this measurement that the two parts of the circuit which are
interrbit.tfcil should lie as nearly identical as possilile.

After the resistance R, of the insulating material condenser is obtained,
the power factor or phase difference can be calculated from the equations
lovpii above. Tho dielectric constant K can be calculated from the equa-
tion K - C//0.0885.S, where C = capacitance of sample in microinicro-
hirnd.-. I thickness of sample in centimeters, and <S = area of smaller plate
in square centimeters. The capacitance is known, as given by Cs, and tho
urea ol one plate and the, thickness of the sample can easily be measured.
The method described above operates satisfactorily at frequencies from 100

h> 1.5(10 kc.
A bridge method is sometimes used for these measurements although tho

•pparntus is considerably more complicated than that described above.

A ''oinparativo method for testing insulating materials at very high
radio frequencies has been used by certain laboratories. In this method

1

1 insulating material sample is placed in an intense electric field pro-
duced by a 30-megaeycle transmitter and the temperature rise in tho
?*°Ple measured for a definite time interval. While such results have

J

.'

1

•'• yet been definitely tied up with power factor, dielectric constant,
y t they represent in a very practical manner a means for detor-

|"
BK Hie suitability of different types of materials for use at very high

":!" '.''-M'eucies. An insulator which is entirely satisfactory at lower
Who frequencies such as 1,000 or 2,000 kc, may prove to be unusable at

'" megacycles. Hence data on power factor and dielectric oon-

t
j*

ll
'j ; ri meaningless without a statement of the frequency at which

gnata were obtained.

jUj?.
n '' "f '.lie German technical periodicals 1 have reported the pro-

_ 'Jen ol improved ceramic insulators in Germany. One type of

,

^ "'! ; d i* claimed to have extremely low power loss at very high fre-
'

"i
' A i tother type of material having moderate power loss possesses™ hi(|h values of dielectric constant which can be made to have values

n, Zwci neue hochwerticre IsotierstCNffe der flochfreqnenKtcehnik.
' I •n-.hnib and Mektro-Zuttits, 43, 33, 34. January, 1034; HiSnnEJI, H., Mont!
11)54^ 'n'ons-Isoliersiotle, Hrtcli fTeiium-stechnik und EUktroaknstik. 13, 73-75, March,
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as high as 100. The latter material would appear to have advantages!
condenser manufacture for use at ultrahigh frequencies whore very srnil
parts and extremely short connect ions are required. These matoriali
nave several names ami dilTer in their properties. The mines an;
Calit, Ultra-Calit, Calan, Ultra-Calan, Krequentit, Frequciiia, Condense
and Condensa C. The last two materials have the high dielectric co»,

slants, and the ones with the prefix " Ultra" have very low losses andJ
intended for u-h-f work.

SECTION 6

COMBINED CIRCUITS OF L, C, AND R
By W. F. Lanterman, 1 B.S.

1. Transient and Steady-state Currents. When a voltage is suddenly
applied to a circuit, the current assumes a transient state for a brief
interval, then gradually settles down to a stoadv-statc condition which
it maintains until the voltage is interrupted or changed. Relations for
computing transient and steady-state currents in LCR circuits are given
ia the following paragraphs.

TRANSIENT CURRENTS IN LCR CIRCUITS
S. Symbols Used in Transient Expressions. In the transient expres-

sions given in Arts. 3, 4, and 5, the following symbols will be used:

L Inductance in henrys.
C Capacitance in farads.
R Resistance in ohitui.
T Time constants in second; time in seconds for current or voltage to reach 1/t

or approximately 33 per cent of its initial value if decreasing; or f^l -

.
or approximately 07 per cent of its final value if increasing.

i Instantaneous current in amperes at time f.

a Instantaneous voltage in volts at timer.

J
Time in seconds after starting.

I Steady-stale d.c. in amperes.
» Maximum value of a-c voltage in volts.
y Steady-state d-e voltage in volta.
<J f ondenser charge in coulombs.
'* A-c impedance in ohms.

\r* + (»L - -i,y for LCR circuit.

VR*"-Mui) 1 for LR circuit.

" Vs * + (JcY for RC c'r01lit-

/ Frequency of applied a.c. in cycles per second.
? Angular velocity of applied ».c. in radians per second — 2i/.
*' natural frequency of oscillatory circuit LCR in cycles per second.

wl angular velocity of oscillatory circuit LCR in radians per sec. - htfi.

H , :

r ' rK -v joules dissipated in R during transient state.

,:" l!rKy joules stored by or lost by L during transient state,
r l.ncrgy in joules stored by or lost by C during transient state.
" ' j'ase nnRlc of a-c voltage nt £ ~ 0, i.e., when the switch is closed.

. o 4*l*
ft Rnfd° °' inipcdance as defined for each case.

Q 4n,l a (base of natural logarithms).
" (Defined in Art. 5n).

Nott
C

l
r
.

cn*t Transients,

^tti'n
T
"\

1 nc f«llow ing formulas for i in RC circuits arc not true for

, v
»"y small values of i. For very small t, the L of the circuit, no

"«'onal Broadeaatins Co., Inc., Chicago, HI.
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matter how small, limits i, and the relations of Art. 5 for LCR circ.

must be applied. This is especially important for short pulses or bj

frequencies, where small values of ( arc involved.

a. D-c Voltage V Suddenly Applied to Deenergiied let :

Fio. 1.

i t

T m RC *£

If;.- - Wc - \,CV*

- \qv

~ 2 C

B
i_
E

o

for fully charged C (i = °o).

b. C Charged lo Voltage V and Suddenly Discharged through It

T - RC

Fia. 3. for complete discharge of C (J — w).

c. A-C Voltage e Suddenly Applied to Deenergized RC

tSK * fC
e<£

J*
Fro. 6.

Applied voltage e — E sin {at + B)

lc i* = § Sin (wt + 8 - *)

,„— ™ COS (0 — <b)-
£t t

* - cot" 1 (a>RC)

RC
>ltC

4. LR Circuit Transients.
CTUed /.A'.

Fio. G.

a. D-c Voltage V Suddenly Applied to D<

i* •h
h

Rf

- t~L) t
-1-

E

T E
L.

3

Wj,

for i == DO .

IV
~2LR*

O
Fio. 7.

* Underscored terms reprcuent steady-state currents; remaining lerrii or teriiis uru
irHiinientB.

^ 6. COMBINED CIRCUITS 01' I.. C, AND R

t. LR Carrying Steady Direct Current I Suddenly I nlcrrupted.

V

127

Steady current I -

Rf

e L = It

L

B

=

i i v»

for ( = » .

«. A-e T'ottace a Suddenly Applied to Deenergized LR.

Applied voltage e - E sin M + 0)

Time

Fio. 10.

i* * Bin (at + — 4>)

B
*

—2 sin C — «»« *

a> — tan"- ;

("t)

Time—

*

Flo. 12.

S. LCR Circuit Transients, a. D-c Voltage V Suddenly Applied to Dtener-

nuctl LCR.

General Solution: . *

Xe
-a,(rf, _ «-(!>) = jjy-x sinh fit S

V1

There aro three special cases, depending upon tho ratio Via. 13.

- fl/2/,:

Caw t. Aperiodic current, when a1 - > -jjc (& is real.)

i builds up to a maximum at

/ 1 cc + 0\

•r|
||ie ; then dowly decays to zero.

Fia. 14.

« *
l"'ic!f:r«corc(l terms rej>rc«ent stenily-ntate currents; remaining term or terms nro

'ran»icnt«.
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R- ICase II. Critical damping, when a? m = jrL
(fi

- rj.)

F —~
i = gfc L

i builds up to a maximum at; = 1 /a sec, then Btowh
decays to zero.

Time—*
Fie. 15.

£2 1

Cass Ilr. Oscillatory current, when a3 =^ <— 03 is imaginnql

i ™ —r* 2L sjn oat

Fro. 16.

«wu^ UP l° a malimum at I " l/4/i sec, then oscillates with amplituJslowly decreasing to zero. ^H
For approximations

VC
Ri

1 1M =
Vic 71 " 2*VLC

b. A-e Voltage e Mudilenly ApjMed to Deenergized hC.R.

r fa ,
Applied voltage e = E sin (bit + 0)

S >i ' §L Tnero are tbree sPeci<u cases, depending upon the ratio

1 f§5 CW I. Aperiodic current, when a' m H*/4JJ > !/£,£?, 1
1 (ff is real.)

Fig. 17.

sin (uf + — 0)

3 SEE
0) sin (J - 0)id £(*

-

i i ?
- jjsj cos (0 - 0) It f«-*M £

£ 1 r
- Z 2gtL

Z,Co[ + W ™ <ff - « i

--jjj cos (fl

-0)J
e-ta4ft<

Flo, 18.

* Underscored terms represent steady-state currents; remaining term or terms ***]
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Case II. Critical damping, when «» - B>/4/-» « 1/LC. 03 - 0.)

t

sin (wi + - <j>)

+ || (ai - 1) sin (9 - 4>) - cos {0 - <f)

I'jo. 1!).

Caw III. Oscillatory current, when « 3 a iJ 2 /4£, ! < 1/LC. iff is imagi-
nary.)

® £ r
! ~2 sin (arf + fl — <j>) -

-yj-
«' sin (0 — 0) coaui(

+ ~~£~Jp
coa (9 — 0) sin wit

- ;r—7 si" (0 —
<t>) ma out

Fio. 20.
1

STEADY-STATE CURRENTS IN LCR CIRCUITS
6. Impedance Relations. Steady-state currents are calculated by an

expression similar to Ohm's law,

i = 5
z CD

where I and E are vectors representing r-m-s values of current in amperes
"itl voltage in volts. The impedance Z (expressed in ohms) is the vector

<'l the n-o. resistance R ami the reactance X,

Z = R + jX (2)

J he factor j is an operator to indicate that X is 90 dag. out of phase with
The magnitude of Z is \Z\ = V

#

s + X*, and its phase angle with R

* + -t
X

$ = tan 1 -= = cos 1 m
Values of the Reactance X of Coils and Condensers. The X or

' nice component of impedance is due to inductance or capacitance,
the reactance is a coil having an inductance of L lienrya,

Xl = mL = 2j-/i ohms

*here M = 2s-/ and/ = frequency in cycles per second; if it is a condenser
capacitance C farads, Xc =• —1/oiC ohms; if it is composed of both

ald C, X — ^wL ohms. Capacitance always has negative

Hiry n^ t*ri'cored terms represent steady-state currents: remaining term or terms are^e transients.
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reactance, and inductance always has positive reactance Thus L'omay be written M"

—
.

formula: Xjj2ilfLehmSKl>tnLk'inhti)ries

Z 'Z^Zt-Z3* *Zo ,o* , ... . „
-r,<r,->Xj+ */iVW~ i

xt«aim'*":"''*

Phase Anqle Magnitude of J5*j Alocbroit Formulae
to]

Resistance pnd
Inductance
in Series

SI

t

c
3 Frequency

Zo *R+JXU

Frequency

U

' 4
ffesainnce and

in Series

»?

«

"I %

(

^^^^
' Frequency

IZoMtf+xl

R
:e>

/zJ*/xL-xc/
-0*hei>XsXc

^u/on''<iO'(XL-Xi.)

•+SO'trhtnXL <X c

ig

.

CT
Inductanceend
Copoeitonce

in Series

+

$ •4 \ •

\ ' /
\/f,

Freij

: Frequency

e -j—
i

£
jg

. *T
and CepQCttafKc

m Series

so

%

-:

1

frfo/juency

/ 1

/. ' '

' ZT»CC

%

r

1

1

i 1

Frequency

Z -R*j(XL-Xc)

"«wheaXL'Xc

R
'0HhenX,.'Xc

Equivalent impedances of series combinations of L, C, ami ft.

8. Equivalent or Total Impedance. Any network of imped
ran be reduced to an equivalent impedance of the form Z = ft +by the following formulas:

1. Impedances Z t and Z3 in series:

Z* = Zx +Zt ~ (R, +jXy) + + jXt )

= (fli +fts) +j(X l + JQ

Sac. *!
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2. Impedances Z\ and Zi in parallel:

Z,Zi_ (fti + jXiKRt +jXi)
Z> " Z7+ Zi

=
(«i +jXx)~+ (R, + jX.)

«,(«»* + Xtf + RMi,*+ X.') +j[X.(R3* + XJ) + + if,') ]

1- " " (Ri + + (Xi + X,)*
(6)

ft, (Rj+Xj)+R2 (Rf+Xj)yfc (Rl-rXjhX2 (Rj*Xj\]

Xi, 2j7& oAots JTc = j^j^r oAots rt? //» mfds.)

fa)

Circuit

Induchnceand
Resisfance in

Parallel

Phase Angle MaqnitudeofZo

' R
'ol\ I

Frequency

Algebraic Formulae

„ RX,,<X^j!i)

RXr

Resistance and
Otpacibnce in
rhnlkl

tcT

Inductance and
Radiance in
Parallel

E5TS

jFrequency

R2*Xi

RXC

Frequency
t &

n
' Freq uency

f,* z_
1

2-irVic

Z -

cfxlxj

llC{XL'XC.

oo when Xi

Frequency

pS'slonce

Frequency

^/an'co.f^k.)
A.T~Ac'6

=OwhenXi.-Xc
RXiXclXtXc-JfRXi-RXcjf

Z° (RXL-XXc)^XiXi

fZol=\
VfRXL-RXc)*+X?,Xi.

-Rwhen *Xc

*"M —fixe

•"Miivali-ru imiHuhinccs of pariillol comliinat ions of A, C, and 72.

^
ls <,*|»cssion, while somewhat involved, is seen still to be of the form

ijcTb
' JX- Churls showing iinpi'dancc relations for some common

PfOuHfl iire shown on these pages
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3. Impedances in mlwork. By applying the foregoing fornri'
in fl step-by-step process, any network can be reduced to a single ecr"
lent impedance. Thus, in Fig. 21,

Z„ = '/. '/.
\

z, + z<>
Z°3t = Zl + Zn

Via. 21.—Not-
w o r k with
branch imped-
ances.

and finally,

Zo = ZdZ* + Z»)

Zi+Z,+ Z»
In a complex network, however, the number of terms will bo large, att
the computations will be laborious.

, _
R/Rf'X'hRjfRt'XfUjpCWi+xi) *X,(R^Xf>]

(R^R^HX^XJ1

10sXc * i «r. o/,nB fc >n mfdst
2irfC

Circuit
i pftgseanqie iwwaiftidccrZc Atqcbroic rcrmuiB~

2o =
n''(xt xe>'

,t /
R'*xj

cVRl+(xil-x(:
y-

/za/-x,

^ when Xl*Xc andR is sma/t

""^—RXc /
h whenXL mXc andR is email

° (RL*RcF*fXt-X,.y \a-(rz+xP
B-<Ri*X,f)V(R1 A<Rt BP*(X,A.Xe

(Ri'Rcl'i-rXi-Xc)'

when Xc'Xc andRL andRe aresaxm
" (Rt*Rc)C

tj> * tan
., XLA-XCB
RLA *RCB .

'-. whenXL •XcandRL andRc aresmall

Equivalent impedances of parallel combinations of L. C, and It

9. Q of LCR Circuits. Kvery coil or condenser lias some cm
losses, which at a given frequency may be represented as an equtval
R in series with the reactance Xl or Xc. The ratios

Xi uL , - Xc 1

IT,.

=
Rl

and Qc " Ri " ^CRC
define Q, which is a figure of merit for the coil or condenser. As a genel*!

expression for Q in any circuit, we have

COMBWBD CIRCUITS OF I.. C. AND N

Q
volt-amperes VA

watts dissipated Wi

\ltlioiigh Q varies with frequency, it is nearly constant over narrow

nnges of frequency, and its use therefore renders circuit compulations

somewhat r-impler when losses have h> be considered. Table I gives

some representative values of Q which may be expected from ordinary

roils a>»i condensers.

T\ble I. -Representative Values of Q for Various Coils and
Condensers

Frequency,
cycles

Coita with
powdered
irun com

.III WOHld coils

Condensers
with paper
dielectric

Condenser*
with mica
d:Hcci rii-

ICO
1.II1H)

10.000
[00.000

1.000,000

26 to 60
SO to 75
100 to 150
150 to 200
100 to 200

3 to 10
25 to 50
100 to 300
100 to 300
100 to 300

1 .(Mill

500
100 to 200
60 to 100

3,000
600

200 to .100

50 to 200

The following data arc quoted from Franks: 1

Fre-
quency,
kilo-
cycle*

hen

100 (ii,f molded bakelitc
fiscd condenser

Typical Rung condenser;
bakclitc stator insulation

Binie with ceramic stntor
insulation;

*Hj« section liti-wound
universal coil; 450-kc in-
termediate frequency, in
can

,

.

K»mo but wiih powdorcd-
'ron core

Fre-
nucncy,
kilo-
cycles

1.000

100
1.000

10,000

100
1,090
10.000

4 ,-n;

450

Broadcast band bnn'.i-

40 wuund lit« solenoid ii
in. dinm. in !

" , in.

2,000 square shield can
700 Broadcast hand universal-
L'tlO wound lit e coil with irun

core in game can
S.OOOiTrunsmittcr coil, 4hi in.

3,000 diam. and 5 in. long, 11

1,000 turns of J-i in. copper
! tubinjr
Trnnsmiltor eoil 15i in.

diameter and IK in.

SO long, 12 turns of No. 10
li wire

145 lleecivcr coil. 1 in. diam-
Ietcr and ii in. Ionic, 5

turnfl of No. 14

1,000

1,000

§,000

10,000

30,000

110

186

650

400

270

r ,

lrJ. Loss Due to Inserting Series or Shunt Impedance in Audio
Ll«uits. In audio circuits, attenuation-frequency characteristics are

j*
ltc!i purposely modified by the insertion of corrective impedances

!u«h as equalizers, "tone, controls," and scratch filters. The following

•"Hulas give the insertion losses in such cases:

>'/!«„( Impedance. The loss due to inserting a shunt impedance Z.
<*'« 22a and b) is

/ ZiZz \
L =20 1ogIo^l \ z^zTTM )

db (8)

fc
? c shunt ine impedunco can usually be located at a point in the circuit

t
"Ore the impedances Zi and Zj are matched, and whore each is substantially

^nure resistance through the rango of frequencies involved. Then, lotting

i
! - R»< the loss is

C. J.. Electronic*, p. 120, April. 1035.
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I

where K — \$t\/Re and 4> is the phase angle of Z,, For various value
K and the loss can be rend from the curve (Fig. 38).

(o)-CircurtwfthfclisiS I !j)-5hiirrf Impedance [(.(-Series Impedance
wt»s,A, bisedartis Inserted InsertsJ
&f Sc-jrce, Zj , and
Lead ImpetJorcc^Z^

Fig. 22.—Shunt and series impedances inserted in audio-frequency circtdfl

2. Series Impedance. The loss in decibels due to inserting a series iinpM
ance Z, (Fig. 22tt and c) is

Loss, db

Fio. 23,—Transmission loss duo to insertion, of shunt or scries impe4S
The series impedance can usually lie inserted at a point in the circuit *Jthe impedances Zi and Zi are matched and where each is substantially a V

ges. Ci
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drtunce through the range of frequencies

"I"
- Ko, the loss is

£ = 20 loam —j^H db

ivolved. Then, letting

- 20 login Vl + 2K cos co + 3P db (9a)

whore K - |2.|/jRo and <i>
is the phase angle of Zi. The loss can bo read

,'),;;„ lug, 23 for various values of K and <£.

SERIES RESONANCE
11 Definition. A series circuit containing LCR, such as that in

K«. 24, is ««'ifs resonant when the line current Io is in phase with the

line voltage Ed.-

r

*/»

Fiii. 24.—Series circuit and vector representing it.

12. Conditions for Series Resonance. The equivalent impedance of

a scries circuit is, bv V.q. (4), Za = R + - Xc). 'lhc total voltage

drop it, i he circuit is E„ = -f j(£i. ~ Xc)}. Resonance occurs when

Xi. = A'c At resonance the total reactance is X L — Ac = t>, anu the

current is Io = Eo//f.
There is only one frequency at which

Xi. = A", ; this gives the formula for

resonant frequency:

St "
1

(10)

Pjjraw /r is the resonant frequency in

jjfefes per second, £ is in henrys, C is in

farads. The manner in which the re-

Btanws vurv with frequency is shown in

Pig. 25.

13. Properties of a Series Resonant
wcuit. A series resonant circuit has

jg* Tfil lowing properties at resonance

Fig. —Series circuit react-

ance.

(1) the current is maximum;urine \* j .... .
.— . ,^ irnpwJanoT is minimum ; (3) the current is in phase with the

**» total resistance,

he coil resistance

across the coil is

mi uic impeaance is minimum; \o> uw ™ " i

""Vff^-d voltnKc; (4) the current is limited only by the
?htch is usually equal to the coil resistance; (5) if th

I we only resistance in the circuit, the voltage drop :

Peatcr than the impressed voltage; and (6) the voltage —
LWidenser exceeds I he impressed voltage if Xc is greater than R,

•tcntw 5 and (> arc of importance in practice because such high voltages

develop across C and L as to endanger their insulation, unless thus.
8 Provided for in their design.
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14. Impedance of Series Resonant Circuits. At resonance »
impedance is ft, the total series resistance of the circuit. At any otff
frequency, /,, there is also a reactance component

and the total impedance is

Zi = R +j2rL^fl
' jj'

1

^
The magnitude of Zi is

|z>! = yfit
1 + 4**L>(

f
1%

~ fr
*

y

(i

ttl 0.30.4 0.5 0.6 0.7 0.8 0.9 1.0
'

0.95 0.98 I*
n--F,/fr or fr/f, n=fj/fr orfr/f,

Fio. 26.— Design chart for series resonant circuit.

- Circuit Constants Table. A table of LC products and other constant
frequently used in calculations of resonant circuits and coil and condena*
reactances is given in Sec I

.

15. Series Resonance Curves—

Z

a and The following useful
tions for series resonant circuits aro derived from Kq. (13):

(H

., COMBINED CIRCUITS OF L. C, AND R 137

where '^i! = the absolute impedance at any frequency ft

u, = & X resonance frequency, fr
at = 2r X any other frequency, /i

n = ai/a>r =/i//rWhcn/i </,;orn =u,/ui - whea/i >/,
Qr

= uJj/B = Q at resonance.

The phase angle of J?i is

Fio. 27.—Phase angles in terms of n and <?. series circuits.

*" ta 'Kn -»)]

inTp
R 04), the universal resonance curves of Fig. 26 were plotted

i ar
of

l
Z'l/" Ĵ

'
(i> ,md Similar curves for <j> in terms of Q and

''itfj
Klv ''" «n Fig. 27. In these curves ihe ratio n is to be taken as

e,
<rvo

^"'^r or i'lh, whichever gives n < 1. From these universal
c
*< complete information about impedance and phase angle of a
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series resonant circuit can be read directly when the constants
and Q or H are known.

16. Design of Series Resonant Circuit. To design a series reed
circuit, wo have to determine values of L, C, and It to meet t given'
of conditions. The given conditions must include values for t

items; (1) resonance frequency, (2 J impedance at resonance, and
impedance at some other frequency; otherwise there is no unique dea

Example. Asminie, for example, that, a series resonant circuit is to a
an impedance of IOC ohms at a resonance frequency of

'

impedance of 500 ohms at 000 cycles. Then wr - 2jr,

nance, i.e., for n = I. \Si,", - It - iw, and at 900 cycles'
Then., substituting in Eg.. (15), we have

1 ,000 cycles, anM
(,280. At
0.0, IZ,1 =

'

L - _ I "500^

6,280\t).81 +
1 100*

0.369 henry

By reference to the LC table, See. 1, page 9, wc find that at /, = 3 OH
LC - 2.593 X 10

-
\ from which C = LC IL = 0.0087 X 10 " fiifud. Til

wc have 7i - 100 ohms, L = 0.309 henry, and C = 0.0087 X 10"" farad
Ihe constants of the circuit. AJso,

Q = ut,L 6,2S0 X 0.309

R 100
23

and from this information we can select from Figs. 26 and 27 (by iutcrpoUfl
for Q — 23) the curves Riving impedance and phase angles for frequend
above and below resonance.

17. Use of Series Resonant Circuit for Frequency Regulation,
application of a series resonant circuit is shown in Fig. 2S. At rcsona-
the excitation voltages applied to the grids are the reactance drops 73

Fio. 28.—Uso of
series resonance circuit
for frequency regula-
tion.

Line frequency

Fig. 29.—Series resonant
equaliser.

and IX i„ The tubes arc biased to the cutoff point so that rectified
taken jilnco. As long as the frequency of the applied voltage

/ = l/2wy/LC, the excitation voltages and therefore the plate tit

rents of the two tubes will be equal, but if the frequency varies, t he volt*

age drop across one reactance will increase and that across the otM
will decrease, causing the plate current of one tube to exceed the otJM
This difference in |>!ate currents may be read on a meter to indicate fl
frequency of applied voltage, or it may be utilized through a difioreafl
relay to operate an automatic frequency controlling device.

17a. Series Resonant Circuits as Equalizers. Series resonant circuB
are often used as equalizers where it is required to eliminate or atteiuiafl
a certain frequency or a small band cf frequencies. The resonant circji*

with a variable resistance in series is connected in shunt across the W

Sec-
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or terminals of the circuit to be equalized, and more or less readily

ky.paasea currents of the resonant and adjacent frequencies, depending

|ipllM the adjustment of R (see Fig. 29).

iS. Scratch Filters. A series resonant, circuit is the simplest form of

jjiatch-and-hisa filter for electric phonographs or carbon microphones.

Tl ji resonance frequency is usually about -1,500 cycles; a typical filter

shown in Fig. '60 with its loss versus frequency characteristic, A low-

puss fill it- with 5,000-cyclc cutoff is much better for t he purpose, however
pge \r.. 05).

Or

TOO

C- 0.0075 mfd. ZL *3000ohms

R -JC0 ohms^nc/odin^ coHresisiancs

! I 1 I I I I 1

1

6000500 1000

Frequency, cycles

Fiu. 30. -Transmission characteristic of scratch
filter used with magnetic phonograph pickup.

,
31.-—Parallel res-

onance.

19. Tone Control. A series circuit resonant at about 1,COO cycles is

onetimes used as tone control in an a-f amplifier. It may have a
variable resistance and be connected in shunt in a grid or plate circuit, or
it may be shunted across part of a volume control. Such a tone control
lends io compensate automatically for the frequency characteristic of
"ie ear, w hich varies with sound volume.

PARALLEL RESONANCE
,

20. Definition. A parallel circuit containing L in one branch and C
m the other ( Fig. 31) is parallel resonant when the line current Io is in
Iwijhi.' with the line voltage E; . In this case there are two resist;uncos
!' " considered, lit, is the resistance in the coil branch, and lie the
'

' V s M1 H'o condenser branch. The latter is usually small and often
'"'Kl'KiUe as compared to El.

}*> some textbooks parallel resonance is defined as the condition of
l'i 1 1

s

i

i

« s i j I„ {or maximum Zo, which is the same thing). On this basis

',.> ?"">' different resonance frequency is obtained, depending upon

ijitt'
C, or ,/ is varied. For practical purposes, however, the

j

*>•«"•(• is small enough to be neglected, and the results may bo con-

,, being essentially identical, especially in view of the fact that

fin"!
toned circuits require at least one variable reactance by which

|l tuning adjustments may be made on actual test,

of,, Conditions for Parallel Resonance. The equivalent impedance
lll<!

parallel circuit of Fig. 31 is

£L+ Xc') + Rc{Rl' + X L*) +j[X r.Utc* + Xc !
)
- XcUiL1 + XL>)]

IRL +Ec)z + (Xj,-Xc)*

(17)
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where
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XL - 2*fL

1

I will be iii phase wil li Eo when the j term equals zero,

y X,XRc* + Xc1
) - XC{RS + XL*) _

" " {Rl + «c) s + {XL -Xc)*
This condition exists if

te, fr =
I

Rc-C

22. Approximate Formulas for Resonance Frequency When Hi, sai

Bo Are Small or Equal. If the resistance He is negligible, Kq,
becomes

I

If .Kz = iic or if iii and /ic are both very small,

1

fLC

which is the same as the resonant frequency of a series circuit [ArW
Eq. (10)].

Case Where Rl - Ho - y/~L/C. In this saw Eq.23. Special
reduces to

R

nut W*
runr

'

and the circuit is resonant at all frequencies with constant impedance «OT
to J?. This special case is not so useful as might be expected, how»v»
since L/C is usually largo (on the order of 10*) and R must therefore fafl

large for any normal application,

24. Properties of Parallel Resonant Circuits. At its rrsonnn
quency a parallel circuit has the following properties: (1) the line

is essentially a minimum; (2) the impedance presented to the line *

essentially a maximum; (3) the line current is in phase with the H
voltage; and (4) the current circulating in the parallel circuit, itseUjJ

usually much larger than the line current (the circulating current

#

Q times line current).

25. Absolute Value of Impedance at Resonance in Parallel Resofi*^

Circuit. Letting w — l/y'/X* in Eq. (17) gives for the impedance o> I

parallel circuit at resonance

Sac 'I

gible
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J6. Absolute Value of Impedance in General Parallel Circuit, with Negli-

ge' Resistance in Capacity Branch. In this case Itc 0, and from Eq. (17),

T)ic ntiprilutc magnitude of Z« is

(26)
.„

, . XcV&*~TXi*
1
J
" ' VJ5> + (Xv - Xcfi

H gt, is small compared with X;„

XhXc
I'M

-

VSF+W -Xcy c f <xi - xc)=

At resonance Xl - Xc (Rl and Be being assumed negligible), and

|Z»|
' RC

(27)

(28)

The equivalent impedance of a low-resistanco parallel circuit is therefore
rm nearly a pure resistance at, the resonant frequency and has the value
L RC, approximately.

ST. Parallel Resonance Curves

—

Zo and 4>. The following useful relations
for parallel resonant circuits (where Rc is considered negligible) are derived
from Eq. (26)

:

£3 --[ sss In
>/5 + «J

(29)

"here |Z, = the absolute impedance at any frequency fi
iDi- = 2ir X resonance frequency

= 2tt X any frequency

|, Q r = <o,L/B = Q at resonance.
&f Q 10 or larger, this is approximately

*»i at
,

(30)

(31)

(RlRc + XlXc) + KReXu - Rl.Xr)

Rt. +Rc
The absoluto value of tliis impedance is

00

121'

SS»
E
2' (:,0) if can ^ snown that " VXTP when /,

'= 0.707/,.

^iriinT
' ^'f^ ratio of a parallel resonant circuit may be expressed as a

Versa'
"
t"^

' ta imPcflance at 70.7 per cent of resonance frequency, or vice
jn - This fact is useful in some design applications.

116 ratio of \Za \ at fi = 0.707/, to \Z<t\ at resonance is

\'Zn\ at fx _ 1.414

Wot/, Q
(32)
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fho phase angle of Zo is

<t>
m tan-' - + »! - lY] C88)

mid for Q = 10 or larger is approximately

<> = tan"'
|
-nQ,(rt = - 1)] (34)

rjsins M<1. (29), the set of resonance curves of Fig. 32 has been plotted in

((rms »f 'Z',i,/iii,L, Q, and n. Similar curves for <t> in terms of n and Q are

given in l

,s

i jli;. 33. From these universal curves a complete resonance curve
md its phase characteristic can he plotted when the constants and

or // are known.

28. Design of Parallel Resoaant Circuits. To design a parallel

legoni ni circuit, wo have to determine values of L, C, Hi,, and Rc to

(satisfy :i !tivrn set of conditions. Values of \Z«\ at resonance, the reso-

frequeney, and Q will first have to be determined by analysis of the
intended use of the resonant circuit.

Ina vacuum-tube oscillator, for example,/, of the tuned circuit is known,
ami '/. it resonance is fixed by the permissible plate voltage swing.
Kur (,) (which includes (he efTect of the external load coupled to the tuned
ciriaiit. as well as the latter's ohmic resistance) a value of from 12 to 20
represent s a good coinpromise between oscillator efficiency and frequency
liability.

Another example of the factors involved in the choice of Q in an appli-
ration is that of a tuned circuit for an r-f amplifier to pass a modulated
farrier. In this case the LC circuit must have sufficient decrement to
flump mil its own natural oscillations between successive peaks of modu-
lation; otherwise there is an effective decrease in modulation percentage
*itn u corresponding loss of fidelity. If the carrier frequency is ft: and
l ™' Modulation frequency/,,, the maximum decrement of the modulated
miner wave at 100 per cent modulation is approximately

S, = 2.303 logu / j- \ (35)

'
"' :> I'l'euu'iit S 2 of the tuned circuit should he 10 to 20 times as largo
°> 'or faithful response. Then Q for the tuned circuit is

Q m i (36)

'fin'
'

V"'"" "f i^ol at resonance will depend upon plate-load impedance
pretnetitij of the amplifier tube,

tlissii

st>1,!1!
.
"iwcs the ratio of volt-amperes circulating in LC to watts

PSted is the basis for the design of an LC circuit; in this case

q „ volt-amperes

watts dissipated

effect of any load coupled to a tuned circuit must be t aken into
n

< as part of the total effective R of the circuit. If the power t aken
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by the load is W4 watts and lc is the circulating current in LCR, m
total equivalent impedance of the circuit is, approximately,

R

where R« is t he ohmie resistance.

Examples of Design of Parallel Resonant Circuit. Assume that a pardfl
circuit (Fig. 31) is to be resonant at 5,000 cycles', with an impedance of 4.0k
ohms at resonance (n = 1) and an impedance of 100 ohms ;ii 3.000 iy<j»
(n _

0.6). From Fig. 32, \Z<!Ju,L — 0.9 for all values of Q when » = Oi.
4 000

At resonance \Zn\/u,L is to be -jgy- X 0.9 = 30. From the curves I

is found that Q — 30 gives \Za\ 'u,L = 30 at n = 1 where w, = 8^H
Then for n = 1,

4 ruin
Zo - 36w,L = 4,000, or L = .V'"?-.,, = 0.00354 henry

LC for 5.000 cycles - 10.136 X 10"'". Then C - LC/L
farad, and It = m.LIQ = 3.08 ohms.

O.2X0 X UP

Cp Cq J
Core

> ^Trimmer

Vanoik
Condenser mLi

Oscillator Section

Q, ofUm'abfeCondeB

(Identicalitith

ft-fSection/

(a) -R-F Circuit

Flo. 34.

Cj-Osc. Trimmer

C% - Osc.Padding
Cj =Dist. Cop. ofOsc Coil

(b> -Oscillator Circuit

-Oscillator circuits for superheterodyne.

As a second example suppose there is to be designed a tuned circuit mrt*
r-f amplifier which requires a plate-load impedance of 10.060 ohms ji i : < I whi*
is to amplify a 1,000-kc carrier with amplitude modulation up in 5 000 cvrt*
From Kq. (35)

«i - 2.303 logio

1 - 5 X 10'
r

10*

0,0159

Let 0,

Q

L

20 Si - 0.318

\ - 9.85 •- |g [from Eq. (01)]

IZol _ 10.000

Q ~ 9.85
"

a,h 1,015 _

- 1,015

162 Mil
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LC for 1,000 kc - 2.53 X 10~'°

2.53 X 10-"

IT
~

Q

162 X 10"

1,015

= 157 md

-jjj- -g Sg
= 103 ohms.

This consists of the ohmic resistance of LCR plus the equivalent R of the

coupled load, as computed by Eq. (38).

GOO

R.F. Frequency, kc.

FtO. 35.—Closeness of tracking secured by formulas.

Design of Oscillator Tracking Circuits. In stiperheterodvnc

[,
!

v<,r* ."'ith "ganged" condenser tuning, the most common method
ZL f

n1 thc oscillator-tuned circuit at a constant frequency differ-

^ ' Tom the r-f circuits is by means of a gang condenser with identical
ens and with an adjustable padding condenser in series with the

fa ?i"
r ^'^'"n- A typical oscillator circuit of this type is shown in

c
i will „ tracking is approximate as no combination of Ch d, and^

.

Klv
}-. perfect alignment at more than three points on the dial

»nd lu
"'

.
35). These points are usually chosen near the ends

Ham i

In 'ddle of the frequencv range—in a broadcast receiver, for

41
all i'i

flt 1,40°' 1
'000, and 600 kc

-
Slisht trap(c'»e crrors wiI t exist

Portio |

r frequencies in the hand; these will be approximately pro-

ftii],
™' to the i-f frequency used. The maximum errors arc at the

'f.
of 17V

k flr>d ant* amount, to about 2 ke for a good design with an

Ci, and Ct may ho determined by calculation or by
'»hor K1.™ methods. Either method involves a considerable amount of

1^ 1110 following design procedure, due to Roder, 1 is probably the most
DE

"i IUsh, Otii'illutor Padflinc. Radio Enginerrino, Mnrrh, 1MB, p. 7.
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[S«t.

direct method of solution (six-place logarithms or u calculating mad
recommended (or all calculations)

;

Step 1. Known constants:
a. Three frequencies of perfect alignment ( = /,). (Usually 1,400, tM

and 000 kc for broadcast, rarcivcr*.)
b. R-f circuit inductance ( — L).
c. ll-f circuit trimmer capacity (— Co). (Inducting distributed ct

of r-f coil.)

d. Intermediate frequency ( = /,-).

e. Distributed capacity of oscillator coil (= Ca).
Solution to yield: Values of Ci, Ct, and £»,..
Units: All constants are measured in the following units:

/ = frequency in kilocycles.
L = inductance in microhenries.
C = capacitance in micromicrofarads.

Step 2. Compute
253.3 X 10 s f^L- = — and yn -

i/r1

for each alignment frequency.
Step 3. Compute *

253.3 X 10"

2/= — Us + x?B — xiA

where

-1 -

B — A

yi — yi
— X\

Y = V\B — ViA
B — A

and

S/ep 4. Compute

K = (xi -X)(Sl - Y) (x. - X)(vi - Y) m (i, - .Y)(,/, - F>1

where

and

Slr.p 6.

and

Step 7.

Example

:

Ste.p 1

.

»)

I = 0.5u - 0.31 25w* + 0.21S8w s

4CjK

Compute

Ci = C, X

K

Kv
21' (1 + (J.75m + 0.025c 1 4- 0.547»»)

ft I* *

Compute L (Kt f.. — mi

Let
1,4.00 kc

1,000 kc

000 kc

175 kc.

L ~ 200^h

Ct = 30

(7s - 15 w f

(The truth of these identities is a check mi the accuracy of the rntculiM
thus far.)

Step 5. Compute

S«c. «1

8t*V 2.
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St 9 U

1
1,400 i,we 04.017 0.0103365

') 1 .110(1 1 . 175 12G.B50 0.0103110

8 600 775 351. 808 0.0047424

4> ;> 5.

Step 6.

.S'fcf) 7.

.1 - 140.0120; B = 27.3531.

X = -5.1103; Y = 0.1188 X 10~ 2
.

K = 1
<j*8(i3

u - 5.3087 ;'t> = 2.5700 X 10-8 ; m
Ci - 20.17 wuf ; (h = 1451.5 M^f.
Lr*c. = 151.50 microhonries.

0.7574.

30. Tapped Tank Circuits. In some cases the high impedance of a
parallel LClt circuit at resonance Is a disadvantage, e.g., at the end of a
Mir impedance transmission line where the correct termination is about
500 ohms. However, the low impedance can be obtained by tapping
du- LCK circuit in either the L or C branch as shown in Fig. 36. The
result is a coupled circuit, that part of the reactance between B and C
tx-itiK the mutual impedance.

1. Capacity Tapped. In Fig. 36a, the impedance at B-C is

\Z*c\ - (39)

±C2

1 resonant frequency is

(a.) (b)

Capac ify Tapped I nducfan ce Tapped

FlG. 36.—Tapped tank circuits.

1

2r\IL

(42)

4I] L1
-J

jU .

Th '^Peclances Zac and Znc are both purely resistive at resonanee,
fl ratio of Ci to Ca for a given ratio between Zac and Zbc is

a = (V£: - o (43)

^fiiis of the resonant frequency, inductance, and the impedance ratio,

1
=

4irJ/r*/i \ Zjrt
(44)
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(' - s@
2. lnduclan.ce Tapped. In Pig. 3fi(j the inductance is tapped, nn

impedance at B-C is (assuming no mutual inductance Ijctwecn Li mid

If JJ.

Life
(Li

Ri + Hi

V(Li +Li)Ci
RiV(Li + LaH.'a

,
and it* are small,

and its ratio to tho total impedance Zac is

\Zbc\ _ Li*

(Ll + Li)

The resonant frequency is

/r
='

(Li + L,)»

1

27rV(Li + Li)Ci

and the impedances Zac and Zjjc arc both resistive at resonance.
The ratio of Li to L; for a given ratio between Zac and Zac is

U _ fjfie

L 2 \Zic

In terms of the frequency, capacity, and the impedance ratio.

(«

(V.

L
'

= SWtC1 ~ VIS)

4!r\j'

s:

31. Measurement of Parallel Resonance Impedance. A convonH
mot hod of experimentally determining the resonance impedance cjM

parallel circuit is shown in l-'ig. 37. i'C *

the circuit to be measured. This method
'

based on the fact that the circuit just c<j*

men ccs to oscillate when the "negative rwr
ance" of the tube characteristic is nunnricJw?

equal to the impedance, of theLC plate cirtsB

In practice, a type 22 or 24 tut in is stiti9'!£

tory, in which case B should be about
volts and C about 2S volts.

_
The potent**!

eters 6 and P control I hi: Kriel tii/is and P«H
voltages, respectivelv. The latter shoUigS
between CO and 80 volts for the H volts*

mentioned. A receiver or, other intli^J K
device is loosely coupled to LC to del <;>'[

pl

point whore oscillation starts. G and P arc adjusted until the eireuit *j|
the verge of oscillation. Then LC is short-circuited by closing tho KW

37.—Circuit for

measuring resonant im-
pedance of parallel circuit.

I'm.
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tind P i* varied a few volts above and below the setting at which oscillation

occurred and 1,he values of plate current noted. The values of and B
lire, t'f course, unchanged during this latter adjustment. The slope of

tlni''>
- h curve through the value of e„ where oscillation occurred is the

Dilutive resistance and is numerically equal to the impedance \Z V \.

If Land C are known, it can be compntcd from Eq. (28):

\Z a \
=>
p (

.

R = Lw
. lis also suggests the nse of the above circuit for measuring r-f resistance,

by inserting an unknown resistance in series in the LC circuit and meas-
uring its impedance before and after the insertion is made. By a similar
process, capacity or inductance may also be measured. The "method as
outlined is limited by tube characteristics to impedances of about 10,000
(ihms and over. .

COUPLED CIRCUITS
32. Coupling, If two circuits have one or more common impedances,

they are said to be electrically coupled. A common impedance is any
impedance so situated that it causes the current in one circuit lo influence
Iho current in the other. The impedance mav be resistive, reactive, or
notti.

33. Coefficient of Coupling. The coefficient- of coupling is

jS™ "5
. 'J any one component cf the mutual impedance (resistance,

W*ciliv<- reactance or inductive reactance) and Xi and A's are the total
Wiped hi ice components of the same kind in the respective circuits.

I

v*rirH in value between zero and I; if it is nearly 1, the coupling is

^ <>r tight; if near zero, the coupling is loose,'« Direct and Indirect Coupling. If the common impedance is a
^isUitice, inductance, capacitance connected directly between the

K„

I*5> ,Knt ~r~

X— 1

I li
ft

I 'lM
> -1 >ireot resistive coupling

Lm
\'Li'L/

-ii+ijn

-Li+£m
nductivo coupling.

'.iH
'i-.J^'c'iits, i he coupling is ilirrrt, Such circuit* are Khotvn in Pips.

'
* J

i and 40. If the common impedance is a transformer, the coupling

"l''v.

|

"'it bajx^buKMt

7,o

Coupled Circuits: Indirect Inductive
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Circuit-
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Botdvatali direct-coupled circuit: li

inductive coupling is equivalent 10 direct
tivo coupling if

Li - hi - M
L: - L.' - 31
Lm - B

where Li' and hi' are the self-iuductuncea
Frequency

Resonance Curve coils
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The notion of "equivalent impedance" (Art. 7) is a useful concept

il„. treatment of such circuits. In the present treatment of coupled

"irriiits the equivalent impedance is determined by couilnuing the various

imp*mix-dance elements of the circuits according to the laws of parallel
'

| series combination as discussed in Kqs. (5), (6), and (7).

, t //.' + A' - - /»*•' +
~ \ 2(1 - fc>)

, //.» + /> + Vu,» - m* + ifc'/aV>'

'*
- \ 2(1 ^5
*-—*—

Special coses:
a. Hoth circuit* tuned to HUBS frequency (/a — A).

A -

1

SrVXffl

1

vm vT-"t
h. Louno euupHm (A - A; it < < Li' and L%'\ Is if 0).

/l =7 A *
2fvTi7C. 2*vT.'C.

c. Close coupling (A - A; it > > Smt* and * *7 1).

£. la A J 1

\/5 ' SwViMCt

rf. Holh circuits identical.

(/ -A
Hi' - £/
?Ci - Cj

/.

*

2eV(£i' + mCi
• L

I?

is Indirect and is usually called merely inductive coupling. This
'

of coupling is illustrated in Fig. 41. Indirect capacitivc couplin

illustrated in Fig. 42.

-VWr|
L,

J vm 1

Fig. 10.—Direct oapacitive coupling. Fio. 41.- Indirect iiiduc^
coupling.

From
considered

Figs. 38 to 40 it is apparent that dircrt-couplcd circuits MM*
d :i~ networks of impedances in series and parallel, as in K'H"

k nf
L>

_JTniM^-| 1| 1-^1155*"—

dsCa dzCz

ft-www.

—

1

c, r, c*

-|(-\WA—I ||—

Fus. 42.—Indirect capacitivo
coupling.

Fia. 43.—K q u i v a -

lent impedance of

direct-coupled circuits.

The equivalent impedance of the network of Fig. 43 is

_ _ ZmZi
/v ~ 1 ~T" ry j

—

yj~
Am T &t

_ Z,Zn + Z tZt

z„ + z,
(64)

Coupled Circuits : Inductive or Transformer with Resistance

Equivalent Impedance:

here

C i rc u i

1

Current Curve

'PTrinl c iwe:
I M is variable, and both circuits lunrd to the name frequency, the current in the

"^lidarj varies with M as ahown in the lifturo.
"a* maximum secondary current occurs at

fR^Ri

•"twilain-e:

Coupled Circuits : Direct Capacitive

rcO* " zed ~ - ^)("L' ~ + j--("J- - as)
— uLi i—7r

CScncral case: Li, Li, Ci, Cs and C uu restricted.

C
' r c u it

rcquency

Res one nee Carve
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I

where / —

Co»ffikient of coupling:

CiCt

Special cases:
«. Both circuit* tuned to same frequency (A = /»).

h-hVl-k A-AVTT*
». Loose . impling (/. - /» and C > > Ci and C-\ k t§ 0).

ti*rh*rh* - *- 1

2rVZlcl ' 2r VZiel
c. Close coupling (/. - A aI,d C» < < Ci and Cj: * % 1).

/i^Oand/.i? V2A*7
2*VLiC ' ZiVloC.

d. Holh circuits identical,

j Ci - Ct

A - »

2»VlTCi

Coupled Circuits: Indirect Capacltive
K<iui vjilnn t impedance:

Z.-j

»- m. |— 4(4 1 f

C i rcu it

c -
a

frequency

Re sons net Curve

C. + C»

C.C» +1
General coao: Li, L : , C«. C», ft

nil

~ V(A* - />')' + 4fc'A»A'

A _ .^A' + A' + \/(A' - A1)' + 4*y.'A«

where A "

Coefficient of coupling:

COMBINED CIRCUITS OF I„ C. AND R

^J
Uolh*oircuits tuned to same frequency CA - A).

Loose coupling (C« + Ci) < < & and d\ k *r 0;A - A-

h ^ h ±. f
V.j. .-j ^ 1

' 2WLiCi ' grVLtCf

t Close coupling (A - A): <C. + C»> > > C.and Cj: L

A *>

A if V2A-

d Hoth circuits identical.

\ir-k

2x\/l'i(C. + 2C)
1

A^v-
SaVLid

* c« + c

z.

Coupled Circuits: Direct Inductive

BquiTnlent impedance:

+ «t» -
gig

!tal caw: Li. Li, L», Ci and Ci unrestricted, jjjt *>

A* + A" - \ (A' - A*)' + 4*'A'A'

2(1 -- *«)

A' + A» + Vlf." - A')> 1 U'A'A-

»here A -

2(1 - *•)

1

*^ *nT>oi<-nr of coupling k —

"utli circuits tuned to the

—IF-MF
C 1 rcuit

|

1

2t VlLi + L-,)Ci

Frequency

R t sonjnee Curve

/1_ vm

"/(Li +L.HLs + L,)

frequency (A - A).

* loose coupling (A - A;L» < < Li and Li: * = 0>.

1 . I

A A if A '

2fvT7cT ' 2»VLiCj
CW coupling (A - A: I>« > > ^' ""il L '< * *• 0.

A^-^ fa j_
' V2 ' 2wV2E^Ci
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rf. Both circuit** identical.

\tzt
<6, - Ct

1

2* iCi

k -

36. Use of Resistanceless Circuits in Calculations. Pitch inipcd
in Eq. (5-1) is in general of the form 7? + jX , so thai the expro
becomes somewhat involved if tin exaet solut ion is made. In many a
applications, however, coupled circuits arc also sharply tuned, whielL
tantamount to saying that their resistances arc small compared withtlak
reactances For such eases computations are much simplified witlio*
undue sacrifice of accuracy if the circuits are assumed m he resistancel3

36. Stray Coupling, because of the apparent increase m rcsistaa*
oj a circuit when another circuil is couplet! to it, spurious and unqH
tioual coupling due to stray fields and the proximity of other appiuH
may appreciably affect the resistance of r-f circuits and introduce nun»
essary losses unless precautions are taken to avoid it. Stray effects*
due principally to capacity coupling ami slrav inductive coupling. Th
former varies with the areas of conductor- ami a-c voltage* involtj
and inversely with the distances between the conductors, while the

"

vanes with ampere-turns, the diameter of the heavy current path
circuit, and inversely with the distance between the circuit and
conductors in which induced currents flow.

SOME SPECIAL APPLICATIONS OF LCR CIRCUITS
37. Band-pass R-f Circuits. If two identical tuned circuits

capacitatively or inductively coupled (upper part Pig. 1 In and b), tf
circuit acts as a band-pass filter with a band width approximately

/. =/.-/. -.
VXw' - R*

2*L

Hie band width varies with the tuning, inereasiig with the froqiie.
m the inductive case, and decreasing with the frequency in the capacH
live case (lower parts Pig. 4l<j and b). These opposing effects may'
comhtned in the manner shown in Fig. 44c, so that the band widtb|
maintained substantially constant while the circuits are tuned ovc
wide range of frequency by adjustment of C, and Ct .

Uridine 1 has shown that, this condition obtains when

Xm = + y/lt« 7 + -lir-L'-fr- (J

where R, is the resistance and L the total inductance of each branch and^
is the band width. With Xa computed for the two boundary freiiueiW*!
/„ and/* of the tuning range, the values uf .1/ and Cm required are itiven "fl

1 Electronic: p. 279, Sejitprnbrr. 1030.

COMBINE!) CIRCUITS OF I on

(57)

(67a?

BOO SOO

t a ) - Capacrlive Coupling ( ill- Induct ive Coupling (c) - Combined Coupii ng

Fio. 44.- -Coupled circuits ns hand-pass filters.

Representative values of .1/ and C» for/,,
ohms. /r\ = l() ohiiia, L = 200 X 10"« hi

typical constants of broadcast eir-
"iits. are

If - 3.2 X 10r» henry

ad

Cm. = 0.0C uf

.

The. iitduetive coupling M must
i"Kaim. so that its effect will he

J2""'ve to t hat of C„. This may

~* :ng '

Hid Ct and
ends to C.

= 1,600 kc, A
enry, and /. -

io i nat oi c„. l tus may
mined by winding the coils

,

>riB. 44) of two wires side by
"and bycomiectitiK the 'start

"

Bid Ih'c coiia'tS^K niiisb"

Wj.f;,
^coupling_ Filters,

plate current for scv-

Fig.

I—
WWWftAAAMAM/WV r*
Voltage Divider

To Rectifier and Ripple Filter

45.—Resistance-capacity filter

usage.

"nil I I
l" ,lc '

''•tic J

!l biKh-pain amplifier is obtained from a single source, the in-

liki.|'v
r

'
*' v|!*nce of the source is common to all the plate circuits and is

*Wii«,i •
IU f lls a coupling between stages. Similar couplings may exist

'i a bleeder circuit when screen voltage for two or more tubes is8k>'"iKi

tlt>|
'roin a common tap or through a bias resistor common to the con-

Rrnl circuits of several tubes. To reduce such st ray couplings to neg- •

' "."'"unts, decoupling filters are generally inserted in tiie circuits of
and separate bias resistors are used.
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A typical application of decoupling filters is shown in Fig. 45, the
elements being indicated by heavy lines. The condensers C fuj.

low-impcdancc paths back to the cathodes for the signal currents fla

in the grid, screen-grid

fi-COT

e, leads eM 6y90°apprt»

Fio. 46.

—

CR circuit for obtaining out-of-
phaac voltaccs.

plate circuits, while the
,

impedance resistors R
chokes in the leads to thet
age divider prevent any m
ciablc flow of signal currenfi
that direction. The choici

values for these resistors
i

chokes depends princ
upon the currents in the I

and the permissible d-c vo
The impedance of each by-pass condenser shoudrop in each filter.

not more than 10 per cent of that of the associated resistor or choke,
frequency .for which the amplifier is designed to operate. On the
hand, the value of C should not be so large in any filter that "bloel
or motorboating occurs due to too high a time constant.
The impedance of a choke coil (neglecting its resistance) is

X,. - 6.28/£. ohms,

and that of a condenser is

10*
Xe =

Os/c ohras

where / = frequency in cycles per second
L — inductance in hciirys

C = capacity in microfarads.
The value of each cathode resistor, when separate biasing resistors]

used, is equal to the bias required, divided by the total cathode d.<

4- J-

-jr

-f-

J L

-?0°approx.

-4
90"approx.

h must have hwR c2
et leads e2 byW 'approt.

Fio. 47.

—

LC circuit for obtaining
OUt-of-phasc voltages.

I , loads i, by approx. 90°

Via. 48. Circuit for obtaining
rents out of phase by !H) dog.

that tube. The screen-grid filler resistors serve as volt age-dropp
resistors as well as Miters, and their values are determined by the
required for correct screen voltages.

39. Circuits for Obtaining Out-of-phase Voltages and Currents.

circuits producing voltages 90 or ISO dog. out of phase are showni.
Figs. 46 and 47 with their vector diagrams. These are often useful

circuit designs and oscillograph measurements. To maintain t'"

phase relations, high impedance circuits only should be connected
ei and ei.

art*

Sic *l
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\ circuit for obtaining currents 90 dcg. out of phase with each other is

shown in Fig- 48.

To utilize l hese currents, non-reactive loads Rl and Rc arc introduced,

„-jth values such that RlRc = L/C and Rt. = Rc.

Rectifiers

Rq

s

Co

D
Below* > Above

resonance resonance
Fio. 49.— Frequency discriminator circuit and curve.

40. Frequency Discriminator Circuit. The frequency discriminator
circuit shown in Fig. 19 is applied in automatic frequency control, fre-

quency-modulation detection, and frequency-drift indicators, etc. Lid
ami /./'. are tuned to the same frequencv and doubtv coupled: (1) direetlv
at H and (2) inductively by M. After
rectification, n bias E is obtained which,
between limits C" and I), is proportional to
the difference between the frequency of
the input voltage and the r-esonance fre-
quency of LC. The time constant of U C
Mould be much less than the period of one
ryclcof the frequency variation in the in-
Put volt,age.

11. Compensation in Resistance-
toupled Amplifier. In a conventional
"esislaiiee-eotipled amplifier (Fig. 50i the
™ipiification falls off at low frequencies because of increasing impedance
w and at high frequencies because of the shunting effect of stray

Im'J
' l:

!

nt (; ,v''le-band amplifiers, tlie compensating impedances/,
W^ niC, are added. For approximately constant gain between frequencv
'""'Widow) and/, (high).

a
"4

Fio. 50.—Compensated re-

sistance-coupled amplifier.

(58)

'*nhs
t

/
,1P comPcnsa '''011 a 'so tends to correct for phase shift near the

RECURRENT NETWORKS
<jf£ general Types. Recurrent networks are iterative combinations

j-j i and R, such as those shown in Fig. 51.

Itten. '/'"ismission characteristics of such structures vary with fre-
cv.in a singular manner and introduce both useful and "detrimental

***toti"|
N Kxainplcs of recurrent networks are trans-
ines (actual and artificial) and wave fitters.
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43, Terminating Conditions for No Reflection and Maximum Paw,,

Transfer. If a recurrent network is terminated at the »th suction ifl
impedance equal lo iis image impedance, then- is no reflection at m
termination, and the network behaves as though it had an infinite numb*
of sections, in so far as its input terminals are concerned.

m t-2^» -r**2 oo

^•1 - Generalized Recurrent

Netwerkj

(bl-Sptw'CKctSeorferitNthork (CVSpcpolCucrffttaxrerrlKchnrk,

«itti NejIijHeRcMtaw •W NtglgWs Rtsutaa

Fio. 51.—Types of infinitely long recurrent network structures

Jeoo

A long lino so isolates its terminating impedances ; i tie -oiinr and lotd

impedances that the apparent value of each as measured I"rem I he oppo-

site end of the line is very nearly equal to the line impedance and pr»
ticnlly independent of the terminations. Consequently, to obtain*

maximum transfer of power from source lo line and from line lo loadJH
source and load impedances must equal the characteristic hn pedant*!

the line, or be niatclied in the linejf

£ L L K K L L 8.8. L transformers whose turns ratioftfl

equal to the square root of the jH
of termination and line impedance*

A line terminated in its eharacterikj

impedance at both ends also bfl
minimum reflection iron, its ten*

mils, and in general a line lliusop*

ated has the lowest total t ransmisMp
loss.

In a structure having lumped ec*

stants, and terminated at one of its scries elements, tin- -cries impeclan*

in each end section is one-half the value of the series impedance in *
internal sections (Fig. 51). If the termination is at a shunt elenif*

the shunt impedance at each end is made twice the shunt impeded
in the internal sections.

44. Transmission Lines, Transmission lines are recurrent strut^H
having continuously distributed impedances. Two wires in space lu

besides their ohmic resistance, shunt capacity and scries induetaw
are thus equivalent to the recurrent structure of Fig. 52, where

and It arc the constants of a very short length (A/) of the line and
conductance due to leakage between the wires in the same length

Fio. 52.—Line constants.

45. General Properties of a Transmission Line.

ante is

-v, ohms

The characteristic

\Z,

'lo \/Z«Z» ohms

ohms

COMBINED CIRCUITS OF I., C. AND R 159

here and Z* are the input impedances with the far end open- and short-

rirruit'"'.
respectively.

The i>
r"l l"Vat'"" constant is

P r- y/{ft +juD{G -rj'toO - A +jli (02)

R I..G. and C being the resistance, inductance, leakaneo, and capacitance per

nit length of the line. ,

Attenuation Constant. The real part (.4) of P is the attenuation constant

:i!l>l i?

. 6.141 V^VC* 1 + u'-L*)(G t + «*C
-

') + RG - cu
JLC db per unit length

Wate-lcngth Constant.

constant and is

B - 0.707y/V(R' + (P-

(63)

The quadrature part (A!) of P is the wave-length

+ w'C'1
) - RG + u2LC radians per unit length

(04)

The velocity of propagation is

1 = B
" unit lengths per second

The ware length is

The retardation, time is

2t
unit lengths

B
t — — = -r—; see. per unit length

u 2rf

(65)

(66)

(07)

Input Impedance of a Line Terminated at I'm Far End by an Impedance Za .

t*t Z, — input impedance of the line
'/« = characteristic impedance of the line

Z. - terminating impedance at the far end

y — propagation factor.
"* input impedance of a lino so terminated is

,~>sh o + Xo sinii e

cosh o + Zo siah 5]
(OS)

l.ttU"

ri:i<

1

projxigation factor is

Win. ,

6 = <69)*hcre / = longth

i P " propagation constant per unit length.
*y the communication field, transmission lines may bo classified according

gj*
1* frequencies they are used to transmit, as a-idio- or radio-freguency lines.

H*jln<!d forms of tho general transmission liee formulas result from the
""auction of approximations appropriate to ci>ch case.

{
.
*6. Audio-frequency Lines.
118

negligible, so that
In open-wire lines and large-gage cables,

A = 6.14VuCy/K* + u'L* - 0,'LC db per unit length (70)

B K 0.707V«C\//if+ m'L1 + <^LC radians jwr unit length (71)
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and

In small-gage cables, both L and G become negligibly small, and

A =. 15.39\///iC db per unit length

B = \.172y/fl{C radians per unit length

|a
i

1

f

v

/
y

S __
-

1 1

—
... mr*Mr Lmf r

"
1

; .

:>' • : - -.'">.;

CUV'
.J—

frequency, cycles

FlO. 63.—Transmission-loss characteristics of various audio-frequency ci

IJ

ZO

«0 HQ I0O0 Z0O0 4000 6000
Frequency, cycles

Fio. 5-1.—Attenuation-frequency characteristic of equaliser shunted
a 500-ohm circuit.

In both cases the attention is seen to vary with frequency,
transmission-loss frequency characteristics of various kinds of a-f cir

arc shown in Fig. 53, and other characteristics of typical audio
are shown in Table 1 1.

47. Equalization of Transmission-loss Characteristic. From
_

curves in Fig. 53 it is evident that if a band of frequencies is transmi
over a line, the higher frequencies will suffer more attenuation than
low frequencies, resulting in distortion. The prevention of this condif
necessitates the use of attenuat ion equalizers in high quality circuits,

typical 5,000-cyele equalizer for this purpose and its transmissions
curves are illustrated in Fig. 51, and the curves for the bare line, equal'

alone, and the equalized line are shown in Fig. 55. The equalize'

S«. el
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usually connected in shunt across the receiving end of the line, preceding

,ther apparatus.

400 600 WOO" " KK» 4000- 6000

Frequency, cycles

Fig. 55.—Attenuation equalizer for short cablo circuits.

48. Artificial Lines. An art ificial line is a compact network of lumped
impedances to simulate the electrical characteristics of an actual line.

Rich a network having approximately the characteristics of an unloaded
Nfble or open-wire circuit nitty be constructed as
nhown in Fig. 56 and is useful in laboratory meas-
urements and investigations.

rite constants A\ and (\ are the loop resistance
wid capacity of the full length of the line to be rcp-
BMlted. For standard cable li, = 88 ohms and
gt"0.05W per loop mile; values for various
"tlier lines are given in Table II. As the similarity
between the artificial and the actual line increases
*'tli the number of sections in the former, it is

Preferable to use at least ten sections, and not more
"wii I mi],. „f cable or jo miles of open wire should be represented by one
•***'••»•. The end sections should bo "mid-series" terminated

—

i.e., their

Hi unpedances should be one-half that of the internal sections.
49. Rc Filter for Small Currents. An economical UC filter for small
wrents as suggested by Scott 1 is shown in Fig. 57. An especial feature

is the shunting circuit through Ra to

feed voltage 180 dcg. out of phase
to the point X. This can be ad-
justed to give ft very high attenu-
ation (it one particular frequency
which it is desired to eliminate. As
shown, this filter is low pass: a sim-

Rr Rf Rf Rf

20 20 1U 20

Fiu. 50. —Artificial
non-loaded cable.

J1*WWWr www -l

-^tlTc Tc T° T°
a

f*~ SC filter for siniill currents.

j^'Rli-PHss structure can he made by transposing the Jt's and C'a.

*rit<

"
es 'stance Pads, llcsistance " |>ads are artificial lines whose

^

and shunt elements arc pure resistances and arc used principally
Scoit. II. H., Electronic* Aupist, 1030.



162

u
S =

..2 ^

S9

s

O

RADIO ENGINEERING HANDBOOK

as attenuators in a-f circuits. The amoq
of loss caused by insertion of a pud in.
circuit may be accurately computed anj
is independent of frequency if the terming
ing impedances are resistances.

Either r or T structures may be used !l.

pads, as shown in Fig. 58«. Both are elec.

tricaily equivalent, but for identical value
of loss and impedance one type may rcquin
resistors of more convenient values than the

other. A pad which is to he used in a cir-

cuit that is balanced to ground should be of

the balanced ir or T type; otherwise tin

unbalanced network is satisfactory aoi

requires several less resistor^ to build.

61. Pad Design. To design a pad, thne

cojistants must be known: the input and

output impedances and the loss in deeibek
The input- and output impedances of a pad

arc usually made equal to those of the cir-

cuit to be connected to it. The design

procedure depends upon whether these art

equal or are different from each other,

1. Equal Input and Output ImpcdaiU
In this casts, the value of each elomapfl
found by multiplying the proper constafl
selected from Table III in connection will

Fig. 58a, by the value of the input or outpm

impedance Z in ohms.
Example: To design a 10-dh. .">()(> aOO-ota

pad of (he l>a!;!Tnvt! V type: J-Yum T:ilile 1H

for 10-db attenuation, a = 0.S1US (lien*

at-- 0.2307) am) h - 11.7(127. Then *
required resistances are 0,2597 X 50" "

129.85 for the scries elements and 0.703" *

500 - 351.35 ohms for the shunt element.

2. Unequal Input and Output Im ix-d't*"*^

In this case, the design involves mine coinP?

tation. The value of each clement is'

cated by Fig. 58ii, the constants of which
to be found in Table III. The ratio of in?*

to ontput impedance (or vice versa) oj.

pad of given loss is limited by the fact m*_

for large values of the impedance ratio <*£

tain of the pad resistors would have to
"J

negative in value if the loss of the pad v;:,

to bo below a certain minimum value. *K
maximum impedance ratio which a lu

7ji

pad can have, for example, is 3.018. Stftj

in another way, this means that, if the in>R^,

ance ratio of a pad is to be 3.018. its '

must be at least 10 db. The maxuowj
impedance ratios for various values of PJ,

losses are also given in Table III. These

the same for both ir and T pads.

Sec- 6!
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B oloneed TT Pad

aT

Unbalanced Tf Pad

~ *
Z~
~

f
*~

S. a
2 T

Balanced T(orH)Pad Unbalanced T Pad

Z -InputImpedance -Output Impedance
Fio. 68a.—Equivalent balanced and unbalanced pads.

—WMAA—

Balanced 77 Pad Unbalanced Ti Pad

-vwvwv-

—

~A~ *

—

C~ AWWW—

-

C A
-vwww—

A

—pA/WWW-

*\c~~a2 i\
Bolonted T (or H) Pod

Fig. 58I>.—Pads to lie used between unequal impedances.

Unbalanced T Pad
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Table III.

—

Constants foh Pads or Fro. 58

Loss,

deci-

bels

0. 1154

0.3523
0.4770
0,(5034

0.7472
O.K'.Hill

l n.371

1.2320
1.421S

1.6324

2.1223
2,4007
2.7230

4,0522
S.8312

15.800
28.004

50. 000
SS.92S
158.1

1.007
1.027

1.060
1.106
1,170

1,248
1.343
1.455
1.586
1.73S

1.914
2.117
2,246
2.605
2.901

5.052
8. 313
15.830
23.112

O.1150
2253

0.3326
i! 4305
0.5102

Q.59S9
0.8673
0.7264
0.7763
0.S181

11573

1140
7 HI

8,664
4.305
2.S38

2253 2.097
2 Mil I. MS

3323 1.330
3S25 1,110
4306 0.0462
4762 0. SltS
5185 7027

0.S527 0.6601
O.S814 0.5988
0.0040 0,6343
0.0235 0.0(573

0.93S7 0,6931

II MVIL'

O.SMII
0.01)30

0.0:194

1/5

0.1154
0.2323
0.3523
0.4770

l/o

17.39
B.724

5.348
4.410

1/24

O.dIM 3.570

0.6127
0.5359
ii 4712
II., 1 155

0,3672

0,8182 0.2020
0.5932 0.1128

93SI D.O0S31

0.9049 0.03560

50.0094 0.0993 0.9302 10. 020000
SS.D33 0.9909 O.ilswij 01124
15S.102 1.0000 0. 9937 10 006325

0.7472
US
1.0570
1.23211

1.4218

1.6324
1.8659

2,1223
2.4067
2.7230

4.0522
8.8612
15.300

3.009
i! 015

2 323
2.100
1.926

1.785
: t.70

1.676
1.498
1 . 132

1 222
I.1UI

I 005
28.094 1.036

0.0577
0.1161

1761

0.23S5
0.3042

0.3736
0.4480
ii r.m
0.6160
0.7109

0.8162
0.0329
1.0611
1.2033
1.3015

2.4761
4.4306
7 000
11.047

50U
1 .531

5.000
. 15,810

100 50,000

50.000
SS.92S
15S 10

500 1 .0000 '0.9980 002000 500
1,531 l.OOOOjO 9904 0.000882 1,531
5,1101) 1 0000 WHS il;!D0 5,000
15,510 i ijooo (i v. j iiooiiiiaa is.sio

50 ,000 1 . OOflO i MOO 0,0000200',y.i
, 000

J III
I

ratio

1 Ml

1 «|
1 111

l &
1.3,

l.SS

1 H
2 in
2 MI
3 ,;

s.m
4C.
5

O.Ni

8.41!

as.a
7S.K

239.5

780.1

1.02B 25 000 2.500

1 Oil' 44 464 7.909

1 .009 79.050 24,969

1 002
1.001

1,000
1.000
i rem

250
700

2,5(1(1

7,905
'5.00(1

,4 — sioh 8

B m cosh S

C ~ tanh 8

loss in decibels
~ ant

o = -/* — T

Maximum ratio ^ or * l' z

Example; To design a 20-db 500/200-ohm pad of the unbalanced it tyP1*

Zi = 500 ohms, = SOD ohms

From Tablo III, A = 4.9522 and B = 5.0522. Then,

Input shunt element - - „
Zl^*^=^ = 713 ohms

Zjls — y/ZiZ*

Series element = \ZZ\ZtA = 1,507 ohina

Output ehunt element - Z Z,A

zji - VZ1Z1

, of R-f Line,
and G usually become negligible ay compared

= 430 ohms

X
52. Characteristic Impedance of R-f Line. At high frequences

' with wL and uC, reip^

VOMIilNM* CfhCUTTS OF L, B, AND R Hin

,i ,i« The characteristic impedance of a line at radio frequencies is

the"

J5o = \£ ohms (74)

where L and C are in henrys and farads per unit length.

1. Special Case: Line of Two Parallel Wires. In terms of the dimensions

,)f lb' li:»'

2$
Zt = 277 logu -v ohms (75)

fot parallel wire, whore • is the spacing from center to center of the wires and

d the diameter, both betrut measured in the same units. Equation (74) is

bused on the assumption that s is at least ten times d and that the height of

If—
1 L
1

3
—

>'

_1i *\
i •A

aft -*-*"

sl-
1 /

Y s
S

1

i 6 l j it 14 10 IS

Spues nineties

FiQ. 50..—Characteristic impedance of open-who r-f transmission lino.

tnc line above the ground is at least ten times s. The characteristic imped-
"nrcs of open-wire r-f lines of commonly used dimensions are shown in Fig. 50.

S;«c£uf Case: Line of Two Coaxial Conductors. Radio-frequency lines

*J°
°'t constructed with one conductor in the form of a metal tube and

r?6 other a coaxially placed wire or tube of smaller diameter. The advantage
">+. construction lies principally in the effective shielding that can be

filled by Krounding the outer tube,
•he characteristic impedance of a tine having such coaxial conductors is

Za = 13S.5 logio — ohms (70)

outer and
05 ohms.

inner conductors are
the ] r> is the insi<le radius of the outer tube, and n is the outside radius of
,._U)rier conductor. For a line wl
actively yA and H in. in diameter,

t'j
°.th cr Properties of R-F Lines.

a°city of propagation is

1
.
186,000 miles per second (77)
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Wave-length constant is

B - w\//jiC: rudiaus ]>er unit length

(

radians per mile

Wave length is

X -

180,000
1

2x I

wVXiC, fVL,C,
180,01)0

unit lengths

miles

3O0.UOO.()f)l)
meters

i Sec.
|

(78)

09)

(SO)

(81)

(81)

A'i :'!)'!kit Fl .'.'l»C IS

t v vXtCi sec. per uuit length

= S.39 X 10_< see. per mile

. I «t « w< i( omaftMi is

4.346fi^j dh per unit length

For parallel wires this heroines

0.0157/?
A = j— db per unit length

log 10 j-

S*-«l

where /J loop resistance per unit length
I — spacing of wires, center to renter
d • diameter of each wire, s and il being measured in tin- same uniU I

Kor coaxial conductors, the attenuation is

0.031.1/?
A = -— db per unit length

logio j

(871

where i? — loop resistance (sum of the resistance of the two conductors)!
r„ = radius of outer tube
n — radius of inner conductor, ro and r, licitir, measured in the saml

units.

64. Input Impedance of Line Terminated in Impedance Z„ at I*

Far End. Special Cases for Rodin Frequencies. At high frequencies tji

attenuation constant .1 of a line approaches zero, and the propagati*
constant is nearly equal to the wave-length constant B,

P = jB = fay/LC
and from Kq. (69)

= IP — jlB = jwlVLC
Then Kq. (68) becomes

„ _ „ [Z„ cos IB + JZ,, sin IBl .

Zi " ZoUo coT/B + jZ« sin /«
I

ohm<

COMBINED CIRCVITS Of L, C. AND R ir,7

Thi< input impedance has certain interesting and useful values when the

length of the line is a multiple of a quarter- or half-wave length.

1 iincs Quarter-wavi Length Long. In this case

I

Then (M) reduces to

g B = ^, and //i =
£

Zof

Za
ohms (91)

Owing to this property quarter-wave lines arc made use of as impednnee-

iimtciiing transformers. If, for example,

impedance is 'A; is to he connected to an

antenna system whose input impedance is

Zb .a quarter-wave line having character-

istic impedance Za = -s/Z^Z-i is inserted.

Since /J : = Z„, the impedance facing the

line is Xi — ZiZi/Z-: = Z, ohms, ana the

impedance facing the antenna is Zi =
'/.'/, 'A \ = Zi ohms, whii'h results in a per-

fect impedance match at each junction.

Quarter-leave Line Short-circuited at Far
Bad. In this ease, '/., = 0, and Z,

,

= «.
Such a line is thus antiresonnnt at the radio

frequency corresponding to four limes its

length and is often used in antenna systems
to by-pass low-frequency current around
large r-f impedances, for melting sleet,

wen a use is illustrated in Fig. (iO.

Qunrtrr-ieavc Line Open-circiiilrd tit the

rarKiiil. In this ease Z., = *, and Zi =

a line whose characteristic

*y Transformer
* Stct/m

line

FlO. 60.—Use of qunrtoi-
wnve short-circuited line

to by-pass low-frequency
currents for sleet melting
without disturbing the r-f

impedance of the system.

Such a line thus has praeti-
c»lly no impedance at the r.f. which corresponds to four limes its length.

Hntf-ieuve Line Terminated in Impedance Z tit Far End. Here, / = X/2
jM/B = x. Consequently Kq. (90) becomes

Zi - Z„ (92)

Thus the input impedance of a half-wave line is equal to the termination
"npodnnce at its far end and is independent of the characteristic imped-
ance of the line.
.Lines Whose Lengths Are Integral Multiples of Quarter- or Half-Wive

J*'*"
1
- Such lines can be shown to have the same properties as quarter-

?* J>alf-wave lines, due to the periodieitv of the sine mid cosine functions
n

!90).

; Termination Impedances at Radio Frequencies. At r.f. proper
* rn

J»iMliiin of lines is even more important than at a.f., since reflection
. suhinjr

from mismatched impedances at the junctions produces stand-

n(
£ jvavr-.s which in turn cause radiation along the line and a decrease in

j. "'lciic y. Impedance irregularities in a line also tend to set up reflec-

r '[!
s

i and bends in the line should Ihereforc be gradual, with a minimum

*hi l*
an°ut one-fourth wave length. For the same reason the line

of
'Uld l„.

|; ,. |)t i,,.,^, ( ,ne-fonrth wave length) from large masses
"'lucting or dielectric materials.
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t>6. Efficiency of Lines at Radio Frequencies. In a properly
structcd and terminated line (he power losses are prurtiesUly all "due
the inherent ohmic resistance <if the line, and the efficiency may
fairly high. For ordinary designs, the efficiency is approximately

(100 - 21) per cent
(

where I is the length of the line in wave lengths.
67. Tapered Lines as Impedance Transformers. A gradual snr

changc with length in the inductance and capacity of a line causes
I

characteristic impedance to vary along the line and can be shown
introduce no reflections. Consequently a .section of line with van
spacing or diameter of the wires is, like the quarter-wave-length lin

useful impedance matching transformer, the dimensions being so ch:
that the end impedances of the line equal their respective terminal
impedances.

WAVE FILTERS

68. Wave filters are lorms of artificial lines, such as those of Fig.
and c, purposely designed to transmit efficiently current in a desired b;

of frequencies and more or less completely "to suppress all other
quencics. The boundary frequencies between transmission bands
attenuation hands are called cutofffrequencies.
The following brief discussion of wave-filter design is intended to se

as a guide to the design of simple filters for use where the rcquircmt^H
are not very severe. For complete information concerning the dor
of filters to meet more exacting specifications, the referi nces listed iuj,

bibliography at the end of this section should be consulted.
Fillers are divided into four classes, according to the frequency b

which they are intended to transmit, viz., low pass, high pass,
pass, and band elimination.

69. Losses in Filters, and Effects of Dissipation. The elements
ideal wave filters are always pure reactances; practically, however, sT
dissipation must always be tolerated owing to the resistance of coils

'

condensers, but this is made as small as possible by employing hit
elements.
The terminating impedances of a filter arc usually resistances equal!

value to the image impedances of the filter. Then the loss within
*

transmitted bands (except near the cutoff frequency) is mainly due
dissipation in the elements and is usually small. In the vicinityOf cii*

and the point ofmaximum attenuation, the total insertion loss of a I

involves the reflection and interaction losses as well as the attenuate
The loss elsewhere in the attenuated bands is very nearly the
of the attenuation constants of the various sections, minus a gain
approximately db which is due to reflections resulting from impeda""
mismatches occurring in these regions. Methods for the exact caleU
tion of filter losses are beyond the scope of t his handbook hut areavaihi-
in the published works of Zobel, Johnson, and Shea.

60. The Basic Filter Section. The basis of filter design is ih>'

L section, consisting of a series element Z\ and a shunt element Zi
shown at L in Fig. 61. The relation of such a section to an infinite lin"

also indicated. In a wave filter, where the number of sections is finite a*
small instead of infinite, symmetrical sections are used. These are eith*
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T or r networks as shown at b and c in Fig. 61. The T section may be

tiered as being cut from the infinite line (Fig. 61a) at the mid-points

',.«) of two consecutive scries elements Z\ and is said to be "mid-series

terminated." The * section may be considered ns being cut at the mid-

Stats (b-b) of two consecutive shunt elements and is said to be "mid-

2

(a)- L*Section,showing Relation fo Infinite Line

(a-a) « symmetrical T section

(b-b) is symmetrical 7! section

2
-VW\AA ° VvVWW-

7b»

r>2Z,

(b) - Symmetr teal T-Section

cut from infinite line of (a)
otfa-a) .This section is

"mid - series terminated

"

(c)- Symmetrical Tf- Section

art from infinite line of (a)

ort (6-fr).Thi» section is

"mid-shunt terminated"

—wwv-

: 27. .

'd ) - Symmetrical T - Section (e ) - Symmetrica I IT-Section
divided into two half-sections by divided into two half-sectionsby

^placing Zs with two parallel replacing Z, with two series

^pedances each of value 2Z2 impedances each of value Zt/2

Fio. 61.—Equivalence of T and * networks.

c)!!!"
1 ''"rininatcd." (To form a mid-shunt termination, each full-shunt

vali"
(

'
s "'I'hiced "n equivalent two impedances in parallel, each of

|J, 'V *j?s. ) Father a T or x section may be divided into pairs of equiva-

6i t swt 'ons as shown at d and e in Fig. 61.

in„
' Types of Sections. 1. ConstanLK Sections.

_
The simplest and

Z
y „

[""'inmon type of filter section is that in which the impedances
Rd are so related that their product is a constant

X Zs - K 1



171) THE RADIO ENGINEERING HANDBOOK s«.|l Sec el
COMBINED CIRCUITS OF L, C, AND B

at all frequencies, From this it derives its name "constant-if" sort
The configuration and circuit constants of the four classes of eonstal
Sections arc shown in the filter-design formulas in Art. 05. The'
impedances of mid-aeries and mid-shunt, terminated constant-^ secti
within the transmission bands are functions of frequency, but'
approaches tins value A" at. some frequency within the band,' The v«
A' is therefore taken as the nominal resistance of the constant- /(J
for design purposes. If a constant-K section is used with one or

"

of its terminals connected to a pure resistance of value R = }{
impedances will, be mismatched for all frequencies within the tninanjW
hand except one, and the actual insertion or transmission loss of thel
will be increased by reflection losses at the terminations. This cs
an even more gradual cutoff for the eonstant-A' section than its atte
I ion curve would indicate.

10 fi u m i.4 ii. \t

Flu. 62.—Effect, of m upon sharpness of cutoff in a low-pass filler struo*

2. m-Derived Sections. Jn many filters, a sharper cutoff that, .

given by a constant-A" type of structure is required. Such a characttl
istic may be realized in the ^so-called m-derived section, which is rlue V
Otto J. Zobcl. 1 This type of section is derived from the cowtaiH
section as a prototype but is made to have sharper cutoff thnnjH^
prototype by the addition of impedance elements in either the shunt

«

series arms so that infinite attenuation occurs at some frequency be^H
cutoff. Each impedance of the m-typo section is related to those aOM
constant-^" section by a factor which is a function of a constant m.
latter is in turn a function of the ratio between the frequency of in^H
alien nation and the cutoff frequency and may have any value bet*jW
and plus I. The sharpness of cutoff increases as m approaches ^

This effect is illustrated in Fig. 62 for various values of m. It will ®°

noted fluil, when m is equal to 1, the structure is identical with tl*

constant-A' structure. Also, from Fir. 62, it appears that from the vi
point of obtaining a uniform degree of attenuation throughout
attenuated band the combination of a constant-A' section (w
(having gradual cutoff but large attenuation remote from cutoff)

'

one having a small value of m and sharp cutoff (m = 0.3, fur exam

I Bdl System Tech. four,, January,
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, .,,,1, 1 be desirable. This principle is valuable in the design of composite
filters.

3. Sk it nt -thrived mid Series-derivedm Sections. Two forms of m-derived

Mtions exist; if the extra impedance is added to the shunt arm, the
[nMit.ii>" is called series derived, while., if it is added to the series arm, the
jectioll is called shunt derived. (See illustrations of derived sections

under Filter-design Formulas, Art. 05.)

62. Assembly of Sections into Filters. A filter may consist of any
number o( sections from a single one-half section to five or six full sections,
Spending on ttie amount of attenuation of unwanted frequencies
required. The amount of attenuation in the rejected band depends upon

O.M.WR
2

tv\W

Sol z,

*-2Z,

(d)

mZ, inZ,
2

a aim am % 2m' 2m -
c Rfc±- Rfc $ i-m*
r- 7*

Ih)

i n g I e Sect
Series-Derived m-TypsSitten I Fc = Cut off Frequency
ond Half-Secti'on.Mid-Shunt It -TsrmmoKngS-sirfqna

.Terminated, I m-0.6 \i Erarnples

Shunt-Derived m-Type Section

and Ha[f-5ectiQn,Wkt-5erie5
rerrr'r.a"ted

ju r,,
mt

!
ll!l( '

1 ' [| f "Iter sections used, while the shape of the transmission
depends upon the types of sections employed.

st'Hi !
le_llalr - ana One-section Filters, if a half section or one full

i

([

is used alone as a filter and the requirements regarding the

nt J'J
1

!'1 ' not too sharp, an m-derived section is usually preferable, with

lermi ' W 'N provide the best impedance match with resistance
" ,ltions. Either of the structures shown in Fig. 03 is suitable for use

fio. 03.—Half-section compared with full-section structures.

JJteriii illations of resistance fi.

uf i!'
Multi-section Filters. Filters

r ,J types:
having more than one section are

A './pes:

'J'"' "I filter is one in which all sections are identical with the

•WtahiV'J
of the onr' sections. The latter are ordinarily half sections

\ ff,r connecting the filter to its terminating resistances.

•iili, TI

,
.""''"*'te filter is one made up of two or more sections having
'd characteristics, each of which is designed to contribute some
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especial property to the characteristic of the filter as a whole, l or e

Sle, one section which has sharp cutoff but a diminishing nttcnu
cyond cutoff may be combined with another section having a

cutoff and increasing attenuation beyond as shown at 1 and II in FijrJ|

The resulting composite structure will then have both sharp cutof
high attenuation beyond, as shown at III. In general, constant,
sections have gradual cutoffs with increasing attenuation beyond,
m-sectiona with small values of m have the sharpest cutoff char
istics. Still other types of sections may be added to match imped
at the junctions of the filter and its terminating resistances, or to fu

alter the transmission characteristics.

10

zo

3 30-

? 40-

50

60

Curve I-decthn mfh
Sharp Cutoff

CurveEjection with ffrgh

Attenuation after Cutoff

CimeBt-Resuttanicifthe
Composite Fitter;mfh the

Combined Effects of
$eth Sections

Frequency

Fio. (14.—Transmission curves for composite low-pass filter.

In a composite filter it is essential that the image impedances
matched at each junction of the component sections, to avoid reflectajl

losses which would impair the transmission curve of tin; filter. Likewis

the end terminations of I he filter should as nearly as possible match W
terminating resistances. One of the principal advantages of the wi-W
structure is that its image impedances can be made identical with oflW

m-type sections or with constant-if sections; or they can be made. 14

approximate resistances over the transmission band fur termbiaOTj

purposes, A complete analysis of the impedance conditions within*

wave filter is not possible in tin; limited spare available hen- lad maf}
found in the References listed at. the end of Lliis section. Tint folio*"

will suffice as working rules in designing simple filters for ordimo

requirements:

End Terminations. Hesislance. A mid-ahunt termination of »
derived TTi-typc section or half section, or a mid-series terminat ion of a sa011

derived section or half section, with m = (Mi in either case.
For Parallel or Series Connection with Other Fillers. An 0.8-SSIM H

stant-JC section or half section (i.e., one terminated in a series arm equ»
0,8 of a full series arm, Z>).

Here, as well as in the two preceding paragraphs, the imams inip c '
ul

jy

of the internal section next to the end section in either case must matcB^
image impedance at the inner terminals of the latter, in accordance wi*

following. cjl**

Internal Junctions. The following terminations of the types °*JH
sections for which formulas are given in Art. 65 may be joined U)V
without impedance mismatches at the junction points: .

Mid-series termination of oonatant-K type to mid-scriea tormina*1

series-derived m type.
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j[itl-.dr.i:n termination oi cnnsl
i
- A" iypc to miil-slm.it termination of

Jiunt-dcnved m typc.
s

Mid-series termination of constant-^, series-derived m type or shunt-
derived Hi type, to mid-series termination of another section of the same type
Mid-shunt termination of constant-A", series-derived m type or ehunt^

derived m typo, to mid-shunt termination of another section of the same
type.

(Notj...
,
In the fatten- two cases, the values of m in the two sections to be

joined, if they are of the m typo, may be, and frequently are, different. Both
actions must be ol tee same type and termination, however.)

86. Filter-design Formulas. Formulae for calculating the capacities
and inductances of constant- fiT, series-derived wi-type and shunt-derived
.,,

1
1
pe basic sections are given in the following pages These are
wed in terms ot R, the terminating resistances, the factor m andM values of /„ the cutoff frequency, and other critical frequencies

llicsc factors must be predetermined on the basis of the fidter require-
and the eonsidera lions outlined above

I. LOW PASS FILTERS

ta)-ConsW/fType

'—<W&~*—

p

"ft Frequency

^•JfTR

iblm-DsrivejfType
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II- HIGH PASS FILTERS

la)- Constant K Type

C,

•—II

—

r. '

t

ft

Frequency

6
Frequency

<b)-m- Derived Typts

Series Shunt

Series 5 h ant

r 1 mR

4nftm
c,

~4nr,m>i

at
i -A.

Frequency Frequency

M- BAND ELIMINATION FILTERS

{oJ-Constant/fType

ft-

fifell

I

>~4m,-rg)R

ft fmfi

Frequency

. R

Frequency

* XHtof,
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m- BAND ELIMINATION FILTERS {continued}

t b) -m - Derived Types

Ef. SAND CASS FILTERS

(a)-ConstsntflTType

' 4J!f1f,R

f, $
Frequency

c I

ft fi

Frequency
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VI. BAND PASS FILTERS (continued)

ibi -m- Derived Types

ii4

Series

c, c; J&© I

ienfs Shunt

, m#

(fcjSLw
4nify»8

L * aR (&-f,W
** ~,(f2 -f,l

** 4nf,f2 a.

r ift-r.) r'
*

6R
2~n(frf,i

c>. Qri) * tn

Frequency

h

TO
**% * 'no'

Examples of Filter Design: 1. Single-section Filter. Required: High
single-section filter to be connected between resistance terniinatio

R = l.OOO ohms, with a cutoff frequency of 1,000 cycles and maxi
attenuation occurring at S00 cycles.

To seeure the attenuation peak at 800 cycles, an m-typo filler sect!

required. Either the shunt- or series-derived type may he used. C-b<*

the latter, we have from the filter formulas II (6) , Art. 65. in which /i E.

cycles, fi x — 800 cycles, R = 1,000 ohms, and m — 0.6,

Ci = 0.1325 X 1CT' farad
L: = 0.1325 henrv

• Ct - 0.298 X 10~ ' farad.

From the considerations involving impedance matching at the end teriniL

a mid-shunt termination facing each resistance termination is seen to be

_ I0QQ-"-

5 Load

ZL2 ,

lOOOM % """" £
Source

1 | Cj r-., ] Cs --

1000-"- Low Pass Fitter

R-IOVOohms

Fig. f)5. -Example of single-section filter.

able for ft series-derived section. Hence the structure of Fig. 03/ is indie*

One full-series element (CO will be required, with a double-impedance r
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rrn (2Lt + f-s/2) at each end. The completed filter will then be aa shown

i, ViK- <J5.

«. MuUi-scOiion Composite Filter. Required: Low-pass filter to. he con-
,,"[(.

1
1 In- [.ween resistance terminations of R = 000 ohms, with sharp cutoff

I 1000 cycles and high attenuation beyond.
'1'iiero la 1*0 unique solution or "best" filter design for this problem. A

number of fillers might be designed to meet these requirements, each of

vhich would serve as well as any of the others. The relative merits of differ-

r n1
will ilopund upon their economy of coils and condensers in accom-

ptishinK t.he required results. One suitable design is shown here:

0.07/5 ^'-0J3I

-nsw^\—
=0.057?

-rQ-
_ -2ct'0.mx/o

^ =0.0159xlO'
6

Fig. Cii

m=0J5
filter for

Conslant-k m-0.S
use between 600 ohms with sharp cutoff at

1,000 cycles.

Itl the input-end section be a half-section mid-serics-derived m type, with
il< mid-shunt termination facing the input to match impedances at that point.
Let m - 0.4 for this half section to give a sharp cutoff.

Q10S7
V.Q57?

r°600ohm

Source

To 600 ohm

Oufpuf

Fi<). 67.—Final filter as designed by Fig. 66.

Thi will Ix> followed by a symmetrical full section of the series-derived
™« mid-aeries terminated, with m — 0.75. Then a half section of the
**>wC type with mid-series termination facing the full section and said*

j

1
'
1

'

1
i - 1 1 1

1

'
j i facing s lit- cnd-t.e] , iniiiatin^ htuf action, which will be

SjJJWed m type, with m = 0.0. The latter will have a mid-shunt
&U<m fating tne COHStant-it half section and a mid-series termination

'« 'I:,. output termination.
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SIXTTOX 7

ELECTRICAL MEASUREMENTS

By It. F. Field 1 and John H. Miller2

True basic measurements of electrical quantities arc rarely made
Bccpl in standardizing laboratories, owing to the inherent difficulties

it, i he procedure. Ordinary measurements arc made by comparison

Brrk-cs tif one form or another. Direct-reading instruments, having

En electrical torque-producing means functioning against a spring, are

Calibrated against accurate standards which are in turn calibrated

Lunst basic measuring devices. Such tor<[iie-j>nulucing instruments

Lreuscil lor measuring current, voltage, power, and resistance. Instru-

ments for measuring phase relations, frequencies, and other factors

Bay have two torque-producing systems, each torque varying with the
position of the moving element and bearing different functional relations

btheqiinntity measured. The result is for the moving system carrying
tW pointer to lake up a position where the torques balance, this being
different for each different value of the quantity in question, and the
ale may l>e marked accordingly.

STANDARDS
L Current. Current is measured, absolutely, in terms of the force of

Mt ruction or repulsion between t wo roils connected in series and carrying
:"'>' current, and the various dimensions of the coils. This current
Jjllicn ii-.

1 1 to deposit silver in the sihvr voUammrttr to determine the
Ijtooelieiiiical equivalent of silver. The silver voltammcter is thus

standard of current. One ampere of continuous unvarying current
'II tlepo-ii 0.001 1 IS g of silver per second when following the standard

Phwidiiiv The use of this standard is tedious and lime consuming,
5? " is generally used only for the exact calibration of a standard

"Jnl a known resistance.
^'.Resistance. Resistance is measured absolutely by a number of

ij.

n'ltls in lenns of a speed of revolution of a tiisk or coil and its various

ot''"
1
: The resistance is then compared with a mercury column

I „",
" r,M <

-ross section by a suitable bridge method. Such a column
r
n|lv'

T" lr
-
v

'
having a mass "of 14.4521 g, a uniform cross section (practi-

ttif,-.
'"'I'livalent to 1 sq mm) of a length of 106.3 cm, nnd at the tempera-

yj' niching ice, has a resistance of I ohm. Practical secondary

**tiil
(!, ''s °^ manK!ir| in w i r(! immersed in oil and scaled in

''.„„ iners. Sueli sealed standards built by Leeds A Xorthrup

*^j«si
'" ''1<; specifications of the U. S. Bureau of Standards are

i(i
'''' io -iii accuracy of 0.01 per cent and may be relied upon to

'
*il|',

r!
|' ''ndio Company. Inc., Cambridge. Mass.

on Electrical Instrument Company, Newark, N. J.
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„:!,

!> free

hold their ciihbrat.Mii to 1 part in 100,000 for con sidoruble period
- time. I he sealing of the containers is important to prevent the at9

tion, by t lie oil, of moisture from the at mother*', for such moisture5H
deposit upon the shellac or other insulating materia! on the wireJ
in turn, will cause mechanical si its ins to distort the values beyond afl
expectancy.

3. Voltage. Voltage measurements cannot he measured absobj
with an accuracy sufficient to make the measurement desirabwi
account of the smallness of the electrostatic forces involved The —cot,
ary standard of voltage is the saturated cadmium or Weston cell^
These cells, as built by Weston and bv the Kpplev Laboratory

correct, to 0.01 per cent. They may be depended upon to hold
j

voltage to 1 part in 100,000 when proper correction for teni|>er
is made. The unsaturated cadmium cell must be compared wit
sal. ura led type for its initial pal Hi rat ion. Its temperature toe

"

IS negligible. Its voltage, is constant to ] part in 10,000.
As stated itliove, the cell is calibrated basically in terms of the slanofl

mercury ohm and tin.: standard ampere as ,)l,i,,incd !>v tin- *i7w>**
ammeter met hod.

4. Reactance. The self and mutual induct anco of single-layer air-fl
coils and the capacitance of two-plate air condensers having^H
rings may be calculated from their dimensions, with an accu-™
better than 2 parts in 100,000.

6. Frequency. The absolute standard of frequency is the
solar day as measured by astronomical observations. The meeh
vibrations of piezoelectric quartz crystals or of tuning forks made in
careailly stabilized metals provide standards of fwiim-m-v when pen»
nently connected into suitable vacuum-tube circuits and allowed*
oscillate continuously at constant temperature. Over long periods 4
time their frequency is constant u> berirr iaa-i 1 p..,- :

n I
(H>0,i»»

recent advances indicate a stability of 2 parts in 10,000,000 is obtaiflH
Ihe frequency of the crystal with which such accuracy may be atfH
is restricted to the neighborhood of Kill kc. Tuning-fork standard"
usually operate at 1,000 cycles. By means of suitable frequency niulfr

1' 1 on idci> all other r< e Lem-ie- V.- I ,-vr-l- lo iOO Me' inttj

obtained with the same accuracy.
Quartz crystals whose frequencies remain constant to 5 parts in lyfl

000 inay be made for the frequency range 20 kc to 10 Me MdH
such as nickel and certain iron alloys, having the propcrtv of

: magr*
stnction, may be used as oscillators in suitable vacuum-tube cirfl

1 heir frequency range extends from 5 to 100 kc. Their stabM
about 2 parts in 100,000. For the lower frequencies tuning forks
metal bars are used. Their frequency range is 25 to 1,000 cycle

CURRENT-MEASURING INSTRUMENTS
6. Moving-coil permanent-magnet instruments of the Drainer i}T

or reflecting galvanometers, consist of a coil, usually wound on a ftfl
frame for damping purposes, which can rotate in 'an intense muff"*
magnetic, field produced by a permanent magnet.
The current / flowing through the, turns .V of the coil reacts

magnetic held // in the an gap to produce a force />' acting on each cnnO^B
proportional to the product lift of the current, magnetic field and leaSBM
conductor in the field. If the coil is pivoted at its center a "torque

rcUlW

.71
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, h .,.t
tending to rotate tire coil about an axis parallel to the sides of the coil

•"
.,. |ii<iidii'utiU' to the magnetic field. Some kind of restoring torque is

mvided which is proportional to the tingle fl through which the coil rotates,

K'nri'sshig the sensitivity & of the instrument as (he angular deflection per

u',iit.
cii'rrciit, it is given by

s = - =
'y/A7

I
;

7 T
CD

-Moving-coil galva-
nometer.

nherc >> is the diameter of the coil and t is the restoring torque per unit angular

jjgplacciici'.l. Tor maximum sensitivity as a galvanometer, the permanent
magncl should be very strong and the restoring force very weak. However,

Kr pointer-type indicating instruments swung on pivots between sapphire

V jewels, there is a minimum torque which
n.u be used for a given moving element
weight m order that fractional effects will he
tinobtiervttble. For instruments mounted on
n jwitchl d and having n horizontal axis,

tile ratio of the full-scale torque in mill igrani-

sraliinRtan with the weight in grams should
not be less than 41) for small instruments, tiO

I
I

- er instruments of 1 per cent a feu racy,

lad still greater if greater accuracy is required.
I

i

i! table instruments having a ccrlical axis, it has been found thai heavy
•hmetits. over 1 g. show greater friction than given by the above relation,
»nd lighter elements show less friction. Hence for such vortical axis instrn-

bohIm for portable service the torquo /weight^4 ratio is used and this ratio
Annlil he over 10 for small instruments and over GO to 100 for large instru-

BM* for unobservable friction. Unties much lower than this may he
•Mufiirimy for highly sensitive laboratory instruments used with care and
lot subject lo vibration or handling.

The magnetic field obtained from the permanent magnet must he
''"'islam :ii i hut the electrical characteristics of the instrument may

'

111 unchanged. The constancy of a magnetic system is determined
"j tile ratio K, which is equal to the product of the effective length
S! the magnet times the effective Cross section of one of the air gaps,

,

lv'ded by j |ic product of the cross section of the magnet and the total
i"
N

i!:i|' length. This constant should be over 100 for chrome and
UllIW' ,

!i magnet steels and over 30 for high cobalt steels. For the vari-

i/J* nickel-aluminum or MK steels the constant will vary, but 10 may
taken as a median value. Tungsten and chrome steels are most

j™»'tiillv used; high cobalt steels will cost two to three times as much
" <'an be made somewhat smaller and will give increased flux, which

-.

:

.'''. v ory valuable for aircraft instruments and where the utmost in

fc,|

S ' tlv'*y 's required. Nickel-aluminum steels require such radical

thi'
'" r eilicient use that at this time their use is rather limited;

in "v of iliese steels in future designs may be expected U> increase

gov '

11:1 " v - Fabrication cost is high and over-all cost is probably
.|!,'
nu 'd more by the method of use than by the material itself.

I'
"hx density in the air gap is between 500 and 2,500 gauss. The

tli„
of a pole piece and a core is used to decrease the length of

lisr,',"

1 ' "
1; and to make the magnetic flux uniform and radial. When

t..|
; d c scales are required lo balance other factors sue;, as decibel

5(,j
(l""

,s
. the pole tips may be cut away to produce a markedly di.-fortcd

Suiting in a more uniform scale for the quantity measured.
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The deflection of any sensitive galvanometer is indicated hv the ai
rotation of a beam of light, the so-called optical Inn; which is re
from a mirror, either plane or convex, mounted above the moving
The older form of telescope and scale is now being replaced hv a
light containing cross hairs which moves along a scale. Tile u
spot of light is much less fatiguing' than observation through a teli

and a wider range of view is obtained. The usual scale length is

with zero in the center. The standard distance from mirror to >

I meter. The maximum angular deflection is about 14dcg. Prac
all pivot instruments use pointers. I'till-scale deflection correspo
approximately <K1 deg. This is increased to 120 deg. in some «
station meters by careful shaping of the pole pieces. It may be inc
to 270 dep. by a radical change in design.
The moving element of every deflection instrument, provided

a restoring torque proportional to the angular deflection is in
:'. torsional pendulum. As such it has a moment of inertia I', a
T, and a damping factor. If the damping factor is low, the instriL
will oscillate several times about it-; position of rest, each oseilH
being less than the preceding one in accordance wiih ih<- drcivmcni of to
system. For most rapid indication it is desirable that the in-irutml
be not quite aperiodic or deadbeat but rather that ii over-wing fna
3 to H per cent. (For a complete discussion of tin- -re I >rv.-dnlc id
.lolloy, "Electrical Measuring Instruments," Vol. 1, Chap. .'i. < ondititH
for Itapid Indication.)
Normal ammeters and voltmeters may be expected to have a I

of the order of 1 to 2 sec. The smaller instruments, if equipped —
magnets for very high cap densities and extremely light moving clonic*
may have a period as short as 0.2 sec. (Weston high-speed lmwcr-jM
indicators.) Instruments of ultrahigh sensitivitv, where very ^
energy is available, may have a period as high" as ~> sc.-. Sennit*
suspension galvanometers may have a period as long as 12 sec.
The period of an instrument is important because the time necesM

for any deflection instrument to attain a new position when ii- ilellcrtiW

force is altered cannot be less than its period. High-.- pee, I jndieiiti*

in indicating instruments is very desirable, particularly when the pfc
nomena being observed are rapidly changing, as in i fn- i iioring*
voice-frequency circuits; instruments with a loan period v. i;l miegn*
the energy while high-speed instruments will give indication.- of peat*.
The friction of the suspension and the surrounding air is not sufficH

to prevent the moving coil oscillating back and forth about its eqtlilibl

position when a deflecting force is applied. The amount of dam]
measured by Iherate at which the amplitude of the oscillations dec
The ratio of any two successive swings is constant. The Napicrtt
hyperbolic logarithm of this ratio is called the logarithmic decrcnit-nif'
instrument. The smallest amount of damping which will cause the
come to rest with no oscillation whatever is called the critical damp
and the coil is said to be critically damped. Increasing the damp
beyond this point increases the time necessary for the coil to come tol

and produces oyerdatupiiig. The shortest time in which the coill
come within a given small distance of its position of rest occurs when

J
coil is slightly underdnmped. It has a value of about 1.5 timet!
period of the coil. The extra damping necessary to critically damp

ie.fl
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;i ^ usually obtained magnetically from the motion of the coil in the

of the permanent magnet, which sets up counter electromotive

forces.
The amount of damping produced by the current in the coil

depends niton the total resistance of the coil and connected circuit.

Thai re-i-tance which produces critical damping is called the critical

iamfiiaj itxiMance. A galvanometer is usually so designed that its

rritical damping resistance is at least five times its coil resistance so that

it mnv -hunted for critical damping without losing much sensitivity.

All hilt the most sensitive pivot instruments are critically damped on
open circuit by the current set up in the metal winding form, and resist-

ance of the connected circuit has little effect on the damping.
The cam at xriixilirrty of any galvanomctci varies directly as the num-

ber of turns on its moving coil and as the square of its period. l*'or

i pven winding space on the coil, its resistance varies as the square
of Ihc number of turns, assuming that the portion of the winding space

occupied by insulation remains constant. The deflection is proportional

to the current and to the square root of the resistance, i.e., to the square
mot of the power dissipated in the coil.

TAni.K T. ('HAHAf-TBKlSTlCS Of D-0 GALVANOMETERS

Make Type

/ 22S5.,
' J2Mb
1 328U
, 2200
/ 25IIOI,

2500c
35001
— 'III

2>3'.lb

I223'.i(

2270

filmic

/2310d

( 440
1 44(1

B. MV /,
8 roil, RcO.,

Suspended-coil typo with mirror
<).<I32|0.0027

.0411 1). 003S
II 032 O0O04
(I. OILS l) 0110(11

o.
1.5
o o.-,

1.7
1.0
1.0

105
I) 0113

0111)1

0.014
001

O OIIC2

n
to
ii

3
14
S

14
is

1

12
800
BOO
.-|00

300
500
115

1.000
S.OIIO

37
52

71,000,
101.000
II),.Mill

2 . 3001
14.5001
II). 1)011

I
lfl.ooo
54.000

01)011!)

01)017
01)01)013

ooooooos
00012
0045
00001)5
022
1)01

OO032
Siispondcd-irnn ty|>c with mirror

0.008 UO02
: 5 ; ID ! ... 0.00000M

Snspciiclcil-coil type with self-contained Stall
10 0.01 I 3 1,000 I 16,000 0.1
25 0.025 8 1,000 16.000 0.63

0.125 3.5 1.000 11,000 15.6
Double-pivot type with pointer unit acute
37.5

200
10.25
'o (15

2.7
2.7

150
.(Kill

1 . 150
i:o.000 10

^5r* "' voltaGe E. current /. and power 11' arc for u scaler deflection ot 1 mm at a
eo of t m fur the galvanometer* having mirrors: for those having sell-

ales ihc values isiveii arc Inr a deflection ii( the smallest division, usually
The voltage drop in the external critical clamping resistance is not included in the
given.

Hrjfc>
,MI> selection of galvanometers it should be noted that in general

5tu 1' sensitivity will also be slow in action, and in general the

'irtodi
' critical damping resistance for a galvanometer as

*asit'
' s''ver.tl makers should be considered as carefully as tile

jtrt.a . Further, galvanometers of highest sensitivity will require

''i
hi-

'" leveling; they will be responsive to minor vibrations and
n ".v installations may require special supports.
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When vibration fal a building is a factor, the Julius suspension
be used, a somewhat, complex system of weights supported by sprii»

with oil-damping vessels. A simpler method although not so peril
is to rest n 200-11), 1 ilock (of concrete) on an air cushion ; t his will

nil vibration usually encountered in factories, at least for galvnnool
of moderate sensitivity. Galvanometers with a single suspension fl
the greatest sensitivity, those with a taut suspension less, and those

9

double pivots least. For the most sensitive typo of galvanorodl
increasing I lie period from 5 to 40 sec, allows I lie power in be tic.

from II to 0.005 nn\\\ The minimum current sensitivity is 10
-»(

per millimeter. The smallest current sensitivity for a (mil suspaHJ
u 10-8 amp. per millimeter, and for a. double-pivot pointer instrufflj

5 X lO
-
'" amp, per scale division.

Galvanometers of the suspended type are used mainly as mill mil

eators for d-e bridges and potentiometers and as deflection instruijM"

in comparison methods. In the latter case a differential aulmiinmtU
sometimes used. This is a galvanometer having two separate innibita

1

windings on the suspended coil. They have equal number-; of tun
and are so connected that, when flj
currents flow through the two coil

deflection is produced.
The sensitivity of a gnlvanomel

most easily reduced by shunting,
since it is desirable to keep the gal'

Fio. 2.—Ayrton-Mather uni- eter critically damped, the
versal shunt. Mather universal shunt shown

2 is most convenient. This nrran,
is also used in multiple-range ammeters and milliammeters
frequently known as a '-series shunt." The total resistance of t

h

is made approximately equal to the critical damping resistance
galvanometer or indicating instrument with which it is used.

Pointer-type instruments of the pivot type are used as am
and voltmeters of all ranges and as the indicating portions of t'

couple, rectifier, and various vacuum-tube instruments. The mi
range of the ammeters extends from 5 /ia to an upper limit detci
only by ( he size of shunt desired, commercial shunts having been in

60,000 amp. Above 15 to 30 ma. the movements are shunted, in

ease the copper or aluminum winding of the moving coil must
sufficient manganin swamping resistance in series wit b it to give aflj
temperature coefficient when shunted by the manganin r-esist^L
Vojtmoters may he made with a full-scale range from [ mv in as hif?!1

*

series resistance can be arranged to care for the requirements. In9J
incuts are made with self-contained seric:s resistance up to a. few hunfl
'."I i; higher ranges usually require an externa.! resistor with (.he infl

' placed in i he grounded or low-potential side of the circuit fotfl
sake of safety and to reduce electrostatic effects on the moving s.vdH

Voltmeter sensitivity, at the present time, is almost, exclusiveb '. v
for full-scale deflection, this decreased current being almost, a rcq*9
id limit power requirements at high voltages. While series reflT
for tow-range voltmeters are of conventional spool type, for rangB
over 1,000 volts tubular-type units are widely used, having resist;.'"

:

| U i.f h| ial a."ii:iii. clew rt«d nth-ally shielded in sections ( outHj
in insulation tubes and filled with inert wax. Such uni!.-. arc entnph''

.71
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Frequency,cpi

Fio. 3.—Resonance curve of

vibration fralvanometer.

.jgturepmof and mcehanieally well protected and are almost universally
"'

j the measurement, of plate potentials.
**.

. m.neral, pointer-tvpc indicating instruments can be made to give

il^I,' deliection on as little as 0.1 jnv, although for a rugged instru-

[ from 1 to 5 tiVf is required. Moving-clement resistances may be

'
i,. f,, m about. 1 ohm to 10,000 ohms. Low-resistance elements are

j'..,'.
...i |>v the spring or suspension

-rant a tire' which becomes a very appre-

ciable pari "f the total, reducing the

energy available for torque; high-resist-

Wi5e elements fire limited by the avail-

!
,

I

.

, .
,-,'<;, and many are now being

Kniuill ii.' enameled copper wire 0.001

in. in diameter.

As in the output circuits of vacuum-
tube amplifiers, the resistance of the

instrument or galvanometer should be

mulched to the circuit in which it is

placed for maximum energy transfer,

ami this is particularly important where
the energy is limited. On the other

hand, this will frequently result inover-

jjunping galvanometers of ultrahigh

enntivity, and a compromise must usu-
ally be m'.ai le I let ween speed of response and sensitivity requirements. It

ihould iie noted, however, that this matching is not of vital importance
nincr tin nss I iv a very approximate mateh in error by as much as 20 per
rait is very small.

7. Moving-coil Vibration Galvanometers. When an alternating volt-

•Kc is applied to the coil of a permanent magnet galvanometer, the coii

»'ill follow the alternations of the current if the frequency is of the same
°nlrr as that defined by its period. Maximum amplitude of vibration
will occur at the natural frequency of the coil. The relation between

amplitude and frequency is similar to the resonance

curve of an electrical circuit. The ratio of the maximum
amplitude at its natural frequency to the amplitude for

^"Ny-I-V-"""" il " emial d-e voltage is between 25 and 150. The
,". ;•• - period of the ordinary d-e galvanometer is never leas

than 1 see., while the frequencies at. which measure-

ments are made are rarely less than 30 cycles. The

^ upper limit for a taut single suspension is around 300
T&p— cycles. This limit may be raised to 1,000 by the use of

a.' taut hifilar suspension. Electrical characteristics of

commercial vibration galvanometers are given in Table
11, At 00 cycles their sensitivity is equal to that of a

i
;

ft . Iv at i
o i neter, A resonance c 1 1 rve when tuned to a frequency < > f

^.'yles is shown in Fig. 3

il

*>l. entirely and using tlie single-turn loop formed by the I >i filar

t

P '<» 4, I)

•""IM'llMi.

film

PN, natural frequency may be raised still further by eliminating

^
''''il entirely and using the sint

'• 'i<m. The mirror is then placed at the center of the taut wires,

" i al method of construction is shown in Fig. 4. By this means

IvSk,'
1

!

1
' rr,,ftuency of 12 kc may be obtained The sensitivity decreases

ctSl'ly as the first power of the frequency. On this account, il is as
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sensitive at 10 kc as the bifilar-coil galvanometer was at I ko. In am
parison with other null detectors at these frequencies, its sensitivity

low that it is not much used in this form.

8. The Einthoven string galvanometer uses I lie simples! poafl
moving system for a galvanometer. A single conducting string moved
the narrow air gap of the magnetic system, which may be a iKirmar™
magnet, or an electromagnet depending on the sensitivity dosirodi

motion is observed through a microscope or by its shadow thrown
screen from a point light source. Electrical characteristics of

Finthoven string galvanometer built hy the Cambridge Jnstriio^

Company are given in Table II, using a silvered glass string fm
magnification of 600 times. The string galvanometer may also

used as an oscillograph. The shadow of the string is observed
translucent screen as reflected from a revolving mirror. The mi

of the string may also be photographed on film or bromide paper
usual paper speed is 10 in, per second, but this may be increased jfl

maximum of 100 in, per second. At this latter speed, ph><i l:is(i«|

a millisecond appear 0.1 in. long.

Table IT.

—

Characteristics of A-c Galvanometers

Sec 71

Cambridge.

L. & n.

('am bridge.

& NT.

Type /, eyclesi E, pY
\

I, li&
J
R. U

[ Campbell bifiUir

Campbell uriirilar

VibmtinR-foil type

ir.

so;

iooi
330
7.',0

i.ouo

:to

100.

. 200

60

8.
17.
53
104
175

i.
i.
3.
7.

17.5

0.017
OS

0.33
2.0
5.0

0.05
0.04
0.02;
o.io

0.025 700

Duddel] oseilloicraph

Einthoven

ifc

L. & N.

W. E. Co.

100 5.0 0.02 250
000 50 0.2 250
000 100 . 0.4

I
280

YtbrrttinE-fdrint; typo
[ 1001 100 I 0.025 1,000
i :?no

! 800
I

0.2 |4.000
Huspendeil-coil type with electromagnet

wi n.oiv 0.005! 12
Electromagnet type
00 | IB ! 0.05

|
325

Vibratiiig-flisiplsrairi!! type (lelepliLHif)

I
son

I 4on
I

0.02 in. ooo

0.44

Values of voltage E, current T
r

finrl power W are for Lt suule deflection of 1

scale distance of I'm for all gulvfinometcs-s except thn telephone, for wliirJi t.ho t

of audibility is used. The moving system is tuneci to Lin? ft'cquiTM-ii 1

-;* jr. i
vi-'

instruments except Uic *iispL:ni;Uul-c:c>j] gnkvmuini'ii-i willi <.}*<.:
i
orti:,Ln..<i

,

lefil'
9. MoVing-coil A-c Instruments. If a steady deflection is

with a.c, the magnetic field must change in direction with the

in the coil and must have the same phase. This requires that ^jmt
be an. electromagnetic one, -In the case of galvanometers and p 1

*"
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iftrfv mill indicators, a field of laminated iron may be used, excited at

ji'.'sMnie frequency as the moving coil. When used as a null indicator

Sr. bridge network, the field is connected across the same supply as

the bridge while the moving coil is connected to the detector terminals.

"'„., (he current through the field and the flux produced will be nearly

go ,)..» mil of phase with the voltage applied to the bridge, the gal-

ter will be most, sensitive to the reactance balance and will be

little- affected by the resistance balance. These conditions may be

equalized <>r reversed by the introduction of resistance in series with

(iiV licld, or reactance in series with the bridge, to make .the field current

uml liridge current differ in phase by 45 deg. or be in phase. The phase

gelcciivily of the a-c galvanometer may be of advantage in certain

special cases, hut in general it is a considerable disadvantage. The

tfctroNtatic field of the main field winding exerts a considerable force

on the moving coil so that it must be carefully shielded. Its sensitivity

is verv high, and it compares favorably with the best d-c galvanometers.

ID. Electrodynamometer. When the iron core is omitted from the

field winding, the moving coil and field coil may be connected in series.

The deflection is then proportional to the square of the current flowing

in the windings, and the instrument is called an declrodynamometer.

Instruments of this tvpe read the same on both a.c. and d.e. and are

suitable as transfer instruments, provided certain precautions are taken.

Protection from external magnetic fields is most important. This is

usuallv accomplished in pivot-type instruments by shielding with soft

iron,
"

1 1 may also be effected by making the instrument astatic. When
is used, an error is introduced if the distribution of current in the

mils is affected by eddy currents in the conductors themselves the

"n-rallcd skin effect ' or bv capacitance between the windings. The former
cfTi-et :.- minimized bv the use of conductors with insulated strands^
WH'all,.,] lUzendruhl- "the latter by careful spacing and by electrostatic

shielding.

• Elect rndynamomcterfl may be used as galvanometers, ammeters,
voltmeters; anil wattmeters.' Their sensitivity as galvanometers is so

!°w compared with vibration galvanometers and other meters that they
Bn ' now rarely used. As ammeters, voltmeters, and wattmeters, they

Hie standard instruments for use at commercial frequencies. In
W'lieral the sensitivitv of a-c instruments is of the order of 1/1,000

* 'I'ii i nl' d-c instruments, this being due to the difference in field intensity
?'dic cleetmniagnetic field as compared with that which can be obtained
'

n permanent magnet. Electrodvnamometer instruments of the
'"K'Wst precision will lake from 1 to 3 watts full scale, the total energy

Whir with the square of the deflection. Suspension-type electro-

^aiiinineters may have sensitivities 100 times as great.

s

fc'et'trodymimometcr ammeters have Ihajr fields and moving coils

'"•''ies n ji (o several hundred milliarnperes above which the moving
""''it is shunted across a resistor in series with the fixed coils. Above

„, ,?
lu !>., or sn, current transformers aroused, and these are now available

1

!l special alloy cores which will give accuracies of the order of Mo of

j
per rvii]

. 1 : 1 ee.trodynamnmeter instruments are ordinarily made to

'"u up to 125 cycles without correction but may be used on fre-

up to several thousand cycles if especially designed or if cor-

wP'^is are made. Note that low-range voltmeters have very low

*noc in order to got the required energy; dynamometer voltmeters
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with full-scale values of 2 volts may draw as much as 0.5 amp.
voltages above 1,0(10 volts are measured wilh potential transformer!

Klcetrody namonu't or instruments are also used as wat meters

the fietd is excited in scries with (lie load and the moving coil is aA
the load in series with suitable resistance, (he readings being propoM
to EI eos 0. For polyphase circuits a multiplicity of similar elei

may he arranged OS a single shaft, the most, usual variety being \

two-element insh'iiineiH or three-phase circuits. Such an instru

gives true power wi hout relation to phiisr tingle.

Taui.e III.

—

(Characteristics of A-C Ammeters

Make Type

Q. It. Co.

Cambridge.

v, est ,

l 326

I 341

( 370

1,15

433
47ii

517
528

4Q3

/, amp.

Beet rod \ 1 1, 1 1 1 1 .
.

1 1 1 i . r type
J.li ,1.0 2

1.0 5 2
21

I
015

I
1,400

MovitiK-iron type
31 02 1,

14 0.03
30 015
30 0.015
30 0.015

Till' IN nil: lypc
0.008 100
0.10 2

Cambridge.

Weston. . .

.

O. R. Co

Wist j nghoiiae

.

j
412

j
425

DudddU

301

4SS

l'V-1
NA
NA

0.8
0.2

0.24
0.1-2

0.08

0.13
9.62
0.88

1.5
1.5

0(18

12

I

13. G

0.

0.70

o.oi

o.io
0.12
0.50

0.01
II II)

IU'i'1 ifii'r typo
0.001 I

0.00075
01105

0.00025
o one!
0.010

Oil)

0.010

1 .000

4.000
4.000
8,000
20.000
1 . 270
I .300
1.300

o„ft iron may also be used in the moving element, either alone or

. conjunction with a fixed piece of soft iron, both of winch are magnetized

I". the lixod coil. .

y
(i,ft-iron meters are much used as a-e ammeters ana voltmeters in a

X viriety of ranges and sizes. They ma;- also be used on d.c. Elec-

,,ill H^mctemlks are (given in Table lib The rung" cm Hie ammeters

. rum 20 ma to 500 amp. The upper limit is ten tunes that of dyna-

mometer-type meters, because the current coil is fixed. < urrents up to

!
lH )(l imp 'are measured bv i he iw of rumrct transformer*. 1 nijueneies

•o 50*) cedes mav be used." The range of the voltmeters is from I to / oO

'jts Their resistances are such as to give from 3 to 200 ohms per

volt" too values increasing with the voltage. Higher voltages are

measured bv the use of either multipliers or potential transformers.

Fiwiuim ies'up to 500 evcles mav be used, the normal limit being 12o.

hi general the sensitivitv of pointer-type indicating instruments

using the moving-iron principle will be from (1.1 to 1 watt full scale,

h -i laments using short vanes, usually of (he arcuate type, lake about

« mi full scale Instruments with long radial vane,, n re more sensii i vo

villi ii minimum of 0J watt full scale but in general are more sensitive

.,1 Bxternnl fields and must be well shielded and kept, away from strong

Krtenul fields. Moving-iron instruments in general are less gato-

tarlorv mi badlv distorted wave forms as the hysteresis loop of the mm
» represented in the measurement. They are, however, widely used

on power circuits and are generally available m all sixes Irom the small

kin. instruments up to the larger switchboard types.

HIGH-FREQUENCY CURRENT METERS
12. l-'or the measurement of currents of high frequency, the onl.v

wtisfaelory means is through the heat developed in a resistor, which
licit mav be measured by the expansion of a wire,

icas'uring the Uiermoelccl rie voltage developed

W a thermocouple adjacent to the resistor wire, by
Wo

i etrr methods, and bv other heat-measuring
"ystiin,

.

. 13. the hot-wire expansion type of instru men I

I
s today practically obsolete. Its defects of varying
18 indication with ambient temperature, the lack j :

Perfect resiliency in the heated expansion wire, and

Values of voltage E, oorreut /. aod power \V ar« for full-MiaUi? deflect inn.

li; Moving-iron Instruments. Galvanometers may be constr*B
"with a stationary oil and i moving-iron vane or magnet. The ,

l
,

system consists of small permanent magnets placed at the center ot

coil at right angles to the axis of suspension. To avoid ihe eflt**]

outside magnetic fields, the system is duplicated wilh the 'n' 1^
pointing in the opposite direction to make il astatic, and the *
galvanometer is surrounded by multiple soft-iron shields. Its senaiU*

(sec Table I) is nearly orpialed by the best moving-coil galvanoW8
^

so that it is very' little used.

IV* lew overload capacity together with the advent of

^-hermoeouple instrument have practically made

Copper w
I'm. 5.—Thermo-

couple meter.
* 'ypo obsolete.
«• A thermocouple meter consists of a heater member, si thenno-

>l>!<- a.l iaeent. to it, ami a d-e galvanometer or millivolt meter. I'lgurc o

JJ*Ws the basic diagram of (he device. Such a Simple assembly, how
'lees not compensate for variations in temperature of the terminals

[(> f ambient temperature variations.

Weston thermal ammeter as developed by W. K. Goodwin, Jr., is

i*2DWn in Fig 6 The heater is a wire or tube of platinum alloy oi very

length whereby most of the heat is conducted to ihe terminals, thus

„f

v"'K out largely the effect of convection currents of air. The temperature

hw htaicd" member mav 1-e represented as a paral>ola in its grailicnt

bt!\- '°"tei to each terminal lug. and it is this temperature difference or

1Prit from the center of the heater to its end which is measured by the
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thermocouple. The couple proper consists of a pair of wires, usuoMconstants" and a platinum alloy, permanently welded to the renter ofMheater at the junction end, with the effective cold ends soldered to a nj9
popper strips which are thermally connected In, hut eleclricalh uauMfrom, the terminal lugs. Their heat capacity is such that the difTerenwJ
temperature between the center of the heated member and the rente ol Itwo copper compensating strips is always the same as from the center of]heated member to the terminal lug, regardless of ambient, tempera,!
changes or general rise in temperature nf the surroundings due to lieatiJ

the lugs themselves or temperature risefl
to the total heat generated. The then]
electric voltage is, therefore, strictly proal
tional to the temperature difference IjcIwji
the center and ends of the heated mw3j
which in turn is proportional to the smuuil
the current causing this temperature^
and a d-c instrument connected to the com
may be calibrated in terms of this eurreaS

Couples may be designed In f^ive suit-

able indication on instruments of comm»
cial types from 200 ma up to whatevrrnuj
be required. Solid round wires may*
used for the heated member up to about!
amp., but for higher currents anil at tbr

higher frequencies skin-effect phoimmeai
cause the readings to Ik- loo high. For

higher ranges, therefore, i lie heated inctn-

ber should preferably lake the form of»
thin-walled tube of such dimensions tM

at the frequency being measured the ratio of h-f resistance lo I f resists*
is not over 1.02. This limits the frequency error, on a square-law«
to less than 1 per cent.
While standard instruments have a square-law scale as I lie restllti

the I2R production of heat, instruments are available in w hich l he up!*
four-fifths of the scale is approximately linear through t he use of sprr*
d-c indicating mechanisms having non-linear air gaps whereby thefl
sensitivity is progressively lower as the pointer moves up the scale. I
a proper combination of such specially shaped pole piece- a nearly line*
scale may be produced. (See Figs. 14c and 14ri.)

Instruments having the linear expanded scale are useful in sin"'
broadcast transmitters licensed for a lower power at niglil than dulfl
the day; sufficiently accurate readings of the high and low valuefl
antenna current may be had on the. same instrument to be satisfactory
and instruments of this type are listed as complying with FCC
Xo. 143.

For low. ranges so-called bridge-type couples are used, as shown i*

lig. 7, whereby a number of couples are arranged in series-pant' 1 1

give a higher thermal e.tu.f. The impedance of these couples is htgB
than for a single couple, and for the common current-squared galvsiiiojj!
eter the effective resistance is 4.5 ohms. The indicating instrument f}
the standard single couples has a sensitivity of 12 mv and a resistaOTM
about 5 ohms.

For still higher sensitivities the couple may be placed in. vacuo,
couples show no increase in sensitivity until' the vacuum is belter tht*

Thermocouple j Compensating

\ ft Strips

ToO.C.

Movement

Heater Tube

Insulating

& PH Plates
'

Mica
Plates

L
tfj] Heater

Tube

Fig, 6.—Compensated high-
frequency thermocouple and
heating clement.

f
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nnl mm of mercury; but. above this point a. great increase in sensitivity

j obtained up to as much as twenty-five times that obtained in air for

"rt.nl e\lremclv fine wire couples. The hearers for such couples may
'

,',,
| „,n or graph itized wire. I Vimmefcial vacuum couples are intended

,',
fm , •ion with a 12-ohm 200-/iii d-c instrument and may be obtained

,
rHI ,.ms down to as low as 2 ma in the heater circuit for full-scale deflec-

i
the instrument with a heater resistance of from 700 to 1,000

ohjns Vacuum couples are rarely used for currents higher than a tew

hundred milliainperes, and the air couples are quite satisfactory for these

higher ranges.

Consfanhn, r

Platinum"' \

To 0.C Movement
(MefalStuds

r-r»n r n > n nT-n^rn"!

^—InsulatingBase

Fio. 7.—Galvanometer or bridge-type couple.

Thermocouple instruments in general are calibrated on commercial

•requeue v a.c, and. if used on (I.e., the mean of reversed readings should
•* taken to make certain that any d-c drop in the heater picked up by
ue couple is canceled out.

Thermocouple instruments may be obtained with separate couples for

*"* in indicating at a distance as where a couple is placed in the antenna
°[<i transmitting station and the leads brought back to an instrument in

ll,e transmitting building. The couple should be placed in the h-f circuit

*' 11 |"'int close to ground potential to reduce circulating r-f currents in

[w leads io the inst rumeiit. If this cannot be done, the thermocouple, of

range, around Yi amp., is connected to a loop of wire that is mduc-
.

v<1'y coupled to a loop in the main antenna circuit. The thermocouple
J'reu.h .|,.. 1V then be grounded. The instrument is scaled to read the

nntctiua current; and the final calibration is made by adjusting the

."'""•I ive coupling between the two loops until the remote reading instru-

rMl» indicates the same value as an instrument, placed directly in the

:'|"""na itself. Note that. FCC rules require an instrument in the main
"Hotma rirenii which may be used for this purpose but which under
!'"'

! nal operating conditions is kept short-circuited to prevent damage
'

'
'

' Itg'ht.ning. The switch is opened when the instrument is read for

ujj*"^ |ioses, and the remote indicator, usually located on the trans-

i!f r Panel, is used for normal operation,

a, '"" ratio of the power available to operate the indicating meter to

li'„,
!" into 1he heater is about 1 to 2,000 for the most efficient couples;

a very sensitive d-c instrument is required for low r-f energies.
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rhennoeouple voltmeters are constructed by usine one of ih«
sensitive couples with sufficient series resistance to" rive the SJ
Tottaso range. Their range is from 0.8 to ISO volts with rosistanS
126 ohms por volt above 1 volt, and Sl!0 ohms per volt, above in ,
11 desired, lheir frequency m:.*. i« .h-termincd l>v thit of ihr-

'

resistance. I he small rrsist.-tnee spools ivhioh must l.c used in ,,„with .self-contained resistors change their resistance rapidly W;Smiency so that their frequency limit is 3 ke. Frequencies of 1
he attained with an error of I per cent with special h-f resistors i

bmce the mil produced by the thermocouple is proportional trpower input and hence to the square of the current, this meter wiflcorrectly on both d.c. and a.c. and may therefore he used as a
instrument. It is necessary, however, to take the average of the
for both directions when using d.c.

RECTIFIER METERS
16. An a.c. may be changed to it pulsating current havinjr ;i s

component, by the process of rectification. II' the eurrent-vol I nee
tensile is as showa in 'Fig. 8a the effect is called half-wave recti
be negative half cycles are eliminated and the positive half cvclMB

'
•

'
liudistorted. The value of I he steady component is halfaverage value of a half sine wave. The ratio of the d c to the crTed

s. o +e -e o Je
icn-HoffVftht Ib>-Ful)Wwfl
Fig. 8.—Rectifier characteristics.

value of an a-c current having a sine wave form which would flow if
reel Lfier were replaced by a pure resistance of the same value as tha

W,?TU
£r-

' S ,YVf> or °"460 - % « combination of rectifiers it is pC
ble to obtain the characteristic shown in Fig. 86, which gives full-*
n '

<
-

t ><"""»>" I he d.c. is then 0.900 of the a.c. Actual rectifiers hn
curved characteristic as shown by (lie dotted line in Fig 8a For*
tivo voltages the resistance is not infinite. The ratio of the positive.'
negative hal -cycle resistances is sometimes aa low as 8 Because of
curvature of the characteristic, the ratio of d.c. to a.c. is a function »
or the magnitude of the current and of wave form.

^I}r,Z
Ty
A
tAl rei

:

tifiTi used with curly radio receivers may be used *J

H , ,

Pr
!°? rcct,f

r""K «» »•«• Carborundum, galena.and many other crystals may be used. The crystal is east in a low m«point alloy and the top contact made with a fine copper wire Itectiflaj
occurs at the points of contact of copper and crystal.

16. Commercial rectifier instruments contain a full-wave reft
consisting of four copper oxide rectifier disks connected in bridge n ,|lL

I]

ELECTRICAL MEAS VREVENTS m
, in Fin 9 The rectification is by virtue of the oxide film formed

•"T™ t ier disk. Current flows readily from the oxide to the copper

'"I, less readily in the reverse direction. .For instrument use the

consists of four small plates arranged in a stack with suitable^
'u between adjacent disks for connection to the instrument and

fPerTcnuil circuit. The disks may be as

PV'is V in - square or round, which size

Kited u iihout 1 volt and 5 ma maximum.

TW rat in" is somewhat less 1 han a maximum

idneh'' power purposes since in an mstru-

San some overload capacity is required and

i-hiliiv rather than maximum power is the

m»in rcnuircment. Somewhat smaller disks
"".

used in low-range instruments and for

,'',,„. droned for special eharacli n sties in

,-.„., to maintain a relatively high current

,|rr <r y fit lower currents, thus reciuemg tre-

m cv errors. Contact with the oxide is

Kin a variety of ways through the use of lead washers, graphite, or

minus metals applied to the surface. The mam requirement here is

Bmanencc of contact over an extended period.

The sensitivity' of the device depends upon the resistance and WJ^Oak
current the d-c instrument. The d-c instrument measures the average

l ie. y — Copper oxide ree

tificr bridge.

tI00

r. Xt ?/?ecfifhr

fL r. •

10 ;0~33 40b3i>C83»0 KG iO0~ 600 1033 2000 4C03 6000 ;0,00D

Current in Microamperes, A.C.

Fig. 10.—Curront-efficioncy characteristic.

^"e of a rectified wave, while n.c. is usually measured hy methods which
P»o the r-m-s value of the wave. It is customary to calibrate rectifier

If a rectifier instrument is used on a wave form differing widely from

2»*ave f„r whieh it is calibrated, an error proportional to the form factor will

,J?

u1 '- Calibration also corrects an error due to imperfect rectification,

ft?1 varies with current, temperature, and frequency,
•j/ne performance of rectifier instruments can be best exprcssctl by eon-
^*t>n« the d-c instrument and the rectifier as a unit according to Hig. V.

' ' Wrrant efficiency F - ^-K° A"~
i« SO to 89 per cent for a

to
laa idal a-c current in the order of 0.(K)1 amp. It is therefore impoMlblfl

an a-c rectifier instrument for d.c. without first making a. suitable

Sl|'2'
li! lulluwinR several pumgraphi nntl Tables IV and V have been contributed by F. S<

'
' of the Weatinshouse Electric Jt Mfg. Co.

mts in terms of the r-m-s value, of a stated wave form, usually a sine
Tr - i . 1 „ /^ifFi-in ii tr \Vi(knlV I TO 111

a—Wifor which it is calibrated, an error proportional to the form 1 actor Will
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change in circuit or calibration. Figure 10 shows the effect of current i]
current efficiency for :i sinusoidal wave. This variation is corrected ?
calibre, li rig.

The 60-cycle impedance of a 20-nia rectifier instrument is shown in l- jaOther ranges using different rectifiers will have different values, hut in uenM
the slope of the characteristic as plotted in logarithmic coordinates w'iHC
entirely similar.

0.3 Q4 0.S0.6 Oi 1.0 2 J
Cu rre nt,mi I Namperes

Fig. 11.—Impedance characteristic.

Temperature vnriatjnns !'' •i>nKitler:tluV cited m. h;,i]i |h<- i i: i
poii:"' 1

'
1

and accuracy of rectifier instruments. Figure 12 shows temperature-vttH
variations for a specific group of nailiiammeters from which impedance fl
l>e determined. Figure 13 shows temperature-efficiency relations of jfl
irruiilj at various current values. The point must be stressed, however, tS
the curvature of these elm rm-l eristics varies with the several parametertM
rectifier-disk size, current density, processing time, and the resistance oflH
instrument, and it is quite possible to modify these curves materiaUy^H
special requirements. Standard instruments, by the same token,
hardly be represented by any particular group of curves. It mipht be staWJ
that rectifier instruments have been materially improved in recent y*B
as to the flattening of the curves and that design possibilities have broaden4*
to the point where materially improved instruments can be made for ptM
ticular requirements.

Higher temperatures adversely affect the rectifying film, and rccliljj*

instruments may become erratic at temperatures in excess of 45°C!. H'«*j
temperature locations should be avoided in application; where the instru:'"*}
becomes unduly warm, instruments with external rectifiers are sometimesH
with the rectifier placed in a relatively eool location.
Frequency errors arc the result of capacity between disks. Since the <H

resistance is lower at higher currents and since capacity is a function .f
rectifier size, the smallest rectifier is preferred for Rood frequency charaCti^B

ELECTRICAL MEASUREMENTS 1 9o

oWi" 11

In *

fobi'
1

'!

(hail I"

iieters

This in turn means a high current density with which good accuracy is

somewhat above audio frequencies,

nay lie as large as I per cent per 1,000

moral, low-range voltmeters are more
to temperature and frequency errors

(ili-range voltmeters. Ijow-range volt-

have scides which arc compressed at

With low-current density,

90

80

I | I
I I I I

e -Minimum Vottzge —
Drop across Rsdifitr

Insirurnent-oi Various •

7empsmAirss,mm
Various Currents

'

<u 1.5

"20-0 + 20 40

Temperature.deg.C

Fig. 12.—Kffeet of ambient
temperature on the voltage
drop across a rectifier instru-

ment at various currents.

0)

90

g"90

Em

AO

70

to.

I0HA. Uc!

(ft: 4^.CurrenfCbi -j!

tlnp

s MA 4 *

'— At>! A C-

imJ. a r
i

.
i ..

- -04;- A A.C.

-

1

20 - + 20 40 60
Temperature ,deg .C

.

FlO. 13.—Ambient tempera-
ture-cflicieney relation.

'" lower end due to variations o£ impedance with current. High-range volt-

meters arid milliammeters have nearly uniform scale distribution.

Tables IV and V give approximate constants of commercial rectifier

HMtrumonts.

Table IV.—Milliammeteus a^jo Mickoammeters
Approximate (lO-Cyclts

Etnpadartoe at Full bcule1

100
130
1(10

370
(100

1.1 til

1.950
4.200
6,300
10.000

"rectifiers vary considerably from the averoEc in charae-

"ven may vary ± 15 per rent, and efficiency values vary
-• wot tor the product of one manufacturer. Much greater variations may be

"Weil ]„ „,.(.„ tlie products of different manufacturers.

t
- W- Power-level instruments used in the mmiitoritiK of voice-frequency

r- iHutiHv voltmeters wilh -vales rniihmu-d to ittkI power on
,
no

»f « fixed-resistance load. The indications of power arc usually m

Full Scale.
.Milliiiinperes

15
10
5
2
1

0.5
0.2
0.1
0.05
0.02U.Ui

tejjVI'uvitbial copper oxide red

MrlT*' bupudance values giv

i

C
J'
r,t ^nr lbc product of
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decibels above or below a specified zero power level. Prior to 1(
considerable confusion existed in this field of measurement owing to i

fact that aero levels of 0.001, 0.006, and 0.0125 u nit were used into lo
of 500 or 000 ohms. The instruments themselves, fundamentally v(

Table V.

—

Voltmeters

Full amis,
vol is

Full scale,
uppruximate ohms

per volt

Approximate fixed
resistance, ohms

Approximate fiO-cpj
iiEipedfir.ee of rt(Mi%
and d-c instrumai^M

full scaie, ohms

150 1.000 140,400 600
50 1,000 49.400 600
10 1,000 11.400 600
4 1,000 3,400 600

3 2 . (Kill 4, I ,140
2 2,000 2, Will 1,140
1.5 2 , 000 1 .Mil) 1,140

1. 5,000 3,050 1
,
050

1 , 950M fi,000 550

meters of the rectifier typo, have been quite satisfactory. The us
impedance has been 5,000 ohms and higher to avoid too great a loss <

to the addition of the power-level indicator and also to avoid add.
harmonics to the lino (hie to the non-linear shunt resistance of the instl

ment-rectifier network.

This situation has Ijcen largely cleared duo lo the work of Messrs. China
Gannett, and Morris 1 in the development of the so-called VU meter,
is fundamentally a rectifier voltmeter having very definitely specified
trical and ballistic, characteristics and a new scale. To this standar.
reference the majority of organizations using finch instruments have agn
Two instrument scales have been standardized, as shown in p4B

The upper scale, known as the A scale, emphasises the VU markings audi
an inconspicuous voltage scale. The lower, known «* the type H se
emphasizes the per cent voltage and has a relatively inconspicuous VU sc
This latter scale is largely used in broadcast monitoring since the voltage at

indicates in a rather direct fashion the per cent utilization of the facilitl

The scales are printed on buff paper to reduee eyestrain; the narrow arc »

the figures above it ire in bl ick with the heavy arc to the right , the markil
above it as well :n the markings bel hv the arc in red.
The instrument mechanism, which is identical for both scales, has t

definite ballistic characteristics which may be completely defined by
fact that, if a voice-frequency voltage of such amplitude as to give a stea^
reading of 100 on the voltage scale is suddenly applied, the pointer shO^L
reach 99 on this scale in 0.3 sec. and should then overawing the 100 poi"1

by between 1 and 1 ,5 per cent.
Zero level was agreed upon as 1 mw in 600 ohms. Sines a voice-freqil^B

channel may contain many components of different frequencies and sin*
they may affect different instruments in a different manner, the bullisjj
standards above listed are a very necessary purl, of the new standard. To'
instrument is standardized on sine-wavo voltage and is adjusted to read

H

the 100 mark on the voltage scale with 1 .225 volts applied, this reprcsenti°*

1 Chtnn, Gannet, and Mokris. Proc. T.R.E.. January, 1040; A Xew Standard Vol
Indicator and Reference F.evet ticll System Tech. Jour., Januarv, 1940.
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, A \ above 1 mw in 600 ohms and is applied to the standard instrument as

tarnished, plus a 3,600-ohm external series resistance.

Fm. 14a-
—"A" scale for VU meter. Fig. 14c—Standard scale

using a conventional d-c

movement.

fed. 146.—"B" scale for VU motor. Fig. 14d.—Linear expanded
scale Using the mechanism
with specially shaped pole

pieces.

With such an instrument the readings oh^^A £™ \V taking
frequency currents arc applied may then be stated as so manj, V, t»KiuB

aceoiuu "that 4 VU must be added to the

scale reading plus the number of \ U lost

in the attenuator placed in the network.

The required network is shown m l'ig.

14/. The fundamental total resistance

ol the instrument is 7,500 ohms. To this

are added 300 ohms representing n QTO-

ol iimrce, and load in parallel, making
a total of 7,800 ohms. To simplify the

UBB of an attenuator, this is split in the

''cuter to give 3,900 ohms each side, which

will allow for a simple T-pad attenuator
1

' be inserted at this point. The instru-

ment proper, therefore, has an internal

iroistiincD of 3,900 ohms and must be used

with the separate 3.000-ohin resistor.-ivu me separate .j,,rv,v-v..«" Vj— *J_j
Snee i he normal instrument level is +4
» f. the attenuator dial is marked

Fio. 14e.—Scale of db meter.
uie attenuator dial is marked 1 \L

•tscro attenuation, and for other true at-

•eniUL! inn values 4 VU are added. I able

VI shows values f«r '^^"^^^dally and because of Its deliberate

iis^und'rnost SdffirSsWS of the instrument by

OHMj
::iis:c

OHM
LOAD
rx

-

—^vw/ wyv
J6000HMS a'l

Fig. 14/.—Network for use with VU meter.

§ majority of those concerned is «to*%^ffi^JS8^
•hero levels along a transmission line are to be read, torwaroiu
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wira to a common point, and compared. While inst rumen t,a of sevcratfl
arc available, the one in most common use is approximately 4 in »J9
'">« fivtulablc cither with or without internal illumination.
The advent of this new level indicator ho* very largdv sujicrseded (ho.,.,

oi ai» meters as such, although the previously available high-snood
menta atill find some utility, particularly in the cutting ni -« -,u

,

insimUancoiis indication and control of high level is necessary to nrafl
nvcrcutting. ' a"

Table VII is a useful tabulation of power levels, ratios, and vol I age* Mu
terms of the aero level of 1 mw in 000 ohms, and, when intcrpivi .,

instrument of the characteristics described, the values of db above and Mm
this level will also represent VU.

Table VX

—

Attenuators FOB VU Meter

Attenu-
'

1 t or \oss
db

Level,
VU

Arm .4,

ohms
Arm B,
ohms

Attenu-
ator loss,

JL
tin

Level,
VU

Arm A,
ohms

Vrm*
"'liiiti

+ 4 Open 24 3,437 494.1
! + 5 224.3 33,801 25 +29 3 485 iio.o
2 + 6 447.1 16.788 26 + 30 3.528 391,9
3 + 7 666.9 11,070 27 +31 3.506 :; IS! 1

4 — 8 882.5 8,177 28 +32 3,001 311 .8

s + 9 1 093 6,415 *>9 • *>o—.Jo 3 , 633 lh7 i

s +10 1,296 5^221 +34 3.661 216.9
7 + 11 1.492 4,352 31 +35 3.086 220.0
S + 12 1,679 3.690 32 +36 3.708 1114.1
9 + 13 1,857 3.166 33 +37 3.729 174.7

10 -14 2,026 2,741 34 • +38 3.747 155.7
11 + 15 2,185 2,388 35 +39 3.704 138,7
12 +16 2,334 2.091 36 +40 3.778 123.7
13 +17 2,473 1.838 37 +41 3.791 110.2
14 +18 2,603 1,621 38 +42 3.803 US 21

15 + 19 2.722 1 .432 39 +43 3.813 >7 53

16 +20 2,833 1,268 40 +44 3.823 ;s "

17 ' +21 2,935 l . li t 41 -^45 3.831 K
18 +22 3,028 997.8 42 -i-40 3.839 m,9j
19 + 23 3 . 113 886.3 43 +47 3.845 55.3

20 +24 3,191 787.8 44 •I 48 3.851
21 +25 3 , 262 700.8 40 +49 3.857 s22 + 2(5 3,326 623.5 46 +50 3.801 ;:!> 1''

23 +27 3.SS4 555 .

MEASUREMENTS OF PULSATING CURRENTS AND POTENTIAL
In making measurements of current and voltage which are neitM

true a.e. nor d.c, Rare must be taken to make the measurement wl^H
correct type of instrument in order that a measurement be had of tW
actual value required.

18. Rectified current, which may or may not be filtered, should. 1 ':

general be measured with a moving-coil permanent-magnet tvpeof"":
instrument. This gives the average value. It is the value oi' nirri*
or voltage of interest when charging a battery and in general is [tic <H
of interest in vacuum-tube technique. Iron-vane and electro dy in

m

1 ".
1"

eter instruments indicate the r-m-s value which is used for doif;!'!"' 1"™
the heating effect.

J*
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I
jj reel -current instruments, particularly voltmeters, have a sufficiently

upgg heat-overload capacity so that they may ordinarily, be used on

Ruling tnuTenls without: danger.
' To measure the u-e component of voltage, a condenser may be placed

jji
series with an a-c voltmeter of suitable range; the d-c component is

Socked and the a-c value only is measured. The impedance of the

Taiii.e VII. Usfu-tl Technical DB Data (Weston)

I

rower
IrVi'l.

I 'ihWi'f

rutin to
ilb. Abo

iiilliwuttH,

ivImxi I)

level - 1

mw

VuJtHKc
ratio tn

olutge

—

basod on 1 Fowrr
tn w in lifjij level.,

ohms = zero db
level

Power
ratio to
db* " Also
power,

rr.VlW f:-.

when
Level = 1

Voltage
ratio to

db

YciltsiRe—

-

baaed oai I

mw in. 600
ohms — zero

-10
- 9
- 6

- 4
- 3

ii

•
I

4. 4

+ 3
+ 4

+ .I

+ 7

1 S
+

+ 10

I! 1111)11

I) 1259
i' 1585
i) 1995
n. 2512

n 3102
" 3981
0.8013
11 6810
0.79M

1.0000
1 2389
i 5840
I 0953
2.5119

3.1023
:i usil
II 0119
o..10011
7 9433

m (iimo
12 589
IS 849
i 'i ii;,3

~'<
I iu

31 .C.23

89.811
80.119
03.00(1
70.433

0.31023
0.86481
II 39811
0.44008
11.50110

ii
. 68284

0.03000
(1.70705

70433
(1.80125

1 OOlKK)

1.1280
1.2580
1 4125
1.5849

1.7783
I .9053
2.2387
2.5110
2.S1S4

.1.1023
3.5481
3 9SI1
4.40118
5.0110

B . 0234
8,8096
7 070.)

7 . 0133
8 0125

0. 24495
0.27483
0.30839
0.34309
0.38820

0.4.1500
0.48875
0.54840
0.01527
0.H9035

0.77401
0. 80S 12
0.97514
1 .0041
1.2276

1.3775
I . 5459
1.7341
1.0457
2. 1831

2.4405
2.7484
8.0887
8 .4600
3. 8822

4.8660
1

. SS75
5.4840

. 1527
0,9035

20
21
22
23
24

25
26
27
28
29

31
32
33
34

35
30
37
38
39

40
41
42
43
44

45
40
47
48
49

100.00
125.89
158.49
199.53
251 . 19

316.23
398.11
501.19
030.90
794 sa

1,000.00
1,258 9
1,584.9
1.905 3
2,511.9

3. 102.

3

3.981 .1

5,011.

Q

6,309.(1
7,943.3

10,000.0
12,589.2
15,848.9
19,952.6
25,118.9

31,622.8
39,810.7
50.118.7
88,096.7
79,432.7

I

io.oooo
11.220
12.589
14.125
15.849

17.783
19.953
22.387
25.119
28.184

31 .623
35.481
39 811
44.608
50.119

56.234
03.096
70 . 795
79.433
89.125

100.000
112.20
125 . 89
1 41 . 25
158.49

177 . 83
199.53
223.87
251.19
281.84

7.74(11
8.0912
9,7514
10.941
12.276

13.775
15.459
17.341
19.457
21.831

24.495
27.484
30.837
34.000
38.822

43.560
48.875
54.840
1,1 .',27

09.035

77.401
86.912
90.098
109.41
122.76

137.75
154.59
173.4]
194.57
218. a 1

„''" "''
: '' 'he frequency used (120 cycles for a full-wave rectifier

Rltonld not be greater than 10 per cent of the instrument resist-

Bft i
'
lnP0dances being in quadrature, the resulting error will be

•

tQ.,,-1
l«'r cent, This is the simplest, method of measuring hum :

"hod plate supply. Because of its high resistance, the rectifier

hyiL
'hwribod previously is most satisfactory for this purpose.

'Sen,
voltages and currents are best measured through the use of a

'Hube voltmeter with :t large capacity shunted by an extremely
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high resistance d-c voltmeter (.see Art. 29). A cathode-ray oseillog-

is also u&cful.in such .-i dies.

VOLTAGE-MEASURING INSTRUMENTS
19. Use of Current Meters to Indicate Voltage. All eurrent-mearf

instruments having a sensitivity in milliamperes may, with dm addi
of suitable scries resistance, be used to indicate potential. The en:

drain of the instrument must bo sufficiently low to abstract ncgli-
cnorgy from the circuit, as otherwise corrections must be made,
modern instruments of high sensitivity this requirement can usu:

1

be met.
20. Direct measurements of voltage are obtainable through rice

.static means, but the instruments are of limited utility because of t'

low torque and because the minimum ranges arc rarely under se

hundred volts. They are essentially ln3tniE(j

for the research laboratory.
Electrostatic voitineters depend on the allrrr

force which exists between two conducting p
between which a difference of potential exists,

their simplest form, the force of attraction
t ween a stationary and a movable disk is bal

by a calibrated spring. The Kelvin absolute

trometer is constructed in this manner. Thef
J

of attraction is proportional to the square
difference of potential between the plates,

meters give the same indication on steady_
alternating voltages and have neither wave f
nor frequency error.

One type of construction, used in suspended-vane meters, is shown B
rig. 15. The stationary plates are sections of two concentric cylincNH
into which the cylindrical rotor turns. With the opposite poles of I

magnet placed outside the stator plates, satisfactory damping is obtaMB
from the currents induced in the loop. This type of construction isJH
used in the Ayrton-Matlier electrostatic voltmeter built by the Caiubriilp

Instrument Company.

Flu. 15.- -Suspended
vane meter.

static voltmeters are very useful because of their high rcsisuutcejH
1' Consumption at low frequencies. They cannot lie used on M
frequencies much above a megacycle, because of the rapid ine

Klecl rost

low power
voltage a! frequer. .

of the power loss in the necessary insulation.

MEASUREMENT OF RESISTANCE
SSI. While bridge measurements of resistance give greatest nee

(Art. 3Gff.) direct-reading instruments are much used because thefjh
no YO(|Uireu; nit for the manipulation of the controls, and (hey are w"

used in production test ing of resistance units as well as in genera! Iab0»"

tory practice when the highest accuracy is not essential.
The simplest direct-reading ohmmeter consists of an ammeter ^»

batten' as shown in Fig. 16. Two readings are made, one withM
t •rmiuals shorted, the other with the unknown resistance K roune*^
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•ri l(. fixed resistance S limits the current to about full-scale reading of

L ,lln mcter. The deflection is made exactly full scale by adjustim-m

lv i net or shunt ii. The range of this lypeof meter is usually taken

1 thai resistance which gives a deflection which is 5 per cent of full

jjnld. On i his basis the usual ranges are 1,000,

10 000, and 100,000 ohms.
Through the use of more complex networks,

ii^riinumta with still \vider_ ranges of capacity

MB made available. The upper limit of

[esietaace measurements by this means de-

nds upon the instrument sensitivity and Fig. 10.-- Diroct-rondinjc

ohmmeter circuit.tottery voltage; a 50-na instrument at IS volts

gives tin excellent deflection on several meg-
ohms. The lower limit, since a minimum battery voltage of 1.6 volts

must lie used, is dependent, only on the current capacity of the battery

ami lli" rwimnwrc <> :

'

I he leads, ill genera:, for accural.' work, tin 1 effec-

tive bal tory resistance must be calculated into the circuit as a part of the

total scries resistance.

Note that in all series-type ohmmeters the tenter- or half-scale resist-

ance value is exactly equal to the total effective ohmmeter resistance at

its terminals.

The readings of an ohmmeter may be made independent of t'.ie applied

IfQltAgc by dispensing with the controlling springs and obtaining the control-

ling torque from a separate coil connected across the supply voltage. Kiguro
IT iHowh the circuit used by Evershed and Vignole in their ohmmeters of this

type.

Fig. 17.—Ohmmeter of Evershed and Vignole.

fills construction was first used by Evershed for an ohmmeter designed to
"re high resistances up to 100 megohms. The source of voltage was a

{"'•wmtittticcl high-voltage magneto generator, giving voltages up to 500 volts.
' *&s called a megger. The same principle has now been applied to ohm-

,

"i Wer rump using battery voltages. The resistance range extends
"" 1 ohm to 5,000 megohms.

aa. Measurement of Impedance. When the voltmeter-ammeter
;| '- used with a source of alternating voltage, the ratio of voltage to

' ri
'

l,|,
l gives the impedance of the load

z-= 4- (2)

the
4itt>

"•' "sual a-c instruments the corrections for the instruments are
!t and more difficult to make because of their reactance. The
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high-resistance rectifier voltmeter and vjiv,\miin-tube voltmeter elimj
this difficulty.

The separation of impedance Into its components requires the use
wattmeter. The oonneetions of Fig. 18a are usually used when no corrc
for instrument errors is t o be made, while those of Fig. LSfo allow the cotr

3

to be made quite easily. For this distinction the current coil of the watt
is grouped with the ammeter and its potential coil with the voltmeter,

io\ ib)

Fia. 18.—MeasurenieiH of impedance.

before, the impedance of the load is given iiy Kq. (2), Its power fac.

the ratio of the wattmeter readings to tile produet of voltage and curren"

P.f. = cos I

w
Ei

where 8 is the phase angle between voltage and- current. The resistance
load is

* = /'

and the reactance

X = v"!l'' - H-

With the knowledge as to whether the load is inductive or capadti
inductance or capacitance may
calculated from

<oL — —

Flo. 19.—High-frequency microfarad
meter. ( Weston,)

cj(7

where ui - 2rf.

23. Measurement of Capaci
Since the power factor of the
condenser is small, its roaclan«l
approximately equal to its imf*!

ance. This may he measured!
reotly by tlie voltmeter-aia'
method and the capacitance c

lated from Eq. (6). At a given voltage and frequency, a single ami"
reading is sufficient, and the ammeter may be calibrated to read e8j

lance directly.

Capacitance may also be measured on a .single indieal ing meter W
readings are independent of tho applied voltage. The moving elc

consists of two coils set at right angles to each other. There art

controlling springs. The connections "used in the high-frequency W
microfarad meter are shown in Fig. 19.

Coils Ci and Cs are connected across the supply voltage, one. in series **
fixed capacitance S, the other in series with the unknown C. The IjJ
field coils F are directly connected across the line voltage. With no cim*

Set. 71
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„tcd in circuit with coil Cs, the coil Ci sets itself in the plane of the field

•• "':

Id determines the zero of the scale. The rotroduol.on of C allows

, to Bow in tin- mil Cs and provides an opposing torque which is pro-

'""''I'nl to the capacitance added. The resulting deflection is, of course,

' '
L dependent on frequency as on capacitance, so that any particular

nVintent must bo used on the exact frequency for which it was calibrated.

(j.'L imv-frequeney Weston microfarad
.—

'„„
r has I he moving coils connected m t I

*

2riw iLcad of in parallel with the field i ,
-

£
.h p—\

coils. _

-4
c,

FF
\

B -II- C

20.- Powcr-faeior
{Weston.)

The capacitance range of the Weston

microfarad meters extends from 0.05

10 10 ufat 111) cycles, 0.001 to 0.05 jtf at

500 cycles, and 0.0005 uf at 1,000

ryrlcs. The applied voltage must be

laiyc enough to provide sufficient

torque to give a definite reading.

24. Measurement of Power Factor.

Instruments for measuring power
farter are very similar to the moving-cod capacitance meters described

shove. The connections used in the Weston power-factor meter are

shown in Fig. 20. , ...

25. Measurement of Frequency. Frequency may be measured with

an indicating instrument similar to the capacitance meter shown in
_
rig

IB, in which the capacitance C is fixed and the capacitance ,S is replaced

by a resist ance. The scale is, of course,

calibrated in terms of frequency.

The functions of the moving and fixed

coils may be transposed, the stationary

part now consisting of two coils set at right

angles to each other. The moving part is

simply a vane of soft iron, since its sole

function is to indicate the direction of the

resultant magnetic field set up hy the two
stationary coils. The connections of such

a frequency meter are shown in Fig. 21a.

The tendency of the vane toward rotation

is overcome in the Weston frequency meter

by decreasing the phase difference he-

tweeu the currents in the two coils as

shown in Fig. 216. The rotation of the

The vane, being long and narrow, takes up
* acliiiiir position, its inertia preventing it from following the irregular rota-

2?" of I lie magnetic field. The frequency range of the instrument is aboutp cent of the mid-scale reading. These meters are usually built for the

I -.•nr. Frequencies 25 and 60 cycles. The General Electric Company
""buil! them for higher Frequencies, up to 2.000 cycles.

I

i "tquency meters that make use of vibrating reeds are also constructed.
,"'''"•.< of reeds, whoso natural frequencies of vibration differ by regular

,
''I ['Cult, 1 1„ _ :„ „ A>iUmla<« Awn im i lift nrrlnr rtf {tfir.PT)H.

ia

(b)

meter.•V req uency
(Weston.)

laid is no longer uniform.

Series „f reeds, whose natural frequencies of vibration differ by regular
tctv als, are arranged in a line or in a circular are in the order ol ascend-

* hose
[ueney, They are mounted on a suitably shaped electromagnet,

(

j''"s<
' winding is connected across the supply voltage of unknown fre-

(Jr^y- Tim i reed, having a natural frequency nearest to the supply
"HUoney, w;u vibrate with an easily visible amplitude, and the frequency
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Fro, 22.—Consumption
telephone,

of

'

rurtl

intervals between adjacent reeds are sufficient!v small, comuaiwTdamping, so that at least one will always vibrate.

MOVING-DIAPHRAGM METERS
26 The telephone ia a very sensitive galvanometer, j„ whirf.1indication of motion is acoustic. It is essentially a moving-iron JJ

lion galvanometer) polarized withal
manent magnet. It« mirtn«nio«
.shown mi l'ifr. 22, Tim nmpliiml
oration is proportional to (he product,
1 •''«' Mwidy flux in the iiirgtip pmducsfl
the permanent magnet and the JH
J»K flux produced bv the mils nirt3
the a.c. The Latter flux is much inX
by placing the coils on lamii-Vr ,|

ii on pole pieces. The reluctance of the hardened steel „ ,

alternating flux « .so great that most of the a-c flux passes ^^'u!
at the base of the pole pieces. This gap is made the prouermake the product of I he t wo fluxes at the diaphragm »ir pp n
i he diaphragm is a 1 inn steel disk clamped at its outer edge Its olfrequency ol vibration is determined bv its m»«s nnd s'tiffnMtl

°°» in. thickness, this frequency ii about 9()0 e"cSlplugging the orifice in the earpiece, the natural frcquen.'v marlneroased by as much as ,50 per cent. The dampmg of the dii.Zfl
is very small, being mainly dir.- lo the echlv-eurrent \w< in the irt*.

Figur™showsSw1tf

71Wni
damping is little afTec'ted'l'y Vhanges in rtiflfoLf and^aturalfa
J lie impedance of a telephone winding increases with fremieiregular way, except around the reso-
nance frequencies. The resistance and
reactance are generally of the same order
of magnitude, so that its lag angle is
about 15 deg. At a frequency of 1,C00
cycles they are about ten times the d-c
resistance of the winding. Near reso-
nance the motion id t he diap] ragm ni-
1 ''"duces a counter a.m.I. into the circuit
which is usually bterpretei I b a additional

. resistance and reactance, Those terms
are referred to us motional values In
telephones of low dampW, they maybe
as much as 70 percent ol

1

the normal Val-
uta The actual numerical value of the
resistance and reactance depends on the
number of turns with which the magnets
are wound. The d-c resistance varies
from JO to 1,000 ohms. The sensitivity of telephones is ,,e, lrw hal i»<Iftnite because it depends on llu- acuteness of hearing of the observer I'*
usual to express it as the current necessary to produceTjurt aflresponse, because of the existence of a threshold o ^ earine thmum current ts reasonably definite and reproducible/at

I ."fro :W«gperson. \ alucs of this inhuman current, together with t he corrcspO*
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1.0

FreqLCn

I'iu. 23.' -Resonance «B
Western Electric telcphi

• Itnue resistance, and power arc. given in Table II for a Western

Stlli
0,

. receiver. J 1 is much more sensitive than any vibration gal-

'"etcr and !lt ' ts resonant frequency is not far behind a good d-e

Smother Types of Telephones. Tt is possible to use non-magnetic

ip'riiil- for liie diaphragm bv providing a separate steel armature so

IKnriVi. m[)ed thai its natural frequency is higher ihan that of the

,

'

to which it is attached by a stiff rod. When mica ia used for

mhnigni, both the sensitivity and the selectivity are greater than

.1 'ii i he ol her hand, the resonance curve can be broadened by

.lais ii corrugated diaphragm of suitable material.

The nice! armature can be replaced by a coil carrying the ux„ which

,(.,,„ m'n\ uhrate in i he field as a moving-coil galvanometer. A light

p :
. :i: i ached to the coil acts as a diaphragm. There is no single

natural frequency, so that over a wide frequency range the sensitivity is

ESientiallv c.mst.ant.

The piezoelectric effect exhibited in certain crystals is also used as the

basis lor a telephone, Rochelle salt crystals are used rather than quartz

bemuse of l heir greater piezoelectric effect. The Construction is the

lamcas i~ ;isi-d in crystal microphones. The frequency characteristic of a

telephone made in "this manner is remarkably constant over the whole

a-: range (Mending from 100 cycles to 5 kc." Its impedance decreases

with frequency because it is essentially a condenser with crystal dielectric.

In this respect it behaves in just the opposite manner from a permanent
magnet telephone.

88. Thermophones. When a fine wire is heated by the passage of a.c,

•mind waves are produced in the surrounding air if the heat capacity of

m wire i- ... small that the temperature of the surface of the wire follows
the cyclic variations of the current. Instruments of this sort have been
•Mistnictcd, using gold foil as the heater. They are called thermophones.
Their sen-'.:

i city in t erms of sound energy is low. Hut t hey can he made
null enough to be placed in the ear, so that their over-all sensitivity is

Bute Kiitist'actorv. Their response decreases slowly as the frequency is

"wrwtscd. The theory of this instrument, has been studied in conskler-
shl« del nil because of'its use as a standard in the production of sound.

ELECTRON TUBE METERS
29. Vacuum-tube Voltmeters, The simplest type of vacuum -tube

[?>
ltmeter makes use of a three-electrode tube and' a d-c, galvanometer,

'
"

; " cei ii,us are shown in Tig. 24. The grid bias Be is so chosen that
1 pint* rectification occurs, the relation between plate current

\

11 !

It age being as shown in Fig. 25. When an alternating volt age
' :

'l'i'lied between grid and filament, the average plate current increases

... I

' '" 1,1 V. This change in plate current is the quantity in terms of

J?
1
" the instrument is calibrated. The upper limit of applied voltage fi

l«t for which the peak voltage equals the grid bias.

Ti
U,at ih

ZCro of plate-current meter may be suppressed mechanically so

"'Ddi
ZPr" °' tuc voltage scale may coincide with its electrical zero. This

'"''L-rt

*"
l'" > lllay n 'so be attained electrically us shown in Fig, 20. The single

* ,J'iii ,
{"- supplies both grid and plate voltages through the drop wire

Nu.-li'i'
"'' *he three resistors llr , tf„ R~. The voltage drop in IU is made

lo that in the adjustable resistor Ilp caused by the plate current.
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The galvanometer resistance should l>e small compared with Rn so th
major pan of the change in plate current will pass through the galvnnoo

The grid bias for the voltmeters shown in Figs. 24 and 26 may als
obtained hy connecting the grid return to a resistance lib in the

|

circuit as shown in Fig. 27. This
method of obtaining the grid bins
eauses the bias to increase with the
applied voltage. The relation re-
sulting between meter deflection
and signal voltage, while approxi-
mately a square-law relation for

Hf—
*

Fio, 24.-

Ea
Viii-iiinii-tuhovolt-
meter.

tp

A/ i

/--]—
/ i

>P

j
Ija

1

r——_ '"" 1

-
—^1

i

I'', 25. Vacuum-tube v o 1 (, jh ell!

characteristic.

vi.l>

2H.— Single battery for plate
and grid voltages.

small voltages, becomes ue: rl\ linear for large voltages of from 20 torn
volts. For a large grid bias, plate current flows onlv during tin- ixwiim
peak; hence the error due to wave form may become serious. TheM

meter then becomes a peak or
voltmeter. The voltage range I

meler can he changed by means

(

bins resistor Rb . "Each range ;

however, have a separate cahbl)
The sensitivity obtainable w

vacuum-tube voltmeter depi adm
ly upon that of the indicating :

The detection coefficients of il

oils tubes available are not wll

(liiTei-ein and tire not. much aft'ei'titi W
the value of plate voltage. A fair

scale reading of 3 volts is usual witM
(l-e meter showing full-scale deflection on 200 ^a. A 2C-xa meterwU
show a full-scale deflection on I volt. Wall galvanometers may be lljfl

to obtain increased sensilivity bu( i lie dilfieultvin
maintaining the zero selling increase's greatly.

'

The. input resistance of a vacuum-tube voltmeter
is high, being either the insulation resistance of the
input terminals or the resistance /?„ of Fig. 26
:;huntcd between grid and filament to maintain the
grid bias. This may be as high as 10 megohms.
The plate load of the tube is sufficiently low so that it
does pot affeet the input resistance. The input
capacitance is essentially that of the terminals,
socket, and grid-filament capacitance. Bv careful design this majl
made as low as 5 nrf-
The calibration of a vacuum-tube voltmeter is usually indcpOW

of frequency over a wide range. At low frequencies an* error apl""'

V
Fic. 27.-

bias from pt*^|
cuit.
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. the reactance of the plate by-pass condenser, connected between

jXeaiid filament to provide a low-impedatice path for the alternating

itioneiit of the plate current, becomes comparable with the plate load.

If'llii"
condenser is omitted, in order that the meter may be calibrated

n \ used ai commercial frequencies, errors may appear at frequencies

Uon'iOO kc due to natural frequencies in the meter and resistances

-f |hr plate circuit. Finally, natural frequen-

ces in the grid circuit, either in the resistance

2. of Kig. 20 or in the combination of Ii„ and

tlir
(frill-filament capacitance of the tube, set

.. I,
|

ii ti round 10 Me.

The sensitivity of the triode vacuum-tube volt-

H 1
1

1 1 iy be increased by the method suggested
. r imor 1 ia which two voltages are impressed

tin Iwhmcod lubes connected as shown in tug.

K, Equal voltages e 2 are applied to the two grids

in opposite phase across resistances R and a separate voltage e, of the same
IrSqUency and the same phase as either is in! l'ofUn'oiJ mm lUc common grid lead
arnws die resistance Rc . With the grid bias adjusted for pla le rectification, the
Hifforriitinl current through the meler con nee led between the two plates is pro-
portional to i he product eie> of the two voltages. The voltage applied to

Fio. 28.- Balanced vac-
uum-tube vol t.meter.

Flo. 29.—Two-electrode vacuum-tube voltmeter.

Bjkgrid ih usually the small voltage to be measured and voltage ci is a high
^^Hl which gives increased sensitivity. A special phase shifting network is

.
j,'

1 y necessary for the adj ustment of voltage si. An effective amplification
bo obtained.

priiiiii e
tW

? voltages are not in phase, tlfe current through the ammeter 13

This "i"
1 f 'et tm *• ^'bere $ is the phase angle between ei and et.

i,j
la "" bnaii fie- the expression for power in an a-e circuit. Hence, if

,
1

1
'''I 11 '"' i'lnal to the voltage across any load, and e„ is proportional to the

j .

(

'' r
- through that load, obtained as the fall of potential due to the flow of

.

r''
,:

,
'rough resistances 11, tin; amineter delleetion is proportional to

...
*>'r «i pared in the load. Kull-scale deflection may be obtained with

»Vuii'
as 20 (iiv. The ireipioucv limits are those of the regular

The -
^'"'t'uetcr.

'"tuen",
1 :L tw0 -electrode tube in a vacuum-tube voltmeter allows the

I iiii)«t
y ri."'Ke to "e raised above 50 Me. Since the rectified current is at

! *oosc "1 a n) ' (
' r0!Ji»Peres. it must be amplified by means of a triode

"""h a \ 1
' l

*
ir<',| it the indicating meter is placed. The connections for
are shown in Fig. 2B. The current rectified by the diode

f
'M"v<- .

! |

'! ,c> condenser in the input lead to the peak value of the applied

?| 'lie
( r

:
'ben the OAi'l-pf condenser which supplies part of the grid bias

J*& the" 1

T"he use of two condensers is required because the cathodes of

I I 1

' :mi ' triode must lie kept at essentially ground potential.

J}her '..
'!'" reading of 1.5 volts can bo obtained with a 200-fia d-c meter.

^^^C"ii"f
e lal1 fSes up to a maximum of 150 volts can be obtained by

! meter. Each range must, however, have a separate scale.
"' McVawaba. Proa. I. R. E., IS, No. 10, 1748-1747, October, 1930.
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30. Electron -stream Meters. A stream of moving electrons m JM I

1 lu- tntiude+ay tube to indicate and measure an rlcei nc or imignetir
fieltj

KlciKnms emitted from :i 1
1 >

I
e.-e'-.oee (,' :if" -lerriled I >\ a- pesiij,,'

potential applied to the in mil i' 4 ns shown in Kig. 30. Most of ^
electrons strike the anode and form the anode or plain current,

remainder pais through a small hole in the center of the anode tuid

continue at constant velocity to a (luoreseenl screen N of willemitc or am
sulfide, which is usually the enlarged end of the glass tube in winch tit

various parts are mounted. The beam is naturally divergent beeso*

of the mutual repulsion of the individual electrons comprising it aaj

musl lie focused on 1 lie rceti in « ne- man er in or. >•! < t>bu in a #m „

sharp spot. In the earlier lubes this was accomplished try „

enough residual gas in the tube to give a. pressure of about 0.001 I

of mercury. The positive ions produced by the nine iron stream exert

.mi UN

H l.i.l-

Fio. .SO. Klcctron-strcam meter.

repulsive force on the electrons and prevent their divergence. JjM
factory focusing by this means, demands a constant gas pressure whie

is difaeult to maintain throughout the life of a tube. There is al

upper limit of perhaps 100 kc to the frequency for which sharp loc

can be obtained because of the relative slowness of the ionization JU

The beam may also be focused by a longitudinal magnetic Eeld

radial electric field, the latter being the more convenient, lot

type of focusing, the gas pressure is reduced to the minimum new

to prevent an accumulation of negative charge on the screen. Bel

the a»odc A and screen US there is placed a second anode having a no

potential between four and five times that of the first, anode. In

designs the enlarged conical end of the tube, is lined with a' coed •'

la vi i' and se vet as this second anode, fn other*- :

1 ver.rid una"'':*

short cvlinder or ring of larger diameter than the first anode.

cathode is usually of the oxide-coal ed type with a separate heater vVm
aside
pernturc
screen.

outer eno, winuu is couucricu unecii\ iu un- liiiiiiini >mei ...... --

anode is used. In tubes with residual gas the exact focusing of the i*""

is attained by varying the negative voltage applied to this cylinder-. I

The electron stream may Iks deflected by a transverse maP|f^M
electric field, applied beyond the first anode in the, region wUH
electrons have a constant, velocity. The losses inherent, in the SB
necessary to produce a transverse magnet ic f

1
c 1

. J
limil iheir us<

'"/"'"tinf

eases. The transverse electric field is applied through four (

}

C?~3B
plates symmetrically disposed around the tube axis. When adi'K

j

of potential is applied to either pair of opposite plates, the ?,ro
jLp(

electrons is deflected toward the positive plate through an angle P/""^

tional to the strength of the electric field. The bright -pel on thel' 1^
cent screen, which marks whore the electrons strike the scrcei»> JM|

moves proportionally. A voltage applied between the other pair ot \

*'i
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;i deflection of the spot, in a direction at right angles to the first.

KLtioii. The deflection at. the screen is inversely proportion n1 to the

HEgr anode voltage. It is of the order of 2 i 1 1 . per 1 00 volts for an anode
'e.f 1,000 volts.

When aa alternating voltage is applied to a ]jair of plates, the electric

<j,l act up between the plates is continually varying in magnitude and
Xtvction. The stream of electrons is deflected back and forth between the

ditto.-, and the spot of light is drawn out into a line symmetrically disposed

JjwUt the iiadeflected spot, provided the pair of plates is grounded at a point

Sjway i" potential between them. An altei anting voltage applied to the
plates will produ'-e a fine at right angles to the first. If the two

Mages are applied to the two pairs of plates simultaneously, the electron

Hun fellows the instantaneous resultant forco exerted by both fields and
HEon the screen a pattern which is closed, and therefore appears sia-

when the frequencies uses:! bear a simplo relation to one another.
Thi'A' patterns are called Lixsajovs 1 Jiffurcx. For two equal frequencies the
pattern i- :

•. clii . varyhi,.! eercni rictiy which at the extremes becomes a

Maighl line or a circle. The exact figure is determined by the phase difler-

of the two voltages. Kor other ratios of the two frequencies the patterns
ic reentrant. For the general case the ratio of

the number of loops formed on adjacent Hides of the
pattern is that of the two frequencies.

7__

R 173

•*Doia>-

81. Timing Axis. Since U te el ectron strean icon
|ow accurately ull variations in applied voltage, 31.—'Timing
IB only necessary to spread out. the line of light circuit for cathode-
pen it produces on the screen into a two-diinen- ray tube,

pal picture to make visible its exact wave form.
be second voltage of the same frequency giving the elliptical pattern
•t described does this but in such a manner that the whole pattern must
• redrawn to he easily interpreted. The time axis, which the second
Wage must, provide, should be linear, not. sinusoidal, and its return to

••value should be instantaneous.

^ ffV convenient circuit for this purpose employs a neon tube as shown in

The potential across the condenser C builds up according to an
ia! law determined by the time constant CR of the circuit., which

y the firsi part of its range is nearly linear. At sonic potential between
•anil .'ton volts, dependent on the shape of the electrodes and the pressure

yS? Kus
' the neon tube breaks down, and the condenser discharges very

r~JV- T
At some lower voltage the neon tube goes out, and Jhe charging

P"> ia resumed. If t he resistance R is replaced by a t wo-ele(Wrode vacuum
B*hc curvature of the exponential law of charging may be partially
gPensated for by the changing resistance of the vacuum tube as the voltage
B*U is varied. The frequency at which the condenser charges and dis-E8 de;>ends on the time constant CR of tho charging circuit and is cou-
(. ! "J varying these quantities. "Frequencies covering the -range from

Iton cycles are attainable. The wave form thus spread out on the
jj. Will drift along the time axis unless the two frequencies are exactly

Hj_
or are simplo multiples. It is very convenient to have the pattern

*hri.

ary
" "^e two frequencies may be synchronized by using a thyratron

Hj-
^-e ecfrodc gas-filled tube in place of the two-electrode neon tube

^« »ap.a<*c from the source of the wave form uudur observation is applied
Ejp'G of the thyratron. When the control circuit is adjusted to produce

tin. 'V y 'he correct frequency, this added voltage is sufficient to trigger
i ^

(ll ^ r'liarge and maintain exact synchronism,
ow, "Textbook on Sound," pp. 555-557.
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A time axis may also Ho obtained by viewing the screen on a r«
mirror. The pattern will be stationary when the speed of revolution

mirror is an exact- multiple of the frequency of the given wave.

Transient phenomena may he studied by photographing tlie

trace of the electron stream as spread out by any of the metba
obtaining a time axis just described. The lime axis may also be obh
by moving the photographic film itself, in this case, and also foU
revolving-mirror method, the screen must be of the type in whic
fluorescence does not persist, else the trace on the film will be bli

Screens with persistence times us short, as 25 microsce. and a- Inn,;

SO milliscc. sire available. The Inlirr are useful in viewing vet

phenomena and in television, where it is helpful in reducing flicker,

COMPARISON MEASUREMENTS
32. Comparison of Voltages. A steady voltage may he torn;

with "the difference of potential across a resistance-carrying cum i

the use nf the simple pot ear ioitirl
|

shown in Fig. 32a.

A but lery /".'i causes a current /l
How in a resistance R. The unknnn
voltage E is connected to this MM
anco through a galvanomcte^J
the resistance is adjusted to

deflection of the galvanometer,
voltage E is then equal to the
drop lit. A second voltage

Fig. 32.— Potentiometer types: then be made equal to a diffei

(a) simple; (6) with standard cell tential drop IR . 1 he two

resistance. 1,1 '

'

l0 ,wo cases are the same
at balance no current flows in

variometer circuit. The two volt aces me thus proportion ai lo I he tw"t

ances. The potentiometer may be imwlv di iwi -rondi rig in voltage by !

'

standard cell for one of the comparison voltages and connecting it across S

portion of the resistance that the current must be adjusted to a predate!

decimal value in order to obtain balance, The unknown voltage »
em: nee ted through the galvanometer and balance is restored by adjui

of resistance R, which may now bo calibrated directly in volts. Conn*
for this type of measurement are shown in Fig. 32!).

Two alternating voltages may be compared by the potcntioS

principle only when they have the same frequency and the same
]

They must at every instant be equal and opposite in order that the

nometer in series with them shall show no deflection. Hence the r

ometer current must be taken from the same source as the voltaic!

measured, and some form of phase-shifting device must be provid

which the output current is independent of its phase.

Drysdale used a two-phase induction regulator, feeding one phase '

a resistance and the other through a capacitance in order to obtain '

currents in quadrature. Such a device P is shown in Fig. 33 connect*

d-c potentiometer. The galvanometer Ga is an a-c galvanometer hay

sensitivity comparable to that, of the d-c galvanometer 6V Since tn

no standard of a-e voltage, a standard cell is used to adjust the potontiO

current, to its proper value. This value is read on a transfer tint):*'

which may be either of the olcctrodynamomoter or insulated heater to

Its zero may be suppressed mechanically to give the effect of a

'•"'lie -ihiftcr, by connecting them directly to the terminals ft. The

j^Jj,"
applied to them may lie calculated from the settings of the contacts

h iail r.

«1

Fig. 33.—Drysdale potentiometer.

33. Comparison of Frequencies. Two nearly equal frequencies may
be compared by measuring in a suitable manner their difference in fre-

quency. When the two frequencies are in the audible range, this differ-

ence will appear as an audible beat—a waxing and waning in intensity

—which tnav lie counted if it is less than 10 bents per second. If the beats

W faster i ban this or if the beating frequencies are above audibility, the
1

i must be rectified and a beat frequency produced. This beat fre-

quency innv then he measured by a suitable frequency meter. The
Metiraey of 1 ho comparison depends both on t he accuracy of measurement
••' •••••

I "Mi frequency and on the ratio of ibis Frequency to the original

frequencies. The beat frequency is usually kept, in Lite audible range.

If the two frequencies to be compared are not nearly equal, so that their

I fferenoe is large and above audibility, audible beats may usually

P* obtained between some of their harmonica. For a beat frequency b

^Hfo the mt,h harmonic of a known frequency / and the »th harmonic of

known frequency/', the expression giving/' is

(7)

,!" *Kn of /, being determined by considering which harmonic, mf or nf is

* honor. Sufficient harmonies are usually present in most frequency

i*i"'
s r°r die purpose of this comparison, especially when emphasized and

ttaT'r''
1 die use of tuned circuits. They can always be produced by the

In i J

1 "''drier tube.
.

*ih "ms' precise measurements the kimwn fre<|uency is a multiple or
jubiple of a standard crystal frequency, obtained from the various multi-

driven by the standard. l'"or less precise work a variable standardK^w used. The beat frequency is then made, zero, Such a variable

> oscillator, called a heterodyne omitMor, will have a limited fre-
n"y i'!i age, even though provided with multiple coils. Properly chosen
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lor range, it may bo used to measure a super-audio 1k m frequency, 3U(,i

might bo obtained when comparing two very high frequencies.

Frequency is measured in terms of inductance and capacitance
1»

means of a tuned-circuit frequency meter consisting of a variable capsS
tancsc and a set of fixed inductances. The frequency rani;!- dWw
to each coil determines the accuracy of grainy, which ranges from
per cent to 0.00 1 per cent. Resonance is indicated in a variel y of

thermocouple ammeter, heterodyne zero beat, or read ion on an osci

these being arranged in the order of their accuracy. In the third
the frequency meter is coupled closely enough to the oscillator

frequency is being measured so that either the amplitude of its osc:

is affected or its frequency is altered. The frequency alteration
more precise method but demands for greatest accuracy a second
tor set at zero beat with the first. When the frequency meter is i_

resonance, the zero beat note of the two oscillators will be unaffected,

the second method a vacuum-tube oscillator is connected to the wavt-

meter so that it really becomes a heterodyne oscillator. A screen-gr

tube, operating as a rlynatron oscillator, may be connected to a freq u m
meter without the addition of extra' coils or taps and converts it into*

heterodyne- frequency inner.
34. Comparison of Impedances. An unknown resistance may h

compared with a known resistance in a number of different ways. When

the known resistance is variable, a substitution im limit may be employed.

The unknown resistance X is connected in series with a battery and shuntld

galvanometer £/, the shunt resistance .1/ having been ndju>nd in allow a M"
scale deflection. The known variable resistance ,S is then substituted I
X and the same current allowed to flow. It.- value a- tlius determine**
that of the resistance iS\ When the known resistance is not continneJH
variable, the value of the unknown resistance may be intcrpoluU'd n"010

the two readings of the motor. This method is frequently used for thenrtW
urement of very high resistances, such as insulation resistances from idhH
up. The known resistance is rarely larger than 1 megohm ; brure nailer the*

conditions different values of the shunt M arc used for i In- i » u i:w>:i(nirem»»

The method is not applicable to measurements with a.n. because the pW
angles of the source and load are indeterminate.
Two resistances may be compared by connecting them in series and d^H

uring the voltage drops ac ross thcni by means of a high-icsl-tanec vol tin***

Since the same current Hows in both resistances, the value of the unka°
resistance is

where En and Es aro the voltages across the unknown and known resist

respectively. Except for the case of equal resistances, the realstand* uf>
galvanometer must be cither eery large compared with the resi stances hejj,

measured or it correction must he made for (lie current taken by the * j

variometer. This method may be used with a.o. to compare nil kwfl
impedances. Either a vacuum-tube voltmeter or a high- resistance r9f

voltmeter must be used, since correction for the current taken by WW
meter is difficult. The polarity .of the voltmeter should be maintained **j

d-c measnrementa in order to eliminate the errors of these vol t meters da*,

even harmonies. The upper limit for frequency is that imposed by
frequency characteristics of the known standard and by the capacitate
ground of the voltmeter in its two positions.

Tt ,. power factor of an unknown impedance may be determined by the

.,/,,„,,', , method, in which the voltages across the unknown and

t^Kjpmcdancus and thai applied to the two in series are read. I ho
'

.,v-iil1 ions concerning pnlarily ami capacitances to ground apply

""ti the hwi-vol (.meter method, The vectorial relations between t ie

Si. voltmeter readings together will; the voltage components of the

!inkm>wti impedance are shown in Tig. 84.

Tin' expressions giving the unknown impedance

its rc-'i-'aiii-e R. reactance X, and power factor

,K* Ez

R = S

X
COB

£i - Ei 1 - Es 1

= V2» - R*

It E"- - Ez* - Es

Z
(.»)

Fia. 34.
lations in thrco-voltmete
circuit

Vectorial re-

39. Variation Methods. The total resistance of a circuit may he meas-
ured by Lho resislance.-mriati'm method. Since with a constant applied
villain' the current flowing in (he circuit is inversely proportional to the

total resistance, (he circuit resistance is given hy

R - S/ J }>
(10)

hiTe / i s the initial current and /' the current which flows when the resist-
Wi" .v is added. A plot of the reciprocal of the current flowing for different
^ucs oi -lie added resistance against (hat resistance gives a straight, line

•»* negative intercept on the resistance axis is the circuit resistance. The
:

I esisti ace necessary to halve the current is also the circuit resistance.
This

1 1 1

1

1 1 1 ..... i is sometimes used to inOO!
t H 'in,

measure the resistance of a sensitive

.
Ine resist a nee-variation met hod may bo used with a.e. provided the

is 1 lined to resonance. The necessary connections are shown in

5. Hy reducing the reactance of Urn circuit to zero, the same eijtia-

. tions and procedure may be used as for d.c.
r-VA^

—

tsotip—i The ammeter used is usually of the ihormo-
L.4-.C couple type. Halving the current on such a

L-W"- |
meter quarters the deflection; hence this typo

*S*' (£) 1 of measurement is sometimes called the quarlcr-

P8, 35. \dded-resist- deflection mellutd. The ammeter may be rc-

ance method.
* placed by a vacuum-tuhe voltmeter connected

,

|

,
across tin; condenser. This arrangement is

^BSjm,fe sensitive than the thermocouple ammeter and simplifies the

J"}"
1 "* "I' the circuit by eliminating one series element. The upper

.

"'" frequency is set hy (he frequency characteristic of the known
" v " and the capacitances to ground of the different parts of the

,.
:

'
: This method is the one usually adopted for the measurement of

J
'.'
s ' s!;| aco of inductors at high frequencies.

itjn|u
"

1

ri lances may be compared in a tuned circuit by a substitution
r
':»et' .

" ln circuit is tuned to resonance both when the unknown
atll 'e is connected in circuit and when it is disconnected. The change
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in reactance of the variable standard, with which the circuit is t_
equal to the unknown reactance. When the unknown ami known
aneos are both inductive or both capacitive, the value of the ud
inductance or capacitance is obtained directly, independent of I'rcqi

tho two reactances being connected in series if inductive, and in 3
if oapackive, For these pairs of measurements it is unneeessanj
the currents be kept of the same value.

Air condensers are much better standards at high freriuetiiaeg
inductors, and it is therefore usual to measure an unknown inductaj
terms of a variable condenser. Small inductances are connected ii

and largo inductances in parallel.

The resistance of the unknown reactance may he determined by
the current at resonance when it is connected in circuit and
adjusting; the current to this same value by adding sufficient
when it is disconnected. This added resistance, corrected for the
in resistance of the standard reactance with setting, is the it

of the unknown reactance. The resistance of variable reactors
general be measured by the added-resistanee method described i

by one of the bridge methods. The resistance of a variable air coi

follows a definite law, and this fact may be used in this tvpe of
measurements. 1

The total resistance of the tuned circuit inay also be me;
detuning the circuit. This method is called the reaetance-Vt
method* The change in reactance necessary to halve the squa

_

rent (deflection of a thermocouple meter) or to reduce the reading oi

vacuum-tube voltmeter in the ratio of 1 to y/2 (0.707) is equal to U*
resistance of I he circuit . T! e resistance i>f -,n i.i^kimu n .e:iri; N'nT niHyh

found by again measuring the total resistance of the circuit when i

unknown is added. The difference in circuit resistance wit h the irn^H
in and out is the unknown resistance. The circuit resistance for Ik

one case can also be found from the other by multiplying the ll^H
circuit resistance by the ratio of the volt met rww

illga at resonance.

D-C BRIDGE MEASUREMENTS
36. Whenever two resistances or inipeduticeBifl

compared by matching or comparing the do t lectio*

of any deflecting instrument, the accuracy of"*,

measurement is determined by the accuracy
1

reading oi the deflect ions themselves. This 0<*B

racy may be greatly increased by adopting a
>'"

method, in which a certain relation of (In

annus being compared is indicated by a Hero dcVp"

tion. As this condition is approached, *H
sensitivity of the indicating instrument in.'

1

creased.

37. Four-resistance Network. The simple l" 1
',.

resistance network invented hv Christie in 1833 and exploited " •.

stone ten years later is shown in Fig. 36.

Two paths are provided for the current, one through the ratio arms
0, the other through the unknown and known resistances V and a

•**?,'„„.. j'.'.rs me al 1 he same potential. Equating the voltage dropa

BL m: TBI cal MEa & (SUBMEN TS 2\:>

nmeter G is connected between the junctions of these pairs of resist-
v!'""

•( |,o condition for a null deflection of the galvanometer is that these

(11)

(12)

Alt. = UIc and BIb - Sis

mi current flows in the galvanometer,

The ratio arms are usually only variable in steps of 10 so that the

bridge is balanced bv varying the known resistance S.

In commercial bridges the accuracy ranges from 0.1 to 0.C2 per cent,

ftritcliing i* accomplished bv sliding contact-deeade switches or taper

nluits and the ralio arms are reversihle. There are four to six decades

!ii the known resistance, hundredths to hundred thousands, and up to

nine ratios, 0.0001 to 10.0C0. Comparisons of resistances on the best

bridge* lining sealed standards, flat mercury contacts, and a temperature-

controlled oil bath mav be made to 1 part in 1,000,000, w hich is beyond

ibe accuracy with which the primary standard of resistance is known.

jj. The sensitivity of the null deteetor necessary to attain u given accuracy

tf bridge balance is determined by the relative magnitude of the resistances

of the bridge arms and the voltage applied to the bridge. The ratio oi the

output voltage e. to tho input voltage E is given by

Vui. .'Mi. Wheat-
stone lirMge.

a

B
G/B

A
1 + «

A IB
(13)

wm; is the resistance of the null detector and d is the fractional accuracy of

tsflco demanded. For an equal-arm bridge

1 G/B

''IT?
(14)

;*k)8 ratio lies between yHd and }id for ratios of detector and bridge-arm

Nueet between one and infinity. In general, its value decreases rapidly
•ton

1 bridge arms are made unequal and when the detector resistanee IS

jj* com parod to them. On this account resistances above a megohm cannot

"•jttslirnu'ly measured when a d-c galvanometer is used as a null deteetor.
I'er ;i very high resistance detector, Kq, (13) becomes

.1 «

+¥ (15)

' See Art. -M.
> SlKCl.Allc. D. IS.. Ptbc. I.R.E.. 36, No. 12, HG6-1497.

S"* is independent of the ratio S'B. This condition may be realized by the

Zl pf u vacuum-tube voltmeter as described in Art. 29. Thus for greatest

^Pvitv the detector should be connected from the junction of ihe highest.

•SUfil'"'
1'* l<> 'be junction of tho lowest. The battery, on the other hand,

'
'«

i r,imccted across the higher and lower resistance pairs, so that the
°uat of power drawn by the bridge is a maximum.

hri?' SUde-wire Bridges. When ihe known resistance is fixed, Ihe
aKc must be balanced by varying one or both of the ratio arms. In
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the slide-wire limine shown in Fig. 37a the ratio arms A and Ji are
of a single uniform resistance along which the contact of the 1-

galvanometer may slide. The position of the contact is read aa

a

measured from one end, the whole length of the scale being L di
The value of the unknown resistance in terms of these distances is

U - I

7*

When the known and unknown resistances are nearly equal, the aecMH
of measurement ma) be increased by placing extension roils in3
with the slide wire as shown in Fig. 37b". The slide wire may becaB

-t*
—L >

(a) (b) CO
Fiq. 37.- -fa) Slide-wire blidge, {>>) biidge «ith extension anus; («) CUB

Foster bridge.

to read directly the percentage error of the unknown resistance l'fc)

terms of the standard resistance ,S\

Two nearly equal resistances may also be compared by means "f u
Carey Foster bridge shown in Fig. 37c This is a slide-win- bridge
which the slide wire is placed between (.)><• two resistances being >

pared. Two settings of the slide wire I and I' are made with the

^ anccs (/ and S as shown in Fig. 38 and trans)**

Tho value of '.lie unknown resistance is

v =- a - a - n»
where „ U the resistance per unit length of the*!

V
A/

Flu. 38.- Kelvin
double bridge.

40. Kelvin Bridge. T.i the nieusiiremenl of'

ohm or less, the variation in contact resistance
its terminals and the consequent variation i»

lines of current now near the terminals mayf
dace appreciable errors. To overcome thw

:

eulty, low-resistance standards are always btl

four-terminal resistances. All ammeter shunflj
so constructed. The two potential terminals are placed between thef
rent terminals and the resistance proper. Tho value of the resist:""
that between the potential terminals.

ELECTRICAL MEASUREMENTS 2:7

a. h four-terminal resistances cannot be compared on the ordinary

£! i tone bridge. Thev may be measured on the Kelvin double

Jown in Fig. 38." The two four-terminal conductors (V and

connected in series, leaving an unknown resistance M between

l
•

«liivi potential terminals. The bridge is balanced by adjtist-

^Kf t'hr standard resistance 8. The value of the unknown resistance

R given by

(18)

ricti the double ratio arms arc proportional, satis-

yiiin l,]ie com! it ion A /Ji = ft/6.

A-C BRIDGE MEASUREMENTS
41. Four-impedance Network. When an alter*

unlink voltage is applied to the simple Wheatstone

Hdia- of Fig. 3b, the conditions for balance of the

i ridge involve the impedances of the four arms, as

ikown in Fig. 39. Fiu. 39,—A-e bridge.

For 11 null dellection of the a-c galvanometer or telephones the two junc-

tions, across which it is connected, most be at the same potential at all

instnntu of I lie a-r cycle. Equating the voltage drops along the two parallel

pttha nITi i. .i to the flow of the a.c.

ZaIa — Zola and ZbIb — Zslt

km Za. '/.I,, etc.. replace A, fi, etc. in Fig. 37.
The four impedances are vectors of the form

Z R + jX

•ee, since no current flows in the galvanometer.

Za
Zb Zs

(20)

(22)

"I'linding these vectors into their rectangular components the two eondi-
"01<« of balance are

A
B

V
S

XaXs ~ XaXt! Xv ,
VI* - fiX

A

Xs BXs (22)

\"' ,v the resistance components of the four arms are represented by tho fourV* A. It, U, iS without subscripts. If the ratio arms have no reactance,

H M - Xb - 0, these conditions reduce to

flip

t»|i n
tw " "'actances must nave

En Considering the n
-'» liecoinna

A
B

U
S

Xr
Xs

e the same ratio as their resistances and as the

reactances as both inductive or both capacitive,

iceomes

.4 V La A

S £ "% and B

*^ifi'i'
IVl '' v

' These equations cover all the types of bridge measurements in

"niihir impedances are compared.

r
s

£1
Cu

(24)
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42. Power Supply and Null Detector. The power source .Jand radio frequencies is usually a vacuum-lube oscillator cauJH
supplying several hundred milliwatts of power at varvina no^Hup to 100 volts. At the low audio frequencies, a-e c-i -.'TV, ,,J"

"'

rotating parts may be used, as well as the commercial power sun9
al (JO and 25 cycle*. The- null detector most frequently used in^H
range from 400 to 5,000 cycles is the head telephone. Vibration nMnometers and a-c moving-coil galvanometers arc used n( pnn^H
qucncies. Rectifier voltmeters are used for al! frequencies up ri'V
cathode-ray and "magic-eye" lube.-, up (o I Me, and vncuum-l nhcyS
meters at all frequencies. At super-audio frequencies a lntemilv»
oscillator and detector may be used to produce :m a-:' beat urn,- lvhU
can then be observed by anv of the methods described. Hadio-frcqiiMin
oscillators may be modulated at an a.f., usually 1 kc, and the hri.'p
output observed on a radio receiver. All-wave receivers cover the tn.
quency range from 10 kc to 30 Me.
Vacuum-tube amplifiers are used with all tvpes of null detectors to

give mcreased sensitivity. The amount of amplification necrawT'
to give any desired accuracy of balance mav be deterniined bv Kq. (jl
when the generator is connected across resistive ratio anus. If u>
generator is placed across unlike arms, one resistive and one reacliveiM
expression heeomes

e A./B ,A -

l +

At the most Eqs. (15) and (25) differ by only a factor of 2. These
equations hold exactly for the larger component of impedance, provided
that the square of the ratio of the small to the large component is nedfl
We compared to unity. The value of c,7i" for (he smaller eomponcntli
then less than that for the larger component bv their ratio. The^H
tion and a-c moving-coil galvanometers are about equally sensitive, vrii

a minimum detectable voltage of 20 MV ,
although a moving-coil H v»"

nometer can be built with a sensitivity of 0.1 pv. Head telephones c 1

next with a minimum detectable voltage of 400 M v. Then in dim "
'

"magic-eye" tubes at 20 mv, vacuum tube and rectiliei- vnhnietefi
100 mv, and cathode-ray tubes, at 1 volt.
A considerable amount of selectivity is desirable in a null deteo^M

eliminate the effect of harmonics in the general or and ban: i''

duced by non-linearity of the unknown impedance. This can be prw "'.

•>>• « ' un(,f! circuit in the amplifier or In Ihv degenerative feedback no K
tier described by Scott. 1 This latter amplifier is partkulnrlv 11 !

because it can be made continuously adjustable over the entire a
>'

The former gives a. discrimination of 25 db against the second hartM
and the latter 40 db. The vibration galvanometer is extremely *cl<'«"
and offers about. 70 db against the second harmonic. The a-c galvaitj"V
eter is phase sensitive and responds only to that component of the """^
ance voltage which is in phase with its field. 1 1 can therefore be m«"*Lf
respond to only one component of bridge balance at a time by con" 1 •'' '

.

its field to a suitable phase-shifting network. The cal hode-'ray in
,

be used in a somewhat similar manner by applying the bridge voHM
1 Scott, H. H„ Ptoc. I.R.E., 26, No, 2, 228-235.

,£. 71
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Lriaontr.l deflecting plates as a sweep circuit through a phase shifting

rk.
1 The general pattern appearing on the screen is a tilted

which at balance reduces to a horizontal line. The phase of the
its

'"'.''^''vnl't'igc can be so adjusted that one component of bridge balance

ISpIis the ellipse while the other tilts it.

43' Bridge Transformers. Translormers are used to match the

ined-ini'c of a bridge to that of the generator or detector and to isolate

nV bridge electrostatically. One junction point of the bridge usually

t,,,l between the two impedances being compared, is grounded, except

"C lirc-i impedances are measured." The capacitances to ground of

the transformer, generator, or detector not connected to this grounded

junction are placed across the two hridge arms whose junction point is

noiniilnl. The effect of the ground capacitances of the generator or

delrctor connected to the transformer may be removed by placing a

(rounded shield between the primary and secondary windings. An
impedance bridge with such a transformer connected across its ratio arms

is shown in Fig. 40. The terminal capacitances Cm
j7, and CTs are placed across the bridge arms I" and S.

' They are usually of the order of several hundred mi-

croinierofarnds and may therefore introduce serious

errors. The direct capacitance between the two

windings may be reduced to a few tenths of 1 pftf.

C>r=

•runafi

40.—Imped-
bridge with

ormer.

Fio. 41. BridRC-transformer
itancGs.

capac-

The effect of the terminal capacitances Crv and CTa may be reduced
"' either one made zero by the addition of a second shield. The two
fcWdft are symmetrically placed around the two windings, as shown in •

1

1 1 . The capacitance C„ between the two shields may be made much
,m'il!i'r than the terminal capacitances and is in series with them. The
5?ull errriinal capacitances may be placed across either bridge arm

J

/ W X b\ connecting the shield around the secondary winding to one

r***mi\ of that winding. The effect of the terminal capacitances may
* rctiioved entirely from the arms U and S and placed across the ratio

7?>» A and B bv 'introducing a third shield between the two winding
'
'"'' l|s and connecting if to the junction of the ratio arms.

l ** Bridge Errors, Reactances introduced into the arms of a bridge
y the wiring of the bridge and by the generator tmd detector cause the

J
01* serious errors in bridge measurements. These residual reactances

h tances in series with the bridge arms and capacitances in

'''M with them. The effect of such residuals in the ratio arms may
WWn by rewriting Kq. (22) of Art, 41 in the approximate form

II. Hut. SH, Sitst., 9, Nn. S, 272 275.
«n, -Hi.
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Ds - lh =QA -Qu
(Si

whore the storagefactors Qa and QB and the dissipation furim-n It, nad£
are of the form

Q = ^ and 1) = ^
The errors introduced are proportional to the difference of the stir'

factors of the ratio arms, multiplied by the dissipation factor

impedance arms for the reactance component, and divided by
dissipation factor for the resistance component. For itnpedan
small dissipation factors the error is confined to the resistance co
for impedances with large dissipation factors to the reactance com

Residual reactances in the impedance arms produce at low fre

errors proportional to their ratio v iih similar reactances in th
Scries inductance introduces large errors in measurements
inductances; parallel capacitance in measurements of small capae
The effect of residual reactances increases with frequency, the

factor of the ratio arms being of the form Q = tuL/R for series indu
and Q — RuC for parallel capacitance. Hence bridges designs
operation at frequencies much above 100 kc must have equal ratio

because of the difficulty of equalizing their storage factors.
J\

residual inductance in the impedance arms is in series with a enpaci

the effective capacitance of the combination is

<?-
'g

.

1 - u*LC

.

which increases indefinitely as the resonant frequency is appmarlscil-

For an inductance of 1 ph, the approximate value for a eonstant-hnluce

anee three-dial decade resistor, and a capacitance of 1 ,000 Mftf the resonant

frequency is 5 Me. Ever: the lowest inductance which a 1,000-w' oOB'

denser can have, 0.006 nit, gives a resonant frequency of (So Me.
The errors introduced into bridge measurements by wild) 9 ."

the ratio arms may be minimised by the use of substitution 11

The effect of capacitances to ground and the effwi 01 liu* r< 1st set-

leads to .the known and unknown reactances nitty also be grea tly n**^
Both reactances are connected in the same arm of the brittle,

reactance being placed in the oilier arm. Two bridge balance; :
'

,

obtained, one with the unknown reactance in circuit, the second '"
''

1

'

disconnected and its impedance replaced by the known variable roaCtl^J
and the added resistance. Inductances are connected in series P,'

ll 1 far enough apart to reduce their mutual imlnetni l>: a -
amount, and the unknown is removed by shorting. C; (Kieitatir

DOnnectad in parallel, and the unknown is removed by disconnects
high-potential terminal. Both condensers must be completely shic

and llieir grounded terminals connected together.

Distinguishing the values for the 3econrl balance, when the "".'jjj

reactance has been removed, by primes, the values of the unknown react

arc given by the change in reactance of the variable standards.
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Lu m Ln' — /.d Co = Cs' — Cs
= ACs

—
1
jQf^osponcUug expressions for the resistances are

m AS + Ail

221

(29)

(30)

the squr.rcd terms appearing in the expression for the condenser resistance

rwu|t from the law by which the series resistance of condensers connected in

njrallel is found.

KlCV -; RiCV +
(C, r <- - (31)

I terms containing the resistance of the standard condenser have disap-
pratcd lierause the quantity for an ail condenser is a constant, independ-
rnt of til-

1 setting of the condenser. This follows from the more general law
that for nn air condenser, in which the losses occurring in the solid dielectric
Mr independent of the setting of .the plates and for which the power factor
of t!ie solid dielectric is independent of frequency, the quantity Ra>C- is con-
lUni. Tlii- law holds with increasing frequency until the losses due to skin
fffnyt in 1 lie plates and supports become appreciable.
Bprao series resistance of the plates and supports of a well-designed air
ooodenset : ^ .il the order of 0.02 ohm at a frequency of 1 Mr. 1 This resist-

Sf
6 V

-
::L

'
" :ls " le square root of the frequency because even at 1 Me the

•ton effect h complete. Hy shortening the leads and by connecting to tho
JJj'"r and rotor at. several points, this scries resistance can be reduced to
"005 ohm in 1 Me.

R
Series-resistance bridge. Flu. 43.—Parallel-resistance bridge.

" foui
es ' stancc Balance. When two impedances are compared on

,

n
i

-impedance bridge, the conditions or balance JEq. (24) of Art. 41]
Ken ,. r

1

1

1 ') (heir dissipation factors be equal. Since this will not in

"*Vc ( .
.!?,"'

"'can. musl be provided for attaining the resistance

*'th 11,
Amplest, method is that of adding a resistance in series

tiorij,
f

''' •'"•ifd.inee having the lower dissipation factor. Tho connoc-

}Yit,

:l 'apacitaiue bridge with the added resistance so arranged
" mid i) B. SracLAin, Pruc. l.R.E. 2*, No. 2. 255-271.It I



222 THE RADIO ENGINEERING HANDBOOK
i

that it may be placed in oithor impedance arm is shown in Fig. 42.

method gives tin; series resistance ami reactance of the unknown iin
nnce and can be used for dissipation factors less than unity. ]

of the impedances, although essentially at

potential, can be grounded.
Added resistances may he placed in parallel

the two impedance arms as shown in Rg.
i

This method gives the parallel resistance and
actance of the unknown impedance and is

11. Thomas'
method.

Fio. 45.—Schering bridge.

adapted to the measurement of impedances having dissipation t'netoo

greater than unity. For small dissipation factors the shunting offectel

the parallel resistances is such as to reduce markedly t lie sensitivity of th»

bridge balance. Oue terminal of each impedance is grounded.

The resistance balance may also be made by adding suitable n-acliinrtfjl

the ratio arms. Hosu in IW)7 suggested the use of scries i ndin-i ance, wbih

Thomas in 1014 used parallel capacitance, as shown in fig 44. The balna"

conations are

Cv - ?Cs (appro*), and U = is + A(%? - £i\ &
A I> \ls VuJ

whence
Do = l>s +Qa -Qa

Schering in 1920 used a parallel capacitance across one ratio ana in n toPj

voltage bridge connected as shown in l"ig. 4o. The generator was ronneft**

from the junction of the resistance arms to the junction of the capacit*"'*

arms, both to minimize the power losses in the ratio arms and to K ot'P
r

r
5El

stant the voltage applied to the unknown condenser. The junction <>' I
resistance arms was grounded in order to keep the ratio ar ms ami the ilea*1"

at 11 low voltage with respect to ground.
Any bridge, in which the resistive balance is made by adding cupajjjJM

across a ratio arm. is now called a Hchrring bridge regardless of the po*M^H
the ground or the generator connections. If the junction oi the capacity,
arms is grounded, it is called an inverted Schvring hriiigi. When the gen*
is connected across the ratio arms, it is called a conjugate Scluruig hrm*

46. Direct Capacitance. Any capacitance having terminal <*"

tunces to a surrounding shield or to ground mav he represented
three-terminal capacitance, as shown in Fig. Hi.' The capacitanoj
between the terminals 1 and 2 is called the direct caii(icil<i"Ce -

total capacitance between these terminals is the sum of the direct**
t ante <';,, and the two terminal capacitances Cti and Cr -. in scries. .

direct capacitance may be measured on a bridge by connecting the")

to either of the junction points of the bridge, to which the direct <*_

tanee is not connected. These two connections are shown in F*

Errors

grt'iidy

Sonne'
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due to placing the terminal capacitances across the bridge arms

lit trie usefulness of these connections. When the shield is

.. to the junction of the ratio arms, the terminal capacitance

r i- placed across the arm .1 and produces an error AuCT i in the deter-

mination of the dissipation factor of the direct capacitance C„. The

1 rinitcil capacitance Cn and any capacitance of the shield to ground are

Seed across the detector T. When the shield is connected to the junc-

Enof the arms ft and S. the terminal capacitance C r: is placed acn

inpeilance arm S and produces an error 111 the determination of the
is placed across the

direct

npiicilance C„ unless 1 he standard capacitance C'.s is very large compared

a Cn. Any capacitance of the shield to ground is also placed across C.«.

terminal eapaeitanco Cti is placed
to Ct
while tin

jrross the generator If the direct capaci-

tance Ct> is not surrounded by a shield, the

terminal capacitances Cti and Cti arc tocapacitances Cri ana t-rj

pound, and- neither of these methods is

applicable.

Fig, it;.—Three-terminal capacitance. Fig. 47. -Measurement of

direct capacitance.

Fio. 48.—Schering bridge with guard circuit.

47. Guard Circuit. The use of a guard circuit enables both direct

[•Paeitance and its dissipation factor to be measured correctly.-because

J* terminal capacitances are not connected across any of the bridge

h*™
1^ A .Schering bridge with guard circuit and shielded output traus-

err'
1 * r s"°wn >« Fig. 48. The terminal capacitance Cti is placed

C, guard capacitance C,i, while the other terminal capacitance

•jV '"uples the guard circuit to the junction of the bridge arms .4 and Co.

Vj,?
st;"idard condenser Cs is also a three-terminal condenser. The

1^
1,111 ages of this const nu t ion are that all losses in the insulating sup-

M*,Can be carried to the guard circuit and that no capacitance will be

uW!

,

lim,ss ratio arm h. The guard capacitance of this condenser is

"* Placed across guard capacitance Ct,. Frequent lv this capacitance
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and the capacitance ("Vi make up f '// entirely, anil it becomes uitne
to provid- an extra high-\ oltage condenser. The transformer
third shield mentioned in Art. 43; consequently no ground capacitl
are placed across? the ratio arms. Instead the capacitance hctwc«9
third shield and the bridge winding shield couples the guard eircuit3|
junction of the bridge arms H and .S'.

Because of the existence of the capacitances coupling the guard i
to the bridge, the conditions of balance of the bridge involve the bala
of the guard circuit.

Za _ Zb Zp
Zv Tn Tb 33

This is done by disconnecting one terminal of the output transformer!
the bridge by means of switch A" and transferring il to l he guard <

The new bridge circuit formed by the arms IS, 8, II is then ha
to satisfy the right half of Eq. (33), by adjusting the guard circuit.

ccssive balances of bridge and]
circuits must be made until liut^^H
of Kq. (33) are satisfied. Thcacl^H
with which the guard circuit raj^H
balanced in order i Is-i l no apprcriabl

8„ /
j ,, \ error is introduced into i In- bridgeblt

j" ^ I'
tfi 1 A ance depends both upon the man

of the coupling capacitances hct«a
the guard circuit ami the bridj

also upon the degree with whic
bear the same ratio to each
the capacitances C s and (7/>.

cuit formed by these coupling I

lances is called the coupling
Its relation to the guard circuit is

in Fig. 49. By definition the

circuit is that circuit which is con
across the generator, while the<

circuit is connected across the detector. Hither circuit can thcr
composed of similar or dissimilar elements. The circuit devised I

.

ner in 1911 for the same purpose and called a Witgnrr ground was!
composed of similar elements and connected across the ratio arms
the generator was also conned ed. By the above definition it wasl
circuit.

Balsbaugh 1 has shown that for the network of Fig. 49 the con
of balance are cither those given in K<|. '.'{,'{) or those given in I'A-

Flo. 49.— Cohering bridge with
guard circuit and coupling circuit.

'/.a

zu Zs Z\<?

If either the guard circuit, or the coupling circuit is partially h |, 'B
*J

the other circuit need be only partially balanced in order to inlnalu *

appreciable error in the bridge balance. Balance of both circuity]

be conveniently made without disconnecting either generator or de"
by connecting their junction C to those corners of the bridge which
the guard or coupling circuit in parallel with similar elements <>'

'

i BAij?nAUQH and II EKzK.vnr.BG, Jour. Franklin Inst., 218, No. 1, 40-97.

Stc-1
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nililc impedance. Ground may be placed at any corner of the bridge

^u the junction G of guard and coupling circuits. This latter point is

!*|
t |„ many respects because it simplifies the mechanical construction of

Ke bridge and avoids the need of any insulated shields. All elements

L.1 in He bridge must, however, be three-terminal impedances.

Sounding 'I"' I"''"! (' ;| l sl> simplifies the construction of the three-

terminal measuring cell by making it unnecessary to provide an insulated

jhiclil in-ide the outer grounded case.

I n,. .11). -Maxwell bridge. 10. 51. Owen bridge.

48. Comparison of Inductances and Capacitances. An inductance
nnd a capsicitance may be compared directly by suitably placing them
in the' I'oiir-impcdaue'e network. The connections for the Maxwell
bridge are shown in Fig, 50.

Tho lisihwice. equations are

tp - ASCn

•fcetuse

and 4s
ji

(35)

Qv = Q«

<le in
inns |,

(triable

hi lb,

manner
TV

i

i the condenser C'h enter only into tho resistance balance and inay bo
idiuihlc by snitiililo elioiee ol resistance .1. The resistance and react

-

lances are not independent unless condenser C'/i is continuously
»r resistance is added in series with the unknown inductor.

> Owen hridge an inductance is compared with a capacitance in the
shown in Fig. 51.
ulanoo equations arc

Lr - ASCu sind tr-§s (88)

&CC

Qc - Qa

denser CA continuously
known inductor.

Vjrju i"|

S: '' "u l ' balance is made either by having con

Tli, ii"
1 ' ,v a<hling resistance in series wilh tho un....

*'«h t'l

v l,ril|
i: ( ' may be considered the eomiilcinciit of the Maxwell bridge

*ih '''Stance, mid capacitance in the li arm connected in series instead

TV '""'allel, (in this account, however, it is not independent of frequency.
co"iie('!i„ns are shown in Fig. 5'J. Tlie conditions of balance are

_ ASC.
1 + /IVtVrnn and

_ ABSa'Ca*
(37)
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[Si

whence

Whet) Qv is greater than 10, the error in the expression for Lv caused bj
leetinR the frequency term in the denominator is less than 1 per rent,
two bridge balances are not independent unless the condenser Cs tl

tinuously variable or resistance is added in series with the unknown couda

Via. 52.—Hay bridge Fro. 53.— Resonance
bridge,

49, The resonance bridge shown in Fig. 53 is the simplest
in which inductance, capacitance, and frequency enter. At b
the arm containing the reactances is resonated to the applied frcq
and becomes a pure resistance. The bridge is then an all-res

:

cqual-ann bridge. For this reason it may be used at high frequ
to measure the resistance and inductance of a reactor.

The balance equations are

L wCt
and

This bridge is frequently used to measure frequency, usually in the.

range, A variable inductor is used, and the condenser may be varie

Steps. A range from 200 cycles to 4 kc may lie covered in three ranges,
frequency scale is irregular, owing to the characteristics of variable indtjj
ami i he var ious ranges cannot be made multiplex of rim/ another.

0'

to the large stray field of the variable inductor, its magnetic pickup 1
sidorable. A resistance balance must be provided to allow for the vaffl
of the resistance of the tuned arm with frequency.

It is equally possible in the resonance bridge t.o place the unknown inthl

and condenser in parallel. Equation (38) still holds except that U will b»
equivalent series resistance of the parallel circuit.

50, Wien Bridge. Capacitances may tie measured in terms of

anee and frequency with the Wien bridge, shown in Fig. 5-1. The ha
equations expressed in their simplest form are

1 _
USQ-Cs

Solving for the two capacitances,

BU -AC
A U*Sw*

Go*

, Co S

and Cs 2 -
(BU - AS)Su*
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rhp bridge is valuable because the standards of frequency and resistance

,',,„»•„ to a greater accuracy than the standard of capacitance.

„'„,„„ and Bartlett 1 have developed this method to its greatest prc-

HL Their estimated accuracy for the determination of capacitance

he Lhis aid hod is 0.003 per cent.

The Wien bridge also furnishes a very convenient means for measuring

in ilu- a-i range. The two capacitances are made equal, while

Eetwo ratio arms are made such that B is twice A.

The i"'" resistances U and S are made variable over

IHlitabli- range but are also kept equal. Thus the

Bgistance balance is always satisfied and thereact-

uice balance reduces to

f - 9Tfr~ (41)

In h commercial frequency meter the resistances V
tnd S arc wound on tapered cards so shaped that

the frequency scale is logarithmic. This gives a

roiHtnm fractional accuracy of reading. There
are three frequency ranges, obtained from three

different pairs of condensers, each covering a range
of If) to 1 in frequency. The same calibration

aerves for all ranges. The frequency limits attained are 20 cycles and 20

kc.

61. Six-impedance Network. The six-impedance network was devel-

»ped by Anderson to provide a modification of the Maxwell bridge which
•uukl render I lie two balance conditions independent even with a fixed

capacitance. The connections are shown in Fig. 55.

The general balance condition for the six-impedance

notwork is

Zq(ZbZu '- ZaZs) m Zp\Zp(Za + Zb) + Z_tZ„\ (421

For the Anderson bridge this reduces to

Lt! = 8Cq[p(\ +^) +^] and U o ~S

The effect of losses in the condenser C'u is usually small

Fig. 55.-^-Andcrson
bridge.

Fio,
-

1

1

T
Be, Pelicl
-inductance

(43)

62. Mutual-inductance Balances
i'JucI.ii n ces mav be compared by means of the /

* 1 11 >w n in' Kig, 56. The know n mil tu.
l
W lh« usual condition of balance, zero voltage across the null detector,

Two mutual
_ elici rnvhial-iwliidancf!

xl inductance must be variable.

Th

1 mutual inductances are equal.

Mv - Ma O44 )

bJ^ ,«}us1 lie so connected that their induced secondary voltages arc in

»«?'"• MulU!il induct mice between them should be avoided.

injf- 'our-impedance Network with Mutual Inductances. A mutual
v may be compared with a self-inductance 011 a four-impedance

i>{ il
Efl placing it. between one arm and either an input or output lead

,
™ bridge, as shown in Fig. 57.
**o«Hi 1}i u ,ui Bartlett, Belt System Tech. Jour., T- No. 3. 420-S37.
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The general balance equation for this network ia

Z,as - ZgZa -imMtZi + Zb) =0
I

L'W CaniplKiira arrtui^moiit of this bridge the two conditions of yJL

and

Kig. 57.-^-Comparison of mutual
with self-inductance.

Fig. 58.—Carey Foster
inductance bridge.

substitution method is usually adopted so that the inductance at
anoe Of that portion of the mutual inductance connected in the 8 i
not be known. \\ hen the ratio arms are equal, the extra balancinjunco represented by U oi fig. 57 may be eliminated by providingtap in one branch of the mutual inductance. This connection it

referred to as the Hcavisido
bridge.
A mutual inductance may be

with a capacitance by means of
P'os.'cr bridtjt, shown in Fig. 58.
ditions of balance are

network.
Cv

M
AS and

The impedance of the B arm is made zero in order to make the
independent of frequency. The method suffers because the resistance
Bmf-lnduotanca of the mutual inductance enter into the expression* i<><

unknown capacitance and its resistance, respectively. Capacitaneo^^^M
the two wi:i.tiii«s of tha mutual inductance Cannes i'iie vukaVr i

mlin-cd ia*
secondary to have a phase angle with reference to the primary current "in*

out from 90 deg. This reduces the calculated resistance of the coiuwfg
and frequently yields negative values, especially fo. largo mien oomlr
Itia method is perhaps better suited for the measurement of a mutual if" J

tnuce in terms of a known condenser.

T NETWORKS
'f^

vo or "'ore T networks connected in parallel provide a met
1 bah new! winch m immv rcsoeels is em;h-alo::1 to an a-r- bridge |,|,V " J

|

[ i-Uons for two T networks a re shown i:: h'ijj. o9. 'Hi' ,
""

important feature of the network is that generator and dolcrtor ha**
common terminal, whieh can he grounded. TTence no shielded t**^

'Tuttlk, W. K., Ptoc, I.R.E., 38, No, I, 23-29.
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i necessary. This ia a considerable convenience at low fre-

:,,|

'

n
.j'

|
ilS a ,id makes it possible to use the network at high frequencies

*X'%n.'Uiion for a null deflection of the detector is that the currents

, nHtjuit circuits of the two networks shall be equal and opposite.

Ip + In =0 (48)

TKpsd rutTM its are best evaluated by considering the transfer impedances,K are defined aa the ratios of the input voltage to the output current.

. B „ . „ , ZaZk- Za + Zs H—s-^-

K — . „ . ZnZp
= f = ZB + +

Henre

7ia-\- Zf! -+

C
II-

ZaZ?,

ZF

c

4- J?b 4" ^j1 "f =

(49)

(50)

R

2_

Flo. no. T net work having nega-
tive transfer resistance.

44 ^
r—TOT"1—WW—

1

net-
Fin. fit.—Par-

allel T network
equivalent to
Wien bridge.

Under somewhat restricted conditions this equation can be satisfied

Jwcause the impedances are complex quantities. While any of the terms
Kq. (50) can contain negative reactances, only the product terms can

jnnce. The only two T net works having a negative

^jtwice component of transfer impedance are shown in Fig. 60. One
"these in- 1works or a mollification must be used in every parallel T nel-
*"rk which 1'iin be balanced.

6
?- Parallel T Networks. The parallel T network shown in Fig. 61 is

">UlValciH to the Wien bridge 1 and has similar balance equations.

i
Cb+Cp . CB + Cp 1 AN ,

rV
1
!' 11 both of the T networks are made symmetrical and when in addition

(lV
Ill:u

' 1 ' twice Cit and A is marie twice H, the resistance balance is

"Vn satisfied and the reactance balance reduces to

1

2wACn
(52)

"fcich
i>s identieal in form with Eq. (41).

Art. r-o.
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56. Bridged T Networks. When the shunt arm of one of the tJworks is made infinite, the circuit is called a bridged T nriii'nrlt 3

circuit shown in Fig. 62 is very convenient for measuring an indue'.
'

terms of capacitance, resistance, and frequency, Tt is equivalent
| i

'

resonance bridge (Art. 49). The balance equations are

2
mid

I

W hence

Qa = 2HUJB .

At balance the full generator voltage appears across the induct**When the junction of generator and detector is grounded, the Icrmiiid
capacitances ot the inductor are placed across genera I or ami detector ind
the direct impedance of the inductor is measured.

E. ]'. Dititoa A Co.. tnt,

' L'd ed.. Mi-( ^rnxv-IIillM
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SECTION 8

VACUUM TUBES

By J. M. Stinchfield, B.S. 1

1 Electrons. The electron is a negatively charged particle of electric-

ity

'

In 1S!!7 J- J. Thomson discovered that the cathode rays passing from

lie cathode In (lie anode in a gaseous discharge, were moving, negatively

Aarged, particle*. He measured the ratio of the charge t to the mass m

it these particles and termed them corpuscles. Thomson's corpuscles

! we now commonlv known as electrons. The cathode rays or streams of

electrons arc deflected bv either magnetic or electrostatic fields They

Bert mechanical force sufficient to turn a vane in a vacuum or tc heat the

I

object thev strike. , , ,

2. Electrons in an Electrostatic Field. An electrostatic field exerts a

lorre upon an electron. If the field intensity is X and the charge on the

electron i, i he force / acting on the electron is

/ = Xe (1)

tithe mass of the electron is m, the acceleration a will be

(2)
Xe

a = --
in

The force and acceleration on the electron will change if the field

tensity changes. The force is in the direction of the field at the point

considered, tin' electron tending to move toward the positive.

In a uniform field the work W done on an electron in moving between
> points distance s apart will be

W = fs
(3)

' Xr is also the potential difference between the two points, calling

' Potential difference V, the work done on the electron is

w = V*

fee field is not uniform the line integral of the force and distance

""less nf the path between the two points will give the work done,

done on a unit charge moved between two points defines the

^till difference between the two points. The work done on an
*tr°n moved between two points of potential difference V will be

w = V«

fltiQcriim Department, KOA Manufacturing Co., Inc.,

(4)

Radiotron Division,
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If the velocity of an electron is changed by an amount i> in
between two points, I he chrmge in kinetic energy will be

mv-
~2~

The change in potential energy or work done in passing betweej
two points will be

Ve 'II
The change in kinetic energy is equal to the change in potei

energy, and

The velocity acquired by an electron in passing between two
of potential difference I'' is

The potential V is in absolute c.s.u. in the relations above,
potential difference in volts livided by 300 is the potential difference
absolute e.s.u.

The ratio of the charge i to the mass m of the electron is

e 4 774 X 10"'°

m
=

8.989 X 10- " 5 '305 X 10" ejLn
- Pcr «m

The electron velocities cnrnHponiling to various potential differentia!

shown in the table. Whim, the velocity becomes greater than
one-tenth the velocity of light, the apparent mass of the electron iM
enough t,e cause a small error. The error in using En. (71 is jess

jne-halt of 1 per cent for potential differences less than 300 veils.

Velocity, Centimeters
Volts per Second

1 0' 00505 X 10'°
s 0.0133

0188
20 0266

30 0326
40 0376

M 0421
60 0461

70 ems
80 0532

90 0564
100 0898

200 0841
300 103

400 110
(W0 133

i.noo isa

I*.

VACUUM TUBBS

Volts

10,000

100,000
, 000 . 000

Velocity. Centimeters
per Beoptto

0.5S6 X 10"
.

1 .64
2.82

J,
Electrons in an Electromagnetic Field. An electron moving with a

M ,j,vi1y v in an electromagnetic field of intensity I! is acted on by a force

/ = Et» (8)

The direction of the force is at righi angles In both the direction of the

(clil // and i he direction of motion of the electron.^

Yin nin e / is effective in producing an acceleration:

ties .

a = (9)

The acceleration is at right angles to the direction of motion. If the

dtrlron moves unimpeded and the field // is uniform, the path will he
rirrulnr anil of radius

VIII

(10)

i. Current Due to a Stream of Electrons A current t is definet* by
quantity of electricity q flowing per unit of time. If there aie i

1 ii.ns per unit of volume in a certain space, the quantity of electricity
fin (liis <].i;n-e is nr. per unit of volume. If these electrons are moved with
'velocity », the quantity flowing pei unit, of time is the current

i = net) (11)

1 hi* is the current per unit of area at right angles to the direction of

& Space Charge Due to a Cloud of Electrons. If in a given space
'" are i, Her! rons per unit of volume, the volume densitv of electrifica-

MWl \g

p = M (12)
Tl

potential distribution in the given space due to the electrons is
wverj by

a-Y
,

a-V_ a-V

ax"-
+

dy*
+

Hz*
" p (13)

or'the eaae of large parallel plates, onlv the distance x between plates
^ De considered. Equation (13) simplifies to(13) simphl

dz2
— — 4?r/5 (14)

' o'i'etil ,"
j s flowing and the electrons move ivitli uniform velocity vr ". L "o in,!, nig ,1 i:i. iijL- 'i 1 . 1

I .'li 11 1111 11

tarn charge or volume densitv of electrification is

C) (15)

l
"'f&<f,!?

lis

f

sion °* Electrons. Certain internal forces existing at the
°f substances prevent the escape of the free electrons unless a
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certain amount of energy is supplied to the surface. In the uiof radio tube, the. electron-emitting filament material is sunniiA
(lie heat energy of an electrical curri'tit sufficient to cause th*
electron emission. Emission excited by heat energv is known ,

ionic emission.

Electron emission may. be produced by electrons impmirim,
substances with sufficient velocity. For example the electron!

8

by the hot filament of a radio tube may be accelerated toward tha
I >y a positive volt age. If a grout enough velocity is reached each p|-
will have sufficient energy 1<i release one. or more electrons from the
1 his is known as secondary emission.
The energy supplied by light is sufficient to cause emission from

substances. This is the type of emission employed in pliotoeii ctrkand is known as photoelectric emission.
Strong electric fields acting on gases or vapors mav cause the

particles to collide with sufficient energy to release electrons from
I his process is known as ionization. In this case both the elec'
the remaining positively charged gas ion are mobile, so that the
moves toward the positive and the gns ion toward the negative el
from which the field originates.

7. Thermionic Emission. The emission of electrons from
heated to a certain temperature is a characteristic property of the
From consideration of thermodynamics and the kinetic theory
Richardson obtained an equation for thermionic emission.

/. =AiT\
bi

"T
(

where I, = emission current in amperes por square centimeter
Ai = a constant for the omitting substance

/' = absolute temperature in dogreos Kelvin
• = base of Napierian logarithms

bi = a constant depending upon the nature of tho emitting surhw*

A similar equation giving equivalent results was derived by DushmaW

M

>{?

«4l

/. m AiT--,
T

v. Iicro /

T = absolute temperature of

electron emission in ampM**
Square centimeter

0] 02 =

emitter in degrees Kelvin I

273)
base of Napierian logs*1

(2.718; . .

a constant for the materi*

Determination of eon- The constants A- and b, of Eq. l U
stunts m emission equation. bo determined for a given material *

following manner:

log, 1/.) = log, lA3T\ t
]

log, I, ~2 log, T] = j\,g« A, -
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,,f ihe emission eurrent.from the substance at different tempera-

••^.lained. Values of [log 1.-2 log, T] are plotted against [I T).
*** «),„,i)d lie a straighl lino. The intercept of this line wit

tfc*'^, J
.4 value of log. At. the slope gives tho value of (-

,

'

„;,,. ill',! and (17) are experiment ally indistinguishable i

r,.niii,.vjifures. VVlici: 111'' rtmsHmts tiro known fui

ith the ver-

L ^ withiri t lit*

1 ';"*'
, remperatures. When tin' constant s are known for Kq. (16)

^•ninHiuitl f«r Eg. (17) may be calculated from the following approximate

(Jutiunit-

(18)

(19)

For Non-homogeneous Emitters. For thorutted tungsten and oxide-

,
|

',

|
riniiiers the emission constants depend to n considerable extent

on the processing as well as on the materials. The curves below show

piciil da i n lative to pure metallic emitters. 1

[0.223^1
1 '/•-». h

J

-6 -12 -16 "20

Fig. la.

Wotts per Sq.Cm-

I'lo. 16.

In. - Kniission of coated filament compared to that from pure metals.

flu. ]/,. Kmission from coated filament r.t. power input. A to D repre-
afferent examples from several sources. (".-1 Science Scries for Engi-

A.I.K.E. rcprbU.)

,
^ 'ilaincm coated with a mixture of the oxides of barium and strontium

"n- uf 93 per cent platinum and 5 per cent nickel has the following
Sacristies:
Electrical Resistivity of the Core.

- 0.000022(1 + 0.00208* - 0.000 ,000,4 (5!
!
) ohm cm

( " temperature in degrees centigrade
Iher

">»l Emissivity (Ratio to Black Body).

„> = [0.4 + 0.000257']
'' '" = degrees Kelvin lies between 800° and 1200°K.

^"SUsivs, Saul, "A Science Series for Engiueure," A.I.E E., repriui.
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The electron emission in zero field la given by the equation

I I .IttXI

T
I, = 0.01 T*t

vshore y =» decrees Kelvin
/. = omission current in amperes per square centimeter

For an anode potential or loO volts and a current limited by space eh

0.010 ump. i>cr square centimeter the average life is

22.0W.

T
= O.OOOIJlot !ir.

Tho following values are those most probable when the anode potential (

150 volte and the electric field is zero:

T I. Pr- Pi Life

eoo
950

1 ,000

20
45
00

2.3
3.0
3.7

0.02
0.015
0.00

730.000
170.000
55.000

i . n.-.o

1,100
170
310

4,0
5.8

0.17
0.31

20.ON
, ,400

T « tcnipcrature in decrees Kelvin

I, — emission current in milliami>ereB per square centimeter

p, = ]>ower thermally radiated in watt* per square centimeter

p. = power absorbed by electron emission in waits per square centime"

Lite. = most probable average life in hours

8. Contact Potential. The rate of emission of electrons from diffwfj*

substances and the contact differences of poliitluil fin: plow

The contact potential depends only upon I ho materials of the cle^H
;\ii<] 1 1 1

1
L r temperature, but not upon wisso, shape, or position •••

electrodes.
For example, an electron in escaping from (he inner to the outer

face of substance A will do work equal to Wa so that its poM^H
changed to Va- Similarly the work for an electron to escape •>•••

surfaeo B is Wa and the potential change VB . Hence in mm-u*,
electron from substance A across a space to substance B the wort <«

will be
\Wa + (VA - fa)t - H'B 1

This is the algebraic summation of the work done and wotdd bej

to zero, except for the work done at the junction of the two suh

in the return connection. This later potential difference is kn

the Peltier effect and is negligible in comparison with the other

WA — <t>Ae

Wa = r?B<!

(Va - Vs )e = WB - Wa = (<t>a ~ <t>A)e

(V A - Va) = (*8 - 4a)

(Va — Va) is called the contact potential <lifftre:nce. between tbc^|

substances, and by Eq. (24) it in equal to the difference in t-W

function, or electron affinity 4> of the two substances.
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9 Work Function. When a quantity of electricity q is moved through
. difference V the work dune equals qV.

_
Work must be done

'•I'l'ti
c'i'ctmn is removed from a surface. If the work done per

Wimn i- ll'i, llm electron charge i., and the potential difference <p is

jjquircl tn supply an amount of energy equal to ll'i, then,

If, = <pe (25)

^ _ - 5E = (8.fi2 X 10" 6o) volts (20

1

jb colled i he electron affinity of the substance and is equal to the work
function ( II ',/< ). The smaller the quantity <;> the easier it. will be for an

elect c 1 1 1 to escape from the cathode. A low value of
<f>

indicates a large

electron emission for a given temperature.
1 1, i following table gives the electron affinity or work function of

Kvenit substances expressed in volts:

Bubetanca <t>_

Tungsten 4.52
Platinum 4.4
Tantalum < 4.3

. Molybdenum 4.3
Carbon. • 4.1
Silvor 4.1

Copper 4.0
K nimimth 3.7

Tift 3.8

Iron 3.7
Zinc. '3.4

Thorium. 3.4

Aluminum 3.0
Maitneoiuin 2-7
Nickel 2.8
Titanium... 2.4

Lithium 2.36
Bwliurii 1.82
Mercury 4.4
Calcium 3.4

.
Fih; mont Calculations. The dimensions of filaments designed

oncrni,. al a given voltage and temperature, and to furnish a certain
''''

i

l 'ii.:.~-inn current are" related to the physical properties of the

uppo-c i) 1U ) the required total emission current is la ma. From the

'.d'
r

' c'' ,!lrt f°r *J*Pe °f lament material being used, find

pJ)J
K

'""'-'-'ion current in milliampercs per square centimeter for a given

hTf input jt watts per square centimeter corresponding to good life

K*n>anee, or to temperature T.

•y?
1' '"<:il surface area of. the required filament: .-1 — (in/I,).

A.t

.

1
' !"'W(T input to the filament: pA ™ fi/I/ — P/ watts.

Pottage I'j/ the filament current // = (p4-/Mf).

resistance at the operating temperature: /tf = (£////).

TV
Aflame,

*tn»uv of a circular filament. ' - [•*]
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where A = area of the (ilamont surface
r - radius el 1 he iilament
p = specific resistance of the filament material,

a function of the temperature.
The resistance of a reotamrular filament is given by

i> must, he ktiowji
i

R
[
P
2S,S2(,5, + .S :)]

ype of

ollac...

urrent. I

Circular filament: E/ = (2jn>)

.vhere A = area of the filament surface
Si — thickness of the filament
Si — width of the filament
p = specific resistance of the filament material at temperat ure T

11. Filament -current Filament-radius Relation, for a given type of

filament material operating at a specified temperature and filament Y0|^
the radius or filament cross section is uniquely related to the filament cm

for a circular filament: // — [(2jJ/V)^r^]

For a rectangular filament: If = (2p/>)-- - \SiSi(Si + St)l".

For a square filament; If — (8p/i») -2 Si".

12. Filament-voltage Filament -dimensions for a Constant Temperature.

For a given filament material to be operated at a given temperature. the i

ment volti'.ite is rolatoil to the filament length and sectional dimensions

fallows:

Rectangular filament: K/ = (2pp) + -g I -l

13. Lead-loss Correction. The cooling effect of the leads connected

*o a filament decreases the. emission from the part* near the junction

The voltage drop in these parts of the filament is also lees.

Langmuli' and Pushmtiu give the following correction formulas fa 8

V-ahaped filament cooled by large leads. The decrease in voltage

to the cooling effect, of the two end leads is

&V m 0.00026{T - 400) volts

T — degrees Kelvin of the central portion of the filament.
The correct ion for the effect on the electron emission is given in t»jj

>f the voltage of a length of uncooled filament which would give the

affect as the decrease caused bv the cooling of the leads. The co
for the two leads is AK// = 2(0.000177'* - 0.05) volts. * is a H
which depends u]>on the temperature coefficient of the quantity'

which may represent any property of the metal, such as candler

electron emissivity, etc. For the case of electron emission the es'

of the temperature coefficient is N
Dushman's coefficient for the material b„ and the temperature
degrees Kelvin being known, JV is calculated.

if.

4>...

0.5
i). l.S

to
0.85

2.0
1.23

2.5
1.44

5.0
1.72

10.
2.10

U0.
2.47

;j0

.

2.

Ar
is related to tp as shown by the data above which may he plottef

Knowing * the correction h is determined.

Hl, electron emission per unit area after taking into account the lead-

^ correction is

•hero i = observed total emission from any given filament

m g - total filament area

The correction factor / is given by

' LV + &V — At'/; J

4- AV
Af

Bushman gives curves of AF and AT// plotted against temperature for

different values of b„.
;

V + Al" corresponds to the corrected voltage drop along the filament.

14, Effect of Space Charge. The equations of Richardson and

Dushmau foi* thermionic emission give the total electron current, with

Cathode Tempera+LTe, T

Fm, 2.—Space-charge ef-

fect in limiting emission.

Anode Voltage, £

Flu. '.i. —Saturation at constant
temperatures.

'•<> field strength at the surface of the cathode. If the electrons arc

"Unwed lo accumulate just outside 1.1m surfa.ee they form a negative

*>ud. It the electrons are drawn to a positive electrode both the noga-

I'kiud and to a less degree the cathode
Wfaee fields are changed.
Ungnuiir found that if the voltage applied

P_ the anode was not sufficiently high a

fcperature increase of the cathode did IK)1

j^wsise the current indefinitely. This effect

»ho\vn in Fig. 2. It is due to the repelling*etl of the negative cloud of electrons

"^"Hiding the cathode and is known as the

S"c<tIin .•//( tfficl, or volume density of
"

'

; :i
i ion . Figure 3 shows this effect with

el -cathode temperatures and • variable-

« voltage
' DfSton.ce

Fits. 4.—Distribution of

potential in cathode-plate

plates is directly proportional to the
!i ljat- e -

nee starting from the low and increasing to the high potential plate.

ta,f'.»nr .1 emits low-velocity electrons (assumed zero) spontaneously,
1 lf Plate li is positive with respecf to .4, electrons will he drawn over

dj

'

1 heory of these effects is as follows: The

hraJ]
" the potential between two largo
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to B. Starting with a lew temperature T, the distribution of potentta
between .1 rt r i e 1 H will be uniform as shown by the straight line 1 in jK
4, JiictrotisinR Hie temperature of A will cause an electron current9
amp. per square centimeter to flow to //. Laplace's equation connect in,
the potential distribution with the volume density of elect t-iiicati

AF = - 3
=F aw
t)xs dy*

For large parallel planes Eq. (27) may be simplified to

S3 = -4*P (28)

Tf p is constant and negative, the potential distribution will be a parabolic

curve as shown by curve 2 in Fig. 4. A further increase in I he tempera-

ture of A will cause the parabola to take the form of curve IS havings
horizontal tangent at A. In this case the potential gradient at the caBjr

ode is Hero (dV/dx = 0), and a further increase of temperature will ad
increase the electron current to B. This accounts for tin 1 effect show
in Fig. 2.

In the above discussion the electrons were assumed to be emitted with

no initial velocity. Usually small iidtial velocities exist, so that!
slightly negative gradient is necessary at A in order to prevent an intfH
in current. Curve 4 of Fig. 4 shows the effect of the initial volot'ili

of emission on the potential distribution at the temperature for which!
further increase in temperature will not increase the anode current.

16. Schottky Effect. Richardson's and Dushnmti's equations forBjfc

i heraii c enih inn i rom :i -. : .i gi\i-n ir n- : ssinm

that the electric field strength is zero a I the cut hode. hi ael n«! prac '• 1

definite potential is used. This effect of the potential gradient at***

cathode on the observed emission current is called the Xclioltky

Dushman gives the correction for The Srhott.ky elleet aa follows:

Them

where X:

T

lu — electron emission in zero field

Is = observed emission at an anode voltage. V

4.SH \SkV

Iv m U( f

a constant whose value depends upon the relative peonietf"

arrangement of anode and cathode
temperature in decrees Kelvin

e - base of Napierian logaritnma.

16. Electron Current between Parallel Plates. When ihe «
is a large flat surface A and the plate, or anode, B is a parallel sungj
the plate current per square centimeter of surface not too near the**
of the plates is given by the equation

i = 2.34 x t0r<r

where i = maximum current density in amperes per square centi*

as = distance between plates in centimeters
V = potential difference between A and B in volts

VACUUM TVflES
2-1

I

This equation assumes that the initial velocities of the electrons leaving

i
a?

,'if;;7wl

f
rhC Pr^

nti;
r

of B " tarF relative to one or two vn! Is
:lie velocities of the electrons can be neglected
Equation (29) assumes that the anode potential is positive with resoeet

«, ,1 so I hat some current ,s flowing but that the anode potential ilbiiow
Caihode-^L_B ,Anode

Flo. 5.- -Electron
current between par- ^'

f
T7, ,

J11 '

allfilplaies.
structure.

Dttshtimn equation.
u '« * P™" b> the Richardson-

17. Electron Current between Concentric Cylinders r;, teotneev mders 4 nut « (W„r ivt
^""^""^.wunaers. Uiveti two con-

i = 14.7 X l() «

rh
r|9

V
= current in amperes per centime! lengthV - potential between A and B in volts

r - radius o the anode in centimeters
« - radius of the cathode in centimeters

L a taf>t<"' which varies with the ratio of (r/a)

1 r/a
9» r/a

1 00
2.00

. 3.0Q

4.00
6 ,

,

lo.oo

o.ooo
0.270
0.517

. 697
0.707
0.078

20
50
too

200
500

i.ooo
as

1 .072
1 .094
1.07S

1 . 056
1 .031
1 017
i ooo

ihk 7. ZZ -
,i V m 1088 tlla ' 1 »ne-tenth the diametc-the error is small if fl is neglected, and the approximate

y¥i-
[l4.7 X

10-6-^:

J

. 14.7 X

^"S°hat
U
under Th!!

1 ^ Electrodes. Langmuir hasthat under the assumption on which the above equations
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wore derived the current will vary as the three-halves power nit he poUa.

tial difference V regardless of the shape of the electrodes. 1 he clerin.

Ij'„„ «r Hif c-iiujUhhw wirIwU (he initial velocities of the electrons
sal

the potential gradient at the cathode.

19. Two-electrode Vacuum Tubes. The three-halves power egm.

lion for the plate current of a two-electrode lube is quite twiirutt! whtt

the voltage between cathode and plate is large with respect to the

of (II initial velocities of emission; (2) voltage drop m the filament or

cathode; (81 contact, potential between cathode and plate and tin

emission of electrons from the cathode is large and the plate volta*

well below the value for satu ration current .
The electrodes uiv nxsiim

to be in good vacuum, so that the effects of gas are negligible.

In thii cane of the rialed-tungsten or oxide-coated filaments only i

fraction of the total cathode surface is active so that the sato^
current may he reached at a plate voltage below the theoretical

Tho current is calculated from the formula

i = ity94

where k is the spuce-charRe constant of the tube for a given type oMjft

smiettire and depends only upon the geometrical eon figuration write*

regard to the dimensions of the tube. The value oi k for infinite pare*

plates is ^2.34 X 10

where A = the area of the plate in square centimeters

x - the distance from the cathode plate to the anode plate

meters

For concentric cylinders, k =- ^14.7 X 10 6X
j
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jjj.
Characteristics of Typical Commercial Diodes.

Ili" •

TliW.

f\v..

J'V>'.

pff.

rw

n
pvi

Typo E, Em In Pn k

1 25 7 5 550 005 . 0075 1 2
3^25 in'' 1,500 0^20 050 1,7

ft'.
3.35 11 2,500 0.25 0^50 1.1

14.7 a 16,000 0.10(5 1.00 0,5
24.5 22 17,500 0.883 5.00 1.0
S2 22 18,000 3.0 20.00 1.1
10 10 20,000 0.10 0.10
10 10 88 , 000 o.to 0!l
32 9 7S , 000 0.25 0.25
10
32

10
12.5

150,000
158,000

o. 'on
0,25

1 1

0.11

if t Bt filament current, voltaic (amperes sind volts)

En, = maximum effective u-c input voltage (volt::)

I* — maximum rectified tllhi* current (amperes)
Pn ~ nominul power rating (kilou-uttg)

TW, 1'IV - thorialud tungsten, and purr: tungsten, filament
it - 0.0001 amp. per volt"

23. Effect of the Grid. When a wire mesh or similar electrode having
penings through which electrons may pass is placed between the cathode
mid llic plate, it exerts a large controlling effect on the flow of electrons to

The nieshltke electrode between cathode and plate is termed nHind
tin' i

Ihenlnir

I m length of the cylinders

r = radius of the outer cylinder or anode

$ = a function of (r/n) (sec table on page 241)

20. Effect of Initial Velocities- Parallel Plates. If the effect of HieW
velocity ot the electrons is included and they have a Maxwellian dihtn (.iit"

,(V. - F^i-^l + 0.0247^X)i = 2.34, —

r

(x -»»)
whore i = total plate current in amperes

A - area of one surface of the anode m square ecu fi meters

T = temperature of the cathode in degrees Kelvin

Va = potential of the anode above that of the cathode volts .

Vl = minimum potential of the space between cathode and aim

respoct to the cathode
.

Xa m distance from cathode to anode in centimeters

x„ = distance from cathode to F,„ in centimeters
_

,

j«i

For coaxial <>»
21.

H

Effect of MaeneticField. Initial velocities =

i = *7.»'. if n > T
i m 0, if F„ < V
k — same as above

V = ^0.
21fl-r^ + O.OlSSJ^logio^

J

field externally applied parallel_ strength of magnetic
cylindrical electrodes

- current flowing through the inner cylindrical electee

axis
_= radius of the outer electrode

= radius of the inner electrode

I

1' part

:i»'»

MlUMItlUr-1

7.—Circuit for
1 -.iNaring static char-
acteristics.

27
Muiuai Characteristic

Bf'ZS*
Ep-SOOV.

Grid WbHsf*

Fig. 8.—Typical grid-

vol i.age plate-current char-
acteristic.

tllr fi 1'^ is connected to a source of voltage, the electrons aro
: :<

|
l if i he grid is positive with respect to the cathode and repelled

'" negative. The close proximity of the grid to the space charge
'till

1
1. i 1

1

mc the cathode increases its effectiveness in controlling the

jf°n How.
'"•>

-I'ful applications the tubes are operated with sufficient elec-
. "'" in and with plate and grid voltages low enough so that the

' ""•'•'/.<• ^irronndiug t he eaf hode is ample to permit .large momentary

T"lie rc"
1 "1t; electron flow to the plate.

(

1

'
' of a large positive plate voltage in drawing the electrons to

•
tfie

'"' red need by a relatively small negative voltage applied
^•"id. The electrons being negative will avoid the negative grid
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so that no current will flow in the grid circuit. If tin negative »,
voltage is not too large with respect to the plate voltage, electron^!
he drawn through the openings in the grid mesh to the positive pint,,

i he o^ultmK plate current in corn roiled hy i he .Lviil, a h hough no 1
rent flows in the grid circuit. Zero power in the grid circuit can fl
control a considerable amount of power in the plate circuit. VoltS

variations of the grid prodS
corresponding variat ionsofj
plate current. The cxtenB
which the pl.'ito-current van
ations are faithful reprofl
(ions of the grid-volt3
variations depends uponfl
steady polarizing voltages 3
B, and C voltages) applied!
the tube and the range of th
voltage variations.

CHARACTERISTICS OF
THE THREE -ELEC-
TRODE TUBE

24, Static Characteristte.
1 he ouccts of various d-c voltages applied to the elect rodes of a tuhcMt
shown by curves called the static characteristics.

The. mutual or transfer characteristic of the lube shows the effect <H

the grid voltage upon the plate current. The term mutual or trawrfn
indicates that the voltage in one circuit controls the current in anotbet
circuit.

. _ . .— j~
Hester Volt-age

Fig. 10.- -Grid-current grid- Fro. 11.- Filament etiaraetoriirtic iif nC&
voltage characteristic.

The plate characteristic represents the relation between plate cm •

and plate voltage.
The grid characteristic shows the grid current -grid vol i age tv\*&&

firteetioa flow to the gnd starts in the region of zero grid voltage. W
exact point at which grid current starts is determined by the«
velocities of emission and the contact potential of the grid to ca'l |; " ,"

I he net effect is equivalent to a small positive or negative bias USl**
not greater Hum one volt.

to
i

—

Type Sf
s,

W %<
hi — *i

* i

7
-4-
-i

If m 4/

\

t/ f
f %

eo :;: 320 400 480

Plate Vo Its

Fio. 9.—Plate characteristics of typical
triode tubes.
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Fig. 10 the inherent bias in the tube is nearly 0.9 volt positive, so

0.9 volt to secure an effective

Fig. 12.—Filament characteristics

of ICR.

»t the grid must be biased negative by

.crti grid voltage.

The filainent-voltago fdament-

riirrciii curve obtained with plate

ani griil terminals disconnected is

termed the filament characteristic.

Theeharactcnstic refers to the heater

filament when the tube is of the indi-

rtCtly heated cathode type.

26. Normal Emisson and Emls-
dan Characteristic. The normal
mission current is ordinarily obtained as a single reading at rated filament

roltagi . The circuit arrangement for this test is shown in Fig. 13. A
dr-finiti voltage (50 volts is commonly used) is applied between the

cathode and all other electrodes as the anode. A
switch is arranged in the circuit so that the voltage is

applied only long enough to obtain the emission-cur-

rent reading. This test should not be made at rated

filament voltages on large power tubes where the heat-

ing would be excessive; or on certain low-filamcnt-

current types; or on certain oxide-coated filament

tubes. An emission cheek on all these types can be
made by observing the filament voltage required to give

a certain small value of emission current (values of 3 or

5 ma arc generally used). *

The normal emission test, even though applied only

momentarily, usually causes some liberation of gas and
heating of the electrodes. Hence it is desirable to com-
plete other tests hefore this test is made or to allow

ifficicut lime after this test, operating with normal voltages, to clear

"P gas and to return the temperature to normal.
When I he effect of filament voltage on normal emission current is of

i, readings, obtained as above but for different filament voltages,
"WplotH-d as a curve,
the nuisxiim characteristic shows the true (total)

current for a range of cathode heating
Power.

T(l ftvoid the effects of space charge, heating of

Pand anode, liberation of gas, and such extrane-
™> olTi'elx, readings are taken only with low

i

1

mating power, and the emission for normal
'"'!: power is obtained by extrapolation. A

- nrni'Oflm-n lu in read the cathode-heating

n„. m. ...

MOttsuu,-,, ,-]|T

NBitujiiia eliunic-
leristif.

Procedure is to

gYW for emission currents of 0.1, 0.2, 0.5, 1 .0, 2.0,

Ho! mn w'*h fiO volts positive on the common
connection with respect to the cathode.

''
• "Ma are plot ted Oil a special coordinate paper

Power

Fixi,

Wafts

14.-—Emission
curve.

are plotted on a special coordinate paper

,.;
I by <. .1. Davisson. If the emission follows Richardson's tem-

[t(,j'!!

un ' ei i nation and the power is radiated according to the Stefan-

hi. iv at nidi at ion. the curve auoears as a straight line. The
i curve appears as a straight line,

•lies of cathode-heating power.
|N>on of this straight line shows the emission current for normal or
ner vah
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If the BUTV8 of the experimental data plotted in Duvisson coordinates .

not a straight Line, this may bo caused by one or more of the foilovjl
conditions:

1* Departures from the Stefan-Boltzniann cooling (bends downward). '

2. Anode voltage too low to draw otf all (he elcelruns (bends- downward),
3. Effect of cooling due to heat of evaporation of cooling of eleeqH

(bends downward). The cooling due to electron evaporation amounts tc

approximately <!>!. wafts, where reiJieseuij (he emission current in sin pert,

and 4i represents the wi>rk function of the cathode m i uli This effect mij
he considerable in transmitting tubes where the currents are high, and ^
tungsten-filament tubes where the work function is large.

4. Poor vacuum (gas ionization effects!! (bends upward).
5. Heating of the anode by the emission current (bends upward).
6. Progressive change in activity of the cathode.

A method for rending emission currents which is applicable in gcnenl
consists in the use of n commutator tor applying the voltage reetirre^B
for only a small time interval. By means of an oscillograph the emiafl
current is read as the peak current during the interval the voltajH
applied. By this method the heating effects can be kept low.

CALCULATION OP THE SPACE CURRENT OF THE THREE-
ELECTRODE TUBE

26. The space current 7 of a three-electrode t ube is equal to the
of the plate current Jp and the grid current I,; I - :7, l.\ TV
three-electrode tube i>* calculated as an equivalent diode / =
iiEcfi-. The grid voltage E, is equivalent to a plate voltage tiE„. |
the amplification factor of the tube.

27. Plane -parallel Elements. For a, structure with plane-par^M
elements with the filament symmetrically placed between grids

plates

:

A
2,34 X 10-» X n ^7

/ = 2.34 X 10 •

»[a 4- + 1)J(.iff
where J = total space current in ainperea

a = distance from plate to grid in centimeters
f? = distance from grid to filament in centimeters
n = number of grid wires per centimeter length of the structure
t = radius of the grid wires
A = effective plate area.

28. Concentric Elements. For a structure with a cylindrical un°*
and grid and a coaxial strand of filament,

ft = 14.7 X 10-'
IZ

KB, - ft) + b,u +

\R, Rj
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14.7 X MM
s;,[

(R, - Rj)(EP + „K,)

(J?, - Ri) + (Ri - R/)<« + 1)]

jf Rf ".a vf?
approximately

I =14.7 X 10 K
*

|
(/J/- R„) +R,(» + 1)1

whsre L = length of the structure in centimeters

Ri = radius of the filament in centimeters

R p
= radius of the plate in centimeters

R, = radius of the grid in centimeters.

The above relations are useful in the design of the structures. The A-

should be determined for tin- type of tube structure. The p and the

eurren I -voltage characteristics remain the same if all dimensions are

,.|,.'na"'d proportionately. The plate current equals the space current

(then the grid current is zero.

29. Amplification Factor. The amplification factor is a measure of

the. effectiveness of the grid voltage relative to that of the plate voltage

upon (he plate current.' It is the ratio of the change in plate voltage

to a change in grid voltage in the opposite polarity, under the condition

that i he plate current remains unchanged. As most precisely used,

the term refers to infinitesimal changes as indi-

tatcd by the defining equation:

tt = — = constant

The amplification factor is indicated by the

WiiKir-al spacing of the plate characteristic

w mutual characteristic curves of the tube.
Since horizontal lines represent, constant plate

current, the plate voltage spacing divided by
the grid-voltage spacing of the curve is the

'

1

1

1

>
I i 1 i eat ion factor. The amplification factor

' three-electrode tubes is nearly constant for

Constant plate current. In the region near
I{To plale current or near the full emission cur-

of the filament, the amplification factor
"langes greatly with voltage.

Measurement of Amplification Factor

Source » -

Fio. 15.— Measure-
ment of amplification
factor.

An a-c bridge circuit

*o*n schematically in Fig, 1 5 mav he used to measure p. The resistance

|< is adjusted for zero sound in the phones. The amplification factor is

Oven by

Bi

?Wl "«J to tube capacities or other reactances in the circuit it is usually
"*''">".•. ry to provide a means for adjusting the phase of the grid and plate

Jjj*

vo!tages for complete balancing out. of the sound in the phones. This
Jj^ttse balance is secured with condenser C in Fig. 15. The d-c voltage

JpP /f 2 should be allowed for when setting the plate voltage. The
"•Instable ground connection is convenient in eliminating the unbalanc-
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ing effects of capacity to ground. The a-c tone voltaic should be
small as practical. The phones can be preceded by a .suitable amplifier

CALCULATION OF THE AMPLIFICATION FACTOR
31. Plane -parallel Electrodes. When (he diameter of the grid wi

is ntntt* n impair* I i" their Kpiieinfr the formula derived by Yodjte ubi

KUIer 'u> mosl si (•curate. Tiftuie I fi shows a enws section of the elect i-otlwt

The amplification factor is

2ms - log, U(W + ,-•'»)

log, ( 'n» - f !) »r) |oge («Sir«

svbers r = radius of the grid wire in centimeters
» number „t itrirl "ires pn- centimeter length of structure
« distance from plate to grid in centimeters.

When the diameter of the grid wires is small compared to their spacing, tbi
equation above simplifies to

log
* ( )

2r I-.SA

Cathode Grid Anede

Fro. 18.—Tube
with plana parallel
electrodes.

Flu . 17. T u lie

with conceiitrically
arranged electrodes.

32. Concentric Cylindrical Electrodes. The amplification factor of tl»

cylindrical structure shown in Fig. 17 is given by

_ 2rnfl, log, (lip/It,) — log, tj(t«r.r +
11 " log. ( + t '^r) _ l„g, (

eT»r _

where ft, - radius of the anode in con ti meters
Re - radiuB of the grid in centimeters

r = radius of the grid wires in centimeters
n ~ number of grid wires (turns) per centimeter length of struct«M

When the diameter of the grid wires is small compared with their spur in*
the equation simplifies to

2*nR, log, (HvfRe)

33. Plato Resistance and Plate Conductance. The plate resist a"*
rP is defined by the equation

rp = X = &
It is the reciprocal of the plate conductance Sr .

Sec 8,
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The plate conductance is the ratio of the change in plate current to

,!,<, change in plate voltage producing it, all other electrode voltages

being maintained constant. As most precisely used, the term refers

to infinitesimal changes as indicated by the defining equation

o _ 3tp

°* de„

The plate conductance is given by the slope of the plate-characteristic

curves of the tube. When readings are taken on the cliametoristie.

unrves, the current and voltage increments should be made as small as

convenient. The plate resistance is the reciprocal slope of the plate-

: |.»ni el eristic curve. The numerical value of the plate resist anec elm tigcx

with the applied d-c operating voltages.

34. Measurement of the Plate Resistance. The plate resistance or

plate conductance can be measured directly with the aid of a bridge

type of circuit. When the bridge bp ^
fig. 1 8 is balanced for minimum sound P®~\ 1*
in the pinnies, the plate resistance of the jr—5 •{-;-) •_•

tube is
_

r, = /c-ffs/B,

The alternating voltage (tone) ap-
plied 10 the bridge should be as small
M practical. The use of an amplifier j..JO jg.— Measurement of plate
preceding the phones increases the sen- resistance.
Htivif v and accuracy of these meas-
urements. The effects of small capacities are sometimes troublesome in

circuits of this type. The electrode capacity of the tube causes some
-hil't resulting in a poor balance. The phase balance variometer

balances the small out-of-phose component permit ting a closer iidjust-

Bent to the null point. The capacity to ground can lie balanced by suit-

able shielding or by means of a Wagner earth connection.
35. Calculation' of the Plate Resistance. The pi ate resistance of a

tlibe depends upon the operating voltages as well as the structural param-
eters. Within certain limits it is inversely proportional to the area
*f the anode and also to the area of the cathode. Decreasing the dis-

tance between filament and plate decreases the plate resistance. Since
'* is desirable to make (m/»>) large, the grid (.0 plate distance controlling

Mould not be decreased too much. This requires that the grid be
!''"<•«.

I near the filament to lower the plate resistance. When the grid
la too near to the filament, it will be heated. Small amounts ol grid

iJ'saiun current resulting from too high grid temperature have an
object ionable effect on the operation of the tube.

I

1 ho plate resistance of a tube may be calculated from the platc-eurront
jjate-voltaee relation. For a structure with plane-parallel elements in

re,-
1 ' 1 l '10 filament is symmetrically placed between grids and plates, the phito

^stance is

= (« + P)Ht« + + x 1()t
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where r»
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[Sat,.

e =

plate resistan re in ohma
distance from plate to grid in centimeters
distance from grid to filament in centimeters
amplification factor
plate voltage
grid voltage
a constant depending on the cathode area, or anode area
type of structure. Kor typical filament-type tubes A
where L la the length of the filament in centimeters.
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The grid voltage Ea is conveniently made zero and ihc plate volt*,taken equal to the value giving normal plato current
36. Transconductance. The grid-plate transeonductancc b defined btthe relation

S _ v _ '''(>

Obi — O op —
£>e„

1

1

is the ratio of the change in plate current to the change in grid voltumunder the condition that all other voltages remain constant It is«
equal to the ratio of the amplification factor „ to the plate reaUH
rP of the tube

:

The trainseonductanoe determines the platc-eurrcnt change per
applied to the grid. It is evident that this is the most important!

^ „ teristic of a tube. It is

lOOOohms r®~^

Fto, 'Measurement
tance

transeondue

-

uro of merit of the tube turn

enters into the calculationivW
the, performance of the tub§
It i.s a direct measure of(
amplifying properties of jfl
tube operating into a load iBJ"

pedance which is small iriti

respect to the plate resistaai
With high impedance loWj

the amplification factor a*J
pla.fe resistance are ronsidciw

tiiKo n_i ™ separately in determining tin

callv B*TKw The tranaconducta.K-0 may be determined graplj
tails irom I he slope of the mutual characteristic curve of the tube J>
rcct measurements are usually most convenient when many readings
rctjii i rod.

hr.

3
I; i

MeaS
i

U
'i

emel
}

t ?f Transconductwice. The transeonductancc c*
be measured directly in the circuit shown in Fig. 19. The resistance #>
and the phase balance C are adjusted until the sound in the phones »
balanced out. The transeonductancc is given by

J*
Calculation of the Transconductance. The transconductance S*

is equal to the ratio of the amplification factor a to the plate resistnJrf
r„. JiflCh ot these factors can bo calculated with ft fair degree of aecura*f

(
. for) ain types of structures. The a nipli lication factor depends almost

,ljjf.|v p«>n the structure of the grid and the grid-plate distance. The
iglr ir.sist.anoe depends upon the amplification factor, the surface areas

Ehe cathode and anode, the grid-filament distance, and the applied d-c

Hfeting voltages. Trie transeonductancc depends upon all these

factors.

39. Grid-current Coefficients. When fin? grid is not biased with

dflicienl negative voltage and the lube operation extends into the posi-

tive rnrnic nf grid voltage, an electron current will flow to the grid. I'nder

these conditions the current in the grid circuit may change the effective

pid vnli.ige. When it is desirable to include these effects in determining

the performance of the tube, the coefficients relative to the grid current

tn useful.

Tlir grid conductance S„ or its reciprocal the grid resistance r„, is

itrfmi'il I .y 1 1n; equation

B"> - a,

a. die

r volt

liar*
> a Ofr

ie and

Tiic erid conductance SB is the ratio of the change in the grid current to

Ihc change in grid voltage producing it. other electrode potentials being
Uinta hied constant. As most precisely used, the term refers to iiifini-

tainia! changes, as indicated by the defining equation.
rin- coefficient showing the relative effectiveness of grid and plate

jBltagcs on the grid current has been variously termed reflex factor,
irarta, amplification factor, and inverse factor. Recent I.R.E. standards
tiTin

1 hi- coellicicnt the plalc-grid mu factor. It is the ratio of the change
grid voltage to the change in plate voltage required to maintain a

•Mistrial: value of grid current. As most precisely used, the term refers

• infinitesimal changes as indicated by the defining equation

^/jp fin = —-r-2 ; h = constant

flic coefficient showing the eileet of jilnle voltage on the grid current

J*
1* been termed inverse mutual conductance, or the plate-grid traiwcnn-

jiJ?
n"tc that this is nut the grid-plate t lausconductanee. The

'feri rii i in these terms can be easily reinenihercd, since the words grid
[!"' Mate appear in the same order as I he direction of action in the tube).

' r.ii io of t he change in grid current to t he chance in plate voltage

J"

"liieimr
{t

T
nil other electrode voltages being maintained constant. As

bv u
'"'

'

'r'''.
v ust'd, the term refers to infinitesimal changes, as indicated

) the defining equation

M (lip

OS,,

kbtn
1 ('urr°ut coefficients of the tube may be determined graphically

ttlit
characteristic curves or measured directly in bridge cir-

40
s
Vi!''

,lr to those employed for plate-current coefficients.

'U>
i

"'fiher-order Coefficients. Tube eoellieients in most comiiion use
'implifieauon factor, plate resistance or conductaaos, and trans-
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conductance. .These arc the first-order plate-current coefficients atriode. ihey determine the amphfymg properties of the tube and on
into nearly all applications of (he tube.

WhflO the tube is operated so that detection, modulation, distort!
cross modulation, frequency eon version, and such effects arc of imrttanciyit. is necessary to use second-order, third-order, and huiher of
coefficients in addition to the first-order coefficients to determine!
performance of the tube. For example, in the case of plate-eiiJ
detection the tube coefficient determining this effect is (he second dork
five Of the plate current with rcspec-t to the grid voltage The!
derivative, or first -order coefficient, is the taanscondiictanee which igl

Us - a
Se,

The second derivative, or second-order coefficient, is

oW 0e

The d-e plate-current change with signal voltage and seeond-harmMBl
flistortion are also delernimed bv the second-order coefficient

Cross modulation and modulation distortion in tire r-f si aires of l
receiver are determined bv the third-order coefficient

The t bird-harmonic distortion in a tube is also determined bv the thud-
order ooeffiewtjt. I he fifth-hnnnonie distortion would be determine!
oy the fifth-order coefficient,

Higlier order coefficients are usually obtained graphically frmil tin

currant-voltage characteristics of the tube. When I lie a nal vtic-il etpn*
sion lor the current » known, the coefficients may be obtained hv diftVn*
datum, lhe measurement of an effect depending principally on ot»

coefficieni may be used as a measure of the coeffi-

cient.

41. Mechanism of the Three-electrode Ampli**'
-

Ho)
^1Kllrc 20 represents a triode connected to a

T&\ %< w able source of .4, J), and C vol I age. A meter h

r 1W 18 ™,lm'<'<<'d in the plale circuit lor reading pi**!

Ill—, >-Atets current, A potentiometer is connected arras-
C voltage, The grid voltage E„ will be changed*
the slider is changed on the potentiometer. H 1

,

slide moves toward the posit ive, the phi
increases; if toward the negative, (he plate ciirref

,.„ . , ,
decreases. The plate currents corresponding. "Jdifferent grid voltages tire plotted as in curve 1 in Fig 21 This *>'

mutual characteristic curve of the tube.
Suppose that the slide is varied in some definite manner For cxarafl|

start to count tune from koto on curve 2 in 'Fig. 21 Wi(h the

nwi kip
4ll'|U-?' Mvw*

li Volts
*

Flo. 20. Triode cir-

cuit.

Sec. 8 VACUUM rVBMS

OtiveZ

Flo. 21.—Mechanism of amplifi-
cation.

initially at 5 volts the plate current is 3 ma. Move the slider steadily in

the negative direction, until say, in 3 see. the grid voltage is 9 volts. The
p|„le current will be 0.5 ma. Xow start the slider in the positive direc-
tion, moving at the same steady rate. At (lie end of (3 see. the slider has
returned to its original position. If you coin inuc i he motion of the slider

in the positive direction, at the end of 9 sec, the grid voltage is —1.0
volt, and the plate current is 6.5 ma. 11" the slider is started in the nega-
tive direction at the same rale, the grid voltage will be —.3 volts at the end
of 12 sec, thus completing the cycle.

Curve 3 shows the plate-current
change corresponding to the grid-volt-

fga change with time. If the slider is

connected to a mechanism arranged to
continue this motion, the plate current
would contain an a.c. of 1 cycle in 1*2

see. or 5 cycles per min. The wave
form of the a.c. will be as shown in
curve 3, It is superimposed upon the
d-c plate current.
The positive and negative peaks cf

the plate current, as measured from the
tnitinj 3-ma point, are not. equal,.although the grid-voltage peaks are equn I.

In tins case the plate current is not a faithful reproduction of the input,
'voltage.

If n resistance is connected in the plate circuit, the effective plate
roltage is reduced as the plate current increases. The plate current

equals -5 volts can be brought to the initial 3-ma point by a
Witable increase in the B voltage to compensate, for the voltage lost in

,

"""stance. Starting with the same initial 3-inn point, the resulting
wjaracteristie with a resistance load is shown by (he curve 4 in Fig. 21.
llie same alternating grid-voltage curve 2 produces the plate-current
gave ,). The positive and negative plate-current peaks of curve 5 as
"leas

1 1 red "from the initial point are almost identical. The distortion
"w been eliminated, and the voltage developed across the resistance
•"'}"• used to operate a succeeding stage of amplification or other device.
'lie potentiometer and slider of Fig. 20 can be replaced with a fixed

suit-bias voltage and an a-c voltage. The tube will operate as described
jve except that a-c cycles usually occur so rapidly that the plate-

HP ,
ld.c.) meter cannot follow thorn. A meter showing tin; effective

me :.r-in-s) of the a.c, can be used to measure the current. The

•od'n"
1 bft hear< - w'hen connected lo a loud-speaker, if it is within the

t ile range of frequencies. The wave form of the a.c. can be seen when
wjerted to an oscillograph.

'Int
.^erleT General-purpose triodes arc used for

.
for voltage am p] if eat. ion, and in general in circuits where a

flower triode tube is needed.

*ith"|"
of t!lp nvailar,le types of cathodes are as follows: a filament tvpe

type .
current suitable for operation with dry-cell batteries; a filament

UthL
>V higher current, used with storage batteries (tilame lit types of

„. * '''quiring relatively high current and operated with a-c 'supply
'1 m the power output stage); a heater-cathode tvpe operating

*»drr
V' a"c s,,PP]y; a heater-cathode type operating on C.3 volte

"t'ct conned ion to the storage battery of an automobile, for use in
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series-connected d-c line or universal a-c, d-c circuits, and for usew
6.3 volts a-c supply.

A medium amplificat ion factor (6 to about lo or 20) is character*!
of the general-purpose type. The high-amplification-factor tahm tm
especially suitable for use in resistance-coupled a-f circuits. The pfl
characteristics arc relatively low plate current and medium or hfl
plate resistance. The grid-plate trans-conductance is usually not

high as obtained with power amplifier triodes.

The medium-plate-resistance types are suitable lor use in transl'orinaj.

coupled a-f amplifier circuits, in grid-leak detector circuits, and in generjl

in circuits where a medium-plate-resistance, medium-amplification-fact^

triode tube is suitable.

The high-amplifieation-factor type having high plate resistance oil

he used with resistance-eon pled (or impedance-coupled) circuitsS
a-f voltage amplification. This type is suit able for use as :i gt id-biased

detector with resistance-coupled output. The medhim-amplificalioB

factor types also can be used as grid-biased detectors when a resistanoi

coupled or high-impedance output circuit is used.

Operating plate voltages below 250 volts are usual unless except ionaB

large amplitude output voltages are required. The operating plat*

voltage must be large enough to accommodate this maximum output

voltage. The grid-bias voltage anil the plate load impedance are usually

chosen to give low distortion and maximum output.
_

43. Power Amplifier Triodes. Power amplifier triodes arc used »h(t

more power is needed than can be obtained from the ordinary amplifier

triodes or where lower plate resistance or higher ininsconduciance f
desired. For the power output stage in radio receivers, for operating

relavs, lighting small signal lamps, and in general for delivering collage*

and" power in low-resistance loads these types are used. The low |>W
resistance is an advantage when a flat amplification characteristic over*

wide range of frequencies is desired. In some instances, for example,*

operating a low-resistance relay where a large plate-current change p*

volt on the grid is desired, a power triode with high t ranscenductancell

used. When adequate signal voltage is available and an insensitive rcl»J

is used or when positive action is of first importance, atubewith maximum

plate current would be more important than a high t ranseonductane*

For operating loud-speakers, the transformer primary carries

plate current plus the alternating current due lo the signal. In tW»

case a low d-c plate current causes less tendency to saturate the col*

when a single tube is Used and less loss in tin- winding 'resistance \vn*»

a push-pull stage is used. For loud-speaker and oilier applications wli«J

appreciable power with low distortion is desired, a power amplifier tr"B
is used.

i ihl
An important characteristic of the power amplifier triode is thai »'

distortion decreases to B low value and the power output decreases«
at a slow rate as the load resistance increases beyond a value equals

the plate resistance of the tube. For low distortion (about 5 per <^Z
second harmonic 1 it is usual to operate with a load resistance equal

twice the plate resistance of the tube, . j
Power amplifier triodes are characterized by high plate current,

plate resistance, low amplification ia el ur, high iranscoiidtictatice, '

.....derate to high power output depending on (be maximum plate

and plate current or the power dissipation permissible in the hilx
mo
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'fvuieal power amplifier triode tubes for radio receivers and similar

w-powcr usage have a range of plate current for the various types from

,03' lo 110 ma; plate resistances from 800 to 5,000 ohms: amplification

(actor from 3.0 to 8.0; trunseomluetatice from 1,050 to 5,250 micromhos.

Th ... ed maximum plate voltage ranges from 180 to 450 volts. The

bins voltage, which a a. measure of the signal voltage required for full

mitp 11, ranges from minus 30 volts to minus 84 volts. The power output

Engcs from 0.375 to 4.6 watts.

For higher power oulput per tube either

pentodes, class B tubes, or the larger high-

voliagc power tubes are used.

44. Power Amplifier Tetrodes and Pen-

todes. A power amplifier tetrode is similar

to a power output pentode except that the

tetrode does not have a suppressor grid. The
fieri rodes are cathode, control grid, screen

grid, and plate. The construction is such

that the secondary emission from the plate

cannot reach the screen grid. The plate char-

acteristic curves are similar to those for a pentode tube without the

secondare emission dip which is characteristic of amplifier (screen-grid)

tetrodes." The operating conditions are similar to those used for power

output pentodes.
Power amplifier pentodes are high-efficiency power output tubes.

Thcv arc capable of higher power output with less plate voltage, less

power input, and less signal voltage than are triode power amplifier tubes.

Fig. 22.—Connections
of pentode for power out-
put tube.

Fio. 23.-

150 160 ZOO WO 260 320 J» «0 4« MO 520

Plate, volts -

-bond characteristic of 47 pentode.

Srcuits using pentode power amplifier tubes must be more carefully

•feigned to obtain low distortion than are circuits using triode power

glider tubes. , . ...
I lie elect rodes iii a power amplifier pentode are cathode, control grid,

•f-rei i, l;r i(]
i
suppressor grid, and plate. The cathode may be either a

mi or u unipoteiitial heater type. The control grid connects to a

"FEativo |)i,is .m .,| the signal voltages. The screen grid connects to the
W

!
ls H voltage usually of the same value as used on the plate. The screen

*»l is by-passed with a condenser between it and the cathode, the

.•ttppresgor grid is. usually connected to the cathode inside of the tube.
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This grid prevents the screen grid from collecting sceondarv croi
electrons from the plate :nul thus eliminates the dip in the plate-ch
teristic curves w hich appear in the screen-grid types of tubes.
Power amplifier pentodes are used in the power output stage of r

receivers and for operating relays and other devices where high nufr
conductance and high plate resistance are desired. Owing to its I?
plate resistance, it is useful in circuits requiring a constant-cur*
characteristic. For example, for distortionless, magnetic deflect"*
of a cathode-ray tube at all frequencies, the current through the lieflcc"
coils should be directly proportional to the signal voltage. When
pentode power amplifier is used, a distortionless pattern results ovdB
range of frequencies for which the deflecting coil impedance is low enou*
to utilize the pentode constant-current characteristic.

Typical power amplifier pentodes have a plate current from 22
34 ma, transconductauce from 1,200 to '2,500 micromhns, plate resista
from 35,000 to 100,000 ohms, amplification factor from 80 to 220, »

power output from 1.4 to 3.4 watts. The maximum plate vol
ratings range from 135 to 250 volts. The grid-bias voltage which
approximately equal to the peak signal voltage for full output mil
from minus 12 to minus 25 volts.

Pentodes for r-f amplification at high frequencies have been made
available. Tubes of this type (0AB7, GAC7, 1S51) have high trail?
ductance (5,000 9,000 micromhos).

45. Dual-grid and Triple-grid Power Amplifiers. Tubes of this c
1

have a cathode, two grids, and a plate. When the two grids are :
ncled together and used as a single grid, the resulting characteristics
suitable for use as a class B power output tube. When the inner gridh
used as the control grid and the outer grid is connected to the plate, lh«
resulting characteristics are suitable for class A power amplification,
suitable for driving the class B stage.
The characteristics of typical tubes have for class B operation a quies-

cent plate current of 2 and (3 ma, plate-voltage ratings of 180 anil 400
volts, and class B a-f power output for two tubes ,.f 3.5 and 20 watt*
For class A operation the maximum plate-voltage ratings are 135 and
250 volts. The corresponding grid-bins voltages are —20 and -33 vol*"
the amplification factors 4.7 and 5.6, plate resistance 4,175 and It
ohms, the transconductauce 1,125 and 2,350 micromhos, and the c!as»
power output 0.17 and 1.25 watts.
The triple-grid [rawer amplifier tube is a universal type of power ampli-

fier tube. With various connections of the grids it mav be used as a els*
A triode, class B triode, or class A pentode power amplifier.

46. Class B Twin Amplifiers. Class B twin-amplifier (uhes as £
name implies consist of two triode class B a-f amplifier structures ia

single bulb.

Like other special class B tubes these tubes operate in a push-p
circuit with zero control-grid bias voltage. The initial plate current
typical tubes ranges from 10 to 17.5 ma. For maximum plate vollag*
ranging from 135 to 300 volts, the power output of these small-sized tuMJ
ranges from 2. 1 to 10 watts. A small power amplifier tube is used (<> h~lV0

the class B tube.

47. Calculation of Power Output and Distortion. To calculate '

power output and distortion of a power tube, draw a line on the /„ i
characteristic curves representing the load resistance. The line

VACUUM TUBES 257

jjawn through the operating point with the reciprocal slope (voltage

»0 current ratio) equal to the resistance of the load.

A pure sine wave (or cosine wave) signal voltage is assumed to he

effect ive on the grid. At certain values of bias voltage Er corresponding

(o selected points on the signal voltage wave, the plate current is noted.

Willi these values of plate current the power output and distortion are

jaleiilated as shown by the following example for the type 47 tube:

/?„ = = /™«. = 0.0585

K< = 0.2937? = - 4.47 I, = 0.0527
= E = -15.25 Ip. = 0.0320

E, = 1.7077J - -20.03 7 V = 0.0107

£, = 2E - -30.50 /mto. = 0.0052

Static operating point is EH = Eri = 250 volts, B.i = -15.25 volts,

Ei = 2.5 volts d.c., /,,„ = 32.0 ma. I-ond resistance = 7,000 ohms.

The plate current corresponding to values of bias voltage not shown

on the I r
— Ef curves can he obtained by plotting a curve of the known

values of 7, versus Ec from which intermediate points may be read.

e„ = E cos at

tp = 7o + /i COS at + It COS 2 at + 7 a COS 3 at

To = +>8 l/m«. + /ndn. + 2(7, + I „„ + I „)}

h = +K - 7„„„. + V'2(h - /Jl
= yA 0.0585 - 0.0052 + 1.414(0.0527 - 0.0107)| = 0.0282
=" + !4 7 mil. + 7 ruin. ~ 2/p„]

= K 0.0585 + 0.0052 - 2 X 0.03201 = -0.00007

U = +H 7m... - Into. - V2(7 r - 7„)1
= »4[0.0585 - 0.0052 - 1.414(0.0527 - 0.0107)1 = -0.0015

Power output = HliHt = , £(0.0282) 1 X 7,000 m 2.77
Wat Is

7 00007
Percentage second harmonic = y X 100 per cent =

02S2
X 100

per cent = 0.25 per cent

\
Percentage third harmonic = j X 100 per cent '-

Q^jggg
x 100

per cent = 5.3 per cent

.The power output and distortion with various load impedances are
shown in Fig. 21. The second harmonic distortion is a minimum near
the rated 7,000-ohm. load. The harmonic distortion increases with the
load. The total distortion is the vector sum of the second and third
A&riiiiiuics, since the magnitude of the higher frequency components is

•tnall. r|„. power output for minimum distortion is near the maximum
*°tainable.

*8. Screen-grid Amplifiers. The screen-grid amplifier tube possesses

f'

r
"l" Tties that, make it markedly superior to a triode for amplification
t-' or a-f voltages. It is also a good detector tube.
5 " inj, | (> tn(, |ow vajue „f control grid to plate capacitance in a st reen-

JVO tube (about 0.01 n/tf), the feedback is negligible, and stable operation
piilf* without the use of critically balanced circuits. Also the screen
* ll1 i';is (ho effect of greatly increasing the plate resistance, and, since the
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3.2

3.0

B

~?.6

2.2

2.0

i tn-

ID Of

as of

transconduelance is not decreased, (lie effective value of ainplifieatii*
factor (m - RfSm) is very large. In use, the high plate resistance pS

less shunt-load resistance acroi v. -

tuned circuit to winch it is connected
The result is a mere sharplv tuned
circuit with higher over-all imped,
anco. The net result is higher volt-

«K" amplification and greater
selectivity. For example, with jB
ode tubes a voltage amplification^
20 per stage is considered high,
broadcast frequencies, while
screen-grid tubes a gain in execs
1 00 per stage is easily obtained. At
intermediate frequencies a gain of 200

to 400 per stage is readily obtaiJH
The screen-grid tube has a ratfc-

ode, two grid-, and a [ilate. The
inner grid is used as die con I nil grid,

to which signal and bias voltages

are applied. The outer grid serves

as an electrostatic screen between the

plate and the inner structure. Its
operated at a fixed positive potential

ordinarily not higher than about one-

half to one-third of the plate voltage.

Typical lubes have plate currents
ranging from 1.7 to f.O ma, plate

resistance From 0,3 to 1.2 megohms,
transeonductanee from ,500 to 1,080 inicromhos, and grid to plate capaci-
tance from 0.02 to 0.007

49. Triple-grid Detector Amplifiers. Triple-grid detector amplifier

types have three grids, a cathode, and a plat*.

Although the three grids all have external ter-

minals to permit various connections in circuits,

these tubes are most frequently operated aa

pentode voltage amplifiers. With this conlfl

1 T i l

LEr-ZSVclfsA.C L
t

- i

E
E

o-Eg2 =250Vol'. 1

jl'-tS.SS/olfs

-

I

1 '

! M
i

f

lbfal*

3riS>
_^

?nd,)2+(%3rct.f

;

40 00 6000 8000 10000

Load ResisiuncCjObms

Pro. 24.—Output characteristics of
pentode power- tube.

Control

Grid '-

/Safe"

Screen
Grid'

Cathode ''Heater

Fig, 25. -Structure
screen-grid tube.

of

Input

Fig. 2fi,—Circuit for screen-
grid tube,

tion the inner grid functions.as the control grid, the second grid as W
screen grid, and the outer grid as the suppressor grid.
The operating characteristics are like those of a screen-grid »""?:

except that certain improvements in performance result The I'
1"'

Sec. i
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resistance is higher and the grid-plate capacitance is lower than for

sci'c 1 u-g rid tubes. Owing to (.he presence of the suppressor grid, the same

Values to left of vertical line
!

uhject to considerable variation

60 ICO 120 140 II

Plate Voltage

Fm. 27.—Typo-24 screen-grid characteristics.

Ef^ZSVo/fs Suppressor Volts^0 Screen Volts =100

ZOO 300 400 500

Plate Volts

"fm. 2«; Ave ratto plate characteristics, typo 57.

^?'
t!, !:e can be used on the plate and screen grid. This is possibjc

jT^usc there is no secondary emission kink in the plate-charaetenstio
rV("<. This is an advantage, for example, when operating with a
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LOO-volt supplv since the use of 100 volts on the screen grid produce

high transoonductanoe and also permits higher si^ruU voltages «n ife.

control grid. When large amplitude output voltages are required, thy

connection permits utilization of nearly the entire range of plate voltdB
In some r-f circuits the suppressor grid is used For modulation. In om
circuit, that of an electron-coupled oscillator, the suppressor grid a
grounded so that it functions as an electrostatic screen.

_
M

When used as a voltage amplifier for audio frequencies, high gain, large

amplitude output, and low distortion can be obtained with this type of

2C0C

1800

« 1600

.Ef=ZSVoffs
Suppressor Volfs-0

Plats Volte =250
ScrscnVo/fs'/OO

1

Fig. 29.

-5 -4 -3 -2

Control Grid,, volts

-Average characteristics, type 57.

tube. Operating charn.e I eristics of the 57, for example, are as M^ff
plate-supply voltage, 250 volts; screen voltage, DO volts; grid "tv^

ininus 2.1 volts; self-bias resistor, 3,500 ohms; plate-load resistor, Z^^B
ohms; grid resistor of following stage, 0.5 megohm; plate current ,

0.1» n'^

peak output, 60 to 70 volts, voltage amplification, 100.
, ^

As a. detector, owing to the sharp cutoff, the sensitivity is high, » n<

distortion low. A high-resistance plate load is used. A suitably <

flition for operating the typo 57 is the same as shown above 1<»

amplification. jflO

Typical tubes of this class operate with 250 volts on the P,,i,c

'
Jjf

volts on the screen grid, and minus 3 volts on the control grid. _t*P^^H
conditions for small r-f voltages are a plate resistance of 1.5 itW'-tyt

or more, plate current of 2.0 to 2.3 ma, tranjeonduetiince of 1,225 to »

micromhoB, and grid-plate capacitance of 0.007 to 0.010 pgf.

„ VACUUM TVHE*
gee* °

60 Screen-grid Supercontrol Amplifiers. The screen-grid supcr-

„,|r,,| amplifier tube differs from the ordinary screen-grid tube in that

a has a remote plate-current cutoff characteristic i,varnble-mu affect]

Imte'ulof the usual eiltolT eharactonsl ie of llie detector amplifier t.vnc r.i

EL The supercontrol type is designed for use m r-f and i-f circuits

IJhere the stage gain is to be controlled by means of grid-bias voltage. It

is effective in reducing cross modulation and modulation distortion over a

large range of signal voltages. A change in grid-bias voltage from minus

a volts to minus -10 volts changes the frunsconduclanco from 1,050 to

15 niieromhos, This corresponds to a change in gam of approximately

70 to 1 per stage. At the minus 40-volt bias point a signal amplitude of

approximately 10 volts can be accommodated without serious distortion.

Supercontrol r-f amplifier pentodes with internally connected sup-

pressor grids arc operated the same as screen-grid suporcoufrol amplifier

tubes. The plate resistance of this type is somewhat higher. I he

Secondary emission kink in the plate characteristics is eliminated so that

Ignen grid and plate may be operated on flic same voltage when low-

voltage operation is desired.
.

51. Triple-grid Supercontrol Amplifiers. The tiiple-grnl supercontrol

amplifier tvpes like the triple-grid detector amplifier types have three

(rids, a cathode, and a plate. This type is particularly suited for use as

an r-f and i-f amplifier. With the usual connection of I lie three grids a

pentode type of characteristic results. The operating characteristics

We similar to the triple-grid detector amplifier tube, except for somewhat,

loner plate resistance, higher transcondnctance. higher plate current, and

a remote plate-current cutoff characteristic. The remote cutoff charac-

teristic permits a large range of control of amplification of r-f voltages

Without, cross modulation or modulation distortion. It is useful also as a

lii'st detector in superheterodyne circuits but is not generally satisfactory

for use as the second detector or for use as an a-f amplifier. For these

'alter implications the sharp plate-current cutoff detector amplifier type

di<mli
I be used.

The characteristics of t vpical tubes of tins type show higher plate eur-

01 far low bias voltages than for the detector amplifier triple-grid tubes

The plate-characteristic curves show a continuously decreasing effect, nl

Bid-bias voltage on plate current as the negative bias voltage is increased

(viirial,le-mu effect t. This gradual decrease in plate-current and large

I
*» voltage required for plate-current cutoff permits the use of large

5Joi«l voltages while the tube is biased to reduce amplification without

~*tortion or cross modulation of the r-f anil i-f voltages. The plate

distance of this type tends to be less than for the sharp cutoff type. The
of 0.6 to 0.8 megohm arc high enough to prevent excessive loading

"the tuned circuits. Voltage amplification greater than 100 at broad-
tttM frequencies and from 200 to 400 at intermediate frequencies is readily

""tained.

operation the grid-t>iaa voltage (St) of the 6D6 can be made vari-

!•'- from minus 3 volts to minus 40 volts for gain control of r-f or i-f

As a miter tube a grid bias of minus 10 volts is used for an

|j*?,lator voltage of 7 peak volts. Consideration should be given to the

ffW'tude of the signal voltages to be expected in each stage, and the

us-voltage range should be limited accordingly. The signal voltage

J°"ld never cause the grid to swing far enough in the positive direction

grid current to flow, nor far enough in the negative direction to
'

'eGu the piate-current cutoff point.
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62. Duplex-diode Tnodes. The duplex-diode triode times have Mamplifier modes and two small diodes in : . single bull). Usually M
cathode ot all units has a mnmion coimcM inn. The diodes are 'ntnS
units used with high-rcMst«ncc loads (peak currents loss than annmS
ninlcly O.o tun) for deteolion and gain-regulating circuits. The Irindck
ol (Mo general type of detector amplifier modes.

Typical tubes of this type have triodes with amplification factors of
8.3 and 100, plate resistance of 7,500 and 91,000 ohms, and I ranscondSJ

anee of 1,100 micromhus. Tie
Grid.. ^-'Cathode //-> medium-amplification-factijf

type can be used as a trs9
former-coupled ;.-f amplifier
with one diode I'or detection |M
the other as an automatic vol-

ume control. Various other
uses in circuits will be cvidefl

Negative eridVdfiT
The

.

h
i gh-ampl i fieation-faolM

other for gain control or various othere^l^jtr *
53. Duplex-diode Pentodes. These types, like the duplex-dio*

nd :^hlniTWO
™f*°*<* for useL detectors orand a pentode voltage amplifier unit in a single bulb. The pentode unimaybe used for either r-f or a-f amplification. Thus ,h, pentode mar

T, ""nphfier supplying Slgnai to thc diodc fuiK.

t!( ,n3as detector and Rain-control units, or the pentode may function »•
rewtnnce-couplt.,1 a-f amplifier following the diode units.

JSU™*! Pentod
f--4.

tu, "
l

' exemplified by the type 6F7 lias*pentode voltage amplifier unit and a small triode unit iii a single hulb.

p™ b t°
U" °3cra™ "'dependently except that a connnon e:stho5

connection is used. 1 he principal advantage is cconomv of space; tH
disadvantage is that failure of one unit requires replacement of the efl

t

Pe
^
taSrid

.

Converters. Thc pentagrid-eonverier tube has |
hi,,. If? t°

all
n
an llnod °- 11 is <lesi|rm-d to perform thc rair

I ,
tef

CtT.°f

,

OSelU!l,Wr
-

!,nd bm Sector in a supcrhoterodv-no cir-

cuit lhe electrodes, starting from thc cathode and counting outwi t

(the ofRtal method tor designating grids bv nu am (| rs( .
<$ I

urid
the oscillator control grid; next (Xo. 2 grid) the oscillator anode;|M3and 5, connected together withm the tube, are used to aeceleraelectron stream from the cathode (similar to the operation of 'the -

cor, ml ^T'^l'
1^ 1V t°}% t'!'! K,'

H
,

); and «rid 4 opera («« as the siRi*

;

o ,1 grid. 1 he grids 3 and 5 shield grid 1 Iron, , he inner and i he
electrodes and give the tube a high plate resistance. The high l'Wp

aiiTseh^ivn'y
hlgh-il"I,cdimce U-ads resulting in Jugh P*

In operation the electron stream is initially modulated at osritlat'*
frequency by the inner e eetrodes. The incoming r-f signal, appl 1

gi> 4 further modulates the electron sfream, ( hus producingUp"
fi -rr"''

^e frequencies of which arc the various combmat^H
theoMsiUatorand signal frequencies. Since the primarv circuit «>!

<>'e

Urst l-f stage is designed for resonance at the i.f. {equal to the differ

s«. el VACUUM TUBE

3

203

between the oscillator and signal frequencies), only the desired i.f. will be
present in the secondary of the i-f transformer.

In use, the oscillator coils are designed with a little greater coupling
between grid and oscillator anode coils than is commonly used with triode
oscillators. A ratio of mutual inductance between these coils to the

Screen (OriJs Ho,3ctndMaS) l/oi/s-67.5

Gztit&tvr 6ridf5rid to. llResztor'Oitm$<>$0,OQQ

as

s:o

1

ll.5

3
A

\3

I
z

-
>. 6

T
I

J
8 to

«

8

fos

1

-I

Is\

/'

\ ft

I

1
100 6

-
\

ii

1 \
_
—

\
l \ \-

7—
/

ScretifSr/js.'&.JandMaS) Ws!h*/00
Control SntHSridUa 4) VoHs • -J
Anode Kria Ha 2) Volts = 100
Oscillator Srid fSrid No-H Push '.'oils • 60
Osdl/ahr OridResistance- 50,003vhvs

0.4 0.6 0.8 1.0 U \A I.S

Coniro'. &rid tGrid No.^J^oHs Reionor.t Load l^pcdpnccmegohms

31. ChuraeteiisticM of pentaKrid converters ICO, loft; GA7, right*

gduetnnce of the grid coil (tuned coil) of 0.25 to 0.40 is satisfactory.
"I'KIht values of coupling may cause difficulty in tracking the oscillator
leniency to the signal frequency.
*ne translation gain is given by the relation

»1ic

(Z + rp )

re a = voltage ratio of i-f transformer
St = conversion trtinsconductanee
2 = effective impedance of i-f transformer
= plate resistance of the tube.

} s traiisformers ordinarily used, a translation gain of approximately
'villi special high-inipcdancc transformers a gain of 100 can be

60 c,

^S'.v ob't'ain«l.

i
."e characteristics of typical tubes of this type are as shown in the

en page 26d.
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Typical Pkmtagbid CoNVBHTana

Type E, 1 It Er a, h a.

IAS 2.0 ,0.08 ISO 07.3 135 -3 50,000 S3 1.3 2,4 2.3 0.2ico 2.0 0.12 ISO 07.5 135 50,000 SI 1.5 2.0 3.3 0.2
M

2A7 2 I 0.8 25(1 100 200 -a 50,00(1 Q 3.5 2.3 1.0 0,7
0.75

6A7 0.3 0.3 250 100 200 -3 3.5 2.2 4.0 0.7
0.38
0.30

in *tt
^etal Tubes. Metal radio tub™ employ a metallic envdm,mstead f a dasg envelope for maintaining a vacuum in the anaceflroun dii if? the electrodes f the 1 uhc. Tin- si r! , , i uve <

>

i , I , ,1 , ,1 ,e , KZ
fbe Mil- ° tha

,

t US<
:

d ,n^ hl ' lh ^os. The metallic em el,, > S
^WW I?T/idvaVT^ 0ll,

;
U 'latlon of ^ditional tub.' shields; be 5shield ng of tube electrodes from stray fields than with metal i-oatSglass bulbs, or shield cans; greater mechonic.il strength; and a 89

atTltMH^de
rl"' ti,,M : ' h" pcrmitK better dissipation of the heat develop*

The metal radio tubes have the octal type of base having a central)^which aid, m beating the tube in the socket. There are eight pin poL?

&,« m!tfe iTS »P™ n&}*m V^d on al! types exeepl thatpins are emitted or included as needed. Thin permits I lm use of one lypo

Exhaust Tube

Fin.

GridNoJ
(Contro/6r/W

33,—Acorn |jentodo.

Cy/indrical 1

MM**W
Fki. 82.—Metal Lube, base

construction (shields used in
single-ended types).

"h ™,c
l

cct rt,

f

r :l Kroatr »"m!ic- of tube types. This is of considertM

™H * ,T'
° r em™Phm test,y« tubes whore the large number of soSand electrode combinations unduly complicates the equipmentIhe characteristics of the metal radio tubes are similar to other tub*

ot the same general type.

ULTRA-HIGH-FREQUENCY TUBES

hJL *eCe
!

7in
f

Types
-

At frequencies above 60 Me (wave Ifiitf*
below meters, conventional tubes and circuits give poor perform^By means of tubes specially designed for ultra-high frequencies. «»

.
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pgrformance can be greatly improved. For low-power circuits and for
Kccivin* circuits, these special tubes of unusually small dimensions are
used. These tubes permit the use of conventional circuits in the fre-
quency range of GO to 300 Me and higher.

ACOBM Receiving Tubes

Typ El It
Type
mthodi1 Bp Bri Bm

Capadljiliei'. in

miCTomicrofarad3

O-P C-f P-C

Triodo (Detector, Amplifier, Oscillator)

DM ks 15
racy
to }

130
| I- 5.04.5

S57 1,25 0.05 135 - 6\0>2.0

USB 1 25 10 1 135 - ; s-V.o

12,500 25
\

2,000 1.4 1.0 0.0

24,600 10 050

10,000 1.200

Pentode (Detector. Amplifier)

1M 0.3 0.15 250 ioo - 3.0
1

2.00,7 1.5 X 10" 2,00(1
9f

1 .11)0 007
Input Output

3

MB 125 05
{qJ

135 67.5 - 3.0 .,]... 0.S X 10» 480 000

PcritiM.li, (Si IKT-CUJ] rot li-f Amplifier. Miser)

*.3 L.1S 250

250

too

too

- 3.0

-45

i.S 1 .1 0,8 X 10« 1.440 1 ,880 007

2

2 7 3.5

il,t ",nAl K,ww bu,b with the electrode connections sealed directly
ougli the center and end portions o f the 1 ml b is used. There is no base
i !»'sc tubes. The eleetrode terminals appear directlv on the bulb arid
.made strong enough for in-

F«ort in a socket. The- elec-
™*'s are similar to those in3* '.vpes of tubes except that,
^"W i':

I lie un usually small di-
'isiuriK, special design and con-
nection are required,

•yiy'""-
of the advantages of this

jg*Pe of tube are low electrode
;„.:':"'' ^uiee, l,„v electrode -

,

'"8 lead inductance, small
p^r00 transit time, and small

* C
9

Fjo. 3-1.—Tuned transmiasidD line push-
pull oscillator.

requeney circuits consisting of small coils with condenser tuning

w.- 'Cquirement.
HlKh-fr

I be
al care is required to reduce indue tnnec of the cimnecting leads and

?h*in
l

|^L,

Sf3
\r froquenciea as high as

" 300 Mc"
<ih( am good by-passing. Better results at these frequencies and
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higher eau be obtained with the relatively large distrihul cd circuits of tbJ
transmission-line type. An example of tliis tvp<> of circuit is the piigk
pull oscillator shown in Fig. 31. In this circuit good si.thilit v isohiain3
with freedom from "dead spot*" often observed wit h single-tube oscilU
tors tuned over a wide range of ultra-high frequencies.

Performance comparable with other types of receiving tubes is readih
obtained when these tubes are used , iri r-f or a-f amplifiers, detect
mixers, or oscillators in all of the lower frequency ranges.

Typical Heam-powkh Ami'ukibk Tiibbs

Type E, h

I

Typo
E, Plate

Ft Mb

ReccivillJt Types

6L6

8V8

6.3 9

8.3j0.45
m
\H

330 r,«

.Hi 233

BYfrO

251X3

35A5-LT

8.3 1.25

25.00.3

35.0,0.15
f°!

200 m
110 111)

no I in

- 18

- 13

54 2 5 4.200 3,200 10.8 MT-10

M 8.2S..V10 3.750 5 5 MT-S

.100 0.0 BT-H

.200 2 MT-S

1 5 T-0

(Mali

Octal 7

Octal 7 |g

total?

Oilal 8

TniiLsrnitttiiK Type*

S07
i :;

1610
814

£13

8.30 9
3 l) (i

2.52.0
10.03.85

10. 05.0

M0.03. 25

tH-r
io
(H-r
to

io
IF
I TT
IF
ITT
fv
Itt

mo 275 - 7S 109 n.ooo 37 ST-16

375 200 35
1

i

SS 9 6.050 17 MT-10

400 300 - 55 75 10.

5

4. .500 10.5 MT-10

1.500 300 - 80 150,24 3.303 100 T-lfi

2.000 400 - 90 LEO U 3.750 200 T-2(l

1 .500 400 - 10') ly, -is 4. 500 200 r-u

M.-di

51

Octal?.

Octal 1

Ma
* I

lliiint?!

M.. ham

5 pin

I'mH-piitl Type

I (I «s in 400 250 - 80 is 3.000 22 T-18

68. Beam-power Tubes. Heam-power tubes emplov the principle
directing the electrons into beams to oblain improved tube porforitiim**

These tubes have a cathode, control grid, screen m id. and plate. In -
forming plates, located between screen grid and plale, assist in tim*
the spread of the beams.
The wires of the control grid and screen arc aligned and so "P"^

that the electron current from the cathode is focused into a series of l

jj
passing between the grid wires. This reduces the:screen-grid eiirreiit-jl

also makes it possible to use a close-spaced plate wiih suppressor »cV
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applied by space-charge effects produced between the screen and the
plate.

The resulting plate^curront versus plate-voltage characteristic curves
are practically of the ideal pentode type. The knee of the curve occurs

at a low voltage permitting increased plate voltage swing. The plate
current is also increased by the amount that the screen-grid current is

reduced- Thus the screen dissipation is reduced, the power output is

increased, and efficiency increased. A high value of power sensitivity

is obtained with these tubes.

The characteristics of typical beam-power tubes are as shown in the
table on page 266.

69. Ultra-high -frequency Transmitting Types. Power-amplifier tubes
and oscillator tubes of conventional design show a rapid decrease in power
output and efficiency as the operating frequency is increased in the region
beyond about 50 Mc.

UlTRA-11 Id ll-FREqt'KNCV TllAXSMlTTlXt; TfBKS

Typs

ICAKH *

»CA IK.

*E3ttn

"Utillu :.

I

toll dm,
Witt,

i

*CA8s7

E, I,

Mini-
mum
plate

aissi-

waits A
Caparitanctr.

micro-

„ IP, Bulb

I I

C-PG-C P-C

J tub

7.5 3.25 {tt| 50 1,250

7.5 3 25 50 1.250

3 5 3.25 40 1.000

2.0 3.6 !tt| 30 400

1 * 25 300

11 24 ® 1,000 3,000

II 24 {t} 1.000 3.000

Bui'

2 5 2.00. 07

S-21

S-21

85 5023

... 75 5.0

36 2.0 2.00.4 T-8

.. 1.8 1.00.75 Special

Medium
4 pin

Medium
4 pin

Special

Special

5O0 4IIO10

-300 400 3U

...

S00 6

SOO 7

2 7

1 00 7 Special Special

Water-
cooled
anode
Water-

cooled
anode

Special

Special

Performance of tubes of this type has been improved and extended

Wi ""''" r rilll!;< ' ]>>' methods of design similar to those used in (he

Nil,.;
r< '''|'lvin

f? lubes. The use of short heavy lead wires is effective in

'"He r i

i'Kbiclanee. ('lose spaced electrodes reduce the transit

Hindi... electrons between the electrodes and permit high mutual
•Cetjv, |

' Wl."1 small cathode area. Small-sized electrodes keep the

^''niic'
' '"apacitance low. Dielectric losses are kept at a minimum by^ 'Uiiiii ,,f t |1( ,

i
JJlsC) ])V s(,n ij n{r i) 1(> ) (w,(is through a good quality of

Material"
V Ml i>l>orting the electrodes with a minimum of dielectric

[ the small size and close spacing of the electrodes, these

n> f tIcr'.'n
'i^iRneti to withstand higl'i temperatures or to dissipate a

•>[''• amount of power on the electrodes in order to obtain a high
fating. "
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1000

Iu some types such as the RCA 1628 and the WE 31(1A this hashes
accomplished by the use of special materials, notably tantalum, for Uk
grid and plate electrodes.

Other types such as the RCA SS7 and RCA SSS employ a water or

forced air cooling of a copper anode which forms part of the external

envelope. The grid is madeoft
talum to withstand high temp
tare and is cooled by conduct iona

hy proximity to the water-c
anode.

60. Ultra-high -frequency Tuba
Employing New Principles of Op-

eration. Various types of u-W
tubes have heel) described it) the

literature which employ principles

differing in certain respects from

the conventional tubes. X<

among these are the velocity- modu-

lated tubes, i lie Klystron, and til

inductive-output tubes.

Velocity-modulated tubes
ploy the input signal vollnf

change the velocity of the el«-

trons in a corislant-cuiTenl electron

beam. The velocity-modulation i

converted itilo a current (sp**

charge) modulation by means Oil

drift tube, a retarding field, or*
flection. The space-charge modu-

lated current may be utilized WjjJ

a conventional plate output w*
trode or with the newer itidiictw*

-

output circuits.

SmMhiVe-leixt

100 200 MO 500 WOO 200O3O0O

Frequency.megocycles per second

Pig, 35.—Performance capability of
ultra-high-frequency power tubes.

The advantages of velocity modulation are reduced input-loading I*

transit-time loading effect such as occurs at the grid of eotlvenWjP
tubes) and freedom from critically close-spaced grid electrodes *''

transconductance is, however, much lower than can be obtained with"*

conventional control grid, , .

The inductive-output tubes employ conventional control-grid Hindu)

tion of the current hut direct the beam of electrons through a r»*
(

resonator in such a manner that the electron beam induces *' l,rr,"'j|

the cavity resonator circuit. The electron beam current is collect*"

low voltage, thus keeping (plate) losses at a minimum.
The Klystron tube consists of two cavity resonators, one (*1

arranged to produce a velocity modulation of a constant-current J

of electrons, the other (output) to absorb energy from the electron
J

after it has been converted to current modulation.

GAS-FILLED TUBES
There are a variety of useful functions performed by the many

'

of gas-filled tubes. These tubes, after evacuation, are filled to *

pressure with an inert gas such as argon, neon, or krypton or with I'ld"

vapor.

gjcB VACUUM TUBES 2(i<J

There are two principle classes of gas-filled tubes, according to the
[vpc of discharge occurring. In one class a hot cathode emits electrons in

junii'ictil quantity to carry the current. The gas ions act only to reduce

the space charge, thus allowing a large current to flow with small voltage

drop i» 'I' tube. In tubes of the other class is a cold cathode with a self-

iBgtaining gas discharge, having a high-voltage gradient close to the
estlioile and a low-voltage gradient throughout a relatively long positive
(olutan.

Examples of the first class of gas-filled tubes are the hot-cathode mer-
cury-vapor rectifier tubes and the hot-cathode, gas-triode tubes known as
thvratrons.

In the second class of gas-filled tubes are the voltage regulator tubes,
the cold-cathode gas rectifier tubes, the cold-cathode gas-triode relay
tithes, and the a-c surge and protector tubes.

For hot-cathode mercury-vapor rectifiers see the section on Rectifiers
ind Power-supply Systems.
61. Cold-cathode Gas-filled Rectifiers. Cold-cathode rectifier tubes

for low-power applications are usually filled with an inert gas such as
helium or argon. A starting voltage of a few hundred volts is ordinarily
required to start the discharge. The voltage drop in the tube falls to a
relatively low value when current is flowing, but the voltage drop and
lube losses are higher than for hot-cathode mercury-vapor tubes.
These tubes arc used in circuits where the saving in filament power is

import ant.

It is sometimes necessary to take precautions to avoid radiation of
«•( noise generated by the breakdown surge in t he tube. Small chokes in
the plate leads, by-pass condensers from each plate to the transformer
"''liter lap, „ r ;1 shield around the tube and circuit may be required.
The following are typical cold-cathode rectifiers:

D-c output

Type Current
Volt-

Tube
voltage
drop

Starting
voltage
per

Peak
vultugc.
plate

Peak
plate

current

Mux.,
ma

Miu..
ma

age
mux.

average paita to plate max.. mu

|

SO
GO

ISO.

.

_1
30

300
200

300 24 300

000
1.000
1.000

1,000

-

200
400

1.000

200

^tw'r.
NeSative-grid Gas Triodes. If a grid electrode is introduced

^nii" '

r

'' !ltno(1° iim' anode of a suitably designed gas-filled tube, the
»eea ,i

"' ( "sl'" !irf?e can be controlled. If the grid is sufficiently

IE t
.""""'etcly to cut off all electron flow from the cathode, the gas

Wh, ' '''mains in its normally unionized condition.

Ptisitiv
' ! ""' K

.

ri '' y°' l;'K 1 ' i* made iess negative or the plate voltage more
*i«sctroi

' !
'°'" t ' s reached at which electrons begin to escape. These

n 's produce ionization in the gas, which in turn helps more electrons
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to escape, so that the process is cumulative. The current, builds ^
within a WW microseconds to a value limited only by the impeding

jj

the external circuit.

After the gas becomes ionized, the grid ordinarily has no further
.

on the flow of the plate current. The grid is said to be covered with

«

ghe&th of positive ions which neutralize the negative field of the grid.

Tyi'icat. TIot-rathuuk Gas TuronBH (also Ifxow.v as Thtyratkons mi
Obib-olow Ttobb)

Plate current, ma

Typo B, II
Tvjio

cntlltHle

Piute vofc.

Average
use im uimn-,

Peak

NeKnlivc-ftrid Can-filled Tubes

884 B.3 0.0 1
H-Cf

'2-3 300 300

885 2.5 1.4 1
H-C'J

2-3 300 300

1G-178 2.S 2.25 01
F( 125 500 310

ELCIA 2.5 0.0 S!
*j

400 2,500 170

FG-S1 2.5 5.0 Si 500 2.000 in

N' ti k; 1 1 i VI -)', • i 1 1 M < >r I'll : y v n j
< o r T i

lb i;s

Ktr-(i3o 2 a 0.0
1'

100 7fl

FG-as 2 5 2,0
[)

P
125 500 1,000

FG-17 2 5 5.0 F 500 ooo 2,500

KTJ-627 2 5 (5.0
(!

1'

040 4 ooo 2,500

KU-638 2 5 0.0
!

040 500 111,000

FG-27 5 7.0
(1

!
2,500 10 000 1.000

FG-57 5 4.5 1 2,500 15 000 1
.000

KU-628 5 11.5

1
4,000 10 000 2.50*

DKU-623 5 20. f) 10.000 40 000 2.5«»

FG-29 6 17.5 )H-C) 12.500 75 ooo 3.500

' If

If the plate current is stopped Ions; enough tor ionization to
"".'i' ;-

(usually about 0.001 sec. or less), the grid will again exert control.

when a gas trioclc is used sis a C f 10- cycle; rent ifler, the output curroj^H
be eon tn.il led, si nee the cuntnil t>i the grid is reestablished durinS

negative half cycle. . (ipg

The control characteristic for a gas triode may be a single curved -
(]

„

plate voltage to grid voltage at which the discharge starts.

negative grid voltages this is usually a straight line, since the i" 1
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lit,.
\..h ages is nearly constant. Near zero grid voltage the characteristic

8[i(iw.s
aj ipreciable cun*aturei

n3600w I
FG-17 1

d Voltage -Anode-
Voltage Curve's-

3V V
•=2.5 Volts A-

I

r

\ \
V
&r

Xi

N
V—

r

\lV

3200

2600 a>

240041

2000^

1600 |
1200

<j

800 i
400

-12 -II -10 -9 -8 -7 -6 -5 -4 -3 ~2 -]

Grid Voltage at Start of Discharge

' Typical mercury-vapor grid-controlled rectifier characteristics.

Mercury-vapor tubes show a different control characteristic curve Tor
different temperatures of the condensed mercury.

Typical Hot-cathode Positive-Ohio Gas Tkiodes

Tjpe Ei If
Type

c:i.1:hoi.u>

I'lat.e (JUTrettt, BUI

Plato volt-

Average Pen];
age maximum

KC-oio

KJ-33

Kl-07

•tl-llS

2.5

5.0

5.0

5.0

G.5

4.5

4.5

20.

m
\%C
1©
1 H-C
KO
\ H-C

too

2,500

2,500

12,500

800

15,000

15.000

75,000

760

1,000

1.000*

10,000

* ptvetter.

( 'old-cathode Gas-triode Tines

I'M

fi-187fw-eig

Plate current, ma

Average Peak
r.m.s.

25 100 105-130

10 50 220
15 100

A-c plate
voltage

A-c starter
electrode

voltage itiini-

mum peak

no

Remarks

Starts with 55 peak r-f

voitH phis 70 peak a-c
volts

A-o positive control
Portitivo control
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63. Positive-grid Hot-cathode Gas Triodes. Gas-triodo
i uk,

designed for positive grid control arc used iti circuits w here it is destiny

to eliminate the negative grid voltage. The cat limit' to grid region is,

A-CLh

wm
^Controlled

,
Circuit

Eta

L
L.C'High-Q Tuned Circuit forr-fSignal

R, • 15,000 ohms (
'/? waft)

R^SQ.OOO -

S =Relay

37.—Cold-cathode tube remote-control circuit.

shielded from the anode field in these tubes that a small positive

is required to give the electrons enough velocity to ionize the gas.

to the high grid power required, these tubes are not used so genei

are the negntive-gritl times.

64. Cold-cathode Gas Ti

These t ubes are most useful,

trolling relays or other applies'

where il is desirable to keep

power consumption low during

stand-by periods.

They' arc usually designed

positive-grid control. An el

static impulse picked up on

able electrode or & vo
developed in a tuned circuit

used for control.

A circuit for remote font

means of h-f impulses oyer

power circuit is shown in 1'ig-'

65. Gas Tetrode Tubes,

tetrode tubes have a second
shield grid. By the use

grids the current to the control

can he reduced and I ^'.^''""rL
of control increased. The star*

1 1 it! discharge in these tubes"

tcrmincd by the relative f
the voltages on the two grids as well n-s by the plate voltage. The

characteristics for a tube of this type are shown in Kig. 3S.

66. Pool-cathode Tubes. Tubes having a pool of mercury »
cathode arc termed pool-athode lubes. They arc cold-cat bode tuM

a self-sustained discharge. High current densities obtained 1 \

tubes produce a low internal voltage drop. The elect ions are sai

emitted from the "spot" on the cathode by "field emission d lle

high voltage gradient occurring close to the cathode surface.

Via. 38.

-8 -4 4 8 12 16

Control Grid Voltage

Characteristics of shield-

grid thyratroii.
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TnKU Hot-cathode Gas Tetiiode Tubes

273

El II
in t node

1'lnlc current, mil I'liilc volume nenk

Average Peak Forward Inverse

Nenativc-ltrid Can-filled Tlllien

211"-

1

0.3 0.0
1*0 1

H-Cj 75 375 350 700

2050 0.3 0.0 o S

n-(;J
100 500 650 ),30C

FG-08 2.8 5.0
<>

f 500 2.000 ISO ISO

ro-i:,i 5.0 7.0 r 2.500 10.000 1,000 l.OOO

n;-is'j 5.0 18.0
')

F 6,400 25.000 1,000 1,000

Negative-grid Mercury-vapor Tubes

KM7 2.5 5.0 ? .".no 2.000 l.OOO 1.000

PO-S5

JO-ia-,

5.0

5.0

4.r,

11.0

O 1

ll-c!
o 1

ii t
j

2.500

0.100

lo.OOO

10,000

1. 000

1,000

1,000

1.000

Pool-rat bode i ubes arc used for power installations where high currents
•"" Kaii i red. They can he used for spot welders and other apparatus
"quiring I'Mivmely high peak currents.
With the "immersion starter" (ignitron) type tube the starting of the
Barge

ii be controlled by means of an electrode of high resistance
erial (Carborundum, Glowhar, or Thyrile) immersed in the mercury

t~ voltage applied to this electrode produces sparking which startsw* lonm discharge.

PooiwATitrmE Iumkiision-starter Tubes

Current, amperes Voltage (wak

Average "'oak forward Inverse

15 1.000 1,000 1.000
20 1.000 r.-.o 750
50 J. Di ill 7.">i> 750
75 .-1,0011 1 .one ] .IHIII

k^W^60
.

aad Pr°tector Tubes. These tubes arc two-cleetrodc gas-
's a

^r 'ubes. They arc connected across a line or circuit for protec-

*S nhi
<

'x<'''ss voltage. When the voltage exceeds the breakdown
the protector tube, a discharge takes place which limits the



274 THE RADIO UNCI.VEERING HANDBOOK

The following are typical tuhos of this typo:

A-c Surge and Protector Tubes

* Current, amperes

Typo Elrcakflowu
voltage

Average 1'eak

IM-20
DKX-642

70 100
MO

0.25 200
30

68. Ballast Tubes and Voltage Regulator Tubes. A ballad tuL
current regulator tube is used as a resistance connected in series withi
load in which it is desired to maintain constant current. II consists of

»

wire filament enclosed in u bulb filled with a gas. The temperaturemm
resistance characteristic of the filament is such that ballasting action

obtained.
Within the limits of its useful operating range a small change in curat

is accompanied by a relatively large change in its terminal voltagt

When connected in series with a load, any change in I he applied voltngf in

absorbed largely by the ballast tube, hence the current and voltage
load remain approximately constant. Since it has a limited
operation, it must be designed for a definite value of current and
The ballasting action changes slowly and may require several

to reach equilibrium. Consequently it is used for eompensati
changes, such as line voltage changes occurring during different pi

day and not for momentary fluctuations.
Because of flic high operating temperature of the bulb, in

precaution is usually taken to enclose the ballast tube in a wire

or perforated metal shield {the soft glass bulb may develop a
crack, and explode, especially if it accidentally comes in contact
cold metallic object).

Typical Ballast Tubes

Type Current range
,

Voltage range

S90
7A
B6

B4
870

0.225-0.275
0.50 -0.53
0.06 -1.00

1.2.1 -1.36
1.03 -1.77
1.97 -2.13

5-8
;t hi
15-21

[65-125
40 00
-10 ISO

Maximum am-
bient temper-
ature, degrees

l-'aliren licit

(")ver-»U

iliineniM*
incb*

l.V)

1
.-,0

150

150
151)

150

-""V*7?T
L"'" v7«

A voltage regulator tube is a gas-discharge tube. [| has, in its sib ~
form, two electrodes between which a self-maintained gas discharges
place. The voltage across the discharge remains approximately col

for a considerable range of the discharge current.
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tt i..i, rciiinectcd in parallel with a load, small variations in the applied

I,.
! d'l'cni a source with sufficient resistance) or changes in the. load

,„t arc absorbed by a change in the current in the voltage regulatoi

ShV it
w "'''"linal voltage remaining constant.

ji'js "dc-igncd for a definite operating voltage. The current must

nain between rated maximum and minimum values. A starting volt-

2fsonH'c. bit higher than the operating voltage must be exceeded in

Seir to initiate the discharge.

|i
ineffective in regulating niomeutary fluctuations as well as for steady

|

mnditiiii!- Because of this rapid response it serves not only to regulate

If* volt age but also to by-pass ripple voltage. It is sometimes used in

place of a by-pass condenser at very low frequencies where the size of a

JondcnsiT would be prohibitive.

Typical Voltacie IIbcvlator Tubes

Type

Voltage Current milliamperc*
Over-all

dimensions,
inchedOper-

ating
Starling
minimum I'eak

Maxi-
mum

Mini-
mil m

48-07 87 3.0 2.0 0.4 H X l?t.
«74 aa 125 50 10 2Mo X 5)i

VTtin.-,-;m 105 137 30 s l?fo X *\i
VHt.vi :m 150 ISO 30 5 IMa X 4l<
KX-iill 110 2 X 8«

CATHODE-RAY TUBES
A calln>dc-ray tube is an electron tube in which a beam of electrons

(ealhi iil<- rays; is focused and deflected so that patterns (wave forms or
(jeturesi are formed. The patterns may be made visible on a fluorescent
*"('( such as is employed in an oscillograph or in television viewing
Wwiving

i i iibes, or may be used with mosaics or other means such as are

pi'" ''.'''vision pickup (transmitting) tubes. ,

W- Principles of Operation. Early types of cathode-ray tubes

i; P
'''! gas at a low pressure to assist in focusing the beam and in some

^wi-voltngo types to generate electrons by means of a discharge in the

bi modern high-vacuum tubes the electrons emitted by a thermionic

I

' are focused into a beam by means of either electrostatic or clec-
E?«K!u tie fields applied at one tir more positions along the beam,

till,''
:.'l>|>lied near the cathode (ordinarily by the electrodes in the

Jem-' l"' rf"rm the futiclions of accelerating and controlling the electron

Mni

'

1" 11 ''" 1 rating the electrons into a suiiill jirea (called the crossover

*ld
f°rnuI|R :i beam. The betun passes through a final focusing

^^'hich focuses the beam to a spot. liy deflection of the beam the
i£q '"ailc to move, thus tracing patterns in accordance with (he applied

•J?
1" 1* lidds.

Hi,,,

j

1
' 'I'ltrode structure from cathode to final focusing field is com-
v known as the electron gun.
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The deflecting fields arc usually applied in fhe region beyond*
electron gun, i.e., between the final' focusing Held and i li<- screen or!
surface on which the spot is focused).

For maximum deflection sensitivity the distance from deflertinrJ
to screen should lie large. Thus the deflecting fields are usually ,,™
as near to the final focusing field as is permissible without

*

distortion.

Tubes employing electrostatic fields ordinarily have electrodes fori
purpose within the tube. Voltages applied to the c'oclrodn
produce the electrostatic field.

Since electromagnetic fields (low frequency) pass through gli.
negligible distortion, it is most convenient to'use external coils fo
employing electromagnetic fields. Current through a coil arm
the proper position produces the electromagnetic field.

There are available tubes employing electrostatic (final) focusing, d
tromagnetic (final) focusing, electrostatic deflection (deflection plaU
electromagnetic deflection (deflection coils), and in some cases a comb
lion of these.

70. Screen Size. The viewing screen of standard types of cat-
ray tubes ranges in size from 1 to 12 in. in diameter. Kxperinw
lubes ranging up lo about 30 in. in diameter have been den
strated. Owing to the tremendous atmospheric pressure (11.7 lb
square inch) on large bulbs these tubes are someti s made of incUU.

Screen sizes ranging up to 5 in. are commonly used for laboratMjr
oscillographs or for viewing by two or three persons. For viewing bj
larger groups, classroom demonstrations, lecture.-, etc., a 9-in. or hrpi
screen is desirable.

71. Screen Material. Screen materials might be classified according^
color of fluorescence, to persistence 'which is the time required for th*

phosphorescent afterglow to disappear), or to eflicienev.
Medium-persistence screens are available in green, "yellow, and whit*

fluorescent colors. The green (willemite) screen is probably most
factory for general use. Its efficiency, including visibility, is high.
tionary patterns can be readily photographed. The yellow and whll*

screens are less- efficient than the green but are preferred because of««
for television use.

Short-persistence screens of a blue color are used for photography
recording. The short persistence permits continuous moving-libn "*•<>!*

ing. Ordinary blue-sensitive photographic emulsions can be used *"*

these screens. Long-persistence screens of a bluish color are useful >'

observing the complete trnce of a phenomenon that occurs slowly <> r .'

direct comparison of the traces on the screen after the beam defleqj",

has ceased. Because of the lower intensity of the persistent image"
viewed best in subdued light.

72. Operating Voltages. The high-voltage supply for (scaled-offj

vacuum) cathode-ray tubes ranges from 2">() to 1,000 volts fora fe*'.

voltage oscillograph tubes and to about 15,000 volts for tubes u«<»<
recording transient phenomena.

For oscillograph lubes, operating voltages of 1,000 to :{.:>()<> \«' ts
,"£

satisfactory for most purposes. Higher voltages are useful when »' v
tional brightness is needed lo speed up photographic recording- ,p
television viewing, voltages of 0,000 to 7,000 volts are commonly u9*°F
increase the brightness ami detail of the pictures.
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12 Types of Deflection. The electrostatic deflection tubes are used

lit for "eneral oscillograph purposes. Since almost negligible power is

"lured hv the defied ion plates, they can beconneclcd across almost any

Siui'i in "hich it is desired to observe the voltage variations. The

-tion is directly proportional to the voltage.

Typical Cathode-ray Tubes
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mm/v mm/v
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,200
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12S
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The magnetic deflection tubes :.re preferred for television work. Good
^vision pictures can be produced with electrostatic deflection tubes, but
ffjenuired deflection voltage is too high when the high-voltage anode

»j ' recti) is operated above approximately 2,000 volts.
- '*• Deflection Sensitivity. The deflection sensitivity for the elect ro-
""< tyjK-s at rateil minimum anode voltage ranges from 0.OS to O.oS mm

•bo
VoT an imtK,(: voltage of 1,000 volfs the sensitivities range froiii

>U s,s vo | (s !)0r in pi, dofleetion up to 080 volts per inch. Most types

I^J^ iHtivities in the range 3S to 80 volts per inch. The sensitivity is

Sp"«'d in proportion to the increase in anode voltage,

tli,.
(l ' ,f'' ctiou sensilivily of magnet ie-deflecl ion types depends upon

ifr.
a,1"pcre turns in ibe deflecting magnet and upon the length and

"n*'inent of fhe coils.
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llation Characteristics. ' For television applications ,l

characteristics are important. The beam current shnJS

75. Modulatio
modulation
focus into a spot. almost as .small as the width of one line in the piciUJ?
The spot size should not change as the beam current is modulated)
change the picture brightness. A value of iranscomluciancc whii

liigh permits small signal voltages from the video amplifier. F.)e

statically focused tubes should have sufliciently good regulation in*
voltage supply for the second (focusing) anode to accommodate the a

anode current modulation without defoensing.
The maximum beam current which can be obtained without the

t

effects causing loss of picture detail determines the maximum
brightness.

PHOTOELECTRIC TUBES
76. The Photoelectric Effect. Certain metals, notably the

metals, have the property of releasing electrons when irradiated *i
light, of certain wave lengths, notably the wave lengths correspond!
the shorter end of the visible spectrum (violet and ultraviolet),

property is the basis upon which phototubes operate. These are]

cathode tubes in which the electron flow is controlled by the intent' _

illumination permitted to fall upon a light-sensitive surface. Thersj
t wo types in general use, the high-vacuum tubes and those, iti which
is some gas. The latter are more sensitive, but there is not the lil

relation existing between light intensity and current flow that is cl

teristic of the vacuum types.

Phototubes have found application in sound motion pictures,

lating variations in film density fora variable area of blackened lilm)

sound variations, and in industry where they perform certain col

functions through the medium of a beam of light. In the labon
phototubes are often used as a means of measuring intensity of illul

tion either for its own sake or as an intermediate method of nieaaul

some other quantity.
Since phototubes are not used to any extent in radio communicati*

they will not be discussed further in this volume. For further dalfi *^

Zworykin and Wilson, "Photocells and Theii Application,'' John W> J

&Sons, Inc.; Ilenney, "Flection Tubes in Industry," Met '.raw-Hill l«x'£

Company, Inc.; Fink, "Engineering Electronics," McGraw-Hill I**

Company, Inc.

INTERELECTRODE CAPACITANCE
77. Tube-equivalent Network. The capacitances between the

'

plate, and filament of a triode are illustrated in Fig. 30 and also

C P

AS Inptit Output-

HJ
F 6 P
Pro. 39.—Interelectrode capacitance network.

equivalent mesh network. These are the direct interelcct rode

tances of the tube. In general, an n-electrode tube has Ar direct >
.

1

jjctruilc
capacitances, where

N m - 1)

direct interelectrode capacitance is the standard method of specifying

f . ...pacitanccs. It is preferred to the older methods of nicasure-

*L t with -me electrode floating or between one electrode and the other

Erodes connected together. Hither of these methods leads to results

I" ., ,,v not independent of the particular arrangement of apparatus

Sedin-'l interelectrode capacitance is tlu- same regardless ot the type ..!

String circ.it. The capacitance of the socket and socket connections

included. The tube is usually measured with the cathode cold.

Ucn the cathode is heated and voltages applied, ihe capacitance may

change a small amount.

CglP

F
Fio. 40.—Tetrode network.

Tlie three direct capacitances of a triode are grid-plate capacitance

(C„V grid-cathode capacitance «.'.,), and plate-cat Iiode w
The grid-plale <-apacitai.ee allows energy feedback from ><

Plato to the grid circuit having an important effect on he stability and

input impedance. The grid-cathode capacitance and the plate-cathode

ttpacitai.ee shunt the input and output load impedances having seme

Meet on the timing or frequency ehar-

wt eristics.

The direct interelectrode capacitances
a tetrode tire represented in Fig. -10.

Thesi\ ilirect capacitances form a threc-

"»osh network. When the tetrode is

*nnoctcd as a screen-grid tube, the

*J*en mid C, i.s olYectivoly grounded.
"'<• threc-mesh network is reduced to
an equivalent single-mesh triode nct-

*«rk. The screen-grid cathode capacitance (C„r) is effectively abort,

•"named bv large bv-pass condenser. The control-grid to screen-grid

*M»citniicc: (C„,„.) is in parallel with the control-grid to cathode capaci-

'•"ee <C. ,) The screen-grid to plate capacitance (C„!(,)
is in parallel

^ the" plate-to-cat bode capacitance' «.',/>. The equivalent network

shown in Fig 41. ,

Hie capacitances of a screen-grid tube are usually stated as the maxi-

grid-plate capacitance iA,„), the average input capacitance

(C0l / + Cmo,)

*n<l the average output capacitance (C,,j -f Cj.,,).

Km. 41.—Equivalent network
of screen-grid tube.
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78. Measurement of tatereiectrode Capacitance. The ,ii r<.et : .

electrode capacitance can be measured with the bridgo circuit of KiThe electrodes to be measured arc connected to terminals .|//
renaming elect rodes nod any shields are connected to gr id i end!

\V hen the bridge is balanced, the c:i paei.ta.nce is

"2

Tlie resistance R corrects the phase and balances the effect of the can
tance across R t .

Any leakage resistance RAIi across Cam will cause an error
leakage resistance Bab is known, the capacitance £*,„, is awn bv I

relation

./l':C

" tt.
1 - 1

Jk,c\
"Xrt) R~A

age

Fio. 42.—Measurement
tube capacitances.

of Fto. 43.—Method of measuring tube
capiicituneus.

c
> ft*The

can be measured with the thermocouple TC. The capacitance
not affect the measured current if the voltage E is held constant,
reactance of capacitance C, is high with respect to I he tow- resist**?
thermocouple. The indicating mioroarameter / has one side ground^-
An r-f choke L and by-pass condenser G keep r-f currents out o
meter /

.
\\hen the voltage E and current / are know n, the c»pacit*»«

Ci is given by
*

c _ r

If a standard variable capacitance of slightlv greater range than Ci*
i-ailable, a substitution method can be used. The standard capacity

.... connected across €,. ft should he enclosed in a grounded shieal.
I
"'

Ciipacitance l.i lie; shield is in parallel will. <\ and (,', u
In use, the meter reading / is noted will, the tube, in place,' The 1

then removed, and the standard capacitance is increased until the
meter reading / is obtained. The difference in the two readings of
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_j„rd capacitance is the value of the tube capacitance Ca . The r-f

HEfe- E should be constant. The absolute value of the voltage and
''''

r ^r need noi. be known. A thermocouple with a filter and meter
^^Ktrd in scries with a small capacitance across the oscillator terminals

jm| he used as the vol luge indicator.

'BO. Grid-plate Capacitance of Screen-grid Tubes. The direct grid-

ntol'' eiipacitance of screen-grid lubes is a small fraction of a niicro-

micnifai ad. Bridge measurements are not generally satisfactory. The
jtf substitution method is convenient for 1 his purpose. Figure 44 is the

nhcniatic circuit. V is a standard capacitance having a range equal to

For exaiuple if (R,C/R t) = 5.0 wtf, the frequency is l,0{M) cycles, _
ItAti is tut) megohms; the correction factor is approximately 0.95 and

Cab = 4,75 upS,
79. Radio-frequency Method. An

method of measuring the direct, iutcrelectrode
capacitances is shown schematically 'in Fie.

43.
: he i- f oscillator sup Aut tfl i/ientvoll

to cause a current tli rough C,

\S5 K-,J

1 1.;. 44.- Measurement of screen-grid plate-grid capacitnnee.

'l.i range of capacitances to be measured. Coaxial cylinder capacitors

Dtn be constructed accurately covering an extremely small capacitance
range The thermocouple .current, indicator should be replaced with a
lensitive indicator such as a tube rectifier or carborundum crystal. The
lah of the tube should be shielded from the grid. A balancing tube Tt

of Hie game type as the tube 7\ being measured serves to maintain the
tune input capacitance load on the oscillator. The low-capacity switch 8
>s first thrown to the tube 7\ under test, and the reading of the meter
noted. The switch is then thrown to the balance tube Tt and the stand-

i denser C adjusted to give the same reading on the meter. The
STid-plate capacitance is equal to the change in the standard capacitance.

,

81. Receiving Tube Bases. The bases of all standard types of receiv-
tubes fit one of the following types of sockets:

WD 1-pin.
Small nub 4-pin.
+-pin.

{pin.
Hin.
'-P|ii small.

;
'in medium.

Petal.

i*ek-in types (trade names Lokl-al and Octalox).
B«ttoii-lJUSe.

Vflp'

U " lJ ^-P' !l (used on lype 11) and the small nub 1-pin (used on type

-].. 'ypes are now practically obsolete.
"C socket accommodates the mnnll -l-pin base, the medium 4-pin

Z< "njl the tapered small 4-pin base.

E^o-pin socket is used f... for both the Wall 5-pin base and the medium
"Pin l,,, r .

'i-pfn socket holds the small 6-pin base and the medium 6-pin base.

Tl Z"1'''
n small-type bane inquires a 7-pin small-type socket,

cijj''' 7-pin medi'ini-lijpr base has its pins arranged in a larger diameter
e than the 7-pin small base and requires a 7-pin medium socket.
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The Octal base (first used on metal tulips) lias eight cmiallv «uim|J
airan(rctt around a central locating lug. On tube types re

, f jV-ir i"than 8 puis, sumo pins may be ..mined. Inn I ho po.-m.imis of the oil 5 ;

remam unchanged. Thus all Oetal-hn.se tubes fit the same <v„ ]

,

m
I he small wafer Octal, the hUermediatc-shcll Octal, the <l«-t„i-xl til OeMtS
small-wafer Octal with skive, the; smalt-sMl Octal, and the irediimtlS
Octal bane* nil fit the same type Octal socket.
Lock-in type bases (trade names Loklr.l and Or1:ili«) have n eer>t»l

. locating Iuk with provision I'or locking 1 he tube in the socket Tito >

small puis are equally spaced, with pins omitted when not needed SkS
eia const rwtioiml feaiures „„• employed in various tvpes of :l„-.' mil.'although they can be used in the same (ae/:-in type socket

the button base is an especially sma'l base designed lor use on ndniatuni
tubes I here are seven small pins which are usually molded directly intothe glass. 1 he pms are no) equally spaced, thus assuring correct position
in the button-base type, socket.

The cap connection used on some screen-grid tubes niav be either the
small cap used on types such as the 24, ;,7, etc., or -.he u.inioturr cap wd
H3 is used on metal-type tubes.
The skirtctt-mimaturc cap requires the same size connection as uV

miniature cap.
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SECTION 9

VACUUM-TUBE OSCILLATORS

By Kobekt I. Sakbacheii, ScD. 1

I Classification of Oscillators. A vacuum-tuliu Oscillator is usually
defined :w ;i device which converts power obtained from a d-c snuree into
tltermiliuK power. .Some, of the ]iri]icipal types of vacuiuu-tuhc oscilla-
tors ;ire listed below.

1. Feedback oscillators.
2. NVi^i live-resistance oscillators.
'A. Beat -frequency oscillators (helorodyne).
t, MtiKiu-totiti'intioii osctllatora.
5. Hr-litxation oscillators.
6. MaciiPtron oscillators.
7. Klyst i on oscillators.

jj-
Burkhauscn-Kurti oscillators.

*. Mbclianical-electronic oscillators.

.
h

'

s '••.••<> y io classify owtlldlnri into I w-t( (tronps. Tlie first ^roup
"ehnrmtljTiBDd by a. definite frequency and by nearly sinusoidal voltage,

such a system is started from rest, it will complete a large number of
before reaching the steady state in u liidi each cycle is iden-

""I w ith the preceding one. The members of this group may be called
,
rm""ie oscillators and include all the members of the above'list except

"* Ma sal ion oscillators.

...
Icristies of the second group are rather indefinite frei(itenov and

.I'.
'!'";''!>' mm-smuxmdal operation. When systems of this type arewm rest, they may reach the steady state in a very few cycles,

..!' "--cillators are referred to as relaxation oscillators.

kSnnM
monic os<, illators which comprise the first group are of gTeater

late,/
'"''' alK

' nnii J,n "' 11 wider application than do the relaxation oscil-
, ' second gronn. The laller are seldom used directly in com-
I.",:?

1 crcnitR. The frequency is not very definitely fixed bv the
:

,r.,' ,.

(!,«ments and so is relatively easily controlled by an external

^Porc''
n° ( ostl"latp "nh'-ss the various elements are properly

"''Putis .'i'"™'
(

'vcn if tlic configuration is correct. Pundame&tally this
thr„

u
'

,

unless as much energy is delivered to the oscillatory circuit

Wtit,.:
1

,°
tube as is dissipated in each cycle, the oscillations cannot be

'» htT(
,' ' For any system to oscillate stal ily at a definite aniplitiide, it

tf
tll(i

wry
j
hat it involve some non-linearity,- In some cases the nature

**ttrpn
,n< 'arftV is not obvious, but the effect is always there. The

i,
B

'u the non-linearity may be in the tube, in the resonant circuit, or
' I-j: (",'" '"stitute of Trchnolwtv. ChieaRO.

^kheilier, P., I.K.E., Wireless Sec. 11, 292. 103(S,

283
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in a. special control circuit. In any system in which the tube h s,,if
-

non-linear, the stabilization is norownrily accompanied hv Hit- tmwttiA
*

I>1 harmonic "mm ! vollnges :,ll I
:

-. 1
1 :

; 1
1 1 . 1

I I ii -

reduced by highly selective resonant circuits.

When extremely accurate frequency control is toquirod. low-pnWef»J
oscillators arc uscrl because-it is then \i-*s diliicult to meet I he < <

= ri< I itiori*
required by a high degree of frequency stabilization. One or nmre buffo
amplifiers may he used under these circumstances to meet the ],<,«',,,

requirements of the particular application. When f«H|ti v nubility
not particularly important, high-power oscillators may be used
which tube efficiencies approaching SO per cent may be 'obtained.

2. Feedback Oscillators. Oseillnt ions may be fionernled with
amplifier that is connected so as to supply its own input voltage is tK
correct phase and magnitude. This is possible since the power required
to supply the input voltage to the amplifier tube i< much less than the
amplified output. Oscillators operating in this wav niav be clai

feedback oscillators. Circuits which may be used for this purpose it

shown in Fig. 1. It can be shown that, in general, the alternating voltage
fed back to the grid of the oscillator tube should be 180 deg. out of phase
with the alternating voltage across the plate terminals of the tube. Th*
voltage fed hack to the grid must, furl her have an amplitude sufficieal

to develop the output power neriwirv lo main Jain litis veltage, In

the tuned-plate, tuned-grid, and Meissnor oscillators, figs, la, 1 ft, and
lc, this is achieved through mutual induction between the plate and grM
circuits. In the Hartley and Colpitis oscillator circuits, Figs, b/ and If.

the grid voltage is obtained by applying a portion of the vollage developed
in the resonant circuit to the grid. In the tuned-plate tuned-grid circuit.

Fig. if, the energy necessary to develop t he grid voltage is fed back to the

grid circuit through the plate-grid capacity of the tube.
The frequency at which oscillation occurs approximates very nearly I

frequency of the resonant circuit associated with the oscillator. In ;

''

ease of the Meissnor ;md Inned-plato luned-grid oscillators it may '
''

shown that, since these circuits have more than one resonant branch, i l'|

may operate at either of two frequencies when the coupling between tl>e

two circuits exceeds a erilieal value.
One of the most popular oscillator circuits is the Hartley. This pop":

larit.V is due p;i Vl > In I lie fad " :it I I,,- ,:l ' -viihi'-.h I- not «t M
critical. The amplitude of oscillation is easily controlled by adju-"--'/

1

1

of the tap on the oscillator coil. For the generation ol low audio l«*

quencies, with good wave form, the ibirlley oscillator is purl i'' 11 ' 1 \

'

suitable. This is because the resona nt circuit condenser slum Is hoi h ,'

coils Lp and L and hence gives a lower frequency of oscillation t'oi ti

total inductance than either the tuned-plate or luned-grid nsi-illa***

The Colpitis oscillator is less convenient to operate a< a variable
quency oscillator since it is necessary to vary both ('.. and ( '.. in i,rAl

'\A
maintain oscillations. However, with this type of oscillator the iii'P

1
'1

attce of both the plate and grid circuits to harmonic* n quile low '\
these circuits are shunted by the condensers C, and (',„ respective^
This low-impedance path for the harmonic currents results in a redn''".^

in the harmonic voltages generated in the svstem and Induce iui)"*

the wave form. ,

flAny of these fundamental oscillator circuits mav lie modilied (o i' 1111 '',

two tubes in push-pull or in parallel. With parallel operation, pin***
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jjcilluliun which may be developed must be suppressed (see Kadie-
, niwicy Amplifier Section), With push-pull operation the harmonic

uontein '- 'lecre.-iied and the frequency stability increased over that of

Cc" ±

-vw4h|j|i|iTi|A

M
L

fa>Tuned grid oscillator (b)-Tuned plate oscillator

r
Jw/i---i|i||i||-

-fl

M

znVEc
(cJ-Meissner oscillator

r —AM. l|l|l||pWITv

1

_
EB ,LB

-t|l|l|lhTOT!P

Tap bp J

4& J

frfJ-Hartley osciUafor

C(bp+Lgt2M)

'9C9

(eh Colpffts oscillator ff ) -Tuned- plate tuned -grid

Fig. I, Types of feedback oscillator circuits.

Push-pull operation ul oscillators is particularly

Whe,^,
11118

?t
higI

' frequencies.

M^ in«l''-tube ci

„[,
"" 'he plate supply voltage is connected in series with the plate

H'l,,,, Hw connection is called series feed (see Figs, la, lb, lc', ijfj,

Mate of i'V
',latc-supply voltage is connected through a choke coil to the

1 ne oscillator tube and the oscillating circuit is connected thiuugh
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a blocking condenser to the plate, the connection is called /mralUl fa
(sec Figs. lrf

t
le). In practice it is usually desirable to employ paml^

feed since with this type of connection ilie 1-0011:1 ni circuit is isolate

from the <l-c supply voltage.

Fixed bias is rarely used in feedback oscillators. Resistance bins, »j

shown, is almost, always used in order that the oscillator be sclf-startM

and that stable operation, as is discussed in Art. 14, be ensured.

3. Frequency Stabilization. 1. Cause* of l; r<<fn>ic>j V/ninl inn. The,,

are three major causes which contribute to nndesireil frequency varii-

lion. 1 These are a result of changes in (o) tube characterist ics, (6) circuit

parameters, and (c) mechanical arrangements of the oscillating syrtai

resonant circuit.

Changes in the tube characteristics result in general from changesa
(a) platc'potcntial, (i>) grid potential, (c) filament potential, I//) filament

emission due to causes other than (c) (such as disintegration of the Ali-

ment), (e) changes in spacing of tube elements, and /,> iiitorruptia»

(keying; of the circuit.

Changes in the values of circuit parameters result from .'«) changes ia

temperature of inductances, 'Jr. changes in temperature of capacitance*,

and (<•) changes in power taken from oscillator.

Changes in the mechanical arrangement of the circuit elements tuny b*

caused In 11 vibration, electromagnetic force, r. elect rost at ic foMti

and (1/) temperature.
2. Methods of Preventing Frequency Variation. The plate anil grid

polarizing potentials may be stabilized by employing volt age- rcgiilatiaf

devices. Since the oscillator tube is usually operated so that there isaa

abundant space charge in the neighborhood of the filament, slight van*
tions in heater voltage and cathode emission have a small effect. 1*1"

spacing of the electrodes, which may vary slightly with tube temperiittDJ

affects the intcrelecl rode capacities. This effect may be minimized I'*

the choice of a larger capacitance in the resonant circuit and the use.™

circuits in which the resonant circuit capacitance si - the capaOT
between the plate and grid. At higher frequencies, where the resoiwn'

circuit capacitance becomes of the same order of magnitude as the plat*-

grid capacitance, this effect is increased.

Changes in the values of circuit parameters such a> those caused ft*

temperature variation of inductance and capacitance can be reduced "V

(o) temperature-controlled compensating inductances, and ,i>) temp**
ture-controlled compensating condensers. 5

,
f

It can be shown that the frequency of oscillation will be affected"!

changes in load unless the power output can be taken fr the s?jK
without changing the current in the inductance. 3 The use of hu

B

amplifiers or electron coupling makes it possible to prevent changes'

load from affecting the frequency. Klectron coupling is discussed

Art, 30. vBy careful mechanical and electrical design it is possible to reduce

effects caused by vibration.
)fr

.

Rather than attempt to prevent the variation of the tube chaf.'1^
isties in oscillators in which a high degree of frequency stability is re<lu*T

1 Cti-XN. It., i'rac I.li.E.. 18, l.lf'.ll. 11130: I.i.kwki.i.tn. I'm. / H E 19. idi"-3 - [''jjt.

•Goxx. It.. I'roc. I. U.K.. 18, l.-,ti.-,. 11130: liiuM-iTHf. \V. 1!.. Wirdtu Eno-.
1934.

' Reich, H. J„ "Theory and Application of Electron Tubes," p. 332. McG
fjook Company. Inc.. 1030.
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Minnv design them in such a w ay that the variation of these factors does

„„! .|tl

:

ecl the frequency of oscillation. The principal methods of doing

(his are by the use of the following:

I 1, Piezoelectric crystals.

2. Magnetostriction rods.

3. Selection (liters.

4. Resistance stabilization.

5. Reactance stabilization.

6. Bridge stabilization.

4. Piezoelectric Crystal Oscillators. Oscillators which have the high-

est frequency stability are those which are controlled by crystals. This

control is based upon the piezoelectric effect, which is a means by which a

mechanical motion is coupled to an electric circuit. When a piezoelectric

material is compressed or stretched in certain directions, electric charge

appears on the surfaces of the material that are perpendicular to the axis

of strain. Conversely, when such a material is placed between two
metallic surfaces and a potential difference applied to them, mechanical

strains are set up within the crystal. The amplitude of the voltage

produced by mechanical strain may vary from a fractional voltage to

several hundred volts.

There are a number of crystalline substances which exhibit this piezo-

plcrtre effect; among them are quartz, Hochelle salts, and tourmaline.

Of these, quartz is used almost exclusively for controlling the frequency

of oscillators because it is mechanically rigid, inexpensive, and has a low
temperature coefficient. Tourmaline is sometimes used (although it is

more expensive than quartz) because it may be ground to a smaller size,

and, therefore, liavft a higher resonant frequency. When crystals are

used in electric circuits, they are cut into bars, slabs, and other geometric
configurations which bear' certain relations to the crystal structure.

The frequency at which the crystals vibrate i< determined principally by
their physical dimensions. Articles ">, 6, 7, and 8 of this section describe
the crystals, crystal cuts, methods of temperature control, and methods
Of mounting. " •

There are many circuits in which piezoelectric crystals are employed;
Iwo i, ; I,, tentative circuits arc shown schematically in fig. 2; these have
wen designed by Pierce. 1 Others are described in more detail in later

•Mums. Analysis of circuits containing cryst als is greatly simplified by
•Placing the crystal with its equivalent electric circuit. This equivalent
C1 f'iiil represents the crystal as a scries resonant circuit, consisting of a
JjydciisiT inductance and resistance shunted by the capacitance of the
Ndet. Can; must be taken in the choice of the biasing resistor /?„,

«t»ow ti i„ ,ho circuits of Fig. 2, since I his resistance, in addition to its

••Oction of controlling the grid polarizing potential, also controls the
*iC

- which flows through the crystal. If this current exceeds the safe

raiting value for the crystal, 3 the crystal mav vibrate so violently as
10 shatter itself.

t'/'-'lit i* ilue G. \V. Pierce 011 many crystal oscillator circuits which have t>ccn

irn '<> 01 here. See his patents L". S. 1781)40(1, tiled l'cbrunry, 1924, and L. S.

TP*- ir.rwidh I". S. 2133(1 IS filed l»™ 19211 nntl 1031.

1»s.}a* Di ke, K. S., free. I.R.E.. 16, 742, ID28; ami Mason. \\ . P., Proc. I.R.E., 23,

•V "Ma.

•toil"
K" l"'r«l. the safe operating value for the current through the. crystal may be set

oa,
,'"Sl "intely at 103 ma. for 1-f crystals and about onc-hnlf this value tor crystals

^""iu above 1 Mc.
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If the plate circuit of Fir. 2« is inductive, (lie effective input condacj

once of the lube is negative, and oscillations may bo set up m .•!
i

circuit connected bet went grid and lilnnient. To keep the pin 1c n«mw ,

circuit inductive, if nsusi be tuned to a frequency slightly higher I i.rin t na(

of the. crystal. In the circuit of Fig. 2b, tlie crystal is connected Iu hvpo,
the plate and grid nl" the oscillator tube. This circuit will oscillate onb
when the plate circuit is capacitativc, and lience the natural frequency

of the plate resonant circuit must be slightly lower than that of thj

crystal.

The resonant curve of a crystal is extremely sharp, and it. is this cba*.

;ic i eristic of the crystal that makes it suitable for use in controlling ;.„.

frequency of oscillators. The standard measure of the sharpajU I
rexemanre of a crystal or an electrical ei euil is usually < I noted In Q and

is numerically equal to the ratio of the total inductive read mice to the

total effective resistance of an tm
cillating circuit. The selectivity

Q of the equivalent circuit of a
crystal is of the order of magni-

! ude of one humiri ii I ii c; tka

which can be attained wifj^H

faj (fo)
dinar 1,' inductances and capadi-

Fm. 2,-Tvpes of piezoelectric crystal-
tances In view of this hid.

controlled oscillators. selectivity, the crystal can osa$

Inlc over only a very narrow

frequency range. With temperature-controlled crystals, fn ijiicncy vari-

ations of" as little as +2 parts in 10 : are not uncommon. With a special

circuit described in Art. 13, short-time frequency drift may be kept within

j_fi parts in 10 10
.

The output of cryst al oscillators may vary from a. fraction of a watt tc

several hundred watte. In applications where extremely constant

queney is required, the oscillators are usually designed for low power

output, and one or more buffer amplifiers are used. In this nay
crystal current may be kept small and the heating effects due In it inuU-

mi/.ed. The buffer amplifier also greatly reduces the effect on I lie oscillator

of variations in load. With modern high-gain pentodes, operating*
crystal-controlled circuits, reasonably good frequency stability at I' 1?"

power output may be obtained. This stability is usually sufficient f°r

the requirements of amateur communication.
The frequency of negative resistance oscillators may also he cuntrolW

by the use of crystals.' .

5. Piezoelectric Crystals.2 The occurrence of quartz crystals
1

most commonly used of the piezoelectric materials) in the natural •

quite generally known. These crystals, while rarely symmetrical ,

form, have the general shape of a hexagonal prism, sometimes surmoiim-j

on the ends hy a hexagonal pyramid. A cross section of a symmetry
crystal is shown in Fig. 3. In this diagram the electric axes iso c$l 1

g[
because the greatest piezoelectric activity is observed in the direetiojL^

these axes) are represented by the lines XX, X'X', and X"X"- \ a
other axes, YY, Y'Y', and Y"Y", have been given the name "median*
axes." Through the point O, perpendicular to the plant? of the p*8 '

I MacKinnon, K. A., /'roc. I.R.B., 20, ]fiS». IMS.
» Sri> References at end of sec lion.

if

the optic axis (Z-n.xis) of the crystal,t the^--.y'stal for use as highly selective circuit elements
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Sections or plates are cut

suit elements.
lrU

('rv-ia!s cut perpendicular 'to the it-axis are called X-eut, arid crystals

., pi>r h idieular to the l'-axis are called F-out or 30-deg. cut (sec Fig. 4).

llthouidi '"'th the X-eut and F-cut have been used extensively, they are
'„ k largely superseded by more modern

rUts which greatly improve the perform-

n > of crystals.

Piezoelectric Crystal Cuts. One of

the objections to the X- and F-eut crys-

ln|j is i
neir large temperature coefficient.,

ig to —10 to - 25 parts per mil-

linn |ier degree eentigrnde for the X-eut,

tnd +100 to —20 parts per million per

degree centigrade for the K-eut. When
pay are used as frequency-control ele-

ments, provision must be made to keep
their temperature constant. Also these

pliilvx often exhibit discontinuous fre-

Eenc \ -temperature che racteristics.
Kil characteristic of the F-eut plate

Can he improved hy suitable grinding,

while the X-eut plate cannot be im-
proved, and may often be inoperat ive at the desired frequency of operation.

From the statement above regarding the range of the temperature
coefficient for the F-eut plate, it might seem possible to get a plate having
a zero temperature coefficient. Marrison 1 found this to be the case for

the so railed ring or ttmiijliiud plate when operated at a tempera lure of

approximately 40°C. (see Fig. 6). This plate is, however, very difficult

y

1

<- /
I

y

W///////////A

Y
(b)

X- and F-cutfl.

Moreover, it exhibits a number of

I-'to. ;.

.
'
'" and 1 hen-fore expensive

p i)?"UK resonances near the desired frequency.

*hM
r ' ! rct!r'"t work has resulted in the discovery of a number of plates

Hell overcome most of the difficulties encountered with those plates

te^'AimrsoN, W. A., I'rsc. T.lt.F... IT, 1103, 1930, and Hell Hystem Tech. Jour., 8, 403,
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mentioned above. These plates nrc obtained l>y cutting l he crystal
in

such a way that at least two faces of the plate an- not in ipendicuhir totU
crystallography' axes. Sume of these plates are considered below.

Z Optical
4. axis

DT,Q--53

Z-Cvf.
6-- 90°

AT,e--+35
a

CT, 6**38'

Mechanical
axis

W
I'm. 5.—Orientation nf erystal cuts wild respect 10 I he- 11 ystalloKraphio 1

30

I 20

* 10

t
a
CL

- -10

i -20

5- -30
3

1-40

-50

GT
.('

—

p

~gt~W
? \

J

f
y s

-t
1 Ti

•A-
V

f-
1- i

ng bar, length \

t/ongXaxis V'

/. harmonic ~j\
d. harmonic '

- 1
i

\

/-:

\

FT-
r

Temperolure,deg.C.

6.—The temperature coefficient of frequency for different crystal B**"J

(Courtesy of licit System Tech. Jour.)

Two cuts which are suitable for operation above oOO ke ;ire the - I '.' jt

HT cuts. These have a zero temperature coefficient when operate"

temperatures of approximately 45 C, and 25°(.
-

. (see Fig. 6).
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ti e 17' plate is obtained bv cutting the erystal at an angle of rotation

J ,
,'|„. \-a\is of li:> deg. 'see Fig. .">'•. The lit plate is obtained at an

*
!i '„i - I'.t'lcg. indicated.

, , .

"when the thickness of the AT and liT plates is increased to obtain

Lwroneriling frequencies (below aln.nl ."iUO kc), difficulties arise due to

,,|e.l modes of vibration. Fvcti though elastic coupling between

jlirrd .-md undesired modes of vibration in these plates is small, it

(inline- important when the frequencies approach one another, as is the

mL. when the thickness dimension becomes comparable with the other

Simen-ioiis. To avoid the use of unusually large plates of quartz for

lower ircquencv operation, two new types of quartz crystal elements have

br,.,,
developed. These are known s- the CT and /;'/' plates and are

dircctlv related to the h-f low-temperat un-ioellieient .17'and HT plates.

Xhete'mpi-ratureeoeliicient ot" frequency of these new plates may be made

tero bv operating them at a suitable temperature, as indicated in Fig. (i.

These ' 7' and \>T plates are useful as stabilizing elements for oscillators

operating between ii<) ami 500 kc.

The KT and FT crystal cuts have zero temperature eoelbeients ai

hifchcr temperatures than those discussed above. Their useful range,

which is from 100 to 1,000 kc, extends to higher frequencies than that

of the CT and l)T plates. This is because they eperate at a harmonic

of the fundamental vibration.

Thcmosl recently announced crystal, called the CT cut, 1 has a constant

. hqucnev over a very wide temperature range. As can be seen in

Fig. (i. ihe shape of the temperature-frequency curve is different from

that of the other special cuts. The superiority of this cut, particularly

•*hci] temperature control is not used, is evident. The CT cut is very

tisfaetoi v at frequencies near 100 ke.

There is no definitely established frequency limit for quartz plates;

lite practical limits are being constantly extended. Plates have been

Nd at 20 Me, and a 1-kc quartz bar has been reported. Quartz plates

»rc rarely called upon to control more than a few watts directly; higher

powers are controlled bv amplifying the output of the erystal stage.

Several ol her materials which assume a more or less well-defined

JJJ'stalline form have been investigated as possibilities for piezoelectric

ffktnciits. Among these mav be mentioned tourmaline and Kochelle
*}t. TI,,. I'ochelle salt crystals have, in general, been discarded,

though they have found applications in loud-speakers, microphones
tod phonograph pickups.
. tourmaline, while it is practically as good as quartz over a gnat
'^mn v range and somewhat better than quartz in the range from
toout H to 30 Me has the disadvantage of being a semiprecious stone;

"•cost is, in consequence, out of proportion to its usefulness.

.Jwyond 1 he range where crystals exert satisfactory control, i.e., ahout
* Mc at the present lime, special resonant circuits of extremely high

"wtivity mav he used as frequency-control elements (see Art. 23).

f

" Temperature Control of Piezoelectric Crystals. Since the resonant

"^'inciicv „r all crystals, particularly of the A- and F-euts, changes with

r*,n Peiatuie, it is necessary, if a high degree of frequency stability is

,
fuel, to make some provision to keep the temperature of the crystal
ns tan|, | n some eases, where every possible precaution is taken to

1 M A»ox, W. 1\. Bell BftUm Treli. Jour., 19, 74, 10 10.
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prevent frequency variation, the associated clectrienl circuit as Wcn
the crystal is maintained at a constant temperature.

Electric ovens suitable for temperature control of crystals are .

designed after the principles si veil by Murrawi.' These princi pleV
j n .

,

the thermal conductivity of the material of which tho oven is .,',.„)"
!

ambient-temperature range, and the temperature coefficient of the
''

plate.

Briefly stated, the problem is one of accurately determining the tpperature at. which it is desired to maintain the plate arid of . atiaing u,v
deviation from this temperature to. actuate suitable thermostatic <V,-i,v
which in turn cause more or less current to flow through the heater 2
(Bated with the oven.
An example of such a control chamber is given by Marrison as follows-
"It consists of a cylindrical aluminum shell with a wall a bom one intfc

thick, with a heater, and with a temperature-responsive element in the wal'
to control the rate of heating. The aluminum shell has a metal plug u,a

,'

screws into the open end forming a chamber for the crystal which is in-
completely closed except for a small hole for electrical connections.

"Since aluminum is a Rood thermal conductor tho shell equalizes the H
perature throughout the chamber and thus avoids the use of a fluid bath.
The main heating coil is wound in a single layer over the whole curved
surface of the aluminum cylinder, being separated from il only by the bh»
sary electrical insulation. Auxiliary heating coils are wound also on tJw
ends so as to distribute the heating as uniformly as possible. This, itj

makes the short cylinder behave like a section from an infinite cylinder. To
protect the thermostat from tho effect of ambient temperature gradients tj*

heating coil has an outaido covering consisting of four layers each of this

felt and sheet copper spirally wound so that alternate layers are of copper
and felt, the innermost layer being of felt and the outer one of copper. . . •

This covering is very effective in reducing surface gradients since the con-
ductivity in directions parallel to, and perpendicular to, the surface differ

by a large ratio."
The thermostat used with these constant-temperature chambers ia

erully the mercury-column type. This is essentially a thermometer in whir,
contact wires have been fused. At the point on the scale where the operatiiif

temperature is located, the glass stem has been drawn out; i.e.. if the device

is to function at, say 35°C., the stem of the thermometer is considered .

elongated between about M.BP and 35.5°. One of the eon I act wires is fiwj"

through the glass at. the 86° point; the other wire making contact wi'li :

mercury at (lie bulb. This elm; [ration of the stem over a ramie of l
e or*»

causes the mercury column to move an appreciably greater distance per mV
lion of a degree change in temperature.
This type of regulator is very sensitive to minute temperature changes but

is expensive, fragile, and cannot carry any appreciable current. For thj*

latter reason, it is customary to utilize the regulator simply to change H*
grid bias on a vacuum tube: the tube plate circuit includes the winding °<

if

relay which operates with small changes of plate current. This relay, wh»"
is generally too small to handle the heater current, actuates still

relay to open or close the beater circuit.
With the advent of the now crystal cuts, the temperature coefficient

frequency is so low that temperature control is normally not required. »°™
vtypes of service, notably aircraft radio, where ambient temperatures ***

K" born -10"l :. (t, ;
Hl°l !., -.11 require some o el ,,: ,:.cra: arc

laliuu, but the requirements are satisfactorily met with a more or less
'"

ventional heating chamber and an ordinary bimetallic thermostat.

8. Mountings for Piezoelectric Crystals. There are, in general, <*?

types of crystal holders : those in which the crystal plate is firmly clamp**
> Mabkison, W. A., I'roc. I.R.E., 16, 97G. 1928. Also -ce Ci \rv .1 K Pioc. I s -

8. 2003. 1930.

of

Stc-
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tioso. employing an air gap between the plate and one of the elec-

,
i,.s In recent high-precision work, crystals with the electrodes

Ki th iihiled on them have been used. The holders for plated crystals

'

, relVivelv simple contacting devices.

The use of li holder with an adjustable air gap permits .slight, adjust-

iMit* in frequency to be made, It is preferable, however, in applications

Enuiritig the oscillator frequency to bo definitely fixed, that the holder

Hn
| he crystal securely. For laboratory use in frequency standards,

" .;,..,;,„ may be of considerable value. In some circuits the frequency
'.'..,

v |,r inofc'ridvantageoush varied by connecting a suitable MBMM I1H

Enml in series or shunt with the crystal.

While i be actual constniction of crystal holders is beyond the scope of

this discussion, il may be pertinent to point out some of the requirements

which must be met by the holder.

Tlie.c may be enumerated hriofly as follows:

I J. The electrode surfaces must be lapped perfectly flat, and must, lie entirely

free of oil and dirt.

2, The electrodes must be made tram metal wlneii w.ll rail corrode.

3. Where an air gap is employed, means should be provided for clamping

i!n- movable electrode after the final adjustment has been made,
i. Soruo type of construction is generally necessary which will prevent

literal motion of the plate; this may bo accomplished by enclosing the plate

and electrodes in close-fitting cases of suitable insulating material.

5. The entire assembly should be made ilustproof and evacuated if possible.

| The methods by means of which the electrodes arc plated directly on
the quartz are known as the sputtering and evaporation processes. Mr.
II W Weinhart of the Bell Telephone Laboratories has prepared the

follow ing description of the technique used in these processes, lie states:

I us of metal can be deposited on «
(
nara by sputtering or evaporating

niarerial. Some metals sputter much more readily than others, for

«i ile, gold, silver and platinum films can be deposited at n greater rate

tun nhmiinum. Metals that sputter slowly, are therefore, usually plated
Ml by the evaporation process.

"Sputtering is a process involving the releasing of atomic particles of metal
tiv '-lei

i Nm arid ion bombardment in a gas. The usual method, when plating

is the gas, is to place ihc malrcial <..i which tl M'lal 'il' 11 is ll> he

POBitetl in a bell jar with a vacuum pump attached. A cathode of the metal
40 he plated is mounted about 1*1 in. aliove the recipient, and a small leak

Jive i hat can Ik- regulated, is attached to the apparatus, together with an
"I'liiiiuni anode located in the tube connection for vacuum pumping.
"The system is pumped out, with the leak adjusted to maintain a pressure

I?""11 nun of mercury. If a potential of about 1,900 volts is applied lienveen
"hp

ii le and cathode,- through a suitable resistance, the gas in the chamber
'"'"lazed and the cathode is bombarded. The atomic particles of metal
'''''life!

i on, the cathode surface diffuses as a gas and a metallic film is

"Vnsileil on the quartz.

B Evaporation of metal for the deposition of metal films on quartz is a

W*m in which a vacuum chamber is used that can be pumped out to main-
v 1

.

1 a pressure of l0-» to 10"' mm of mercury. The evaporation mui can

J:'" the form of a wavy wire, and made from tungsten 1/20,000 in. in diam-

K?T Wound in a close spiral, one eighth inch in diameter, and then stretched

wide pitch spiral turns.

|H " >re, 1 10,000 in. in diameter, of the metal to be plated, is cut into short

ill tll''
s al,<1 formed into hairpin shape. One piece is placed in each depression

•he tungsten wire.
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"When the proper pressure is attained in the vacuum system, the tiinga^
'

wire is slowly healed, until the met :>l to he plated is melted rind flows yt.r J??
wire or forms globules in the depressions. Slow heating is necessary!!
maintain a low pressure by pumping out the liberated gases during this pjT
of the proecss. By increasing I lie temperature of the tungsten wire ik*
ni Inched metal is evaporated, and deposits by eundeusal -ion on the fmarhi
surfaces, thus forming a metal plating.
"For some metals such as chromium and beryllium, the preparation of Ua

evaporator unit differs. For plating chromium the usual procedure is to
plate the wavy tungsten wire with clironiiuni ateetrotytieally, and then

|

evaporate it off. Beryllium can be attached to the tungsten wire by
i

welding on small pieces along the length of the wire."

9. Magnetostriction Oscillators. Oscillators having their freque
coin rolled by magnetostriction rods were first described by G. VV. Pie
Magnetostriction in metals is somewhat analogous to the piczoele

Neon lamp

Magnetostriction W /
t

Mag. key ~w
rod Shield

Fio. 7:—Magnetostriction oscillator,

offeci in crystals. There is an expansion or contraelion of magnetic

materials us a result of magnetization and, conversely, a change <*

magnetic permeability as a resull of iiieehaiiical stress.

If a rod of magnetostrietive material is placed in an alternating In*«J

netie field, the rod will vibrate longitudinally at a frequency whicll

twice that of the a.c. producing the field. If, however, tin- rod

>

s ! ".?*

j

Helically polarized, the frequency of vibration will be thai of I lie sipl" 1 '

a.c. Under this condition the rod may he clamped or pivoted :l1
j

exact, center, this being a nodal point, for this condition the rt*"";',

frequency of the rod (usually in the range from 1,1)01) cycles to seve

hundred thousand cycles) is given by

/ =
22

where » = the velocity of sound in the rod
t = the length of the rod.

1 Pierce, G. W., Proc. Amer. Acad. Art* Sci.. 63, April, I02S; rcnriril.-ii ill Proe.

17, 43, 1939.
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ri„. circuit of Fig. 7 shows an improved magnetostriction osctBator.*

,
T

, . essentially of a two-tube impedance-coupled ampbher having

» f
", .'„

,1 output coils shielded from each other except for elect romeehan-

!"P
i

,' uiliug through the vibration of a magnetostrietive rod placed

,
,
both of them. A neon-glow lamp serves as an indicator oi

inn when connected across the plate coil.
,

Operation t>l this

is dnm-iKtem: upon the wtnM choice of coupling impedance W*h
",;,| lo the direction of connection of the rod coils ami M the

Knee of good electromagnetic shielding between the two rod coils.

Tl r nroner value of the coupling impedance is not at all critical since it

^li cs practically no adjustment over a wide range of frequencies,

tftlcio'lri.-tivc rods for use with this type oscillator have been cut

Scurdelv to length to give fundamental frequencies ranging from o

Pierce' has given extensive data on oscillators of this type, including

Jl, matters as temperature coefficients and values oi the function v

in the above equation for various magnetostrietive materials.

pIG< 8._Oscillator stabilized by selective filters.

InmakiiiK magnetostriction rods, nickel Moticl metal, Invar. Nichrome,

Stoic metal? and other nickel alloys may be used. Because it is difficult

le di inagnetostriction rods which have a high natural frequency o

filiation I heir use is restricted as cited above. Hods may be designed

farvcrv low frequencies by loading them at the ends or by using a tube

«»>le of magnetostrictive material which is filled with lead or other

Saterial which has a low velocity of propagation of eompressiona waves

Short-, „ue frequency stabilities of 3 parts in 10' have been obtained

*«h o-cillaiors of this tvpe without temperature control. If the tern

Perm,
i re oi the rod is kept constant, this stability may be increased. By

'"ttikii K the rods of special alloys having a low temperature coefficient or

'"^in-iiTm of a shell oi i wo nmgnelostrieUve mat enals .u o| iposu e ,.ea

i

Nature coefficient, the change in frequency with temperature may be
(*tluce

( |

10. Tuned-filter Oscillators. The tuned- filter oscillator is essentially

?.lnnllis'.age-feedback oscillator. By feeding back the output ot a.

JjRlily selective multistage amplifier to the input, very good frequency

**«•.: „mv be obtained. Such an oscillator was des, nbctl by Gumy
J?'

1 is shown in Fig. S. Kxcept that the amplification takes place m
?" rt ' than one tube, the principle of operation of this oscillator is the

*"»«• as ,|, ;i t described nude. Feedback Oscillators. 1 he frequency

i
1J'o:ic K (; \v and A. Noyeb, .In.. Jo«r. Acoustic. .Sci. Am., 9, 185, 1938,

Gbnn, Koaa. Proc. I.R.E., IS, 15110, 1 030.
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stability is improved by flu; use of more stages and bv the use of mncomplex filter suctions which have a more selective filter acli,...
•jscillsilnn* of this type are used at radio freuiieneies. n U necessn
take particular care that feedback in the individual stages does tint oca
Use of tetrodes and pentodes and careful shielding are necessaiv
Gunn gives the following data as evidence of the excellent stabi
action. At an a.f. of 1,000 cycles, a 50 per rem change in plate potential
of a two-stage system resulted in a frequency -lull of less than 1 cycle
At radio frequencies a change in plate potential of 10 per cent result*
in a frequency shift of 0,0003 per cent of the fundamental fntri^H
Changing the filament potential 8 per cent changes the frequonn

I
-

than 0,0003 per cent. The above data was taken with batten- operated
filaments, Ii alternaf ing [ilanient voltage is used, the filament imtsl bi>

of the non-inductive type. The use of a bulTer amplifier between o-vill
tor and load will improve the frequency stability.

11. Resistance Stabilization. 1 One of I he easiest methods fur improv-
ing the frequency stability of standard oscillators is bv resistance stabili-
zation (sec Fig. 9). It was pointed out previously that one of the factors

Fic;. 9.—Hesistance stabilised oscillator.

contributing to frequency drift is change in the plate resistance of the

tube. The method of resistance stabilization consists of inserting a

high resistance between the plate and resonant, circuit of an will:
ao «s I" '»»ke the total effective resistance of lite plate circuit so hfca
that variations in the plate resistance of the tube are relatively unim-
portant. This resistance also performs a second useful function
makes a convenient means of controlling the amplitude of oscillation by

controlling the feedback voltage. Obviously the power consumed I*
the resist,'! nee reduces tile efficiency of the system,
Terman lias given useful design information for this type of dabiliw"

oscillator.* He recommends l he following;

1. Amplification factor of lubes should lie between 4.5 and K. ,j

2. Turns ratio of grid and plate coils should 1m- unity, and coupling "h""'
be as close as possihle.

3. Feedback resistance should be of the order of from tiki to five tunc' ,h*

plate resistance.

4. Grid bias battery must lie used and not grid leak resistance.
5. lor audio-trequency oscillators, feedback resistance should not ^

greater than 800,000 ohms,

12. Impedance Stabilization. A more general tvpe of stabili^:'
1

'

'

than those previously presented has been worked out by Lh'W. I
.'

:

He has shown that the frequency of oscillation may be made invans"

I HonniN. J. IV.. Bell System Tech. Jour.. S, 508 1924
; 1'ermas. F. E., Electronic. Julv, 1U33, n. ign.
•UawBU.ni, F. B., Proc. I.R.E.. 19, 2063, 11)31; al«j me Stevenson, 0.

System Tech. Jour., 17, 458, 1938.
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f
,„l,c characteristics and hence to polarizing potential by the insertion

Ij^Ecit'ince or inductance in series with the grid or plate of the osed-

yjir tul'c, or both, lit his analysis, Llewellyn makes the following

,ssi
*"on8:

. The resonant circuits of the oscillator have negligible losses.

V 11, r oscillator tube operates in a linear region of its characteristic.

a., then sets up the equivalent circuits for each type of feedback

Jflhitnr and the circuit equations applied thereto. I- rom 1 he general

«Li„u of these circuit equations he obtains the conditions which make

2. frequency of oscillation invariant to the tube parameters. Reprc-

l^&ivc results obtained in this way are shown in Fig. 10. In order

Lt.hr assumption »1 negligible, losses in the resonant circuits to hold

«LU i,.,hU well, it is necessary that a bulfer amplifier be interposed

irW. rn i he oscillator and the load. This buffer stage must be very

—jM&j^^^mm—

f

—kHJUiSU

Fio. lo(n).

|
c, -

where /.

(a)

-Hartley oscillator, plate
stabilization.

,( -\ C< = CtA'( T
-

\L: + LiA- - 2.1/ .1 J
* \£

80
Fio. 10(b).—Hartley oscillator, grid

stabilization.

A =

U +L, + 2.1/

,

/,!-+ M

+ LtA* - 2.1/ A,
where I. = Li — 1 +

Li + M
A =

Li 4- M
Bpdy coupled to the oscillator so as to draw but a very small fraction

"f the available power. To meet the second assumption, some form ot

{•aptitude control such as described in Art. 11 must be used. Llewellyn

'"ftlier -tales that with unity coupling between the plate and grid Cir-

c"its, the frequency of an oscillator depends only upon the inductances
aru| capacitances in the circuit and is independent of plate resistance, grid

•ail nun- and amplification factor, provided (1) that the losses in the

"Wermil e
1

-
1 n

ircuit are small and (2) that the harmonic voltages across the

arc small enough to allow the plate and grid impedance to be purely

live.

Tin, examples of circuit, proportions ..

JJ^lizaiiun of a Hartley oscillator, provided the assumptions made in text

For many more examples see F
Engineering', p. p&fi, (1936).

Fig. 10 will provide impedance
1 the assumptions made in text

K. Terman, " Measurements in
Rij""''

«.V.wii Die Ktalnlixed circuits that are shown in tig. 10 arc const meted, the

'"''"inn inductances and capacitances may serve other Inactions ui the

Sit- For example, plate Stabilizing condensers may serve also as Mocking

sen for the plate polarizing potential. Also the grid stabilizing con-

ciav serve to furnish grid" bias when shunted by a high resistance.Wr

"Slit;

l?
e

.

n the'itabil'isiiiiK condenser' is thus shunted, its required value is altered

S'ts.cfTer tiveness rcduced. The higher the resistance, consistent with the

*boii discussed i'n Art. H. the siualTcr "its effect on the required value of
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n <5 oapacily. The correct stabilizing rapacity is host dpt^.
enteBy. The i n Uu-elcc,trode napacitaneesof the tube arm

stabilizing
experime
tanca in those circuits where those capacitances form a porl ton of t In'.
circuit- In cases where the interelectrode capadtatioe cam mi
in this way, variation from predicted performance may be pari], ,

Another factor which may produce variiibou from ike til ,
tenre of harmonics as previously mention..,!. \n ,.ff„.' ,„ i

,"<,
:

,i„ „}*
reactance path tor the harmonies will reduce I heir effect fee dim-,',on Colpitts circuit, Art. 2).

If a variable-frequency oscillator is stabilized in thin way it N necosiuir*.
adjust the stabilizing condenser when the frequency is varied 1W ,itype of stabilized oscillator. at 1-Mc operation the frequency varied
10 cycles when the plate potential was reduced 50 per rent and

,change when the filament current was reduced 50 per cent.

Frequcncy-actjushhg

fo Buffet
Amplifier

\s AJLamp

Temperctfare - confroi
Oven

Phase -compensating
Network

Fig. 11.—Bridge-stabilized oscillator.

Bridge Stabilization. The bridge-stabilized oscillator was devel-

by L. A. Meucham 1 and is a constant-frequency oscillator "'

extremely high selectivity. Short-time frequency variations no grC***J

™ parts '" 10 "' navc 1,0011 obtained with u' single-tube circuit.

This type of oscillator, which consists of an amplifier and n WlieatstO*
bridge, is shown in Fig. 11.

13.

oped

A crystal of high selectivity forms one of the arms of the When'- 1 *
bridge. 'I wo other arms are made up of the fixed resistances R: and «*
the fourth arm R, is a thermally controlled resistance. The output oi

amplifier is impressed across one of the diagonals of the bridge, an? •*£
unbalanced potential appearing across the conjugate diagonal is supl>l|ed S!
the input terminals of the amplifier. The thermnflv con 1 rolled resist nn

"'

is a lamp and is so designed as to keep the bridge out of balance s' l,,i(
'ic^3u

to sustain oscillation. Since the temperature of the lamp filament is deP*"!J
ent upon the amplitude of oscillation, any slight, variation ii: this in
or in the gam of the amplifier is immediately corrected l.y a small rein" '(.,.

ment of the bridge balance. The frequency of oscillation is stabilize I
at ««.

.

value tor which the crystal impedance is purely resistive, because only
frequency can the Wheatstone bridge approach balance, it. ran He si''"

' Mts*?iiA«,L. A.. Proc. I.B.E.. 26, 1278 129-1, October, IMS; IMI System fro*-
17, 574-591, Oetobej, 1938; Bell Lab. Bee., 18, January, 1940.
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onus of a vector diagram that a large phase shift introduced in the amplifier

it very si i in II I'rei [lie 1 1 cy shift and phase shift in the crystal, owing to

K jibs
• 1 minifying property of a nearly balanced bridge,

u'lieii i lie polarizing potentials arc supplied to the amplifier, oscillations

jij u, rapidly since llir lamp Hi is cold and its resistance correspondingly
^pneuMiiiK in low attenuation of the bridge. When the lamp filament

(train
its resistance increases and approaches the value for which the loss

in the bi .due eiputls 1 lie gain ui I he amplifier. I f the lamp resistance exceeds

(la balance value, the unbalance potential becomes too small or even inverted

jo phase, <-:iusiug the amplitude to dec ease to the equilibrium value. Hence
En amplitude of oscillation is also stabilized since the power required to give
I p a resistance closely a))proaching that of its balance value is always

n>ry nearly the same. Variation in the amplifier gain would cause a read-

juhtitient <it the tube balance, but resulting variations in the amplifier output
or in tin v alue of II: would be extremely small.

' In place of i he crystal ill the 7.\ arm of the bridge a coil and condenser
Nont'Cled in series could lie substituted. Also n parallel resonance coil and
eondcie-i-i could be used by exchanging its position in the bridge with R-i or

St. In Meat-ham's bridge. '/,-. represents a crystal suitable for operation at

jtohm -impedance or scries resonance. This.mode of operation minimizes the
(ffoWs of straj' capaeilance. lie has also found that a small tungsten-filament
lamp of hm wattage rating is quite suitable. The operating tcnijjeraturc of
the lamp is made sufficiently high so that variations in ambient temperature
do mil appreciably affect balance adjustments. This temperature is found

|
lo be low enough to ensure extremely long filament life.

The use oT a two-stage amplifier, as shown in Kig. 11, provides high gain
ami correspondingly high stability. .This circuit was designed hy Meacham
for the Hell System l-Yeoiiency Standard. Small manual adjustment of
frequency i> provided by the variable reactances in series with the crystal.
Because m the possibility of any tendency of the circuit to break into unde-
ri-d nsciilaiion as a result of its high gain, the phase-compensating network
indh-aicd in the cathode circuit of the first tube is used.

14. Amplitude Control. Control of the amplitude of oscillation is

Hi'cssary to ensure stable operation. Also amplitude control aids in the
•auction of harmonic distortion and in the stabilization of frequency,
n lla- feedback oscillators of Kig. 1, the amplitude of oscillation i:;

Hpjadly controlled by the use of the grid-bias resistor and condenser as

.JETi''
1

' 'bis aids in making the oscillator self-starting, for initially
** bias is /ero and the plate current and amplification are large. When
*"y vnli age of the frequency of the resonant circuit is set up in the system.
Hitseil

i iv thermal agitation or transient conditions, the building up of
•wlations will stnrt . This building-up process is accompanied by the

flS?'
Kr ' 1 ' t

' ,lrro "t, which develops a direct voltage across the grid-

2™t<ir-cniidoiiKiT combination, biasing the grid negatively. As the
,

phlinlc of oscillation continues to increase, the grid current, increases,

fi r^'sinfr the griil bias and decreasing the amplification of the tube.

Hr~ process continues until the amplification is reduced to the point

v',".

1

,' "'luililirimn is established. Conversely, any decrease in the
"!' oscillation causes an increase in the amplification and a

-Wtion in grid bias, tending to produce stable oscillations,

i^jji
H I'xwl bins is used with class C operation of lite oscillator, the system

hi,,'-
1 " 1 be self-starting when the plate collage is applied since the grid

y.,j

s greater than the cutoff value,

latin,
i

'-bite const a ut- of I lie grid-resisfor-t^ondenser circuit is too

I

''

:
''it 1

iiiits voltage adjusts itself too slowly with rapid changes in the
'"'tide of oscillation. This may result in it dying out of oscillations
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before the hias can change appreciably. When (he oseilhttions
liav.

ceased or arc about to cease, the condenser charge leaks >
. IT 1 1 r<>nK |,

,l

grid resistance, and oscillations build up again to tin' e<|iiilibrintii value
This process may repeat itself, resulting in what are railed iiiti'ritiiitent

oscillations.

Another method which may be used to control the amplitude of oocill*

tion employs a diode rectifier as the limiting device. 1 This type of control

is particularly suitable for oscillators operating in class A. in which no

grid current flows. Figure 12 shows a Hartley circuit equipped with

automatic amplitude control. The act ion is cssent ially that of a simple

volume-control system employing a diode. By employing ;t triooe

tetrode, or variable-^ pentode, the control system can also be arranged

so that it docs not start to operate until the amplitude !ki> reached some
predetermined level, and in addition the amplineation introduced will

increase its sensitivity. Kquilihrhim conditions mav lie obtained with

small amplitudes of oscillation, where the operating condition!
nth

Bias diode
cathodepositively
fordelayaction

l'ui. 12.—Oscillator employing n diode to control the amplitude <>; nscilUlWL

substantially those corresponding to class A operation of the osciltW

tube. Under these conditions very good frecpiency stability '"

obtained, with good wave form and practically constant amplitu

oscillation as the frequency of oscillation is changed.
Another method for controlling the amplitude of oscillation is 1

in Art. 13 on the Mencham bridge-stabilized oscillator.

15. Negative-resistance Oscillators. In feedback oscillators it '""j

be shown that a necessary condition for the production "I sustain

oscillation is that the lube together with the resonant circuit pr™ 11

^
an equivalent negative resistance. 3 As distinguished from iced

oscillators, negative-resistance oscillators are those in which the negat

resistance of the system does not require the presence of a tuned cirOP

Oscillators of this type are as follows:

1. Dynatron oscillators.
'2. Transitron oscillators (negative trnnscouductance).
8. Negative resistance push-pull oscillators.

4. Negative grid-resistance oscillators.

16. The Dynatron Oscillator. The dynatron oscillator of """'
i^iy

Fig. 13«) depends for its operation on the phenomenon of seron
^

1 Ahguiubau, L. B.. Proe. I.R.E.. SI, 14. 1033; CJkiimkowski, J.. Proe. I s t"

145, 103-1.
„r o"*

5 The n-r resistance nf n device rimy be defined as llie reciprocal of ill'' "

v(^l**
f "

current-voltage characteristic. If thin slope is negative for a certain raiiR'" '"
nj.

«*'

the device is saitl to have a negative resistance throughout this range. I '.'
-, ll.ret'

1'f!
dilion u positive increment in current through the d>-vic<- tcnli. in a negative a

(0
of voltage across its terminals. When the direction of lieu of .1 r, i> opi"*'" '

applied direct voltage, as may be observed in certain devices, such devices are

have u negative d-c resistance.
» Hull, A. W., Proc. I.R.E.. 6, 535. 1018.
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anission. He showed that it was possible to use the negative resistance

Modec'i! by secondary emission for the generation of oscillations,

finally the dynatron oscillator employs a screen grid tube which oper-
i plate voltage less than the voltage applied to the screen grid,

['iider these conditions the characteristic shown in Fig. 136 results.

|l ran seen that there is an appreciable range in which a positive

increment in plate voltage causes a negative increment in plate current,

if. 'negative resistance. .Secondary emission of electrons at the plate

muses litis negative resistance characteristic and may be explained as

follows: The potentials of the control and screen grids determine largely

the number of primary 1 electrons which arrive at the plate. The plate

l«itctitial, however, controls the velocity at which the primary electrons

strike I he plate. Therefore, the number of secondary electrons 2 pro-

duced e plaie increases as the plate voltage is increased. All the

Keondary electrons produced are drawn to the more positive screen

grid, ami the effective plate current is the difference between the primary

Flo. 13a.- The dynn- Via. 136.-- Typical plate current-
tron oscillator. plate voltage characteristic for dyna-

tron operation, showing region of
negative resistance.

jwctrons received at the plate from the cathode and the secondary
Petrous lost by the plate.

If, as ih,. plute voltage is increased, more electrons leave the plate
"*'"K io secondary emission than arrive from the filament, the effective
Pwte current may decrease. This condition results in a negative dynamic
|j*tst:ii:, e, :< i ,< ] the characteristic shown in Fig. 136 is obtained. Oseilla-

ii '!
'J'ill he developed if an oscillatory circuit is connected across this

35? '' resistance as shown in Fig, Kir:, provided the absolute value

to
negative resistance is less than, or equal to, the equivalent resist-

d
'''' "I the tuned circuit. The amplitude of oscillation may be varied

Wt"'"""
'" '!"' cont rol-grid voltage, which varies the slope of the eurrent-

nV'' characteristic in the negative-resistance range,

tfco ,

11 '''signing a dynatron oscillator, the point of operation should be

In/,"'

i

1 " '"' center of the most linear region of the negative-resist-
''cfaeieristic, 5 and the amplitude of oscillation should be kept

'Se!" '"'i
y electrons arc those which arc emitted from the cathode.

•'SUict't"
' ! v ''leot rons are those which are obtained from materials its a result of impact

^ttiej,., ^ r oving elect rous which knock electrons out of a solid body when striking with
**! n .

v,, h«'iiy. One primary electron striking a material at high velocity may pro-

fc'fSeeT "cnmlary electrons.

"oui,.
1 • Tkhmak. " Measurements in Radio Engineering." p. 280. McGraw-Hill

Company. Inc.. 1035.
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-VAV

small. Under these conditions the curvature in the opcrnlnig r;ln

run be kept small and the harmonic content low.

In addition to excellent wave form I lie dynatron
_
oscillator possesses*

good frequency stability and simplicity. Tin- chief disadvantage to

this type of oscillator arises from its dependence upon secondary emis-
sion, a property which is extremely vari-

able with age and which varies widely in

J~~~ tubes <if the same type. With lubes »f

.
ordinary sine the poweroutput in ext rcmcly

l- -~=y~
|

a limited.
a - 17. The Transitron Oscillator i Xegatiw

TranscenduoUuiee Oscillator). 1 Thcname
tramitron has been proposed by Brunetti

for the retarding-ficld ncgntive-triu*

conductance oscillator. 'This osciUatw
possesses essentially the same type of nega-

tive-resist a nee characteristic as the dyna-

tron oscillator and has all its advantage*

without its disadvantages. (tB churn

isfic is independent of secondary emission

and remains practically constant throughout the life of the tube, The

action of this oscillator, shown in Fig. 14a, is as follows:

The suppressor voltage is chosen so as to make the suppressor gnd

negative with respect to the cathode. Electrons that have passed

through the screen grid are repelled by the suppressor grid and return

to the screen because of its high positive voltage. Home the suppressor

grid with its retarding field acts as a v irtual cathode. A small negative

increment in voltage across the tuned circuit is transmitted to both the

screen and suppressor grids, causing the suppressor grid to repel nxw

electrons and the current to the screen grid to increase. Hence the

I n,. 1 in. The transit ron os-

cillator.

Em
xonsicmr

Operating
point

Screen voltage

Fu;. 14b,

Cc.. 4

1

B „Cc
''

—

a
—

) ,
_+ \

_+

r-
Fig. 14c.

i rnns>"

Fig. 146.—Typical screen current, screen voltage chui-nctoristie ' or

tron operation, showing region of negative ie«istance.

KlG. 14c.—Push-pull negative-resistance oscillator.

transconduetance between the screen and suppressor grids is n/y^gj

The characteristic current-voltage curve for this type of oscillaw"

shown in Fig. 146. nr-eati**
This negative transconduetance can be employed to produce a n

resistance by the use of the circuit in Fig. I4«. Tf the equivalent
•

iBnou, E. W., Pr<w. I.K.E., 23, 1201, IMS. For .in rarcllniit ''JJgft
1 >'

ill- orflxtirsl diwiwr «f tlu- rraiwirrim will «<• V. Hkc-netti, i'ror. I.U.I-

1339.
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[ f Ike tuned circuit (which is approximately equal to L/HC) IB

WT7 1 to the negative reciprocal of the slope of the current-voltage

KLJt eristic (Fig. 146) tit the operating point 0, oscillation in the

J?,',,,, circuit will begin. If L'KC is increased, the amplitude of

ill u ion increases. As with the dynatron oscillator, it is desirable

JTkeep the amplitude of oscillation small so as to keep the wave form

.m |
frm-.icticv stability good.

Winn a small negative Idas is applied to the control grid, the total

. Sowing to the screen grid may be controlled, and the negative

slope at die current-voltage, characteristic may be varied. Hence a

'jJihlc •••'•.•his is avaihible for varving the magnitude of the negative

,,
,

.. and thus the amplitude of oscillation, By having the oscilla-

tion voltage regulate the bias on the control grid, additional amplitude

control mav be obtained.

Like ihe'dvnatron oscillator, this is essentially a low-power oseil ator.

It will generate sinusoidal oscillations of any frequency from the lower

audio to approximated 60 Me by simply changing the tuned circuit

constant Suitable pentodes for the transitron oscillator are the types

57, 58, ,">!), 89, 606, 6.17, and 6K7. In a properly designed oscillator,

Brittle! li reports that changes resulting from a 33 per cent change in

direct screen-grid vol) age nun bo kept within 10 parts in iO n and 1 bat, m
general, the transition oscillator frequency stability may be compared
with thai of a ervstal oscillator without temperature control.

IB. Push-pull Negative-resistance Oscillator. A negative-resistance

oscillator of low harmonic content and excellent frequency stability

fan he designed emploving two tubes in push-pull as shown in Fig. 14c]

The action of this circuit is as follows. If the two tubes have identical

fharac! eristics and if the voltage between A and li is zero, the two plate

Mirre.i l.s are equal, anil ilictv is no current flowing between A and B.

Whtili an increment of voltage is applied between A and li, an increment
If current will" flow which will raise the plate voltage and lower the grid

Voltage of one of the tubes and lower the plate voltage and increase the

grid voltage of the other tube. When this voltage is sufficiently small,

'ne plate resistance and transconduetance are substantially constant,

'[the amplification is large enough, the change in plate current exceeds
"» current flowing between .1 and li and is opposite in direction to the

fPplird voltage. This results in a current flowing through the network
"Hiveen .1 U nd li which is opposite in direction to the applied voltage,

I Kutivo resistance is obtained. When a parallel resonant, circuit.

"high selectivity is connected between these terminals, sustained

illations are developed. , . ....

1 he amplitude of oscillation mav be readily com rolled ny mean-- ni he

bias. When the reactance of the coupling condenser C c is small
I

m
gjnparisoti with the grid resistance R, at the lowest frequency of osedbi-

[?* de-ircd. which condition it is necessary and desirable to meet, the

•J^aniiu ,-iivuit can be connected between cither the two plates or the two
to<U.

L* hev-fioquency oscillator having excellent frequency stability and low
J2"iwii<. eon tent with approximately uniform output over its a-f range has
^*'i dwiifouMi by Reich.: Till* circuit, employs a diode to give automatic

ISjq*
151

' II .1
,
Proc. l.ll.li.. 23, 1337, 1339; abo TuiiNun, I,. B.. Radio Ren., 1, 317,
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amplitude control. The use of low amplitude of oscillation and mish-rin]!
amplification result in minimized harmonic content. Reich gives thepS^|
output of (his oscillator as 0,06 watt,

19. Low "frequency Oscillators. At very low frequencies slm ,.. ,.;

circuits become impractical. The condensers, and particularly inilurt.

ances, required become very bulky and i™ i 4vi: According! i

rather special methods of obtaining low frequencies have been resorted

to. The heterodyne oscillator is one of the best know n. Circuit,

depending upon resistance and capacity in coiuliinution to delertoint 1

the frequency arc becoming increasingly important.
20. Beat-frequency Oscillators,' By beating together (hetenidyninu

two r-f voltages of slightly different frequencies, a-f energy may i,.

generated. Oscillators operating on this principle are railed heal-

frequent:;/ or heterodyne oscillators, ;V block ilia gram of such an oscil-

lator is shown in Fig, 15. The outputs of imi t-f oscillators of -ilightly

differeut frequencies are applied at the same time to a detector. In

Variable

Oscillator

Fined
Oscillator

Cycles' ''Zero Set

Increment

Fm. 15.

. Main Tuning
Condenser

Defecbr \>-Amplifier-
J Ampttfter

Filter 4
i wa* - —I Jr

Output-

-Block diagram of beat-frequency oscillator,

addition to the impressed frequencies, the out put of the detoelor con-

tains their sum and difference frequency. The filter, shown connect**

to the output of the detector, removes the fundamental radio In-

and their sum and leaves only the difference frequency which may
amplified as desired. .

,

Among the advantages of this type of a-f oscillator is the fad '" !l
.

le
whole range of audio frequencies may lie obtained by tuning a^^H
dial. Another advantage is that the use of Luge coils and cnndcii*™™

such as are employed in other types of a-f oscillators, is avoided,

results in lightness and compactness.

There are a number of special prohlems that arise in the design 'il'^-SSii]
struction of beat-frequency oscillators. One of these problems is lo L ''" IL,

r j, t
iir

the tendency of the two oscillators to pull into synchronism when J^H
frequency difference is small, i'.e. t when low audio frequencies are

produced. ful

This tendency to interact may be avoided by proper shielding. 'v.
|1>rf.

arrangement of the component parts, proper use of decoupling rt
i"

:^ 3
choke coils, and by-pass condensers and by the use of special met'""

-

1 An excellent discussion nf bent-frequency oscillators is frivol: !->y l-\ r.. V InP-*

"Measurements in Radio Engineering, p. 298, Mctl raw-Hill Book C.'uai! ,:
-'

^Kd oscillators.

*Ti iivoid oeats between hnnnoni'

a,!! is placed between the r-f oaeillK should have a smaller voltage o
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j-„!t i tu- oscillators to the detector. The most frequently used methods

line are (1) the use of a buffer amplifier between each oscillator and the
<"°

. r
'

the use of a balanced modulator circuit, or (3) the use of electron-
™

I irR

,cs generated by the r-f oscillators, an r-f

Haters and the detector. The fixed oscil-

output than that, required by the variabie-

£ii.,n'v oscillator in order that distortion of the output be reduced.

Hinhfi order curvature of the detector characteristic produces additional

the output, which may be prevented by the use of the halanced

adulator When square-law detectors are used, this type of distortion

KTi* reduced by correct adjustment of bias and input voltage. Distor-

K produced bv "linear detectors may be reduced by making the output

^Hade of one of the r-f oscillators small in comparison to that, of the other.

Till' frequency stability of the output of be at-frequency oscillators is

rmemlly iHJOr. This is because a very small percentage variation in fre-

quency i i i lie output of one of the r-f oscillators will result m a comparatively

Imp percentage variation in ihe a-f output.

By making the two r-f oscillators as nearly identical as possible, they may-

be made to react, similarly to variations in temperature, polarizing potential.

Mr and thereby the effects of these quantities may be minimized. The
Miscillaiors einployed are usually stabilized by one of the methods discussed

a Art. :t or hy the use of negative-resistance oscillators. To compensate for

Irequetir'y drift in beat-frequency oscillators, a small trimming condenser is

ikuyn p.m-'dud which rim lie adjusted so that u particular point on (he

hqttPiicy calibration is correct. This point is obtained either by compan-
ion of tie- output, frequency with a standard frequency source or by using the

IBO-fn'ipiencv point.
fn tin- output circuit of the detector it is desirable to install a low-pass

Bier. This filter prevents the overloading of the a-f amplifier due to r-f

nltai?cs tlmi may exist in the detector, and hence improves the output

The frequency at which the r-f oscillators operate is usually between 100
•

I 5(111 Lc. At those higher frequencies lite iliffereric.es between the design

^Hpts of the fixed- and variable-frequency oscillators are less. This

mure nearly identical design, which, as pointed out above, leads to

frequency stability for the a-f output. Also the filter requirements

JJ amplified by the use of the higher frequencies. On the either hand, the

Hwaliil-tv is decreased as the r.f. is increased, and commercial design usually
lle« ollu kc as the upper limit. The Genernl Hadio Company has produced

J excellent heterodyne oscillator extending to 5 Mc. The fixed frequency
"•this rtu

i

Se is 20 Me. 1

Ljtt. Special Audio Oscillator. A new type of oscillator particularly

Sfaolc fur (he generation of frequencies in the audio range has been
Nti'd I iv Scott*- and is shown in Fig. 16. Tie has described the use

J,!
ht' inverse feedback principle to obtain sharply selective circuits in

J 1

*!' induclances are not necessarv and "tuning" may be changed by

l?y"
1K i<-isl ances. These circuits may be varied over a wide range

•"•qiiciieics w hile maintaining a selectiv ity curve which is a constant

f';
,:,; " function of the "tuned" frequency,

L* ww-iiowor oscillator operating on the inverse feedback principle has

E^esigiied which lias exceptionally pure wave form. By the use of a

(^"'•'•-capacitance network, all frequencies except the frequency of

82, 're fed from the output of an amplifying system back into the

,
1,1 such a wuv as to cancel the gain. Regeneration is introduced

,
1W 't' 1 ' 1 '" Experimenter. Jareiiirv. 1939

fljj"^'. H. U., Ptoc. I.R.E.. 26, 22(5, IflS;1938; Gen. Radio EiperimnittT , Vol. 13. No. 11.



30« THE RADIO ENGINEERING HANDBOOK

into the circuit ill sufficient amount to cause sclf-osi-illal inn. Ty, ,

controlled h\ the rcsistunco-cnpacitnlici network, and hence im j,,^

nncos or transformers are required in tlic oscillating circuit.

Figure 17 shows a block diagram which may he helpful in clarify

action of the system. The circuit includes three separate sectional

section designated A is nn amplifier and has substantially flat f:

response and negligible phase shift over the a-f range. The degi

network, section li, balances to a sharp null at the frequency of 01
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flu'
process by which relaxation oscillations are produced involves the

JUnt; ;,mi 'waking down of the energy stored in the electric field

Kjondeiiscr or the magnetic field of an inductance. Various devices

.'be u.-ed t<i control this building-up and breaking-down action, such

Jjlow " r arc-discharge tubes or high-vacuum tubes.

j£ I Degeneration
*TL'' Network

Output-
Circuit

—\ '
' — n

Harmonic
Control

Fio. 16.—Resistance-capacity audio oscillator.

This provides full amplifier Main :il this frequency, and gain at nil olbjf

frequencies is substantially canceled. The regenerative feedback network

section (', is fed through a phase-reversing tube I) lo provide the (WOT

regenerative action. Section (' also has a flat frequency respond

adjusted to provide just sufficient regeneration to produce self-oseillatt

This oscillator covers ihe frequency range from Jit cycles to 1") kc.

ating under normal couihlions approximately 0.25 watt of power in

obtained with less than 1 per cent distortion. With higher out pats Ihl-

tori ion is increased somewhat. This type of oscillator makes possible crrisw

measuremenls which were prw
ously impractical,

Kxperimenlal models of this l>'l

of oscillator have been constru""

which generate sinusoidal f"'<l ".'

l[|„

eies from 1 cycle per second Hi-

ke. Uy the u-c of class li operMJ
of the oscillator lubes in I

,uj*"*S
circiiiis. the power outpiU

Output extended appreciably.

Grid Voltage.

Tube No.

I

Plate Current.

Tube No. I

Grid Joltege,

TubeNe.2

Plate Current,

Tube Mo.2

fundamental circuit of the multivibrator and the voltage and
current relations of the various branches.

Antony the relaxation oscillators employing high-vacuum tubes is the
" vibrator. 1 The multivibrator, which is most satisfactory for

|fcw)iieiic\ conversion, was the fust relaxation oscillator to be developed.

18 shows the basic circuit with connections for introducing the

itrol voltage. The voltage drop across any of the circuit elements

Wide Range
Amplifier

Degeneration
Network j

Phase —
|

Reverter

Regeneration

Vb/ume
Control
$

22. Relaxation Oscillat

IMax.it ion oscillators are
'

l
itu >?

I'm. 17. Block diagram of resistance-

capacity audio oscillator.

osc

for the generation of c.

non-sinusoidal waves. '"'*'

]

'{,|

applications this type of "9
f
u*

has many ailvantages over
j

resonant circuit oscillators,

output is extremely rich in harmonics, and its frequency, which
j

definitely fixed by' the circuit elements, may be easily stabilized
^

introduction of small voltages of harmonic oisuldiaiinoiiie nequcticj

the oscillating system. Relaxation oscillators are also enBipaljVJj

inexpensive, simple, and compact and can convenient ly be design

cover a wide range of frequency

1 See IlKrcH. H. J.. "Theory noil Aiuiliaitiuii of Klcetroii TiiImt." MrOrnw
Compiiny. Inc.. U>\ n lomnhie treatment «t relaxation oscillators

Fig

External §v- . External

Capacity
~le0K* Capacity

19.—Generator of submultiplc frequencies.

-H.it

1

J |>
p taken as the output voltage, and the frequency of oscillation

* he controlled bv variation of the resistances and capacitances and
^Ppfoxiniatelv equal to / = l/(r,Ci + r :Cj). When the circuit is

•irr,,

"'rical. the wave form of the grid and plate voltagesof the condenser
111 is us shown in Fig. 18.

»«UlIAHam. H.. and K. Block, .-tun. Phurik. 11, 237, 1919.
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For the generation of submultiplo frequencies, a circuit conncctaJ
shown in Fig. 19 may be used. The output of a h-f oscill:ii< ir ; s

*
nested to the input terminals. At the output terminals, reou™"

*

which are exact submultinlcs of the input frequency are obi
Submtiltiple frequencies as low as one-fourteenth of the input friq,

can easily he had. When the input and output terminals aret™
circuited and a small coil connected between the low-potential ends of
grid resistances for coupling to fin external circuit, frequencies an
I cycle per 10 sec. and as high as i)0,000 cps may be obtained.
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Fui.

T ime
(b)

20.— (a) Relaxation oscillator of Van der Pol.
condenser voltage

(M Typical wave form

Another form of relaxation oscillator employing a high-van
was originally described bv Van der Pol. 1 The circuit for this

cuum
; originally described by Van der Pol. 1 The circuit for this oscillator

is shown in Fig. 20«, and the wave form of the condenser voltage

shown in Fig. 2<ih, This type of wave form, which is known as

toothed valtagr wave, is used in connection with cathode-ray oseilloj

and cathode-ray television lubes.
Relaxation oscillators for gem-rating saw-toothed wave forms an"

vwwwvn often designed using griiW" *:

ft trolled gas-filled triodes" A

Glow J_ property of these tubes <

f£*Jtibe JS- makes lliem

purpose
act

momentarily less man n^jj-ra|
value, positive ions an- 1""'" 1,

in the lube which neutral^' I"

suitable for

Synch. T
Voltage

•O O

—

1

se is their so-called Iriff

. If their grid |>otenti»l3

ntarilv less than the

(a) (b)

Flo. 21.—Relaxation oscillators
gas-filled tabes.

of
using

negative space charge

electrons, as well as tin; fonw

ling action of the grit •

results in a very rapid change in the plate resistance of the
'"JJ

6
,!

a high value to a very low value. The i ime required to ionize and dew

the gas in the tube limits the frequency for which oscillators ol

type can be built. 5 ^ I

A basic circuit for a relaxation oscillator using a gas-fillfj™ •

shown in Fig. 21a. The action of this circuit is as follows. "1CJ
plate voltage charges the condenser C through the resistance n

' Van der i»oi„ K., Phil. Mag., 3, 078. 1020. .

1 For an excellent riutciiHpioii tout dcpiitn data for ri-laxafinn oscillators "^""^[fiji1
lubrs Mi- " Mr-nstireiiiciio) in Haiiio t-liieinii rinK ' l>> Terniun, pi>. 31">to3-*- -

i I ill. Hook Company. Inc., 1035. >?nOO0*
1 Oscillator* of i In.. I v i have been hnill to 0|H-ruti- successfully a* hiEti as

u critical starting potential of the tube is reached. At this potential

iMisiiive ions are produced, anil the resistance of the tube falls to a
*L low value, discharging the condenser. When the plate voltage

to a certain value, the plate resistance returns to its original high

Iijp aial i lie evele is repealed. The value of the grid polarizing poten-

controls the' critical plate potential at which ionization takes place.

Small alternating voltages may be introduced into the grid circuit for

ESroiii/.mg purposes as shown in Fig. 2 In. If a glow tube, i.e., neon

wbe, relaxation oscillator is used, the synchronizing voltage may be

fotro'dii' ' d :IS "bowii in Fig. 216.

\ complete circuit diagram of a system suitable for producing saw-

lootlied wave forms for a cathode-ray oscilloscope is shown in Fig. 22

In this circuit a pentode is used to maintain a constant charging current.

By varying its grid bias, the magnitude of tiic charging current may be

controlled.

13. High-frequency Triode Oscillators. Almost all the commercial

(nodes now available may be depended upon to generate frequencies as

Ugh us M0 Me without a serious
Current Limiting
Resistance

Condenser

Selector

Output

los of power or efficiency. A
huge number of them may be used

It 30 Mi- witli full ratings and
Blended to 70 Me at reduced rat-

Speeial triodes extend the

Hiency limit well into the micro-
>ve' region. When the familiar

c oscillator circuits are used
fcr the generation of ultra-short

lowevcr, certain inherent
fijnitai ions are brought out.
JW limitations arise fnni the Bias Control lor
PWcleclri.de capacities, the in- y Qharaing Current
wlft.nin and capacitance of the ,

, , , ...

N-in « ires, am the finite transit »'.«• IW»»«h*i oscillaicir ciii-

fttte oi ll-e -lei-troi.s which con- >
,lo-v""t 11 I"*!""' 1 *-' to maintain a

nitni . i
" < lllo

,

,l!
:
w

constant charging current,
"'nte the current in the tube.
*«« soecial problems arise in the const met ion of the component parts Of

circuit other than the tube.

•J" an etTort to extend the range of the triode, a number of tubes have
2*" desigm-d to reduce the inherent limitations mentioned above.
•Tn-sc

tl ,-w tubes have relatively low hit oroleet rode capacitances, and

J* inductance and capacitance of the leads have been made very low.

£ "if same lime the interelectrode distances have been reduced, extend-
jWllie range of operation appreciably, before the effect of the transit

"jj"e fillers. Tubes are now commercially available which will operaer

JV^'lU'-ncies above l.oOO Me. The power output at these frequencies is

[JF^sarilv small due to close spacing and small size of the tube
*"nt«/

_

resonant circuits employed in oscillators which operate in the

'list"

1 rnngoi usually consist of resonant lines or special metal enclosures
"»ad of i |,e lumped inductance ami capacitance used at the lower

I tiP"'
' ,
.' tr"-f,,'°rt wave (u-h-f) range, may Ik- taken as lying between 10 meters and

^Ri. region of the range below 1 meter is* often referred to n.s the micro-wave
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frequencies. When carefully designed, these resonant circuits t n ,,v v
selectivity ranging from 1,000 to 50,000 when radiation iv.,.,. ,

" V('

included. ' lunoe „

Because of their high selectivity, resonant circuits of this tvoc •„ l.
employed as frequency control elements. The stability of oscilS
controlled in this ivay is c parable to that of crystal-controlled a3

Output
,:

,

,tors *••«. tl11 ' fluency
Una | +

above 10 Me alld tcmpwi
cfciu 'ml lor the resonant cr

IS provided. These <wei^
may he used to drive power
pliliers for applications requfc
large Hinounts of power.
An oscillator circuit which'

ploys a concentric line as a
fluency-control element isi

in Tig. 23. This circuit ufi.

of a standard tuned-plate tuned-
grid feedback o.-cillator ill which
the grid resonant circuit is re-

Grid leak
placed by the concentric line.

Fig. 23, OseiltatoreinployinR a resonant .

F" r
|

l »;s1 ^ability I !„ lino should

line,as its frequencyk-uiuioI clement. '"' ''l"*''
1 .*' coupled to the grid

.. .circuit. I hisisaccompliibai
making the grid connection at a point cumparativelv close to theshol.
end of the line. By proper adjustment of the regeneration control ('.,

the phase of the grid excitation may be advanced «. a- i.. compensat*
for the phase lag of the electron current in the tube. The length «
the connections between the tube
and the resonant circuits must be
small compared with the wave
length at which the system is oper-
ating. This condition mav be vorv
difficult to meet at extremely high
frequencies, anil special circuits have:
been designed which help avoid this
difficulty

One of these circuits has been
designed by Peterson. 1 His system
employs a resonant circuit consist-
ing of an outer containing cylinder
with a cylindrical piston-shaped in-
sert. The Q of this oscillating cir-
cuit, in the frequency range of 60 to
140 Mc in which t'hev have been
built, is approximately 2,000. Fre-
quency stabilities of the order of

Gridleak

Plate
supply

Load

Sectional '.^^

view of
lank circuit

Mica
gridblocking'

condenser

Ftu. 24.— Ultrii-hiKli-frcuiieiu-'J'

cillator of Peterson.i]u<;iiij aiuiitiiLies oi mc omer oi .>
—

P:ins i" 10 5 for a 50 per cenl change in plate voltage have been nht.--,

§25 °* 1,10 eh
!
of advantages, in addition to its excellent stability, if f

difficulties arising from tube connections are greatly minimize *j
Fig. 24). Also the size of the resonant circuit is only a fraction of
equivalent concentric line. When a continuously variable oscillat *^,

1937
CTI;nBON

'
0en

" Radi° Exveri ">mter 12 - October, 1»:{7; Communication/. IT. l6r
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ircd however, other arrangements must be used, for only slight

Nation- in frequency can be obtained with this design.
wri.'i"

A nl nmiously adjustable stabilized oscillator lias 'been designed by

iv
i for t lie frequency Ventilation

'screen

Adjustable

plugs Coaxial

output
connection

—WW1—1

Filament Plate

supply supply

Fill. 25.— t'llrn-hieh-fiequeacy oscillator

of Barrow.

K from 70 to 700 Mc. The
^Bhiloi' circuit consists of a

JJutial hue that is easily and

rapidly adjustable over the en-

tire frequency range. Among
rfhfTtliimJs.il affords excellent

.hiehliic.:. niccliaiiieal rugged-

UOS, -
. t a coaxial line output

connect ion. Several watts

output are obtained over the

entire frequency range. Hoth

filaineii' leailsarc tuned in ad-

dition to the tank. The con-

nection- re shown in Fig. 2a.

At frequencies below 300 Mc
the stability is roughly 100
parts iti It)'

1 and decreases with
creased frequency, becoming
very [ r mar the limit of

Mcillalion of the tube.

Special triodes in which the
plate and grid leads provide support lor the electrodes and extend through

the hull, are especially useful for u-h-f work. A tube of this type having

i rated output of 1.5 watts nt 1,500 Mc is available commercially. A
pair of such tubes has been built into

a special oscillator, having a continuous

range. This oscillator, designed by

King, 1 is particularly suitable for parallel

line measurements at ultra-high frequen-

„, lf
cics (see Fig. 20). It consists essentially

" ' B V
f a rectangle of parallel conductors

|

D which may be bridged by Working con-

densers. The frequency depends on

the dimensions of t he circuit HA H' in the

figure. For the highest frequencies the

condenser A must be used, and con-

t
denscrs li and IV must be moved up as

°B close to the triodes as possible. For

B lower frequencies A need not be used.

The oscillator is coupled to parallel lines

by placing it below the lines.

"Circuits employing parallel lines are

often used for the generation of u-h-f

waves. Jtepresentative circuits are

shown in Fig. 27. Although these cir-

cuits are comparatively simple to con-

it a high impedance point and the frequency

Wv.
AC.

to
- ritra-hi eh-frequency

OBcillator of King.

*?ct
> the tube is connected

*bllity is poor.

(submitted).
,
RAHm.w. W. I,.. Itn. Set. Intl., 9, 170. 1038.

P»o, It., Has. Sri. Inst February, i!M0.
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Ihe chokes that appear in the filament loads of the circuits of Fi Jmail non <sary for u li-f op, ration hi -. i|„ m ,„„.,„ 'f-P
loads may often be a considerable portion of a wave length and tl i"*
prevent normal operation of the oscillator. A method which i.n'w!
to the use of choke coils is the provision for tuning of iho lil- tHentu

Output

i ..-.Lines

Approximately
~

6rid
resistor

P/atesuppty
Qufpuf

\ Lines
_

>6ridresistor'*'
J

Filament supply
Fia. 27.—Ultra-high-frequency oscillators employing parallel lines as cirtui!

elements.

ground circuit. The use of adjustable concentric linos of approvinmtclv
one-fourth wave length for each filament load is prohablv the most
satisfactory method (see Fig. 28). It is desirable at u-h-f op< ration to

avoid the use of dielectric material as much as possible and to conlnWJ
that which is necessary for mounting the circuit olo uts to point* o*

low r-f potential.

Metalplug
soldered to
boil) conductors

Outer coppertube. inner copper
tube orrod.

Adjusting*

rod 7o filament

supply

Sliding metalplug
close sliding Fit

on both conductors

To Filament

Insulating

bushing

Ratio ofconductor diameters between
2and4 Length,% wavelength

Fio. 28.—Cross section of an adjustable concentric line suitable for wc »**

filament choke.

24. The Magnetron Oscillator.' This tvpe of oscillator is used ford*
generation of u-h-f waves. The magnetron is essentially a diode ***
coaxial cylindrical electrodes which is placed in a magnetic field M' thl

^
lines of electromagnetic force are approximately parallel to the **

,

i
lc

fc,
A
-/i'v

/,

V?- *?;m 1921
: !•«•»,. A.i.E.E.. a. ois. iw*:.pjSti
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. , hc diode electrodes. When the intensity of the magnetic field

* iu wnir critical value, the electrons will travel in orbits within the^ very row of them will reach the plate. W hen the intensity

.
Virld is less than the critical value, all the electrons will reach the

I Ucncc the magnetic Held can be used to control the anode current

P. wax similar to the grid in a triode. Originally the magnetron

SJlhtof "'as employed this wav, but its action was restricted to long

-.IVlcngtiis because of the inductance of the coils carrying the alternat-

or. field "current, "O'1 i( "ot <<«»I»
, »<' successfully with the I node

Eiutor -Vs a generator of u-h-f waves, however, the magnetron is

Eerier to the triode. In it< simplest form the modern magnetron has

Glass bath

Filament

leads'^

Direction of
magnetic field

"Anode
segments

Magnetron oscillator.

its cylindrical plate divided into two or more equal segments separated

By narrow gaps, as shown in Fig. 29. •
.

There are two distinct methods of producing oscillation with the

magneton tube These are (1) the negative-resistance method and (2)

the ele.-i ron-resonance method. With either of these a constant mng-

ni-tic- field is used to control the direction rather than the magnitude

•J the electron current.
, , .

With the negative-resistance method, often referred to as the thjniilron

method of operation, a negative resistance is developed which arises from

Jjte deflection of the electrons by the magnetic
Wd. This is used to develop oscillations whose
Jremii nev is substantially equal to the resonant

Jtequctic'y of the tuned circuit which is connected

*J5
the magnetron as shown in Fig. 29. With

»e election-resonance method the frequency— t i> : < f i i -
i

> j | hi j a t i _ _ _ _
f

_
i

Jevoloped is approximately equal to the rotation

"equcticv of the electrons about the lines of

*«Ktieiie force, and the oscillations are main-
lined by the transformation of part of the

netie energy of the moving electron into poten-

energy stored in the oscillating circuit. The

H|i|illH!t|"l«rr

hid ,.,

w»Vc length of oscillations is given approximately by

Km. 30.—The four-

Begmeiit magnetron os-

cillator.

12,000

Ji

^f - // = the field strength m gauss.

,, Ho highest frequencies are produced by the electronic oscillations ot

l™" "nagtiotron oscillator, and wave lengths as low as a fraction of a cent i-

*ot«'r have boon generated. The eflieicticv of this method of producing

ff'
ll latif>ns is quite low, however, being of the order of several per cent.

««ehor efficiencies and power output are obtained with the negative
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St

resistance or dynatron oscillations of the magnetron With th»segment anode the efficiency is of the order of to lo fit) per ,. I,,,'**
-

the wave length between approximately 75 em mid 10 meter- \\ i

four-segment anode, connected as shown in l"iK , the wave lc, L.i
reduced to between 25 cm ami 3 nieiers and the edieieno i- alsoJ !
to between 30 to 50 per cent approximated ****

26. Barkhausen -Kurtz Oscillator.' This oscillator i- used fnr .k
generation o u-h-f oscillations. Wave lengths as low asa tow cent met*!have been obtained. I he power output is, ,„ tieucrnl. low, reach ,maximum of approximately 10 watls; the eiiicieuev rarelv exceeds , r
percent. os«ie*

The Barkhauucn-Kurt!! oscillator operates with the grid -it a hi.k
positive potential while the plate is usual I v ai a || i,eU a five' potcmkllhe connections are shown in Fig. 31. The anion taking place in 1 1type of oscillator may he explained rms of a variation in the elect*
field about the grid due to a periodic motion of electron clouds The
natural frequency oj oscillation of the electron clou. Is is extremely hifdl

and is determined bv the potential of the grid ' Thr
frequency observed at the electrodes of the tube
depends upon this natural frequcnev of the electaw
clouds and upon the natural frequence of a coupled
circuit (which may consist „f the tube clretradtftj
onlyi. If the external circuit is in resonance ct
nearly in resonance, it mav great I v affect the ob-
served frequency, as is u.sUa I with'cleselv coupled
circuits. The electronic oseillalion mav be enn-
sidorcd as constituting the primary circuit. I"

Ins ease the oscillations are sometimes called (iili-Morell. Aecordiaf
to tlie theory ol coupled circuits, as applied bv Wtnidt ' to the H;irk-
liausen oscillator, several coupling frequencies should be simultaneously
possible, depending upon the damping of the coupled circuits.has recently been vended by King,= who observed as manv as lhn<-

Chokes
I

Fio. 31.—Bark-
hausen-Kurta oscil-
lator.

as inanv as,. . - J.niO i,y I\IJ|^,- W HO OOSl
coupling frequencies maintained simultaneously

be'nJlw'm
1

,^" f!'""u "V"
t " bo». which Barkhnusen-Kum, oscillation.«

L 7hi r

lil l -V l,i,VP
I

-
}' 1 "" vleo.rodos. i„„| liollman' h«aHthat the latio of plate to mid railu must l.e grottier than 2 and less thnn *;miomim values for this ratio arc between 2.5 and 3. The wave length «

tnc oscillating electron clouds is given approximately by the relation

\*E, m K
whore A = the wave length

B. = the grid potential
A = a constant depending upon tho geometry of the tube.

26. Klystron Oscillator.'' The klystron oscillator is at this timo.''
writing still largely in the experimental stage. It has many proni»s,B*

j
Wd»UT, 11.. Hoehfrcqutmtechn. SS, 133, 1939

! Hol^v ,

n"p "'"W;
1" '1 f°r imhliealion, February. 1040. .

IJerlii" l<«rt
-
VS

' 1< -'' 1" lik fltrtlhllrwi, Wcllr,,." Julius Ser.n*1'"

llIvS and is being developed in an effort to obtain considerable
^

,niit- oi" power at wave lengths of 5 to 20 em. It employs a new type

Jtulic knovvn as the vctocily-niotlulatrd lube. In the conventional

Lj,. ti;l ics, where the electron stream is controlled by a grid, the time

[Shi for the electrons to go from the cathode through the grid io ti e

KjTliinii- their use at these ultra-high frequencies. The vclocity-

lEdulal' I lube, on lhe other hand, utilizes this transit lime phenomenon

kturh a way as lo obtain lhe h-l" waves by means of new types of stnie-

mill nodes of operation.

> Thr action of lhe velocity-modulated tubes is substantially as follows: An
j^irim beam of constant current and speed is passed through a pair of grills

^rl, ; .

i

. \ he in the f ii hollow cylinders. Between these grids is

ttplicl a a' oscillating hold, parallel to the electron stream and of sufficient

Hawaii lo change the velocities of the cathode rays by an appreciable frac-

tion of their initial speed. After the electrons in the beam have passed

thmnuli those grids, the electrons with increased speeds begin to overtake

tor tvilli dcorea.=cd speeds that were ahead of ihcni. This produces what

to hern lermed velocity modulation of the electron beam and groups the elec-

tnrns into bunches separated by relatively empty space. These hunches of

otam* density pass into another structure where they induce the output
«Btriii. Afier leaving t.hc output, structure, the electrons are collected upon
vanillic held at a fixed positive potential.

By utilizing and properly adjusting the electron transit time, tubes have
Km produced which will give efficiencies of approximately 80 per cent.
Whta a certain amount of the output power is fed back into the input, this
•»lo act. as an oscillator. IOngincers predict that hundreds of watts of
»l-f I'lic.ary In tho 5- to 2()-ciii region may lie produced in this way.

In tin-; type of oscillator, special resonators arc used which have extremely
*h sou l livitv. Those resonators, called rhumbatrons, are metal vessels
psctically closed.

27. Mechanical-electronic Oscillators. Mechanical-electronic oscil-

ontare those which employ in combination both vacuum-tube circuits

JJ'I
mechanical-rotating members. The electrostatic audio generator

"eloped by Kurtz and Larson 1 falls into this class. It consists of a
•uniiiri ,.f variable condensers of the rotary type which are driven at ft

*nstai,
i -peed. When a direct voltage is connected through resistors

r'ach of these condensers, the charging current of the different con-
*nicrs is varied. If the plates of the condensers arc designed so that
* ''harming currents are sinusoidal, a sinusoidal voltage will be devcl-W ai r iss each of the series resistors. These voltages may be applied

Sf™ same time to the input of an amplifier. This generator was
j**'Kiie,i to produce a fundamental and 15 harmonic voltages sinitil-

>-!>'. 'I'lietihaseof any sinusoidal voltage with rosjiect to the others
j/^'l iiljustoil by shifting the position of any one of the stationary

ml-
' " V:irv '""I'htude of any of the voltages, it is necessary

,JV lo \ ;
,,.v ,|u, particular applied direct voltage. A system such as

2 0,
.

1( ' ' s v<,ry useful in the study of the effects of changes in amplitude
p.!"'---c of a complex sound on the ear.

'•llii i

"'"-audio generator dcvcloj>ed by Schaffer and T.ubszynsky-

f a'so into this class of oscillators. It consists of a system in which

W ' -' 27, I no-US, 1939: Habn. W. C, On. Elee. Re*., it, 258. 1930; Ramo,
< v ,

'• - I. It A' . 27, T.-.7. 1939.
«&""• K. It., iiicl M. .1. I.ahskn. Elec. Eng.. 54.9.19. 193."..

""uih, W ,<l C. J.ciiajVNHKY. Pr<,c. I R E.. 19. 1212, 1931:39, 303 1932.
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a henm of light falling on a photoelectric cell is interrupted l>v a iierfoi*.
rotating disk. When a light aperture and tin- size and shape nfiC
holes in the disk are correctly designed, die voltage developed bv 2
photocell will he very nearly sinusoidal. '1'he out put of I lie e,.]| ,.;

*

suitably amplified and the frequency of the oscillator read hv a UkI,,,
etor applied to the driving motor.

1

Many other oscillators of this type have been developed.
28. Tuning-fork Oscillators. For oscillators of low to medium e.

queney the tuning fork provides an excellent resonator. The r:m~
trom l()t) to 10,000 cps is readily covered. Simplest and least prii-iw
are the contact-driven forks which are capable of supplying considwB
power output of approximately square wave. form. The single-butt^
microphone drive gives a much purer wave and mote constant frequency
at the. expense of power output. The double-button microphone
gives a still purer wave, better stability, and greater output.

Kig. 32.- Circuits for various types of tuning-fork oscillators (hummert)-

The free tuning fork, which is driven by one magnetic coil and exdjg
another, is capable of high frequency stability. With a suitable cire*
and a fork of special material a stability of a few parts per million t»

obtained for relatively long times without benefit of voltage or leniiwni-

ture control.

29, Oscillator Automatic-frequency Control. It may be dr-iral'»'
'

practice to control the frequency generated bv an oscillator with a *K
change in voltage. Special circuits which have been designed to do«S
are shown in Figs. 33ri and b.' In Fig. 33n the tuned circuit ofantjjg
lator is shunted by a condenser V and vacuum tube V,. Since the Pj*"

resistance of this tube depends ujion the magnitude of 1 lie control VwMB
the effective reuetanre of the eoinbiiiation is varied bv variations in .

control voltage. If the plate resistance is adjusted so that it
nUJU2

'"d > ''<l'ial ' reactance oi f, the , iWlivi r< sistancc does no1 cMfE
with a change in effective reactance. In this way a voltage »PK,i«t
the control grid will control the frequency of oscillation without afH,rUMr

the amplitude.

• Tuaviis. C. Proe. I.R.E.. 18, 1 125. 1935.
Kor vnrianin nf the hnnir circuit me: s f
Freeman. K. I... Elnlnnir*. p. 20. Kovi-tnlicr. 193(1: 1'o.htkh. II. K.. »"''

SaaUY. Proc. I.R.B.. 35, 280, 1937.
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fimirc siiows anotlior type of control circuit for varying the fre-

'
,.v ul an oscillator. Here the plale circuit of the control tube V,

die resonant circuit of the oscillator. The voltage drop m the

Sattin'v It is applied to the grid of the control tube. This voltage is

„nro\iaiatclv 90 deg. out of phase with the resonant circuit voltage, and

SLc the plate circuit of the control tube affects the lank circuit in the

aim- wav as a reactance. Variations in this effective reactance are

•huuucd "bv changing the bias on the control tube.

SO Electron -coupled Oscillators. It has been pointed out that the

hwiiicm v of oscillation will be affected by changes in load unless the

+ -

Control
"

+ +
Corfrol

voltage .
v<>l™ge

(a.) (b)

Fio. 33.— Oscillators having automatic-frequency control.

mrn nl in the resonant circuit inductance is not changed when the load

varied. The use of buffer amplifiers between the oscillator and the

lonil aiiU in shielding the former from load variations.

.
Dow 1 has developed another method making the frequency of oscilla-

tion independent of load variations. The method employs electron

•Mipling between the oscillator and the load. This consists of a Hartley

cillaior in which the screen grid serves as anode while the plate serves

°»l.v a> an outjiul electrode (sec Fig. 34). The screen grid is effectively

•winded In alternating currents while the cathode is at an alternating

Potential above ground. This pre-
**«lts Hie load impedance in the plate
'Uj'Uil f i-oni reacting back on the os-

Jttor. At the same time the elec-
*°ns that pass t hroiigh the screen are
Sufaeied |, v the more posilive plate.
Jw» results in the plate current hay-
jKan alternating coni|K)iienl which is

7™' same frequency as the oscillator
•piiericy. Hence energy is rlelivered to the load through the electron

L**m.and at I he same lime the oscillator is effectively shielded from the
load.

Fio. 34.—Klectron-coiipled
lator circuit.

oscil-

2*'' value of this ratio for which the frequency is independent of the
fPplied voltage. Hv adjusting the position of the tap on K until the

^"eray becomes independent of applied voltage, a high degree of

0ovi J. B., Proc. I.R.E., 19, 2095, 1931.
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frequency stability niiiy be obtained.
Si*-'

Y.UCt M TVHE OSCIU.A TORS m
1. it may l><- necessary to rluuimfl,

position of this tap if the oscillator frequency is varied over wide |j, ,Wlien the oscillator is opera to I normally, the tube is biasul hcv A
cutoff, and the plate current flows in pulses that are very rich in h.inw
content. Since I hi- frequency stability is very hinli and the outnS
extremely rich in harmonics, this oscillator is very satisfactory for'
in heterodyne frequency meters. There are many possible ways in wt3
the principle of electron coupling may he used to great advantage.

31. Power-oscillator Design. In applications which require npprea.
able power output and for which a high degree of frequenrv stability b
not necessary, feedback oscillators may he used. In thrscoscillaton>'i|w
tube operates as in a class (' amplifier, and oscillators adjusted in thU
way are referred to as class C ' oscillators.
The design of a class (' oscillator may he conducted along the sane

lines as for a class C amplifier. There are two principal points of differ-

once: (1) the |M>wer required to supply the energy for the grid cin-uit

must ho obtained from the plate-circuit power supply since this, with

the exception of the filament supply, is the only source of power in the

circuit; unci (2) the oscillating circuit must contain sullicicnt storwi
energy to meet the grid-circuit requirements. The first step in design
is to determine the correct operating conditions for the tube. Thaw
may he determined by various met hods, some of which consist of graph-

ical integrations of the current waves that are obtained from the tUtk
characteristic curves of the tube. 1 These methods require that (In-

complete stut ie characteristic curves he available far out in the region

of positive grid potential. To obtain these curves special cxpcrimajttl
techniques have been devised. 2 Other methods consist of nnftjjrtk*!

integration of (1) simple expressions which are assumed to approximate
the wave form of the current pulses or (2) approximate analytical expres-

sions for the static characteristic curves.* Among these method* *•

precalculation, some are extremely laborious but accurate, while othaO

arc rapid hut inaccurate. The methods due to Chalice 1 and to Term**
and Itoako 1 ari recommended - iullicienth aei-uia'i for engilierrjaf

purposes, and at the same time they are reasonably rapid. In additi'"1

to these methods of precalculation, the operating conditions for the tut*

may be determined by direct test.

The results obtained by any one of these various methods will

W

subject to certain limitations which are always imposed on the opera**?
of the tube. These limitations are designed to preserve reasonable W>
and to prevent sudden failure of the tube. Fleet rode dissipation*"

I taam D. C.. Proe. I.R.E.. U, 275. 405. 527. 1!I23; Kiumcii. < . V... Proc- l-B-L
19, 42. 1B3I; Mockouiseff. I. ],.. I'rne. I.R.E.. 20. 7s:i. \'W>: Moi-homtseff. 1.

KiWAKoirsKI. 1!. N„ Proe. IJt.i:,. 22, 10110. 11134; /Yi>c. I.R.E.. 23, 752. 1!I35: fl*l,p
W. C, Proe. I.R.E., SB, 47, 1!I37. ^-t'

,

^Kozakowski. H. N.. unil I. E. Mouikimtseff, Proe. I.R.E., 21, 1082. !!I33; (.•«*rT
*^

* -., t**n
RvsiuiT. W. I,.. Proe. I.K.E., 23,

22.35U. 1031: M iLi.cn, H. I-.. /'r«- ' mi.
rh\-"'•!»«>: "aiiit*. V. A.. i:0,,de ctnlri'iur. 14, liC.S. l<W.-, ; KvFmrr. w 'i

1 S6
I.R.E.. 24, .tpa ltKifi; Tbmmax. V. :,„<! W. <-. ilo.,KB. Proe. I. U.K.. 2*.
Wagesf.b, \\. G., Proe. I.R.E.. 25. 47. 11137.
•Chaffee. K. I... Jour. Applied /'*».«. 9. 471. WSH. , .i fcv
' rKKMAN. 1'. K.. and W. C. Koake. Proe. I.R.E.. 24, 1520. l!i:ui. A nici>»jL3-

obtaining the optimum conditions of operation for various applications ha- '"''"
| 11

(1>'

oped n-liit-h i» r-xiri-im-ly iu-<-ur»r<- l> >i loo involved. This Ml . > I,. ,i mil opl"**
p

revision or E. L. Cliaffcc'ii " Thermionic Vacuum Tubes." in preparation,

H. I... Electronic*. Juno, tfl38.
I PAT, t:. V... Proe. I.R.B.. 20, 548. 1!)32; Ev

I EHSIAX. V. E.. ami J. 11. Kerns. Proe. I.R.E.. !

. ilri i i„ prevent liberation of gas or injury to the tithe structure due to

"
| or warping. The maximum polarizing potential is limited to

vcii' Hashovor due to gas of cold emission, breakdown of insulation, or

J-ftur.- of the lube due to stray beams of electrons. Also the grid

Ci„,iM ,n must be kept small enough to avoid appreciable primary

2ni*sii.i- from the grid, and thc'maxiuutm instantaneous current flowing

|,,i,e must be limited to preserve reasonable filament life. When
L operating conditions are selected with due regard to these, limitations

Ul to the conditions of power output and efficiency desired, they may

fcused for the design of any one of the oscillator circuits shown in Fig. 1.

T| operating conditions are as follows:

j, Tin direct plate voltage.
t Tl:r direct Kiid voltage. , . ,. „
£, Tin- r-iii-* value of the fundamental r-omponenr of the plate alternating voltage,

y.i Tin --n-s value of ilic fundamental eomponcnt of the end alternating voltage.

§J» Tin average value of the direct plate eurreat.

J, Tin- average value of I lie direct mid currant
VU\ The r-ni-H value of the fundamental component of the plate a.e.

In The r-tu-s value of the fundamental component of Ihe grid a.e.

32. Power Relations in Class C Oscillators. The d-e power supplied to

Ike oscillator circuit from the source Ea is

Pinnut IhEh

The power output to the tank circuit at fundamental frequency ia

Pwik — ErIp

Thin power must supply the driving power, the load, and the losses in the tank

areuil. Phis power may also lie expressed as

Where R, represents, in addition to the inherent resistance of the total tank
bduciancc the resistance reflected into the tank circuit, by the loud require-

ment of the grid circuit and by the load itself. Il is the circulating current
•a the iiM-Mlating circuit.
The jjower lost at the plate is

fWio = IaEa — EPIV

The driving power required by the tube is

P.lrlvln« • E*h
ptis power supplies the power delivered to the grid rosisrer to maintain the
"•as voltage

"i"1 the power lost at the grid. Therefore the grid loss is

/Vi.l - - I,E,

^ power available for output is then given approximately by

^output " E,It

i Actually !!„> useful power which may be obtained from the oscillator will

If
lc'-^ ilu,„ i8 given by this expression, by the inherent losses in the circuit

SSfieios. However, in a well-designed oscillator these may lie kept small,

?<i iln power output will lie very nearly that given above; henco the cfli-

e,"'y of the oscillator may be expressed as
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Thig is .not the over-ul! efficiency. An expression for the over-till e«of an oscillator may include the power required for the filament .^ni
losses incurred in obtaining the high-voltage plate supply. 1(1 *«•

33. Design of a Hartley Oscillator. The methods illustrated hn.applicable In ;,ny of the other feedback oscillators. The pr„|,],.
m'

determine the values of the circuit elements in such a wav that then^
'"

V
,|,;i -'--

'\> I>«v« :

i en I t, in. d I v am on. o, the various m&kS
<I'*-Nsse<l alxr will I

, applied to I he till e It lias I eet, found thSugeneral the altmintm K plate and grid voltages should he ISO dec <n "!

phase for correct operation. Moat of the methods for ohtainWifi
operating conditions assume that this phase conditio,, will |„. „ ,,Night variations in phase of a few degrees have onlv a small effect™the performance of the oscillator.

n

In the Hartley circuit the voltages developed across the tapped inductaite-are used as the alternating components of the plate and gr fv , gc TW
t he filan.cn tap ,s adjusted so that the ratio of the plate and grid voltage i.

/,„. It has beet, found experimentally that the effective sclcchvily (J ofthe tank should be greater than 12.5. approximately . Higher values of

i

,

nduXne
t

e
h
?nr,?

, ',1,

f
,y

'

OWW ,»««'«"»'»"• ""''U" i '' ™" lank-arc,,!,
inductance for any frequency may he found by use of the relation

, (£,i + £..)»

and the tank-circuit capacity by

c QT r QPf*
2*f(Er + E,)> ^ " 2tJ{E,x+E75*

where/ is the required frequency of oscillation.

-„r,!n,
Kr

r , "T
v
"!V

1«"
-

l(,<"lir<,
'.
i

'
s wven by E„ and with an average grid

current, of 1, the Krid resistance is

R,-
Tc

The value of the grid condenser capacity C, should be large enough to "t
as an effective short circuit for the griff resistance R, at the frequency '•'

Operation. It should not. however. I>c so large as to cause intermit***
"•":'}}" i'" discussed in Art. I I of this se.-tiou

1 he plate blocking condenser Cb should be large enough so that the rear"**
voltage developed across it will be small in comparison to K, The ii" 1

'"' 1
'

ance of the shunt feed choke should be lartso in comparison with the indu£
the portion ol the lank circuit which u effectively shunts. •» *S"""ley oscdhitoi tins blocking condense, an, I choke can •„ designed in ",lb

.

a way as to help correct for variations in phase of the alternating plale »°
grid voltages from the ISO-deg. position.

8
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SECTION 10

MODULATION AND DETECTION

By L. F. Curtis 1

TYPES OF MODULATION
1. Modulated Waves. A mahdaled wave is a periodic wave r,f whichlie amplitude, frequency, or pha.se is varied iU accordance with a signalModulation is the process l,y which this variation is aecunpli&ed

Ikmodulation m detection is the process by which the original simalk
recovered from t he modulated wave.

K

The unmodulated component of the original wave is a carrier wave or,more broadly, a carrier. The frequency of the carrier usually is much
greater than the highest frequency component in the original signal

the modulating wave or si'pwi/ wv/wr applied to the carrier mar he a
direct representation of the original signal, or it mav he a wave of a
((liferent earner frequency previously modulated by The original signal.
In tins case the process is culled double modulation', xnd the modulation
appears in new frequency groups associated with carrier frcqucncM
equal to the .sum and difference of the signal-carrier and lised-cani*
trequencics. Double modulation accompanied by the selection of i n>'

of the new carrier frequencies (intermediate frequency—i f ) to which
the signal modulation lias been transferred is often' called frtnumci
conversion.

In tubes and circuits the waves are of current in, or of voltage aero*
circuit elements. A modulated wave of current is expressed by

i = / coa (oii + *)
where / = amplitude

u/2r = frequency of the carrier
I = time
= relative phase.

The signal may be imparted to the carrier either by a variation of ,hf

amplitude or by a variation of the phase as a function of time. Varia-
tions in phase arc accompanied by simultaneous variations in frequence
since the frequency is 1/2- times the derivative of the phase with reap*"
to time, .simultaneous variations of phase and amplitude during mod"'
lation usually lead to distortion.

~e^_
Velocity

transit

output
availab...

at extremely high carrier frequencies
1 Hnzcltine Service Corporatjou.
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:

t Amplitude Modulation (A.M.
1

). A current wave amplitude modu-

lated bv a single signal component of frequency u/2ir may be expressed

l„.
rewriting Ki\. (1) as

i = /o(l + '» eos at) cos (oil + 0)

here /o = amplitude of the carrier

m = relative variation in amplitude at the signal frequency

= constant phase of the carrier.

The value of lit is called the degree of modulation or moihdation factor.

When multiplied by 100, it is the percentage of modulation.

(a)

w) wvvwww-
w WWWWW\AAf-

Flo. 1. Oniiipiuicius in a-ni waves.

'I'll'' phase of the carrier may be neglected unless the current is to be
Combined with other currents of the same frequency. Neglecting 6

*n<l making / unity for convenience, Kq. (2) may be expanded to

i = cos oil + — cos (a + a)t + ~ cos i> - a)t (3)

The modulated wave contains, in addition to the carrier, two independ-
periodic waves spaced therefrom in frequency by the modulating

'tequeney. These are modulation aide frequencies.
These 'waves are illustrated in Fig. 1, in which a is the signal, U the

rn"i'>dulated carrier, c the complete modulated wave, d the lower side

P^quency, e. the upper side frequency, and / the two side frequencies
rUlioiit the carrier. The choice of a sine or cosine function for reprcsent-

steady-state conditions is a matter of convenience. The envelope



324 THE RADIO ENGINEERING HANDBOOK

of the composite wave (shown dotted) has the same shape ns the origins]

signal wave. The intercepts of the composite wave with the zero wjg
are not changed liy a.m.

3. Amplitude Modulation with Several Signal Frequencies. The
modulation may be expressed as n Fourier series when the original signal

wave contains components at several frequencies. The composite
signal is

i = /oil + »«o + Sfi, cos (nat + ct„) \ cos ut (4)

When F,r). (•}) is expanded, independent pairs of side frequencies appear
for each signal frequency (no '2ir). The bands of frequencies above and
below the carrier frequency occupied by the side frequencies are upptr
side bawls and Imvrr side bunds, respectively. The band uitlth is the

frequency spectrum occupied by both side bands and carrier. In a.m,

it is two times the highest modulating frequency in the original signal.

The relative phase (a,) of each of the signal components must be

preserved in order to maintain the original form of the signal. This it

relatively unimportant in signals for music and speech but is sometime*
exceedingly critical, as in video signals in television systems.
The d-c component («;„) of the modulating signal has the effect »i

changing the magnitude of the

n n n carrier wave and represent* t

A signal variation which is so slow

§ relative to the remaining com-

Ti me-*- T poncnts that it may he eo»*

sidcrcd constant over the

steady-state interval under ex-

__ animation. This is illustrated

V ii tT~ j„ i.'jg. 2, which is representative

Pia. 2.—Knvelopes of a-m waves. of the envelope of a modulated
television signal wave for two

different time intervals. Changes in the d-c component from lime W
time must be regarded as variations in the original signal.

Inwiird modulation and outward modulation are the respective decrease*

or increases in the envelope of the composite signal wave relative to the

carrier. As illustrated in Fig. 2, inward and outward modulation af

not necessarily alike. Inward modulation must not reduce the caitiff

to zero, or the character of the original signal will be lost. The masinniiii

outward modulation determines the maximum power iti the modulate

wave.
In many coses it is sufficient to express the complete wave as

i = 7,(1 + M) cos at

when the instantaneous modulation .1/ varies slowly with respect to tbe

frequency of the carrier.
_ ffl

.

Carrier suppression is the process of balancing out the carrier <"".

Donent in an a-m wave, leaving only the frequency components in <

side bands (see Fig. 1/). The transmitted power is then zero

absence of modulation, resulting in an increase in transmitting efTicie" .

•

A carrier must then be suplied locally at the receiver for detection-

Single-side bond and vestigial-side band signal waves are a-m «™
(||

.

in which all or a portion of the side-frequency components nl>ov
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below the carrier frequency have been removed by suitable filters. The
portion of the frequency spectrum from which the components were

lenioved is then available for other services.

4, Phase Modulation (P.M.) and Frequency Modulation (F.M.).

The peak amplitude of the composite signal is constant in p-m and f-m

waves. The signal is imparted to the carrier by a variation of the phase

at a function of time.

A single signal component of frequency a/2r produces a current

i — In cos (uU + + m sin at) (0)

where Jo — constant amplitude.
Mt/2ir = constant carrier frequency

8 = constant relative carrier phase
m = relative maximum variation in phase or modulation indcr due

to the signal.

9 may bo neglected unless the current is to be combined with other currents
of the same frequency.

'

1.0

as

-0.5-

ta

H
)

1 .

-4 1
-2 +2 +4

0.5

-I +1

(a) Phase-or Frequency- Modulated Waves (b) Amplitude -Modulo-red Waves

Fia. 3.—Component side frequencies.

Neglecting and making 7o unity for convenience. Kq. (6) may Ixj expanded

t — Jo(.m) cos ud
+ J

,

i(m)|co8 (<* + a)t — cos (a* — a)t]

+ Jj(m)[cos if* + 2a)t + cos (u>, — 2a)l)

+ j.{m);cos {w, + nail + ( — 1)" cos (u, — na)t\ (7)

where J. (n») is the Bessel function of the first kind and nth order for the
•fguinont m. The components in Kq. (7) arc the carrier and side frequencies
'n a !>-in or f-m wavo at a single signal frequency.
, An infinite number of side frequencies spaced a/2*- in frequency is indicated

*J
r complete identity, but the liessol functions ./-(ml are negligible for values
" some 20 to 40 per cent greater than the value of m. The number of

'"<"•- -ary side frequencies is somewhat greater than '2m. The carrier ram-
{eiicnl is less than the unmodulated carrier and may be negative. The intcr-
wfts of the composite wavo with tlto zero axis are not equally spaced.

Figure 3a illustrates the carrier and sidc-freqticncy cr.mponents for

j

1"1
.
or f.m. for m - 2 for a single modulating frequency. In com-

parison, Fig. 36 illustrates the carrier- and side-frequency components
*100 per cent a.m, for a single modulating frequency,

j Bw instantaneous angular frequency « of the composite wave is the
Pr|vativc of the instantaneous phase with respect to time and is

» = u, + ma cos at (8)
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The maximum frequency deviation A/ >s «/2» times (he maximum pAo,,

departure or modulation index m, and is

' A/- (9)

6. Differences in P.M. and F.M. The original signal usually contains

components at several frequencies. The maximum phase departure

and the maximum frequency deviation for several unrelated modulating
frequencies arc then

&4> =» »ii + »»j +«»>+•• + m* (10)

and

Af = ^.(miai + J»sa3 + • • • + WOk) (11)

When the component maximum phase departures in, to «it are made
proportional to the amplitudes of the signal components at frequenciei

ai/2x to «*/2ir, the composite wave is said to be phase-modulated.

PhaseModularron Frequency Modulation

Time

i

i

i
7oco

Fia. 4.—Comparison of phase and frequency modulation.

When the component maximum frequency deviations arc made propo'"

tional to the amplitudes nl ilie signal I'oiupiiuruts. the foinposite vvav "

said to he frequ rnry-mntlultitnl. ,

These relations fur p-m or f-m waves, as indicated hy the subscripts l>
oT]

arc summarized in the following equations:

(A*), - (A*), + (A0): + • • + (A*). (12)

(A/)- = ^l(A*)io, + <A0)ia» + • • • + (A^.at]
(I 11

(Af)/ = gjftCfcto + 6M» + • • + (Aa.) t)

: " !

The expansion of the expression for current when several signal frcfl
,ic,

"ficr
re present contains side-frequency tonus whn-h an- spaci-d from the i*
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frequency by i^f'""! ± nsai ± whcr0 the "'8 ar0 n" •Msitive intcBcr8

to flrmroxirnately 1.3 times the respective values of m for the corresponding

«m n'meut signal frcquoitcies. This ratio approaches unity as the value of

. i« increased. The maximum baud width required is therefore approxi-

mately 2.0 times the maximum frequency deviation for either p-m or f-m

waves.

There is no upper limit to the degree of modulation which may be

implied without distortion by p.m. or by i.m. except as determined by the

capability of the equipment to operate over the required frequency hand.

In wide-band f-m systems the maximum allowable frequency deviation

is specified bv assignment to prevent interference with other services.

Figure 4 illustrates the limiting case for the transmission of a rec-

tangular signal wave by means of p.m. or by f.m. The curves o arc the

original signal, 6 the phase departures, and c the frequency deviations,

all plotted against time. The required side bands for p.m. with rec-

tangular signals extend to plus or minus infinite frequency for perfect

transmission. When the maximum frequency deviation is limited by

the equipment as at Ihe dashed lines in c, (he best possible operation is

«s shown by the full lines, whereas ideal operation would be according

to the dotted lines.

AMPLITUDE-MODULATED WAVES IN NON-LINEAR CIRCUITS

6. Modulation, Frequency Conversion, and Detection. Essentially

the same classes of non-linear devices arc used for the modulation,

frequency conversion, or detection of a-m waves. In each process the

waves id be combined or rewired are applied to circuit elements which

haw asymmetrical II- 1 characteristics. These may be series character-

istics, as in dry rectifiers or diodes, or may be mutual characteristics, as

in in til tielcet rode vacuum tubes.

The output circuit of a modulator is arranged to transmit the carrier

and its side hands: that of a frequency converter, the i-f earner and its

side bands; and that of a detector, the components at the frequency

of the original signal. The components in the voltage developed by the

out p- it current at other frequencies are eliminated by proper filtering.

. lntermodulntign is the production of new components having fre-

queneies corresponding to undesircd sums and differences of the funda-

mental and harmonic frequencies of the components of the applied

Waves.

Cross modulation, is a type of interniodulation in which the carrier

of the desired output signal is modulated by an undesircd signal.

. Undulation distortion is a change in the character of modulation either

jn nn increase in the percentage of modulation or in the production of

"arninnies of the modulating signal due to interniodulation.

.Spurious modulation components may he predicted by_substituting
the desired and interfering input signals in the power-series expressions,

*R- (16) or (18), for plnte current, expanding, and collecting the terms
at tl„. frequencies in question.

1- Input to a Single Grid. The grid-plate characteristic of a vac i

tube
in w |U(.h the plate current is substantially independent of the load

^v be represented by the power series

i = A* + A,e -M se« + • • 06)
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where the A's are coefficients determined by test and e is the instB „.t.eous input voltage. Specifically, I he coefficients are
tant»-

at the steady value of a which is maintained !>y bias voltage
I he power series Kq. (If,) is useful quantitatively as well as emailslively in class A tubes wluch do not <lraw grid currt-iit and wffi£not worked to plate-current t

.utofr . In class » and cl,J C s«v£the power-series cqiinhon may require too ,„;m v terms for the cxtendSnu.go and may converge too slowly to be of use quantitatively but ftkalways of value in determining the frequency range of lie 1 .u" U,
n' «"»l?<"\^ts. I'hc term .1 provides' the largest

useful modulation output, whereas the term ,1 ,c provides the useMoutput ui amplification When .he higher order terms » nS
• ,cur

<

,;elv
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'TltTI^;

,1

;

d
;r
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'"iT
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,

,hc ««' f«l»«'P"« »-.v becalS
In f^T / u ° then sa,d t0 be operating as a square-law deviceIn t nodes <or when the on, put impedance is appreciable with™

<" ,(-'> l;ll(! nipe.lance), the plat,, cirrent depends on he plateS
ur en i'n 1C ?S i'

' 1""6
-
Th° V0,ta^ ^eloped f,v the pfcg
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1 •'"'/"'"'Pressed on the plate, 'thereby reducinguit usciul output, lo a first approximat on, neglecting the hiirlicrorder terms, the output current from Kq. (Hi) is red, d'hv the factor
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'
thc correct'on may be applied separately

to each of the output-frequenev components

wl^.l,
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W
° Electro

.

des -

1

The Plate current of a vacuum tube, in

• is ll VrTi'
Sll,w

!
:1,""""y independent of the load and

Mil, h is controlled by he potentials on more than one electrode, maybe
expressed by the double-power series '

J

i=A, + A,e, + A*,' + Art+¥ es(B +
+ Brt +•••)+ etHC, + (7,e, + Crt + • • • ) (18)

are^erndned' b1^st'°
Uaf!< 'S

"'
""d fa wl"ch

"
the

2

at thc steady values of e, and «=, which are maintained by bias voltages-

A, 9i=
0e~,

="'

A, „1K_=
2 3ci2

B, = ii
(?es

Co = 1=
2

«, = J5i

^ 10|
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The double-power series Eq. (18) may be used qualitatively for an

« , ,.,!< of the possible frequency components present in the output,

T, ,i it converges too slowlv for quantitative results.

The term /*,< ,< provides useful modulation output. \\ hen the higher

J,, terms are small, as at low input levels in class A operation, the

useful output may be calculated accurately.

a linearity of Output. W hi let he power-scries equal ions are extremely

J-fiil in class A calculations and in showing what distortion components

muV he present under less favorable circumstances, a direct indication

nf the linearity of the desired output in terms of the variable input is

more often used. Tests of vacuum-tube modulators and detectors

m fty he conducted at anv convenient frequency, e.g., 60 cycles if the

rireuii impedances at the desired operating frequency are duplicated

, lie test frequency. The linearity of the dynamic characteristic

of -the controlled current is a direct indication of the linearity of the

desired output.

For modulators the output

current (or the voltage devel-

oped in the load by it) at the

test frequency is plotted against

•steps in the input voltage cor-

responding to its variation by

the modulating voltage. For

detectors, thc d-c output is (b)

plotted against steps in the pIO 5—Method of abisoipl ion modulators,

r-m-s or peak value of the test , i:ir„ P„.,t

input voltage, corresponding to the modulated input voltage for different

parts of the modulating cycle. .

.

Ti„- output curves which are the most nearly linear over a wide range

nf 1 he independent variable, taken for different Wad resjstances, bias

voltages etc ,
indicate the operating condition which will accommodate

high percentages of modulation with thc least distortion.

AMPLITUDE MODULATORS

10. Absorption Modulators. Absorption modulation is obtained by

varying a resistance either in series with or m parallel with the load ...

accordance with some function of the modulating voltage. In 1-lg. oa

suppose that R r is a resistance which includes thc load and wnicli is

varied linearly with the modulation or

R r = /c„(i + an f201

where .W = the instantaneous value of the modulation.

The output voltage fj is

(21)

*hen ci = applied voltage

R = resistance of thc source. „
The ratio of ei/e, is plotted against R,/R in Fig. 6, which indicates

ll'ai reasonably linear operation is obtained over a small portion of the

c«r\ e when « r"is small compared to R. The dotted curve is the output
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voltage .across ;t s a load when /?, is used as n variable series KsMn,Ihysical resistances can l.c varied over a limited range, sav three u,„„
I ho usable portion .,1 the curve of Fig. (i is the, limited'to the ZSSmarked ab tn I' in. (>. Iho efficiency and the effective degree of |

*
modulation in the output are low in any ease.

"lear

The plate resistance <il' a vaeimm tithe as controlled bv the nioduktm
voltage applied to its grid may be used as the variable resistor fornhsoS

1-0 u , .

0.8

0.6

0.4

0.2

N

7

0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 ?0
R,,/R

Imc:. (1.—Linearity in absorption modulation.

lion modulation in parallel with the output load as shown in Fig. 56.Since ic plate resistance is not , |i„,ar function of the grid voltage, the
over-all linearity may then be improved somewhat hv working on I
portion of the tube characteristic which tends to cancel the required
curvature indicated m rig. (i. Tests are then made for linearity o load
voltage vrrsiiH grid voltage. J

The plate resistance required of the tube is the inverse of the resistance
/£, when a quarter-wave transmission line or its liln r equivalent arc

(b)
Fio. 7.—Types of grid modulators.

interposed between the tube and I he load. The required plate resistance
tip is tiien

(221

where Z a m image impedance of the line.
\ hsorption modulation ha- been used to supplement other modulating

methods over portions of the modulating cycle

„iL ,?
rid Modulators. Crid modulators operate with carrier ami sig-

nal voltages applied to the same or separate grids as illustrated in Fig. 7"
or 76. I he plate current may be calculated by Kq. (l(J) or (18) f<"

Ste- > '
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low levels when the plate current is not swung to cutoff. The action

illustrated in Fig. 8 for the connections of Fig. 7<i and for a square-law

ml,,-.
( 'urve a shows the input signal and carrier voltages superimposed,

eurvc l> the instantaneous plate current, and curve c the modulated out-

put voltage with the l-f components filtered out.

In this case, when the applied voltage about the operating point Er
' is

c = E cos + Si cos a ii + S3 cos aj/ + • (23)

where Si and S« arc the signal amplitudes at frequencies iii 2k and

S.—Low-level grid modulation.

etc., the useful output current is

* = E{Ai + 2AiSi cos ail + 2A vSt cos Ojf +
'his may be written simply

•) cos wi (24 )

i = E{A, + 2A,M) cos U (25)

DnT " indicates the instantaneous applied modulating signal. The
riJ.

"'' -1' ''os wl, when expanded, produces all the pairs of side frcquen-
ii quired for the modulated wave. There are no spurious modulation

j,
^ponents. However, this mode of operation does not realize full

v

I power capability of the tube, and the modulation cannot approach
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A grid modulator is operated as a class (' carrier-frequency nmnKfa.
for higher plate efficiency. A tube willi a linear grid-plate i-h-n in-n-ri»ti
is suitable. The bias is adjusted to about twice the value icquiredfa.
plate-current cutoff, and the carrier input voltage i> adjusted until the
peaks reach halfway between saturation and plate-current rntolT. Th (

.

superimposed modulating voltage at signal frequency causes the positive
peaks to vary widely in value as shown by curve a in Fig. 9. f'urve t>

shows the instantaneous plate current and' curve c the useful modulated

Fio. 9.—Class C grid modulation.

output voltage with the 1-f and carrier-harmonic components tiller''"

out.
Linearity may be tested by the method of Art. !i and observing '

'

j

output at the lest frequency for a range of bias voltages. The ex

bias setting is then at the center of the linear portion of the test "!n '(

Grid modulators have the advantage of requiring small signal mP^
power, particularly when the tubes are not driven io grid current , ^
have limited ranges of linear modulation and plate efficiencies <>'

20 to 30 percent. They arc used ordinarily at low power levels. w
Grid modulators are used for television signals since it is dilhcu 1 ^

obtain reasonable operation with high-level plate modulation ovef

required wide band of television modulation frequencies. *Jr££>
may be used in grid modulators if neutralized to prevent h-f ctH ^i,
The output is then reduced as explained in Art. 7. The voltage, '']'[- ,„?:

and power in the plate circuit have the following approximate reW
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An* = Ec(l + If)

w^. =- irc (i + 3/)*

ip(max.) - Ic (l + M)

11'.,, - wli + ~)
(for sine-wave modidation)

(2G)

fhcre the subscript c indicates the conditions for the carrier alone.

12, Balanced Modulators. Win n carrier voltage is applied in phase

lid rlulating voltage is applied in push-pull to the grids of two modu-
lutor lubes, the carrier is balanced out in a push-pull output load. The

tin-nil shown in Fig. 10 with two neutralized triodes is typical.

R.F.

\jm) ± MS-*
J

1

1

I load

Fio. 10.— Circuit for balanced modulator.

For exact balance of tulics and transformers, and over the range of signals

tur which the modulation characteristic is linear, the useful modulated output
Hrtnt from the two plates is

•ml
ii = I-MAi + 2^1)C.) cos ut

ti - fi«(.4i — 2AlCm) cos oil

<27)

(28)

•hero = maximum carrier voltage
sin! , ,. - instantaneous modulating voltage.

The ciTei ijve input current to the tank circuit is

i 1 .1 -
/-'• cos ut (2D)

For a single modulating frequency**jch itnins only the side bands.
*''»». ilii.» reduces to

(30)

(31)

i ^ 2.1 jii>,„[cos (w + «)/ + cos (it — a)t\

r^* voltage developed in the output circuit is

c - 2j1s£<*i„Z;cos (if + a)t + cos (u> — a)t]

*jjL-ri. '/. ^
] ml transfer impedance. This arrangement is used in sup-

J]*<i«'d-i ;imer transmission systems. It has the advantage of balancing out

J*?
cv. u-I^h hk,,,!,. distortion due to departure of the modulation charactor-

\vi
r""' bnearity. not considered in the above equations.

b. i

lll, u the modulating input voltages to the two grids, the tube coefficients,

'he effective load transfer impedances for the two tubes are unequal,

[

n°t lank circuit voltage is

* R\A\'Z' - Ai"Z" + 2(A,'en'Z' + As'WZ") cos al] cos trt (32)

5j
ere 'he ' nn ,i

" values are for the first and second tubes respectively.
me of the carrier remains when the balance is not perfect.

**3 - Plate Modulators. The constant-current plate modulator utilizes
**f choke coil in the circuit which supplies plate power to r-f and
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a-f amplifier tubes, ns shown in 1- ig. 11. 'Die total plate current remains
constant by virtue of tlic inductance of the eliokc. The hislanuaioq,
audio-plate voltage is added to the plate supply voltage ant' over the
audio cycle changes the latter to At(l + M). The r-f inductance I
prevents the loss of h-f power in the audio tube, and the condenser ('

prevents (he short circuit of the audio-plate voltage.

The a-f tube, frequently called the modulator, supplies modulating
power, but the actual modulation occurs in the plate circuit of thV

j r-f tube.

-sTpsofp . .
The plate current of the a-f

tube cannot lie reduced to zero

during the modulation cycle

without introducing audio dis-

tortion. It is necessary, there-

fore, to operate the audio tube

with a higher zero-signal plate

current than the radio tube in

order to reach unity modulation without audio distortion. This is

done by applying a higher plate voltage to the audio tube, either

by using a ny-passed resistance in the plate circuit of the r-f tul*

or by supplying the audio tube tor tubes) through transformer coupling

as illustrated in Fig. 12. A further improvement is indicated in Fig. IS,

since saturation of the transformer core is prevented by eliminating the

d-c magnetizing component and since even-order audio harmonics are

canceled by the push-pull arrangement. The efficiency of the system is

increased by operating the audio tubes in push-pull class B. In trans-

Mod

Fig. 11.—Circuit for plato modulation.

Fio. 12.—Transformer-coupled plate modulator.

former coupling the total d-c is no longer constant but varies with the

modulation.

Tho voltage, current, and power in the plato circuit have the follow*
relations for sinc-wavo modulation:
Tube and circuit voltage.

H-f input power.

Average r-f input power.

Average output power,

, - (1 + m)E„

= (1 + m)*EiU

TF.v. - (l + ^£»J»
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Lerage audio input power,

R.f plate loss,

w. - ^Eji

»hcre Hi and h -= the d-c supply voltage and current, respectively

to the degree of modulation
n = the plato efficiency of the radio tube.

The plate efficiency is high (often 0.7 to 0.8). and the chief disadvantage of

date modulation is the large amount of audio power which must I* supplied.

The radio tube is operated as a . lass C amplifier with bias at approximately

two limes cutoff. Since the plato losses arc 50 |>er cent higher with full

modal"' inn than for unmodulated output, the tul« must be used at two-

tot!" its rated power. Low-mu triodes are suitable and ensure low plate and

^Gridd^alTbias helps in obtaining linearity up to twP^"^]';
Linearity may be cheeked by direct adjustment or by tost at 00 cycles with

a proper plate load for a range of plato voltage from to 2At.

14. Modulated Oscillator. Plate modulation was originally applied

direct Iv to the oscillator tube and circuit. Practically full modulation

mav be obtained with excellent linearity, but the arrangement has the

disadvantage of introducing f.m. The frequency of the oscillator varies

with the plate voltage, and, since in plate modulation this varies between

2&and during full modulation, the oscillator frequency deviates from

its mean value with the modulating signal.

The same circuits are used between the two tubes, and the same

vintage, current, and power relations hold as with a plate-modulated

amplifier Lint-aril v is obtained bv adjusting the value of the grid leak.

Modulated oscillator-: !ire now considered suitable only for lest equip-

ment in which the f.m. is not objectionable.

16. Copper Oxide Modulators. Copper oxide rectifiers are applicable

in bridge modulators and are used widely in earner-current telephony.

Thov function as currier-operated switches for opening, shorting, or

•versing the elements carrying the modulating currents.

Copper oxide rectifiers lire not suitable for use at frequencies much
above 1 Mc, except at low impedance levels on account of inherently

large shunt capacitance. They are compact in size and eliminate the

Wtcr connections necessary ui similar circuits using vacuum tubes.

Jhcy maintain a satisfactory balance in carrier-suppression circuits using

"Sluiced modulators.
The power-series current equal ion for a copper oxide unit converges

?Wlv, and its characteristics are expressed more easily quantitatively

* terms of resistance for different applied voltages. For voltages in

"w reverse direction and for less than 0.02 volt in the forward direction.

iv,istanco is high and substantially constant. For forward voltages

P^ween 0.02 and 0.6 volt the resistance is approximately

r = r <-*« (34)

?W A- is a constant which mav be as great as IS. For forward voltages

**B«-'r than 0.6 volt the resistance is low ami nearly constant.
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Representative circuits using cupper oxide units are shown in pi-, .,
and 11. In these figures,/, and f, indicate voltage sources at t |lP J?.

Tlie iinpedatices of the
and signal frequencies, respectively
source, signal source, and load are* Zr , Z„ and" '£u respectively
forward conducting direction of the units is shown by the arrow

' -'rri. r

'arrier

Tfct

bince the carrier and signal voltages are applied to conjugate tcrminnL
of the rectifier bridges, I he resistance effects are balanced. In Vie nthe output signal is short-circuited for one polarity of the carrier r-vrir
In Pig. 14 the effective connections between the signal source and the

ntctn rs

nfe±nefs
Fig. 13.—Type of bridge modulator using non-tube rectifiers.

load are reversed as the polarity of the carrier changes. This arrange-
ment is called a double-balanced or ring modulator.
The frequencies of the current components produced in the individual

rectifier units are determined qualitatively by an expansion of each
of the terms of a power-series equation for the current. Current com-
ponents of frequencies equal to the sums and differences of the integral
multiples of the carrier and signal frequencies appear in each unit in the
forward direction. These combine additivcly or differential lv in tin'

connected circuits depending on the polarity. In flowing through
the circuit impedance these current components product? voltages of the

same frequency which an: reimpresseil upon the rectifier units. Th"
haul result may he obtained quant itativelv only !>v a series of approximo-

n fc *nefs
Fig. 14.— Double-balanced or ring modulator.

tions. The frequencies of the components appearing in the circU"

impedances are indicated in Figs. 13 and 14, where n is any whole muni*3

or zero, nc is any odd number, and a, is any even number or zero. .

the output impedances are designed as filters to eliminate voltage*

5

frequencies involving uudesired multiples of /,. The useful output i*"*

ft frequency /, + /., and, when double modulation is used, the carw*
frequency / is eliminated. The ring or double-balanced moduU"^
differs from the simple-bridge modulator in having no term of frcquenw

/, m its output.

.101
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gv making the carrier voltage large in comparison with the signal

Jtigc "he terms involving multiples of/, may be reduced satisfactorily

fnuigiiiiude. The units arc operated with about 0.5 volt carrier across

lisk in the forward direction. The optimum impedance in the
ctfli

dl ami output circuits is

(35)

Lfcerc /'. and l{ r are the resistances in the forward and reverse dircc-

lions, respectively. The loss in conversion is then only 6 to 8 db.

Copper oxide bridge modulators differ from van der Bijl vacuum-tube

|
Hed modulators in that they transmit in either direction. They

Ction equally well as modulators or demodulators.

MODULATORS FOR P-M AND F-M WAVES
16. Phase Modulators, The usual method of producing p-m waves

to combine the output of a suppressed-carrier balanced amplitude
odula'or with an unmodulated carrier which

in phase by 90 deg from the original car-

A vector diagram of the carrier and the
•ft side-frequency components plotted relative

to the carrier is shown in Fig. 1"> for a single

modulating frequency. The net side-fre-

quency voltage E. is in the direction shown but
rarics in magnitude according to cos at.

The resultant phase-modulated voltage <,, varies
phase from the new carrier j&V by the angle,

b f-

\

A
I

I

<t> « tan 1—jjrr

—

can
cos tit

Ec'

luch. for angles less than about '2ii den., is approximately

FlO. 15.—Vector rela-

tions in phase modula-
tion.

B. cos at
TO, cos at (37)

T] ;i•resultant voltage varies only slightly in magnitude and is

e, — Ec cob fact + m, cos oi) (38)

J)
10" modulating signals at more than one frequency are present, the

arc proportional to the original a.m.. and p-m waves
rn
offic

^Produced
etc.,

™fj small phase departure of less than 25 deg. may be increased by frc-

b»L'"'-
v Itiplication of the instantaneous frequency. (See Art. 37.) The

"voltage is then

e,' - Ec
' cos bwd + nm cos at) (39)

\Sh Frequency Modulators. Frequency-modulated waves a re obtained

i, method described in the section above when the modulating signal
^Passed through a filter whose response is inversely proportional to

^ signal frequency. The instantaneous frequency is multiplied
^"d hundred times before the output is applied to the antenna.

Ncjii"
1" 1

'

11 direct method consists in controlling the reactance of the

Slit* tuned circuit by a reactance control tube in accordance with
"Rnal. A. typical circuit is shown in Fig. 16 as one of many possible
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arrangements,
that appearing ae

Radio-frequency voltage, shifted in phase 90 deg fe-.
across the tank circuit, by means of the resistant* 5

in series with the capacitance C, is applied to the grid 1 of the cent i

tube. The plate current of the control tube is 90 deg. out of nhJS
with the lank voltage and provides an effective reactance which'
controlled in magnitude by the modulating voltage on grid 3.
The change in oscillator frequency is proportional to the instantaneoM

modulating voltage when the control lube operates on a linear pari of j,

characteristic and when the total change in effective reactance is mudl
compared to the net average reactance.
Any component of control-tube plate current not at 90 di g. «itlithftank voltage will introduce a.m. This is eliminated bv adjusting thP

phase shift to grid 1 of the control tube.
The curve of frequency deviation from the carrier frequency should bt

linear with respect to the modulating voltage. It mav lie checked bv

Fio. 16.—Circuit of frequency modulator.

applying direct voltages, over the operating range, to the modulating
grid and observing the oscillator frequency.
The circuit illustrated in Fig. 16 provides f-m waves when the modulat-

ing voltages are proportional to the amplitude of the signal. If thf

signal is passed through a filter whose output is proportional to tbl

signal frequency before application to the control tube, p-,n waves am
produced.

FREQUENCY CONVERTERS AND MIXERS
18. Class A Frequency Converters. A power-series expression f,,r

plate current accurately determines the output of a tube used in doul*5
modulation service when the plate current is not swung to cutoff.

The signal and local oscillator voltages e. and e„ may be applied to tW
same or separate grids. The third term of the series A -c1 of F.q- l

,B '

when expanded yields the i-f plate current,

^ m A.EnE<r„(\ + m coa at) cos (m ± Uc)t (40)

Tp -fc" Z
when the signal and oscillator voltages are

«. = Ee (l + m cos at) cos u>,l

and
Cn = jfc'o COS u,J

and r„ and Z ore the plate and output, impedances, respectively.
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The impedance of the output circuit at the i-f frequency is usually

M large in c pa risen with the plate resistance to be neglected. It is

Stable io use a low-impedance primary winding in the output circuit

KJjoiles in order to obtain the best conversion gain,

flic output of a class A frequency converter is low since the capability

i
tdo tube is not realized fully, it is a van der Bijl modulator with a

i^nijc in -frequency between the input and output carriers. When
nnsol' higher order than A 3i- are negligible, the operation is according

l» square-law characteristic, and there are no spurious iuterniodulatkm

Iponscs. The output voltage may then he expressed as

eu. = —f—=— (I + A^f) COS uu.l

-^-=S,&(1 + It) cos Uit.<

(41)

(42)

ihlTC

I tmxo
rib

I Cou

ivcil

tkere U represents the instantaneous modulation. .SV is the conversion

menmhiclnncc which is the i-f plate current per volt of applied signal

rthe selected oscillator and bias adjustments.
Cotivrrxion gain is the ratio of the voltage developed in the i-f circuit

Wally measured at the grid of the following tube) to the signal voltage
ipplicd to the converter tube.
19. Superheterodyne Frequency Converters. Frequency converters,

Wnctiine.i called fi-rsl detectors, in superheterodyne receivers are operated
*hli as large a local oscillator voltage as possible without endangering
toa-lincar i-f response. This ensures the highest conversion trans-

tnduclaucc and conversion gain.
When i be signal and oscillator voltages are applied to the same grid,

•nc tul):? is biased nearly to cutoff in the absence of oscillator volagc, and
*• oscillator voltage is made a volt or so less than that which would
to arid current. Plate current then flows for the positive peaks of

voltage and is cut off for a large part of the cycle. The plate

-J modulated by a relatively small signal voltage, and the sum
'difference frequency components (usually the latter) are selected and
•"HjJ'l in the plate circuit as the i-f output.
Hie conversion transeonductanee under the most favorable conditions

exceed about 0.3 of the transeonductanee of the same tube as an

J?
'Pliiier. Limited a-v-c bias may be applied to the signal grid for control

'

an
''""version gain of variablc-mu tubes.
Special Converter and Mixer Tubes. Interaction between the

'±ru oscillator circuits of frequency converters produces undesirable
Intnr detuning. This may be reduced somewhat by coupling the

voltage to the suppressor grid or to the cathode of a pentode

fcT-^'cr tube, but even these expedients are ineffective when the

ESnl;1 H" difference between the signal and oscillator frequencies is

Sri*
:ls m tnc h-f binds of so-called all-wave broadcast receivers.

f',
r

pentagrid mixer tubes, such as the 01.7 tube, have been designed

(».{.
"'! "''lev-converter service which give superior performance due to

i^':
r shielding between the signal and oscillator grids, high plate

2J*')ce. high conversion transeonductanee, and suitability for a.v.c.

»i2l
?'""> designed multigrid converter tubes of several types arc also

' , ' 1*' in which two of the electrodes serve as the grid and plate

•ill-.

Treat

tin.
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of the oscillator circuit. The electron stream as initially conlrollM
the oscillator is modulated by the signal applied to a screened
Kr

l
t
l
The best stability and conversion gain for u-h-f signals are oL_,

with a high i.f., with a separate oscillator tube, and with the signal,
oscillator voltages applied to the same grid of the converter tube

21. Spurious Responses. The desired signal input npplft-d to
verter tubes must not he sufficient to draw signal grid current or to^,,
the plate current to complete cutoff for the positive peaks of oscillate
voltage (luring maximum modulation. Too law a signal produn*
harmonic distortion of the envelope of the i-f carrier.

The linearity may he checked by measuring the i-f output for a raner
of unmodulated signal voltages for the oscillator and bias condition*
selected For full modulation the linearity is satisfactory to hiUf the
signal level indicated by the test. Such "a test is analogous to that

described in Art. 9 for modulator tubes, but in this case it is difficult i«

develop a sufficiently high plate-circuit impedance at a low test frcquenw
to simulate the value at i.f.

Strong interfering signals of a number of definite frequencies produn
spurious responses in the output. A signal at the converter input,

cither higher or lower in frequency than the oscillator by t he i.f., produn*
equal response in the tuned output circuit. One of these having ben
selected as the desired signal, the other is known as the image reftpon*

and must be attenuated in preselector circuits ahead of the convert*
tube.

Other spurious responses are due to the terms .4 sc
J
, .4 4 < \ etc., in lh

expression for plate current. These terms are absent in a tube with I

square-law characteristic but are present in a normally operated convert*
tube for which the series converges slowly.

With insufficient preselection at high levels of interfering signal »"

interfering program response may be beard, e.g., when the second har-

monic; of the interfering.signal carrier frequency differs from the ftincw-

mental of the oscillator frequency by the i.f. "When a desired sign"' L"

also present, a beat between the intermediate frequencies from the tw
signals is rectified in the second detector.

This spurious response is predicted from the expansion of the term ^
whore

e = E, cos <o.t + Ei coa ml + Si cos u<t
'

'

where E. and Ei are the amplitude coefficients ;l t the signal and iiitcrfcriP*

frequencies. The desired output is

(II
AiE.Eo cos (uo — <>.)/

and the particular interfering output is

MAtKi'Eo coa (2ti),' — wa)t

Other interferences may Ik- predicted from the other terms uf the exps""^
of Ate', Ate*, etc.

DETECTORS
22. Two-terminal Rectifiers. Units having asymmetrical l-f'

cl
^J

acteristies, and therefore having inherent rectifying properties, ^
suitable as detectors or demodulators. Many crystals possess

'noni^ but arc rather unstable and will carry only small currents

Knper " xi(le rectifiers are satisfactory at low carrier frequencies but

uve high self-capacitances which prevent their efficient use at high

rtrrier frequencies. Diodes have low capacitances mid are suitable

hiuh carrier frequencies at any level of impedance which can bt

Bmlopcd in tricir ,nPut circuits, diodes have high voltage-handling

capability and give substantially linear demodulation when used with

proper load circuits.

lor positive voltages

i - h{e + eo)
?i

Tlic <nirront-voltaj?o characteristic of a diode changes from an exponential

nrvc for negative voltagos to a Ji-power curve for positive voltages. For

ugatii'c voltages

(40)

(47)

where f,i, ci. A, and co are constants. *o and e increase with cathode

temperature; ci is nearly independent of operating conditions; and h increases

mtb cathode area.

A pnwer-series static characteristic converges too slowly for practical

ulysis. and actual experimental curves are iwil in circuit design.

23. Diode Peak Detectors. A diode used with a load impedance that

high at zero and modulation frequencies in comparison with its forward

resistance is an excellent peak or envelope detector. Satisfactory

performance without audio distortion at liigh signal levels depends on
the design of the associated circuits. Rectified load voltage, either

PMitivc or negative with respect to ground, is developed in the load

resistance which is by-passed ill carrier frequency, as shown in Fig. 17

Input

(4i)

(b)
Fio. 17.

J?tage

J-Jtas,
•ndbij,

d-c

(c)

? 4-

Typical diode detectors.
'

' current flows onlv for an instant at the peak of the carrier

in the forward direction. The pulses of current charge the load

condenser to nearly the saint' voltage rus the carrier envelope

i the diode beyond cutoff except during the short pulses. Neglect-

slight h-f variation between pulses, the voltage across the loud

cc is proportional to the carrier envelope.
_

harge, which is replenished at each pulse, must leak off sufficiently

the fallowing pulse for the bias voltage to follow the earner enve-

it s maximum slope. The critical relation is
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1

aKC (48,

where a /2s- = modulation frequency
R = load resistance
C = by-pass capacitance
to = degree of modulation.

The capacitance (.' is made large enough to by-pass the carrier bur I
enough to reproduce the modulation. Since full modulation isM
user! at high frequencies and since the harmonica of the higher frequei

,

cannot be heard, it is sufficient to follow to about 0.8 modulation •

5,000 cycles in detection for sound reproduction.

300

-50 -40 -30 -20 -10

D-C Volis Developed by Diode

Fig, 18.—Rectification charac-
teristic of diodo.

r

r
4

/
/

/
/

Fig, 19—Load
Peak Volts

t ecl ihcal ion diagram
diode.

Figure IS shows tho recti ftcation characteristic of a typical diode. .!'.-

j

tified current is given for several steps of r-tn-s input voltage in terms of
.

load voltage. Tin'.- hnracrei istics may ho del.eruimed by test at 60 :

' VI '"

according to the iriHliorl of Art. 9.

The ratio of the d-r collage Bj to the peak value nf the applied volts
is the voltage oflicicncy of the diode.

E,
(it)

Curves for constant efficiency plotted on Fig. IS would have the same geiipr"

characteristic slope as the load-resistance lines shown.
Figure 1!) shows a load rectification diagram fur a lOn.OOO-ohm gBj

resistance as taken from Fig. IS or plotted directly from test data. l
J

linearity of Fig. 19 indicates that a diode is suitable for signals as lar!»vj,,

can be supplied hy the previous amplifier ivithnut overloading. The
iStit

departure from linearity at the origin shows a small amount of inhere

distortion for small input signals.

«. 10!
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, , rf^reneo between the peak B-o and the d-c voltages is almost propor-

Th
!7 he reed ed current A and. except with small input steals, is«iuiva-

*fu"n rcsUtanefdrop in series with the output. This effects internal

frulc
re-isiance R.i is

E. - Ei

It
Rt — (50)

i Kourier series expansion of the pulses of current shows that the

,M ,-, e-ital component at carrier frequency 18. twice the d.r
.
m the^^Sl percent error. Titus the effective input resistance of the

fade i T

It, - ST =
E.

21i

Mr
2t\1 ,i

I!

' 2„
(31)

The impedance of the source Zo

mxlccrs a drop in voltage

op —Co
'i— a

.V.Y.V.\7JtJ. => 2ZaId (52)

aid the equivalent generator peak

mltagc An is

E„ - h(.R + R* + 22o) (53)

The above equations apply to ail

mmi inhibited carrier. In a practical Fin.

nircuil I he d-c load may be shunted

by other impedances at the modulation frequency.

in which R, is a decoupling resistor for a-v-c supply and «; '» "'\<> »^*"g^
resistor Si, with live by-pass capacitors 1 1 and ti, liltets

A-V-C l_||_w^w Mod.Ouipuf
Bias g '

20.—Typical diodo circuit.

Figure 30 shows a circuit

iliirl i! (or rl.c. The _

.

the h-f components from the output

Z, learner) - -

,

'

Z', (side bandsh
~?,a rcarrierJ

ZzW.C,}

Z'2 (Mod.)

The d-c load resistance R is

R - R, + Ri

and the impedance R' at

modulation frequencies is

(54)

low

R' = Ri +
RiRiRy

Rjti + R^Ri + RiRia
~ (55)

The ratio R'/R is called the

a-c/d-c ratio and is the most im-

portant single citcuil. relation in

the operation of the diode.

The modulation-frequency
voltage Em developed in the load

•» the modulation-frequency component of the load current K is

(56)

R(D.a-'Z-H I

r'(mqcU t _T
\Loadl\

Flu. 21.—Equivalent diode circuit.

E~ = R'I~

The corresponding generator side-band voltage E, relative to tho carrier

v0ha Ke is

E. = /»(«' + R* + 2Zo')

^ero 2e
'

j s the impedance of tho source at the side-

The equivalent output impedance #1 of the diode
hand freqtieooy,

is

(57)

(58)
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for the d-c component and

Zi = 2Z
for the modulation frequencies.
The diode nets like a motor generator with input and output impedeWhich depend on the connected output and source impedances. \r ,,Zlent diagram is shown in Fig. 21.

1 4Uit».
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24 Diode Performance. The relations between the rectified cum*,and the peak voltages ,v ,i|, native |0!ll) (i„ rins 1110dulatioii are showifi
I' IK. I ho impedance of the source to the side-hand frequcncS

\t here assumed to he the sai*
as for the earlier The ordi-

nates of the upper part of the
diagram are for d-e <ir modulating,
frequency load current. The ah.

scissas are for d-e or a-e peak volt-

ages. The load voltages are t!i.

current multiplied l>v R for d-c

values and by if for modulatis*
frequency values. The drop m
the diode ami in the source is tie

current multiplied by c2Z<, + /fj).

The envelopes of t he input, source,

and voltage are shown for OW
cycle of full modulation and for

one cycle of mod illation which

jusl reaches diode cutoff during

inward modulation. Specific di-

mensions are indicated for OW
point in the envelope Fig. 22

The figure is exaggerated for pur-

poses of illustration. The output

voltage across resistor Rt in rfc

20 is reduced further by the volt-

age drop in resistorifi (not shown)-

The peak of output vollaK* B

clipped and the envelope of tw
input voltage rises when the deg**"

of instanlaneous inward Hindu*"
tion of the source exceeds theVM*

equivalent degree of modulation which can be produced without clipping

Dcrmissible distortion D is

» - 1 - 1.330^ <G2 >

Tllt. unidirectional output voltage Kl at the terminals of the diodo in

^„1S of the currier voltage Bo '4

E«R (03)
2Z + fa + ft

_j the demodulated output voltage B
JJrce voltage E. is

in terms of tho onvelo|»e of the

' 2Z

Further reductions in output volt-

fm not included in the almvo analysis

Kt present under certain conditions.

The output voltage is reduced by

git ratio

C
C +Cd

(05)

then the diode capacitance Cj is ap-
preciable in comparison with the capa-

auiin-c ('.
i ft

When the capacitances C„ and C

bwc appreciable reactance at the ear-

ner frequency, the charge leaks off

npidlv lietwcon current pulses, and
the voltage is reduced by an amount

is equivalent to ft voltage drop
in scries with the output load due to

•B equivalent resistance tt„ which is

It,
jr

(CO)

Fio 23.—Diode detection with reac-

tive load.

22.—Diode detection with resis-
tive load.

.1/
2Z ' +RJ +If
2Z + Ri + R

(60

as shown by the shaded area in Fig. 22. This is the reeiproeid of *
factor by which the degree of modulation of the source is increased »
terms of the current.
The degree of modulation which is subject to linear detection may

increased by making If nearly equal to R or by increasing Z .

A Fourier anajysis of a sine wave of which one peak per evele is clipped W
a fraction V indicates that the r-m-s distortion d is approximately

d » 0.7V*

•htic (w '2r) is the carrier frequency.
Thi' capacitances Co and (' or Ci

AouM lH> approximately equal for best

Jjrforiiiance with respect U> peak

'"Eu'ii |,y Eu"
C
(ii0)?ft is undesirable to feed a diode from an untuned winding

ThM^oTof the voltage appearing across resistors R, and/or R< is cal-

«i)ate<l readily in terms of the total output voltage.
. .

When , "nsceptance of c.udenser C (or C, and f' ; ) is appreciable u. om-

^^.a\ h the conductance 1 /«', the dynamic load line foUows an eU.pw
•wh M ig shown in Fig. 23 instead of the slope l/R' as illustrated in I ig. 22.

*"* iiiodulntion output voltage is then

ff. =
E.R'

**eau of that indicated by Eq. (04).

jt/his departure from a resistive load

23.

\2Zt' +«d +R ,'+ jR'Ca{2Z tt
' + R<)[

(67)

os departure" "from a resistive load slightly increases the tendency to peak

liPDini! at high modulation frcqueucies as shown by the shaded portion in



346 THE RADIO ENGTNEEMSG HANDBOOK

The highest d-c output is required when the circuits supply a-v-. l-and it may then
i

Ik desirable to use an input transformer wif )I an
primary designed for optimum energy transfer.
The reduction of modulation-frequency voltages indicated by Euthe leas when the impedance ot the source to the side-baud frequencies V

<un.iunat(! of the diode input impedance. This is most nearly realpractice bv the use of an input transformer with tuned primary antf^Bmy, winch is recommended when it delivers a sufficient nm p,.i' volta^**In genera
. the input impedance R, is matched approximately to a.source impedance Z for maximum power transfer

The over-all voltage efficiency of the diode and its associated circuit.

direTvoUage
thG m0dulati0n «n.p :u'-a's m-d <u ;«V

25. Biased Diodes. Fixed negative bias applied to a diode to wr.vent its operation with very weak signals shifts the load line of Kig 22
parallel to its original position along the voltage axis. This results!!peak rliiwia lower degrees of inn.hih.tioi. of the sourer. \ separate
biaset^ diode lor delayed uv.e. should pot. be fed from the same clreufc
as a signal diode, since during peak dipping the voltage of the smiwt
rises as shown bv the shaded ureas in Fig. 22 or 211 and distorts Li
envelope delivered to the signal diode.
Peak clipping in a biased diode used for H.V.C purposes develops a lomr

rectified output during prolonged periods of deep modulation and lo-
calise liiiet nation ol the receiver gain.

26. Push-pull Diodes. Diodes in push-pull require a. minimum i

load by-pass eaiweitnnoc since only currier harmonics are by-passed
ground, bueh. circuits are useful whore high modulation 'frequencies
iiuisl be reproduced, as m video detection in television receivers
. 1 he input transformer for push-pull diode- •.. ;>l he eaivfulK Imlawwl
since the bias developed across the load resistan-e i< tipplied to both
noes. II the voltage peaks for one diode are less than the bias clcvelcpfd
by the- other, only one will function.

This condition is most critical when the diode efficiency is high, *
with high d-c load res, Quires. Lack of balai.ee is not so serious ill «
low-irnjiedaare levels used u, detect ion lor television.

27. Grid Detectors. The circuit elements connected between Of
grid mid the cathode of a grid detector act substantial! v the same tfJ
are determined by the same considerations as are the correspond!"!
elements in a diode. As with a diode the load on the previous circuit

gridT-ik
l° * '

'":l<l ° f aPProximil,,,,
.
v half Hit' resistance of thf

.

Figures 24a and 6 show typical triode and penlode power-grid detect*
circuits.

1 he tube must be operated with low plate {or screen i
volt*?

since hi the absence of signal there is no bias voltage. This
the useful plate smma. The range may be extended bv operating tW
tube from a high-voltage B supply with resistance coupling, or with »

couphng''
1

'

h
-y-P!,sii(l1 W :luf' io

>
with transform*

i

«^»*«Qn«M!y components are. filtered from the loud circuit

by LC or RC networks.
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•
The. operation is illustrated in Fig. 2o which shows the dynamic

harin i eristic including the plate load selected. This may be obtained

convenient frequency by the method of Art. S.

T R ++

(b)
Flo. 24.—Power grid detectors.

(a)
FlG. 25.—Power grid detection.

*J\ pulse of grid current charges the grid condenser at each positive

P-ak of grid voltage and establishes a negative grid bias with the same

J**s relative to the envelope as in a diode. The net applied-grid

after the loss fnot shown) in the source impedance is deducted.
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is indicated by curve a in Fig. 25. The instantaneous grid voltage dn.
to the modulated wave is superimposed on the bias and proi luces ins*?
tancous values of plate current as shown in curve b of Fig. 2;">. S
amplified useful out put is proportional to the avenge of t he plate < \irnZ
upon which the individual cycles are shown superimposed.

If the negative peaks of instantaneous grid voltage swing over ti»
curved lower portion of the characteristic, the audio is reduced and
distorted by partial plate detection. This effect is exaggerated in Fig 25
which shows more than normal curvature of the grid-plate chnructS
istic to illustrate even-harmonic distortion of the modulation frequcner
in the output.
The audio output voltage which may be obtained .satisfactorily »

about 0.3 to 0.4 of the corresponding value for the same lube when used
as an amplifier.

Power-grid detectors operate, over a limited range of voltages which is

insuHieient for a.v.c.

28, Square-law Detectors. The sensitivity of a grid-leak detector
f:>r very weak signals may be increased by using a high-resistance grid
leak. TJic grid then operates on a portion of the grid-cathode character-
istic which is substantially square law and over which the grid current
i< a 'ver cm olT. I'M.- method introduces harmonic distortion with hie!,

degrees of modulation and produces an output proportional to the square
of the carrier voltage. •

When the applied voltage is

e = Ee (l 4- to cos at) cos at (69

the power-series expression for grid current yields from the Irrm
for square-law detection

A»E.*f ffl i mi \
i$ = -TpO + 2m cos at + ^- + ^ cos 2 «M 7"

The audio component u of the grid current is

i'o = Aji'^m cos at + ~ cos 2 at^ (71)

The same audio components appear in the output. For full modul*
tion the second harmonic distortion is then 25 per cent.
A tube biased to a curved portion of its grid-plate characteristic oprr*

ates approximately as a square-law detector for low input voltage*
The output and distortion vary in the same wav as with the grid-lea*
detector for weak signals. However, the weak-signal plate detector
does not load the previous circuit and is therefore suitable for use a8 *

vacuum-tube voltmeter. It is seldom used for demodulation.
29 High-level Plate Detectors. A plate-circuit detector for largT

signals is biased nearly to cutoff in the absence of a signal, and a h'lf*

plate voltage is used to extend the range of operation. A tvoical eircui1

is shown in Fig. 26.
The operation is illusl rated in Fig. 27 in which plate current is plottC"

against bias voltage for the load impedance selected. The positi*J
excursions of the instantaneous grid voltage produce substantially n**

waves of plate current, the average values cf each pulse producing ft*

MODULATION AND DETECTION :; it)

•mlio voltage in the load, while the h-f components are by-passed to

.round. Curve a of Fig. 27 shows the instantaneous values of input

filial applied to the grid which is biased by the voltage — Ec
'. Curve 6

°[*,\vs i he instantaneous values of plate current superimposed on the

demodulated output. The effect

of the curvature of the grid-plate

ehoracteristic is exaggerated in

this figure to illustrate the even
harmonic distortion from this

cause in the output.

The power-series expression for

date current converges too slowly

for analytical purposes, and the

performance is determined by test.

The linearity of the output versus the input is shown in Fig. 28 which is a

load-rectification diagram for a pentode plate detector. This diagram

may be obtained by test at 60 cycles when the impedances arc made the

same as in actual "use. I/oad current is plotted against r-m-s values of

input voltage for the selected load and bias conditions.

Circuit for plate detection.

Fio. 27.—Analysis of plate detection.

.The intercept of the extension of the linear portion of the gnd-platc

^araetcristic with the £e-axis indicates the approximate value of bias

Jolt age for maximum output and minimum distortion, as shown by the

"totted line in Fig. 27.
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When the lube is driven hard enough to draw grid current, t!ie sown
impedance must be low or grid rectification will reduce and distort th!
output. Pentodes may be biased to draw no grid current over (lie work
ing ranee.

The degree of modulation which may be handled without distortion
is limited and may be calculated from the linear portion of (lie selected
curve of Fig. 28. A slight improvement in the performance over a
range of input voltages may be obtained by increasing the bias for large
signals.

While the performance of a plate detector is indicated by the curves of
Fig. 2S. ill'.' follow ing detecim quantities are often used:
The detection plate resistance A",; i>

Rj OK,

0I„ (72)

evaluated under operating conditions with a carrier Ec (or its equivalent at
60 cycles) applied to the grid. It replaces 11,, in detector equations.

I 4 & 6 7 8 9 10 11 12

R-M S Input Volts

I-'io. 28.—Load-rectification diagram of pentode.
The conversion transconductaneo Se is

* &L*
The efficiency of detection 1) is

(73»

where it is the amplification factor and is also evaluated under owrtf'a*
conditions.
The change in plate current duo to modulation is

. iiDmEc _ ScmErIid
" Zl +R~4

=
~ZL +Rd

(70

where >» - tho decree of modulation
Zl tlte load impedance.

30. Infinite -impedance Detector. A triodc self-biased nenrlv to pi*!**
current eul.olT by a large cathode resistance (by-passed for the carrH*
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•fteqacney) passes pulses of plate current at the positive peaks of grid

yoll:igc. These pulses act in the RC circuit of Fig. 29 much like the

pulses in the RC circuit of a diode with the exception that the energy is

obtained from the plate circuit.

The grid does not draw current and therefore docs nol load the pre-

ceding circuit. The bias increases with carrier voltage and follows the

modulation up to the limit where the degree of modulation is

In +

where I a = plate current for zero signal

/, = increase in plate current with signr.l.

A proper choice of R and (.' therefore permits full modulation without
pe:ik clipping.

The shunting effect of any impedance in the grid circuit of the follow-

ing tube can be made negligible, since R is smaller than in diode circuits.

Inpuf % T I—£—'AW'-tr j r-f

'I .

Fio. 29.—Infinite-impedance detector.

L The operation is linear up to an output level limited only by the plate-
Blpply voltage. A disadvantage of this circuit is its inability to supply
Wage for conventional a-v-c circuits.

DETECTORS FOR P-M AND F-M WAVES
31. Conversion to A.M. Phase-modulated or frequency-modulated

*aves are detected after being converted to o-m waves. In general,
s-tn. is produced when an f-m wave is applied to a circuit of which the
•jnplitude characteristic or the phase characteristic is non-uniform over
l >e range of applied eouipoueut side freiptencies. In particular, when

amplitude and phase characteristics arc linearly variable with
"Cquency, a.m. ]>roj>orlional to the original f.m. is obtained.
A current of t-he form indicated in Kq. (5) applied to such a circuit

Produces a voltage

e = J?(,/o[l + Sma cos (at - Pa)] cos [ud + m sin (at - Pa)] (77)

•here ,S' — slope of the impedance characteristic .iZ/Aw
P = slope of the phase characteristic .l^Alo) •

%a = impedance al the carrier frequency.
Such an impedance is obtained approximately, over a limited fre-

wtiry range, on the side of the resonance curve of a parallel-tuned
jyciin or near the resonant frequency of a series-tuned circuit. The
l^J'ltant voltage is amplitude-modulated at the modulation frequency
Jy to a degree Sum. The phase shift of the modulation envelope
j!}'' of the remaining f.m. or p.m. by the angle Pa is usually of no interest.
"e actual demodulation is made ordinarily in a conventional linear

•"Witude detector.
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For f-m waves the modulation index mt is inversely proportional i (1 ^
modulating frequency <i/2x and directly proportional to the depth of
modulation _w

m
> " V «78)

The depth of amplitude modulation wi„ obtained is

Ma = Sm/ti = S(±a)
(75)

For p-m waves the modulation index {m p ) is independent of the
modulating frequency. The output is then distorted unless thcdeinodu-
lated signal is passed subsequently through a circuit whose response is

inversely proportional to the modulation frequency.
The linear slope filter is a true frequency-amplitude converter. It

may be used as a phase-amplitude converter when followed l>\- a eorrec-
tivc network.

32. Frequency Detectors. A single frequency-amplitude converter
of any type responds to spurious a.m. present in the original -

Fig. 30.— Discriminator or frequency detector.

The differentially combined outputs of two detectors, operated from
converters with opposite slops, produce a net output which is linear

with respect to frequency but zero at the carrier frequency. This
arrangement gives no output from a pure a-m wave when the circuit »
carefully tuned to the carrier. During the reception of desired f-n>

waves, spurious a.m. is also detected, but with a lower output than with
a single detector.
The response to spurious a.m. may be further reduced bv an amplitude

limiter ahead of the frequency-amplitude converter.
Figure 30 shows a typical discriminator for the detection of wide-hunt!

f.m., similar to the type used for a.f.c, but designed to be linear over the

required frequency-deviation range. It combines two opposite slop*

converters in one device and may be operated from a single i-f amplifiW
or limit er. The primary voltage plus half the secondary voltage i*

applied to one diode, and the primary voltage plus half the secondary
voltage, in reversed polarity, to the otlier diode. The difference between
the two rectified outputs is obtained by the series connection shown.

Typical response curves for discriminators are shown in Fig. 3 ''

Ihese curves may he obtained bv observing the d-c output voltaff
over the required range of frequency deviation at a definite level »•

unmodulated carrier voltage applied to the grid of the previous tuW
under selected operating conditions. The separation of the peaksJ*
the characteristic is determined bv the mutual inductive reactance A":
The linearity is controlled by loading the tuned circuits- with a resist*

'

S-c- 10

1
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g or by adjusting the diode resistors li-Ii. Curve a shows the output

-ith too little loading, and curve b, the output with excessive loading.

33. Phase Detectors. It is necessary to use a frequency detector for

-.tn waves, followed by a corrective network, when the modulation

Index is greater than about 0.5 radian, in order to avoid distortion

of tin- demodulated output.

When the modulation index is small,

jp-m wave may be combined with an
auxiliary carrier synchronized 90 deg.

out of phase with the modulated ear-

ner. The composite wave is then nni-

plit ma -modulated by the reverse of the

prongs indicated in Fig. 15.

MISCELLANEOUS APPLICATIONS
34. Grid-bias Amplitude Limit ers.

An overloaded class (' amplifier with
grid-leak bias may be user! as an am-
plitude limiter at low and intermediate

frequencies. The connections and re-

presentative input-output curves are

shown in Figs. 32 and 33, respectively.

The tube is operated at low screen and
plate voltages to prevent excessive cur-
rent in the absence of a signal and to

provide a low overload point.

The resistance It is selected to

provide bias, due to pulses of grid

current, at a rate which forces the tube to plate-current cutoff over
pester portions of the i-f cycle as the input voltage is increased. The
exiu i value of resistance required to give a uniform output over a range
of input depends on the impedance of the plate load and on the supply
voltages. Curves a and b (Fig. 33) illustrate the output with too small
ami ioo large resistances, respectively.

Load

current

+
as f
/

-Jf J

//
//
/

Fio. 31.- Discriminator charac-
teristic.

-

5

in—

Oufpvf

Fio. 32.—Grid-bios limiter.

.The grid current loads the input circuit, and the curves are obtained
6V applying the input voltage to the grid of the preceding tube. The
^pi'citor C is made as small its is consistent with over-all gain so that the
fr'd bias mav follow rapid changes in the amplitude of the input.

36. Diode Limiters. Diodes may be used as limiters cither in series

:[ parallel with the load. Figures 34n and b show two typical cxam-
P'<j* of manv possible arrangements.

fi

"» Fig. 31ft, when the resistances of the source and load are equal, the
ntiii diode passes current when the input voltage is more positive than
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apa
.

eristanceS ho

a 20

— E/2, and the second diode when the input voltage is less than +c
So current reaches the load outside of these litnits except th^H

acity coupling between the diode elements. It is desirable t,] l;t | if:

largo compared to the forward resistances of the
The circuit is suitable at low frel

queucies of input signal when I.

time constant of the circuit b£. — .... „„„
paeitances with the resistances
small compared to ilw, pr>riotl ol

the wave.
In Fig. 346 each diode is nan.

conducting as long as the output

+S +10 +15 +20 +25 +30 w'tuge is less than ±E. For

Input db larger values of voltage (±),JM
Fin. 33.-Grid-biM

.
italtcr charac- tilt T^ 0i

?
W

"'T'
9^^

torisiie, With lis low forward resist nine.

For effective limiting, the reskt-
ances of the source and load must lie considcrablv larger than the diode
resistance

Limiting stages may he used in cascade, alternated with amplifvint
stages, to obtain nearly rectangular !-f wave forms.

In both arrangements shown

**** ° Ri % r,$

in Fig. 34 a small bias voltage
may be needed for symmetrical
limiting on both half waves to
neutralize the zero-current diode
voltage. When limiting in one
polarity only is needed, one diode
may be omitted.

36. Threshold Limiters. A —
typical example of a threshold Input
limiter for quiet automatic Volume
control is illustrated in Fig. 35.
In the absence of a signal the
first, diode is biased beyond cut-
off hy the d-c drawn through the second diode

Output

Output

i'io. Hi.

(b)

Types of diode limiters.

nie second diode. When the signal
sufficient to develop a voltage drop in 1! equal to — E, the second diod *

biased beyond cutolT while the first functions as a normal detector wit h"" 1

bias. At signal levels at which each diode carries some current, there*
peak clipping when the signal is fu

A-V-C8ias
-WW.

j-—i
1

peak cupping when the signa
_L (FS /3\ X modulated.

hput^ j £ 37 , Frequency Multiplier

i sp { R 1—— >-E ™™ with a non-linear grid-ph
-A- J, 5 jwteri^tif r.^ntQin? I... ...... ... \**c

Via. H5.

ers. Any

K .atc
char-

acteristic contains harmonics of tfj'

input frequency in its plate circiij';

The output circuit raav be tuned to

desired multiple of the original (r|"
... _.i/S|ll?

Threshold limiter for
Q.A.V.C. — """"f: ui tiie tine'

„ quency and the other conipoi" »
•

by-passed to grou nd. Frequency multipliers are used only for const'11 ' 1
"

amplitude or telegraph v, aves. •
•

When an a-m voltage wave

e B(l + m cos at) cos tot

10
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lied to a square-law tube, the third term of Eq. (10) yields a modu-

irrent wave at twice the original carrier frequency

i m 4fpfi + 2m kos at + y + t C,IS 2a
<)

,
'oa 2wi (80)

tod
«'

fti! new degree of modulation m' for the fundamental is

_ **
. (81)

2 + m*

Id i there is a. second harmonic modulation

m" . H^-, (82)

When a p-in or an f-m voltage wave

e = E cos {wjt + M sin at)

applied to a square-law tube, the third term in Liq. (10) yields a modu-
lated current wave at twice the original carrier frequency

i = A^L CoS (2c*! + 2m sin at) (83)
&

I
An expansion of the power-series expression for plate current shows

that the degree of modulation of an a-m wave is increased by each

multiplication and intolerable distortion results. The modulation

index m and the carrier frequency are multiplied by the same figure

in the successive irequenev multiplications of p-m or I'-iu waves.
1 Class A multipliers, in which the plate current is never cut off. are

inefficient. More economical use of the power capability of the tube is

lealizcd in class C service where the grid-bias and input voltage are

adjusted for maximum output. The expansion of the power scries

(Hi) then contains many frequency terms of more than twice the

"NRhi.d carrier frequency.
jthe proper operating conditions are best determined by test. The
"jus is approximately that for plate-current cutoff in the absence ot

%ial in doublets and somewhat greater than this for triplers. A slight

Jjnoiuil uf fecdhack at the harmonic frequency increases the output and
,!>e plate officiencv.

.Higher harmonics than the third may be selected for laboratory work

**Vl" l;"h the. available power is limited.
Iwo lubes rnav be used in push-pull with increased efficiency. The

""'puis are connected in parallel for doubters and in push-pull for triplers.
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SECTION 11

AUDIO-FREQUENCY AMPLIFIERS

By Glenn Koehler 1

1. Classification of A-f Amplifiers. An a-f amplifier is usually defined

moiii' which is to work in the range of frequencies from 20 t<i 20.(1(1(1 cps.

Amplifiers for this purpose mav be either selective or non-selcctiva; i.e.,

thev may bo made to amplify substantially a single frequency or a range

of frequencies. Ordinarily the terminology implies that the amplifier

mil work over a range of frequencies.

There are four general classified ions of vacuum-tube amplifiers. 1 hose

classifications relate to the manner in which the tube is operated with

Aspect to its IrE, characteristics. They arc class A, class All, class li,

ina class C. , .

A class A amplifier operates in such a manner that the output wave
form for a single tube and nnv kind of output impedance is substantially

the same as the in put waveform. In a class A amplifier, operation must

t«kc place such that the dynamic characteristic is nearly a straight hue

over the complete cycle of the input e.m.f. Ordinarily the grid in a class

A amplifier is not driven positive. , .

A class AU amplifier is operated with more grid bias than a class A,

ami the grid is driven positive with respect to the cathode. In this

class of amplifiers the a-c plate current for each tube flows for less t han the

lull oliO electrical degrees of the input cycle. This type usually requires

•omc driving power. It requires two tabes in push-pull to give an output

*»vc form that is nearly like the input wave form.

A class H amplifier is operated with sullicicnt grid bias to reduce the

late current almost to zero when no input Voltage is applied, tor a

angle tube the a-c plate current Hows for only 180 electrical degrees of t he

inimt cycle. It requires two tubes in push-pull to produce an output

*»ve form that is nearly like the input wave form.

A class C amplifier is operated with more than sufficient grid bias to

fcducc the plate current to zero when no input voltage is applied. I late

""Tent flows for less than 180 electrical degrees of the input cycle. It

Squires the use of a selective circuit in the plate circuit in order to give
*n output wave form that is comparatively free from distortion.

2- General Requirements oi an A-f Amplifier. An a-f amplifier must
tet'sfy the following general requirements:

I
The gain of the amplifier must conform to a certain aniplification-

^Suuiicy characteristic. -

The output wave form must, not contain more than a certain amount ol

[""otoriion that is generated in the amplifier itself.

I 'Dopartiuont of Electrical Engineering, University of Wisconsin.
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3. The Rain of the amplifier must he sneh that a ecrtain output nn»—

.

obtained from a Riven input voltage.
poww ],

•1. The noise and "limn" le\el of the amplifier should he within a »~assigned limit.
1 a &*

5. The gain should not vary much with the usual variations in d-e m*.ntiiiK voltage, temperature of filaments, etc. P"'

0. The input and output condition* should he such as to work the amnliBnout of a certain source impedance into a certain load impedance.
'

3. Elements of an A-f Amplifier. The n-f nmnlinVr tube aete at*power converter taking continuous power from the hatterv or d-c soon!
in the plate circuit and converting this power into a-e power ThTconverted power is used to set up a voltage across an impedance in theplate circuit for the case of a voltage amplifier, or to supply power to aload for the ease of a power amplifier. For carrying out this function
each stage of an amplifier must be furnished with an input coupling
device, an output coupling device, and the necessary sources of power to
actuate the tuhe For the case of a multistage amplifier the input
coupling device of one tube may be the output coupling device of the
tune ahead of it.

CLASS A AMPLIFIERS

4. Voltage Amplification per Stage, a. Simple Theory. A single
tnode amplifier is shown in Fig. ]. The voK-
age-aniplilicalioti theory given below applies
to a tube of three elements or more when oper-
ated as a class A amplifier without external
impedances in any of the elements other than8i r «- pc cc 1 ne anode or plate circuit. Jn the simplepi/ Lj theory the iuterelecf rode capacitances of the
tube and socket arc neglected.
The two important constants of the amplifier

tula' .ire the amplification constant n and the

plate resistance r,,. The tube acts as a souica
of alternating c.m.f. which is controlled by the

input voltage v... This equivalent source which
lias a voltage

.
ar, and an internal impcdaaoe

r,,sct* up a c. Ill the external impedance/,. Thon.c. through % prodUC*
an alternating voltage across Z„ which is (he output voltage c...

The
voltage amplification, or voltage gain of the amplifier is

1.—Triodo
fier.

ampli-

A - -A, — jc =
r, + Z.

(1)

In tins expression /„ = £ + jX. and B. and Ee are the vector values of
e, and e„ Voltage amplification is also a vector quantity. The collage

is used as the reference vector. Fig lln , •> s |,„u,s , |„. V11 |,.,K,. amplified
t on in per cent ol „ plotted against ratios of output impedance to pW
resistance: for eases where, Za is a resistance /r.,or a reactance AV

,Jlecause of the approximate way in which the ear responds to sound,
t.e., logarithmically u is convenient to express the gain of an :implifi*r

.

logarithmically J he unit is the decibel, which is equal to '0 times the
common logarithm of the absolute value of the voltage ratio Hence the
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-in in decibels is 20 log 10 |A r l. The power gain m decibels can be deter-

mined from the voltage in decibels, only when the input and output

EJpcdaiiees arc known. Strictly speaking the power gain in decibels is

,hc more fundamental quantity.

h Effects of the Inlereleclraite Cajmcilance. The location of the inter-

jpctrodo capacitances for a trio.lc are shown in Fig. 3. These capacitances

ioiild include the tube itself and the socket. The capacitances given m
Ac tube handbooks and manuals are usually for the tube alone. In

oia„ v cases the socket intcrelcctrode capacitances are as large as for the

jibe" alone. When the socket capacitances arc not known it is good

practice to add about 4 «if for adjacent electrodes and 3 ppf for all

others except in the case where the grid coniC3 0Ut the top which requires

1

1

f

i
II !

Fia. 2.—Voltage amplification of a
triode.

Fui. 3. THodc amplifier

showing iutorcleotrodc ca-

pacitances.

«o change from that given in the handbook. Multigrid tubes used as

•lass A triode amplifiers arc treated similar to the triode when there are no

impedances in any of the other grid circuits.

The voltage amplification A. for the circuit of Fig. 3 is

ju>C„ — Gpt
(2)

61 *hieh Y. - \IZ„, G„ - ii/rP . and GF - 1/r,. . .

.Usually the intcrelcctrode capacitances are not very effective upon A. over

a-f range and the suseeptanccs juCap and juCpt arc negligible. Under
"tesv conditions Eqs. (2) and (1) arc identical.

„ 6. The Input Impedance. The input impedance of the tube shown in

Fi
K- 3 is the voltage E„ divided by the current /„ that would flow in the

Sternal grid circuit. For a high vacuum tube, when operated so that
t*c Krid never goes positive, the current /„ would be the vector sum of the

'"Heats through t lie capacitances C„ and C„t. Since these two branches

effectively in parallel, it is better to consider input, admittances.
*"c expression for the input admittance is

(3)
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Tin: voltage am pLiflc-afjoQ J
(2) or (I; when the iti t

*

Wl
a Negative

The impedance is the reciprocal of )\-_

is a vector quantity and is obtained from Kq. ,

electrode cupncil ant es are negligible in their effects upon .!,. When t

output impedance is a resistance, the value of A. is u-uallv a tieeatS!
real quantity, and the capacitance f is multiplied bv (1 + |.-U). Und*
certain conditions when the impedance '/.,. has an inductive rcactanc*
the input impedance is made up or a capacitive reactance and negatiS
resistance. This is an important consideration in an n-f amplifier because
it may cause sustained oscillations which in turn mav cause very hud
distortion.

'

150 200 250 300 350 400
Plate Volts

Fig. 4.—Load characteristics of a triodc.

The input impedance of an amplifier tube is an important consideration
when designing multistage amplifiers. As a general rule this impedance
plays a part in the performance of a voltage amplifier for all frequencies
above about 3,000 eps.

6. The Power Amplifier. Tbe t nbe that is used to deliver power to »

utilization device such as a loud-speaker is generally called a 1«>ieet

amplifier. For this tube the voltage amplification is not a consideration,
but the power sensitivity and the amount of power that can be converted
without appreciable distortion are important. The power sensitivity I s

the power output in watts for a unit volt impressed on the grid.

The power sensitivity is given by the expression.

Power sensitivity =
(«. + r„)=

when the output impedance is a pure resistance IK. The power scnsili"**
is a maximum and eouul to fi* 4r,, when ll„ = r„. However, this is m>l

.'"Jbest value of /i"u for maximum ujidistorted power output, From theoretic*
1

considerations maximum undistorted power output is obtnincd when f,*?
and when I he peak a-r input voltage is equal to tho grid-bias voltage. » w
R„ = 'It,,.

Po =
9fn

Sec HI A UDIO-FREQUESCY .4 Ml'LIFIERS

u-bcrr is the r-m-s value of the a-c input voltage. For maximum undis-

torted power output E
\f'2

is equal to the grid-bias voltage. Because the
(urrcat-voltago characteristics of a tube are not straight linos, the output
njuUiancv It. should usually lie preater than 2<-

; , to limit the seeond-harmonie
(urrcnt to 5 per cent of the fundamental.
The maximum power output and second-harmonic distortion 1 can be cal-

culated approximately for assumed values of load resistance by applying the
(oliowine relations and referring to Fig. 4:

Power output
(Imax. /mlp.) X (£uuu — £>min.)

8
(6)

x. "4" /mln.

Per cent second-harmonic distortion X 100 (6)

CLASS A MULTISTAGE AMPLIFIER THEORY AND DESIGN
7. Methods of Coupling. Multistage class A voltage amplifiers are

usually divided into three classes as follows:

I, Resistance-capacitance coupled amplifier, illustrated in Fig. 5.

r-ll-1—i i
II i ij—HH

Flo. 5.—Resistance-capacitance coupled amplifier.

Impedance-capacitance coupled amplifier, illustrated in Fig. 6.

Fio. 0.—Impedance-capacitance coupled amplifier.

Transformer-coupled amplifier, illustrated in Fig. 7.

Fio. 7.—Transformer-coupled amplifier.

H e
.

re a
.
rc several variations of the class 2 type. The resistances in

nc grid circuits may be replaced by inductee impedances. In getieial

\
' Sue nl,, Art. 82, See. 8.
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the elements in both the plute and grid rimy be any type of impedance*
as long as they pass d-c. The more common types are the one shown and
the one with. simple inductive impedances in both the plate and grid. \
single multistage amplifier may be a combination of these different
fundamental types.

8. The Resistance -capacitance Coupled Amplifier. This class
f

multistage amplifiers is illustrated in t'ig. S, with the interelcctrode

capacitances of the tubes shown in dotted line. Consider the voltage
amplification of stage 1, i.e., E,%IE,\.

_
Over a middle range of frcquencni

the voltage amplification is substantially independent of the frequency;
neither the coupling condenser nor the intcrclcctrodc capacitances have

Fia. 8.—Hosistance-capacitanco coupled amplifier showing tube capacitances.

any effect. At the low frequencies the coupling condenser C causes the

amplification to decrease with decrease in frequency, because there is a

voltage drop, in (.', from the plate of tube I to the grid of tube 2 which

increases with decrease in frequency. Al the high frequencies tin
1

interelectrodc capacitances cause the amplification to decrease with

increase in frequency because these capacitances lower the impedance
in the external plate circuit of tube 1.

Frequency Characlcrittic. The medium-frequency guin Au of stage 1 i»

_ . „ _ gW (-)

E,< " 0„, + G. + Gpt

in which

Ml „ 1 „ 1 1
G„i m —-, Gji - -s-, G„ - jr-i and Gpi - —

20 logio An will be used as the reference level, or zero level, to show wb»*

happens at low and high frequencies. The low-frequency gain, At, in term*

of medium-frequency gain is

<«>Al

in which G, = ^~?1n and C is the capacitance of the coupling c0°'

to 20 logioV 1 + {C./«0'. The curves of Fig. 9 show the relation bet***

C and C. for particular decibel losses at a frequency of 50 cps. The rU
, uy

may bo used to predict the decibel loss due to C at any other frequency/' .

(
multiplying the ordinates by 50//r and locating the known value of C on

t
new scale. Both scales may be changed simultaneously by multiplying W

A UDIO-FRBQVENCY AMPLIFIERS :j<>5Kc.ni

i«rtor x in order to provide a more convenient range for Ge . To illustrate the

J£ of the curves, suppose rrl m 100.00U, «„, = 200,000, and ft„, = 500,000,

Q.06r

2 4 6

m inMicromhos

Fto. 9.—Loss in low-frequency amplification due to coupling condenser.

then G, = 1.70 X 10"«. For 0.5 db loss nt 50 cps. it requires a coupling con-

denser C equal to 0.0125 pf.
[' The high-frequency gain, An. is

> which C. S C„i + Cpu + C,u + CV(1 + \A,t\) (see Fig. 8), and
[56.' - Gp, + Gp + G„i.

J\ J

7f
tffl

f
t f
/ / /

—

-

Ge'in MfcramhM

10.—Loss in high-frequency amplification duo to interelectrodc

capacitances.

.The loss due to the shunting action of the effective capacitance C. at tho
4iKli frequencies is 20 logioV 1 + (wC./G,')1

. The curves of Fig. 10 show the
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relation between ('. and (!.' for various decibel losses i>l n frequency of 10,000
cps. For a frequency /», multiply tho present ordiuatos by 10,000//,dR
locate the capacitance C. on the new scale. Suppose C. is equal to $4 ^
then for 1 he values Riven in the example above G, - 17 X 10 ' and the losa ai

10,000 cps is about 0.5 db.

In an amplifier of this type there is some phase distortion at botli the

highest and the lowest frequencies which the nmplilier will pass wit hum
appreciable loss. The change in the phase angle of the vollage amplifica-

tion with the frequency is, at low frequencies Oi. = tan" 1 G, wC, and st
high frequencies it is On = tan-1 wC/G,'. The phase shift in the

amplifier, i.e., the angle of departure of .4, from 180°, is illustrated by
Fig. 10h. This figure also shows how the decibel loss below the gain

nt the medium frequencies depends upon wC,/G,' at the high frequencies

mid (1, wC at the low frequencies.

9. Design of a Resistance -capacitance

Coupled Amplifier. When considering

the proposition of using a certain tub*

in stage 1 (Fig. 81, to drive tube 2 and
also give a preassigned amount of gain

for stage 1, the first question is what will

be the response at the highest frequent}

to be amplified. This question is settled

by determining the effective capacitance

C, (it is assumed that .-l rJ is known) and

using the curves of Fig. 10 to find the

value of G,' for the allowable loss at tb*

highest frequency. This value of G,' will

determine the medium-frequency gain of

stage I see I !q. 7 . In calculating Ci

the intereleetrode capacitances given M
the tube handbooks and manuals must be increased by 'A to "1 fiyf t°

include the intereleetrode socket and other stray capacitances except for

the electrode that comes out the top of the lube.
To determine the size of the coupling condenser C for a preassigned

response at the lowest frequency, ii is necessary at this point in the design

to fix the. size of G., : , or and G... or H„. The following consideration*

are pertinent to fixing the sizes of these resistors. It is always well t<>

use as small a coupling condenser as possible. Hence, because of the WW
that C depends upon G.n , R.,- should he as large as possible but should

exceed the maximum recommended value given in the tube t;i1>los.

any event the product of RC?C should not exceed approximately 0-V?

because of the tendency of C to become charged from a very small Kr
J'J

current and thereby cause the grid bias to become shifted. For a P 1
*'4

?!

value of G + G„s, and this is fixed when G,' is fixed for a given tube, it »

well to make Ro somewhat higher than the plate resistance rP i
to redu'

distortion if the tube i.-. worked very hard. On the other hand, R* 1-0

suines d-e voltage which must be supplied by the plate-voltage soiirC*-

10. Impedance-capacitance Coupled Amplifier. I'nder this class'
I"'*

tion of multistage, amplifiers would fall almost any type of e«oi"
|

"'|

except transformer coupling. Resistance-capacitance coupling ""j

special characteristics and is therefore treated under Art. 8. The
accepted types of the classification herein discussed arc the two s

'".'Li

in Figs. 11a and 6. The type shown in Fig. 116 is sometimes can

Ftu. 10a.—Decibel loss and
phase shift for resistauce-enpne-
itanco coupled amplifier.
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joiible-impedanec coupled. These types have frequency cntiracteris-

|jcs inferior to the resistance-capacitance coupled amplifier but possess

sonic other advantages, for example, it requires less H supply voltage

to give the same plate voltage because of the much lower d-'c voltage
jrop in the plate circuit. By a double-impedance scheme the gain at
the low frequencies can be made higher than the gain at intermediate
frequencies. This is sometimes useful in frequency-response equalization.

{ a ) - Imped anee -Resistanee

Capacitance Coupling

(b)-Double Impedance
Capacitance Coupling

Flo. 11.—Impedance-capacitance coupled amplifier.

I'm- the type shown in Fig. 1 In 1 he voltage amplification for stage 1 at
medium frequencies is

E,\ G'pi + Get Tfl + lift
(10)

*n which = fi 'rr i andC/pi - 1 ,'r„ for the tube of stage 1 inid6' i - \/R,-.
In simiic eases it may be necessary to add tho core-loss conductance for /. 1 to

Tho voltage amplification at low frequencies in terms of .-Itr is rather
involved. It is

Am

LT, / r,,^ yr r /. 1 \ 2 1 -j

;
*

T \rrl + R,,J Lw'Loi*^
1 T R.th**C*J R,,*o>>L.,C + rr ,'R.i>aK"- j

5'hcn C 5 0.05 iif und Rs: 5; 0.5 megohm and / 5 50 eps, this equal
••duces to

(11)

ion

A 1. Stf

V 1 + 5ci»(^r^fc5

<12)

Jf'-m Kq. (12) it is seen that there is a loss in amplification at the low fre-™ l''a ies. The loss in amplification in decibels duo to insufficient reactance
"* el>-.ke is equal to

Tii
Art. 10 may be used to get t! .

for a given decibel loss at 50 eps by substitution

,ne enrves in Fig. 21 in Art. 10 may be used to get. the relation between
and jv.fl,,/^,, + «,)

*
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i«i for L. and rr iR,t/(.rP i + for /J. This holds true as long as the 1dm
is not less than 0.5 dl>.

At the high frequencies the voltage amplification. .4m, is

Am -
An

(13)

: n which (.'. is the effective capacitance duo to the tubes (see Art. K). plus i|u .

distributed capacitance of the choke, and Gt equals Gp\ 4 f/t ; plus :i con-
ductance l//f« due to the core loss of the choke. The relation between c.

and Gt at 10,000 cps is the same as that given by the curves of Fig. 10. (See
explanation in Art. 8 for extending the range of the curves.)
The type of amplifier illustrated in Pig. 116 has some interesting churae-

(eristics. The medium-frequency amplification is An = jui. neglecting the
core losses of the two coils. For the case in which «/..; is several times

ft: , i and is at least three times r,i,

the amplification per stage at low

frequencies in terms of that at me-
dium frequency is

7

6

1-4

|3
Z

1

-e,
|

tj

m ?m t

^3
4

)

Q-

/ X

At
Am

(HI

where /r =

a - ——

^

0.5 1.0 1.5 -7.5 3.0 3.52.0

f/fr
Fia. 12.—Low-frequency characteris-

tic of a double impedance-capacitance
coupled amplifier.

7>1 4/ Rla 2

Using the medium-frequency K""1

as the reference and plotting

2oiog„^(^y+(i -£)'

as ordinates and/,'/r as abscissas for various values of 0. the curves of F"*-'^

result. Those curves explain the characteristics of this type of coupij"*

and furnish quantitative information on how to fix the values of ,

for a particular performance at the low frequencies. At the ficqiiencj r

the gain, or loss, in decibels is equal to 20 logu The curves also show m>

the gain, or loss, varies with the frequency / for a particular case. The pn^
distortion at low frequencies would lie very bad for an amplilier of tins tyi"'

At the high frequencies the amplification per stage. An, is

(16)
Ah =

Vl + {wC.'/G.V

where G.' = l/rP i plus the conductances due to the core losses in the •**

chokes
.

C. = (?„», + C„, + C,kt + C„tU + IA„|) plus the effective

tributcd capacitances of the two chokes.
ftt

The quantitative relation between C. and (}. for iliffereut decibel '°f~z. in

10,000 cps can be obtained from the curves of Fig. 10. (See explain!'' '

Art. 8 for extending the ranges or finding values at another frequency.)
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Rbsistancb-coiplbd Amplifier Chart
HCA Itci-civing Tube Manual

> •- blocking condenser in pf Rc — cathode resistor in ohms
K. wm cathode by-pass condenser in ui Hd screen resistor in megohms
KJ m screen by-pass condenser in ui Hg — grid resistor in megohms
ghb plalo-supply voltage in volts Hi. » plate resistor in megohms

vnli:ig.! oitt|>ul in poiik \a\u< V.G. — voltage gain

•it 1BT: Sec 6SQ7 and 6BS, respectively,

IA6- 6B6-G, SB7 : See 0N7. 6SQ7. iiml 6H8. rrafHictivcly.

iSs, 6B8-G, 12C8, GB7.1B7:

Ebb

Rl.

(JO ISO 300

0.1 0.25 0.5 0.! 0.26 0.5 0.1 0.25 0.5

ff'
0.25 0.5 1 0.25 0.25 0.6 i 1 0.25 0.5 1

O.S 1.1 2 8 0.5 1.18 1.2 1.5 2.8 0.55 1.2 2.9
Rc 2.200 3.300 fi'llOll 1.200 l.'JOO 2.100 2.200 3.500 1.100 1.000 2..500
Cd 0.07 l>. Ill 0.04 0.08 0.05 o.on 0.0.5 0.04 1)

. OS) 0.00 0.05
Cc s 2.1 1.55 4.4 2.7 3.2 3 2 5 3.5 2.3
C 0.01 (1 (107 0.003 0.015 0.01 0.007 11. 1)03 0.003 0.013 11. DOS 0.003
Eo> 28 33 29 52 30 55 53 55 80 100 120
V.G. 1 33 35 85 41 55 ee S3 115 47 79 150

fCd, fiCS-G, (6C6, «JT, 6JT-G, 6J7-GT, 6WT-G, I2J7-GT, 07 as triodes):

Ebl> 90 180 300

Rl 0.05 0.1 0.25 0.05 0.1 0,25 0.05 0.1 0.25

!«'
Rc
Cc
C

v.(;.>

0.1
3.400
1.62
0.025

17

0.25
1'.. IOO
0.84
0.01
22
11

0.5
14.500
0.1

nmm
23
12

0.1
2,700
2.1
0.03

US
11

0.1
3.HO0
1.7

0.035
11

12

(1 . 25
5.300
1.25
0.015
54
12

0.5
IS. 200
1.2

U.I HIS

,55

13

o .

.',

12.300
o .V,

0.008
52
13

0.1
2. (',110

2.3
0.04
70
11

0.25
.", 3011

1.3
11.013

84
13

0.5
12.3110
(i :,:>

O.uns
sr.

14

Kjs A- pentode, ice 0.17: m iriixlc. ot (it!").

•W-G (one triodc imit)t:

so ISO 300

0.1 0.25 0.5 0.1 0.25 0.5 0.1 0.25 0.5

0.25 0.5 1 0.25 0.25 0.6 1 1 0.25 0.6 1
3 TIKI 7.870 16,000 3.080 5. 1711 0.500 7

.

3,
".(I 12.500 2.840 li. UK) 11.500

1.18 0.81 0.43 t.84 1.25 0. ',>.-, 0.83 0.3 2.01 0.(10 0.48
0.0115 n.noi:;, o ofi:t.-, 0.012 0.012 ii 01)7 0.0035 0.004 0.013 0.00115 0.004

,
17 19 20 40 35 45 50 44 73 80 S3

1
20 23 24 22 24 25 28 26 23 20 27

I v°t
'""owing singe'.

yj'ngc across Kg at grid-current point.

Bl ,

;lKP *sin at 5 volts r.m.s. output.
. V^-i -|.. s f the two units have a common terminal.
kathodes of the two units have separate terminals.
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6F5, 6F6-G. 6FS-GT: Pep 0SF5.
6F3-G (one triode unit;*, 6J5, SJ8-C, 6JS-GT, 12J5-GT:

1-1 J.J.,1.11

n i.

so ISO 300

0.05 0.1 0.25 0.05 0.1 0.25 <]•

i

0.1

IlK 1 O.I 0.25 0.5 0.1 0.1 0.25 0.5 0.5 0.1 0.25
li.- 2.070 3.0-10 :>.:>: i

I . ISO 2.330 2.830 3.230 7.000 1.270 2.440
Co 2 . Il'i 1.20 0.55 2. 80 2. 10 1.35 1.15 (1 02 2.00 1 .42

IC ll.lttl 0.012 O.o:i7 0.032 0.038 0.012 O.IIOli 0.007 0.031 0.0125!
Eo' 14 17 18 30 20 34 38 3ii 51 50
V.G.' 12 13 13 13 14 14 14

0.23

O.t
•i.TTO

0.64
.0075
'.;

14

616, 616-G, 615-GT: See 0F8-G.
6J7, 6J7-G, 6J7-GT, 6W7-G, 12J7-GT, 6C6, B7: At triixlt-s. wc GC5:

Ebb BO ISO 300

0.1 0.25 0.5 0.1 0.25 0.3 0. 1 0.25 0.5

8f
0.25 0.6 1 0.25 0.25 0.5 l 1 0.25 0.5 t
0.44 t.!8 2.G 0.5 1.1 1.18 1.4 2.0 0.5 1. 18 2.1

Rc 1 .!tii) 2.000 5.500 750 1.200 1.000 2 . 000 3.100 450 1.200 2.200
Crl (1 05 0.03 (l.(l.-, 0.05 0.04 (1.(11 0.01 O.II2-. (I (17 11.01 0.04
Cc 5.3 3.2 2 0.7 5.2 4.3 3 8 2 5 8.3 5.4 4.1
C 0.01 0.005 0.0025 II fl! o.oos 0.005 o.'oi«.-, 0.00 25 0.01 (1.005 0.003
Eo' 22 32 20 52 41 no Ill] 56 81 104 i7

V.G." 55 85 120 60 03 118 110 ICS 82 140 350

c.i,5-n :

r.bb so 180 300

Rl 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 O.U

Rr'
Kc
Cp
C
Eo'
V.G.'

0.1
2 .

.'.DO

l.S'1

0.03
18
10>

. (1 2.".

-1.020
i ii-;

0.015
22
12'

0.5
10.300
0. 10

(1 III IV,

22
12'

0.1
2.210
2.2
0.03

-II

11'

0.1
8,180
1.40
0.03
30
12'

0.25
4.200
I.I
01 15

10
12-

0.5
4.700

1

0.000
50
12<

0.5
0.200
(l .-,1

II 1)00

46
12*

0.1
2.100
2.18
0.032
68
12*

0.25 0.5

1. 110 l»
1 1

o.lil

0.014 0.0073

13' '*

6N7« 6N7-G*. 6A6. S3:

Ebb BO 180 300

Si 0.1 0.25 0.5 0.1 0.25 0.5 0.1 0.25 of

Rr'
It ft
c

v.(;.>

0.25
2.250
0.01
19
IB

0.5
1 .'...Ml

0.(HJii

20
22

1
S..-.III)

11.1)1.3

23
23

II
. 25

1.700
0.015

10
21

0.25
2 .

-1511

0.015
40
23

0.5
3. Sill)

0.007
50
24

1

4.30O
0.0035

57
24

1

11. MID
0.(1035

5

1

25

0.25
1.500
0.015
S3
22

0.5
3.400

i. ik 155

87
24

•••lis

At 4 volts r.m.s. output. 1'or othr-r mark* see p.

X Viilues for ijhnsft-mvi'rler Hprvice.
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p.!.

I-

it

r

w
T.G.'

00 180 300

0.2S 0.1 0.26 0.05 0.1 0.25 0.05 0.

1

0.25

0.1 0.25 0.6 0.1 0.1 0.25 0.5 0.5 0.1 0.26 0.5
i 2011 C,..-,(H) 15.100 3.000 1 51)11 I1..VK1 7.600 11.700 3.100 8.400 15. 21 III

1.6 0.82 0.36 1.9 1.45 0.97 0.8 0.45 2.2 1.2 0.5
0.03 0.015 (1 111)7 0.035 035 0.015 O.OOS 0.007 0.015 0.02 O.OOU
21 23 24 48 15 55 57 59 80 95

7.7 S.il 9.7 8.2 9.3 0.6 0.8 13 S.O 10 %
jOI, 6Q7-G, 6Q7-GT, 1SQT-GT

;

m 00 180 339

El 0.1 0,25 0.5 0.1 0.25 0.5 O.i 0.25 0.5

sr
0.25
4.200
1.7
0.01
8
28*

0.5
7,600
1.2

O.OOll

11
32

1

12.300
O.G

II. 111)3

13
33

0.25
1 ,00(1

2 5

0.01
20
33

0.25
3.400
1.8
0.01
25
36

O.S
.1.1)1.11

1.3
0.005
31
38

1
4.500

1 . 05
0.003
37
40

1

7,100
0.76
(i 003
30
40

0.25
1 .500
3.1',

0.1)15
52
33

0.6
3.000

I r,r;

0.007
52
46

1
5.500
O.S
0.004
60
40

lit, 6R7-G:

Ebb 90 180 300

0.05 0.1 0.25 0.05 0.1 0.2S 0.05 0.1 0.2,5

it-

1(1 >

0.1
2 r,IX)

1.7
0.03
18
9

0.25
4 , 400
0.9
0.01
19
10

0.5
J. SIM)

0.42
0.007
IS
11

0.1
2. H.ll

1.9
0.03
40
S

0.1
3.000
1.3
0.03
35
10

0.26
4. 100
0.9
0.01
43
10

0.5
1.I.00

0.8
o.ooo
40
10

0.5
8. 880
0.4

0.006
40
10

0.1
2. 1)1 111

2
0.03
62

0.25
3.800
1.1

0.015
08
10

0.6
8.400
O.S
0.007
82
11

«T«S7tG

00 180 300

0.1 0.25 0.5 0.1 0.25 O.S 0.1 0.25 0.5

0.25 0.5 1 0.2.-. 0.25 0.5 1 1 0.25 0.5 1

!
0.05 1.0 3.5 0.08 1.6 1.8 1.9 3.0 0.67 1.95 3.9
I.IH) I . 520 2 .

Sim .540 850 800 060 1.520 440 050 1.080
0.001 0.011 0.03 0.07 O.OS 0.044 O.OKi 0.037 0.071 057 0.041

3.23 1.9S 6.0 4.8 4.7 4.4 8 8 5.S 3.9
0.01 0. 0035 0.(K 126 0.01 0.0071 0.005 0.0037 003 0.01 1). 1)115 0.0029
21 18 15 43 33 40 44 38 75 06 66
47» 66* 84* 06* 79* 104' 118' 134' 78* 122' 102*

«*5 ? volt* r.m.s.At output,
* volta r.m.a. output. For other marks acr p. 309.
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6SC7*. 12SCT»:

Kbh 113

1U 0.1 0.2.-,

Rn' ' 0.25
Ret ' 1.060
C 0.012
Eo> 5.(1

V.G.» 23*

0.3
3.750
(l.iMii

8.0
33

ISO

0.1

I

0.300
O.O'l.i

10
33

0.25
I .117(1

0,018
24
29

p.SS

ILL'.-,

i.sso
0.011
21
35

0.5
2. 1.-.U

li.ii ii,

28
39

1

2. ion
0.003
32
.11

0.5

1

3. 1211

0.003
32
43

3110

0.1

0.25
030

0.011
50
34

SSFB, 12SF6, 6F5, 6F0-G, 6F6-GT, 12F6-GT:

Ebb 00 180

Iti. 0.1 0.25 0.3 0.1 0.25 0.5

Rb 1

§0
Co
C
Eo'
V.O.»

0.25
4.800
2.1
0.01
5

S4>

0.5
8. sim
1.18
0.005

7
43'

1

13.S00
11.117

0.0! 13

1(1

46

0.25
2.o<io

3.3
n.m.-.

23
44

0.25
:i.5iKi

2.3
111

21
18

0.5
4. 100
1.8

0.000
20
53

1

1.30(1

1.7
0.004
32
57

1

11.000
0.9
(io:t

33
63

0.1

0.23
1 .000
3.7
0.01
43
49

6SJT, 12SJ7

:

Ebb

Rc
Cil

Co
C
Eo>
V.G.'

'.ill ISO

0.1

0.25
0.20
S80

0.0X5
7.4
0.010
23
68

0.25

0.5
0.U2
1 . 700
0.045
4.5
0.005
IS
03

0.5

1

1.7
3.800
0.03
2.4

u. my
22
110

0. I

0.25
0.:u
Mill

0.09
8

0.015
llll

82

0.25

0.25 O.S 1

0.83 0.01 0.94
1.050 1.000 1 . ion
0.00 (1 nr. 0.117
0.8 0.0 6.1

0.001 0.0(11 (1.003
38 17 54
1110 131 K'.L

0.5

1

2.2
2.180
0.01

I)' 0(12

44
102

o. 1

(I 25
0.37
r-,:(0

O.Oii

10.0
O.OIli

'.til

98

6SQ7, 12SQ7, 2A6, 6B6-G, 75:

Ebb

Hi.

Its'
Rc
Co
C
Eo'
V.G."

(10

0.1 0.25 0.5

0.25 0.5 1
(i.HDO 11 .000 10. 00(1

1.7 1.07 I 0.7
0.006 0.003
7 I 10

40* 44

180

0.1

6
29»

0.25
2 'II III

2.0
0.015
22
30

0.25

0.25
4.3(H)
2.1

0.015
21
43

0.5
I. Mill

1.8
0.(11)7

28
5(1

0.5

1 1

5.300 8.000
1.5

I 1.1
0.001
33
53

300

0.1 0.26

0.25
2 2(11)

3.3
0.004 0.015,
33 41
57 , 30

0.007
51
53

itf

A' volts r.m.s. output.
•At 4 volts r.m.s. output. For other murks see p. 360.
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oo

0.1 0.25 O.fi

0.5
s :m:\

1

0.01175 II

10 12
30= 33'

I

11.200
(I ll

.OII-I5

ISO

0.1 0.25

11.25 0.25
2.830 I. 110
2 . 25 1.5
0135 0.012
29 27
2» 34*

0.5
5.220
1.25
0.008
34
30-

1

5.020
1.11
0.005
30
38'

0.5

300

0.1 0.25 0.5

1 i 0.25
o. i io ••; mo
0.74 2

0.5
I . 580
1.35

1

8.20 I

11 82
0. Ill 1 15 ,1.0135 0.11075 11.0(1,-,..

30 AS 69 | 77
41'

,
32'

I
4{K 43'

6W7-G: Sec 017 and 6C5.
«Z7-G»:

Ebb oo 130 800

Rl 0.1 0.25 0.6 0.1 0.25 0.5 0.1 0.26 0.5

Rk 1

Re»
Cc
C
Eo'
v.n.>

(1 . 25
1.700
2.02

(1.0115
11

25

0.5
3.390
1.1

O.OOfl
16
30

0.030
0.01

(103

IS
33

0.25
1,100
2.6

g in is
28
31

0.25
1.820
1.71
0.012
28
35

0.5
2,110
1.38
0.007
34
38

I

2.400
1.1

11.01135

II

39

1
3. S'.IO

0.7113
(1035
3.X

40

(1 25
:i50

2.03
(1.1112

52
34

0.5
1 OSO
1 .10

(1 111)0

50
40

1

3.110
0.72

0.01135
70
44

1JC3 12F5-GT, 12T5-GT: See (1H8. fiSKS, unit GV'8-G. resjwctively.

H17-GT. 1207-GT: S i- 0.17 nml 0C5, ;,n<\ 0(17. n^[»'i livi4y.

12SC7, 12SF5, 12S07: S«. 6807, BSFS, I5SJ7. mid 2SQ7, respectively.

IS, 58, 66: Sec 6N7, 85. and 8P5-G, respectively.

17, 76, 76: .Sect',.17 and Ot'5, <>S(J7. and (il'5-Ci, respectively

tl»:

Ebb 00 ISO 300

Hi. 0.1 0.25 0.5 0.1 0.25 0.5 0.1 0.25 0.5-

5*'

Eo>
V.(;.>

0.25
2 200
0.015
8.4
29r

0.5
4.250
0.000
9.7
33

0.850
o.ooi

12
38

II 25
1 25(1

0.02
27
31

0.25
2.050
0.02
26
37

0.5
2. 150
ll.lll

3 1

41

1

2.750
0.0! 15

10
42

1

1 . 100
0.0035

30
41

(1 25
1 .0011

0.01
67
34

0.6
2.050
(1,11055

Of.

42

1

3.600
0.003
75
40

Si, 65;

Ebb 90 180 300

Rl 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 0.25

Rei
Ho
Cc
f.

0.1
4 000
1.1
0.03
19
4.0

0.25
O.O'il
ii 5fi

0.013
22
5 4

0.5
20 510
11.25
0.0'»7

1 23
|

5 5

...
4. 100
l.fl

0.045
44
5.2

0.1
0.200
0.9
0.04
87

, 5.3

0.25
s 7ini

0.7
0.015
47
5.5

0.5
in. mil

0.57
( x

50
I
5.5

0.5
20.000
o 20
0.008
48
5.7

o 1

1.100

0.045
74
5.5

0.25
8.300
0.54
(1.015

1 82
|

5.7

0.5
10.40!)
0.22
o.ooo
84
5.7

1 At 3 vol s r.m.s. on put.
'Ait volts r.m.s. output. For other murks see p.
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11. Design of Impedance-capacitance Coupled Amplifiers. The fipoli-
cation of the typo of coupling shown in Fig. 1 In to lubes of high p|ni»
resistance is limited principally l>v the amount of inductance that can
be obtained in choke. L„ without a large amount of distributed capaS
tance. The distributed capacitance of the choke adds to the tuba
capacitance and therefore helps to lower the amplification at the high
frequencies. Chokes for this purpose are sometimes wound in pie
sections in order to reduce the distributed capacitance. Of course, for
tubes having high plate resistance some or the maximum possible gain
can be sacrificed by lowering A',., to have a small variation in giiin over
the frequency range. This will make it easier to satisfv the requirements
at both the highest and lowest frequency.

For tubes that have low plate resistance, the design procedure is to
fix the value of. Ra2 so that it will not be greater than the maximum
recommended value or tho value which will keep the highest frequency-
response within the desired limit. The curves of Fig. 10 hit useful for
determining the limit to /co2 so far as frequency response is concerned. In
this figure for this purpose G. is equal to GP , | f;„,. phis a conductance
allowed for the core loss of /,„,. After /r„ 2 is fixed, the value of L , is

determined tentatively by the use of the curves in Fig. 20. For this
purpose It* on the graph becomes r^Re./(rpi + Rvl ). The last step is

to determine C such that the loss due b> it is not more than 0.25 db.
In some cases it may be necessary to check the results bv applying
I£q. (11).

For tubes that have high plate resistance, ihe design procedure is

about the same as the above except it may he necessary to work back
and forth from h-f consideration to 1-f consideration in order to obtain
the desired characteristics.

In designing an amplifier of the type shown in Fig. Hi the general
procedure is the same as above. In some cases the medium-frequency
amplification may be less than pi because of the core losses of the two
chokes. These core losses are equivalent to two resistances in parallel
from the grid to the cathode of tube 2 and their effect is similar to /(-jin

Fig. lln.

The following example will illustrate how to apply FJq. (14) and the
curves of Fig. 12. The plate resistance r,„ of the tube is 10,(100 ohms,
the allowed resistance for Ri.„t is 1,000 ohms, and the desired gain at

60 cps is 3 db over the gain at medium frequencies. From the curve*

of Fig. 12, Q must be \/2 to give the desired gain. From the expression
for Q,

L„t is equal to 11,000/2^50 which gives 35 henrvs. The size of the

coupling condenser is given by C 1 'wr
;/J(,,. anil is' equal to 0.29 uf-

12. The Equivalent Circuit of a Transformer-coupled Amplifi er :

The complete equivalent circuit of one stage of a transformer-coup'''"
amplifier comprises the plale resistance of the tube ahead of the trans-

former, the input capacitance of the tube after the transformer, a n(1

the equivalent circuit of the transformer itself. Figure 13 illustrates

the complete equivalent circuit, for one stage. This circuit does i'ot

apply to all types but represents the condition quite accurately f" r a

great many.
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In thi- diagram the symbols shown represent the following: pEt i is the

voltage geicrated in the tube sourco and rP i is the plate resistance of the tube
aourcc. /i, and It. are the primary and secondary winding resistances.

/,,, and arc the primary ana secondary leakage inductances. Those
inductances are due to the magnetic fluxes that link with each coil and not

the oi her, »..'.. the fluxes that are not mutual to the two coils.

(v. and C» are the effective distributed capacitances of the primary and
gccDiidary windings. Cm is the effective mutual capacitance between the

windings. C» may not l>e present in certain transformers. Sometimes Cm
is of a complicated nature and difficult to estimate. Cl is the inppt capaci-

tance of the tube load.

7.„ and R, are the magnetizing inductance and core-loss resistance of the
transformer. The magnetising current and the equivalent core-loss current

of a transformer are nearly proportional to the induced voltage.

L\ and Li are fictitious inductances necessary to transfer the current and
voltage to the load and to provide the proper phase chango from primary
to secondary. The phase of the secondary voltage with respect to the pri-

mary is important when the mutual capacitance Cm is equal to, or greater
than. 25 per cent of C. and Cl. The ratio of the primary turns to the

secondary turns is equal to VLi/Li. This ratio is called .V, the ratio of
transformation.

Fig. —Equivalent circuit of a transformer-coupled amplifier.

In Arts. 14 and 15 it is shown how tho equivalent circuit is Modified in

order to simplify matters. This simplification is possible for a transformer
«ltieli is intended to cover a range of frequencies like 50 to 5,000 cps and when
the variation in amplification over the range is not more than G db.

13. Calculation of Transformer Constants. The material under this

article applies to both interstage transformers and impedance-matching
transformers. The most important constants required in a given design
are the magnetizing inductance Lm and leakage inductances Lp and L,.

The magnetizing inductance Lm is given by the expression

L„ in henrys
I

(16)

Where jVp is the number of turns on the primary; p, is the relative perme-
ability; if the primary carries d.c, » r is the apparent incremental perme-
ability; A is the net area of the core in square centimeters and / is the
"can length of path in centimeters. When A is not the same for the

*{J'ire length of the path, the total reluctance must be calculated from
'he sum of the reluctances of the paths over which the net area is con-
•tent. To evaluate Lm when the winding carries d-c. current, there
"tost be available curves of it, plotted against the d-c magnetizing
J/npere-turns per centimeter for various flux n-c densities on the par-
ticular magnetic material. 1

1 Sec aLeo Sec. 2, article on Magnetic Circuit.
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The leakage inductances L,, and L. depend upon the eonliguratim
of the windings. These inductances are due to the fluxes that link
with one coil and not the other. For the type illustrated by Fig. \^

L, =L„ + A'«L. = tJ^S- j
(A + lh + 2/J.)f + |<2V -W
+ + lh) + 2I)i + (17)

where I), = D; + Ih + D„.
For an interspaced winding of this type, i.e., one in which one coil

i- placed between the two halves of the other coil, /,,, + .\:iL. is approxi-
mately one-fourth of that given by F.q. (17). All dimensions arc in
centimeters and are indicated in the figure.

jftO. 15.
Fio. 14.—Mm pie winding scheme for a transformer.
Fio. 15.—Winding scheme for low fcrTcctive capucitance.
Fio. Hi.— Simple winding scheme for n core-typo transformer.

The leakage inductance for a winding of I he type shown in Fig. 15
'*

approximately

+ *+'*)] (,8)

nice

L, - h„ + N'L, =
'JJJ/-[{«i + «2 + //)(^»

For an interspaced winding of this type the total leakage induct**
is approximately one-fourth of the value given by Kq. (18).

For a core-type transformer as sh iwn in Fig. Hi, in which half of cfl--

primary and secondary is wound on two opposite legs of the core, the

approximate expression for t he -kwtkagc inductance is

L, = hP + NSL, = + D, + />.)§' + |(ZV - ZV)

+ [l(D, + D,) + 2D; +
j
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for an interspaced winding of the core type, i.e., one in which one coil

„f inch leg is placed between the two halves of the other coil of the same
w the leakage inductance is approximately one-fourth the value given

bvV.q. (18a).

'F.r interstage and impedance-matching transformers the core losses

under most ordinary circumstances are usually small compared to the

Stopper losses, but for the sake of completeness the expression for the

win-loss resistance li, is given. It is

It
~ 2ir*10-"AVp*A

(19)

* ^ = totolcorejosspercc ^^ opcrHting wnditioilll

li = flux density in gausses.

It i- assumed that the hysteresis losses as well as the eddy-current

losses are proportional to li'-. It has been found by the author that the

hysteresis losses at low flux densities are nearly proportional to IP, but

sometimes the exponent of li is even greater than 2.

(a ) - Low Frequencies (b)-High Frequencies

Fio. 17.—Equivalent circuits of a transformer-coupled amplifier.

The distributed capacitance of transformer windings is due mainly
to the laycr-to-layer capacitances. The effective capacitance of a wind-
ing is approximately equal to the capacitance between the two mean
layers divided by tlie number of layers. In most causes the layers may
1* treated as parallel plates having a dielectric equal to thickness of

paper between layers plus 2 times the thickness of the insulation on
the wire. If the' dielectric constants of the paper and insulation are
much different, they must be treated accordingly.

14. Theory of Transformer-coupled Amplifiers. The characteristics
°f this type of amplifier are best explained by dividing the frequency
['"'!.'• into the low frequencies, the medium frequencies, and the high

frequencies. The equivalent circuits of Figs. 17« and 176 apply to

[!» low and the high frequencies. At the medium frequencies the corc-

J*» resistance R, is usual!v so large compared to r,t + RP + .V 1
/?.

wat the voltage amplification per stage, i.e., Bn/Bft - An in practically

Plunl to n\/N. Hence 20 logm (n\/H) will be used as the reference level

P decibels, and the performance at the low and high frequencies will

* tinned a loss, or gain, in decibels measured from this reference level.

..At the low frequencies the magnetizing inductance is effective and
nc 1-f amplification Al, in terms of An, is

(20)
J, . [ 1 {RP + r„)Re V
V 1 + luLm R, + RP +rp,}
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The loss at the low frequencies due to L„ is

in Fig. 20 may he used to see the relation between L„ and

= Up + t.

This case is so similar to the one illustrated hv the equivalent Hrcok
of Fig. 19a for an impedance-matching transformer I hat the curves given

Wp + .

R< + r„ -«
for various deciliel losses at 50
cps. In many cases It, is so large
compared with r,Pl and It,, that
the quantity

(Rp + rpt )Iic

R. + R, + r,i

Hence in most eases tt„ + rp \ can
be substituted for lt t when using
the curves in Fig. 20 to determine
L„ for a (riven loss in decibels.
The curves of Fig. 20 can lie used
for any other froquencv /, by
multiplying t he ordim.tes'hv.W 1,

and locating Lm on the new seat).

At the high frequencies the
leakage inductances ami the tube
ami distributed capacitances «f-

fect the voltage amplification.
For cases in which (' is small

Fig. 18.—High-frequency characteris-
tics of a transformer-coupled amplifier.

compared to C, + CL , the amplification at the high frequencies in term*
of A ,ii is

Am
(21)

The gain, or loss, equals

where QT =

= l/VLiCr nadf, = l/{2x<*/L&)
C. = (C„ + C. + C/J/JV'
fi, - rpl + «„ + -we,
L,=Lj,+ .V'L.
C£ = C,* TTWl + |i4,,|)

= the ratio of primary turns to secondary turns.
,rhe curves of Fig. 18 show how the loss, or gain, varies around t»S

frequency f, for different values of U,L, The best results are obtain*
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ten a,L,/R, is approximately equal to 1. This can bo accomplished

to sumo extent by controlling L, and C, in the design.

When C„ is not small compared to C, + Cl, the voltage amplification

is
approximately the value given by Kq. (21) times

+ C. +C. + C~fr
>

where JV may be either positive or negative in numerical value. N
is positive if the two coils form a single winding in one direction about
the common core when connected together at the cathode ends, and
negative when the windings arc in opposite directions. The mutual
cap.ii itance may be avoided by the use <n sialic shields.

. 16. Design of Transformer-coupled Amplifiers. Usually transformer
coupling is used with voltage amplifier tubes that have a comparatively
low plate resistance. This is necessary to obtain the desirable char-
acteristics at the low frequencies because the magnetizing inductance

'for a given l-f response is almost directly proportional to the plate

resistance of the tube. It is essential also that the d-c plate current
be as small as possihle so that it will not saturate the core of the trans-

former. The magnetizing inductance L„ is the first consideration
in the design of an interstage transformer. The curves of Fig. 20
ran he used for determining the value of L„ for a given decibel loss at
the lowest frequency. In the preliminary procedure the core loss can
be neglected and R„ + r,i can be substituted for lt t in Fig. 20. An
allowance of 8 to 10 per cent of r,,i is made for the primary winding
resistance.

The amount of voltage amplification per stage required at the medium
frequencies is nearly equal to the amplification constant ^ii times the
rutin of secondary turns to primary turns; in the theory this is jii/JV.

Practical values for this ratio are 2 to !. It" higher, dillieulty is experi-
enced at. the high frequencies because of the tube load and distributed
capacitance of the secondary windings, even though the leakage induc-
tance is very small.
The performance of the transformer at the high frequencies depends

largely upon the leakage inductance and the capacitance of the second-
ary winding and tube load. This is illustrated in Fig. 18. For practi-

cally constant gain up to any frequency/* either the frequency/, must
be at least two times/* or else the winding must be so designed that

" /* and the quantity u,L,/R, = Q, is approximately equal to 1.

Interspacing the windings of a transformer, placing one winding
between the two halves of the other, lowers the total leakage inductance
™y a factor of one-fourth but generally results in a much higher effective

JjJI'acitancc. Therefore the net result of interspacing is not to raise
•be frequency f, by a factor of 2. F.vcn if J, were raised by a factor of 2,

quantity Q, might be reduced below 1 at f, and the gain of the ampli-
"cr would not be constant up to /r .

. Winding the: transformer like Fig. 15 except with interspaced coils
« very effective in reducing the capacitance of the windings, but this is
Vt

!"Y uneconomical as to space.
l'hc theory and design given hero apply to input transformers as well

J
8 interstage transformers. The input transformer must be designed
0r a particular source impedance and a particular tube load.
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16. Impedance-matching Transformers. When si given loud resM
unci' It, is not of the proper magnitude to result in maximum powcrinto
the load from a source which has a resistance A*,, n transformer is inter,
posed between the source ami the loa<l. Because of the resistaneei
of the transformer windings ami the losses in tin? magnetic core tl»
transformer will consume a certain amount of energy itself. In addition
to the energy lost in the transformer the magnetizing current causes*
loss of power to the load at the low frequencies, and the leakage induct,
ance causes a loss at the high frcipiencies. For a transformer of this
type intended to cover a range ol" frcipiencies, it is convenient to divide
the theory ami design into three phases, namelv: low frequency medium
frequency, and high frequency. Figures 19a, 6, and c represent the
equivalent circuits that apply to each of these phases of discussion

(aRw Frequencies (b)-Medium Freque rides (o)-Hfgh Frequencies

Fig. 19.—Equivalent circuits of an impedance-matching transformer.

In'In the figures /.'. is the internal resistance of the smile.-; It, anil It. a.- ,

primary and sc< lary winding resistances: /,„ and /.. are the leaknge-fliu:
inductances of the primaries and secondaries; /,„ an<l It, are the niaguetiiirut
inductance and core-loss resistance: and V is the ratio of primary turn* to
secondary turns.
The current in the transferred loud resistance at the medium frequency f»

used as the reference level. Referring to Fig. Wh ami letting It, - R, + R,.

R» = (K. + rt,.).V>, It, = -

1 +
R,'

8nd *• " R + fli

Ri(R> + RO/R,
(22)

In many cases It- It, is so small compared to I that lu = E (K- + Ri).
Vpt the low frequencies Fig. l!)u ajiplies. and the current //. in terms o"

lu is

h - In

\ I + lt<l

(23)

Then 20 logio ^1 + ~~ is tbc losa due to L„. Figure 20 shows the relni""1

between Lm and It, for various losses at n frequency of 50 cps. Tor any ntlwr •

frequency multiply the ordinate* !<y oil / ami locale /.. on ihc new *<:dc-

.tnw, because of the linear relation between /... and It,, both scales may <*>

changed simultaneously by any facto, x in order to provide a more conveiueM
raiigo for R,. lor most eases, since It- is several times It ih lantit.v
is equal to /fi/(l + R,/R.).
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For the high frequencies Fig. 19c applies, and the current In in terms of

lu is

u = £24)

Then 20 logic ^ 1 +
(«i + R>)

\ l + ye, + r,)*

is the loss due to the leakage inductance

80

70

-60

I 50

£40

^30
20

10

.Pa_w \p\

0.
s .

f-50cps

1 2 3 4 5 6 7 8 9 10 If 12

iZ4 (multiply by 1000)

Flo. 20.—Loss at low frequency due to magnetizing inductance.

0.20

23456189 10 I) 12

Rj+R3 ( multiply x 1000)

Fio. 21.—Loss at high frequency due to leakage inductance.

''Kuro 21 shows the relation between the total leakage inductance

Li - + -V'L.

gW the resistance Ri + Ri for different dccihol losses at 10.000 cps. For any
other frequency/., multiply the ordinatus by 10.000 /,. and read L on the new
''ale. Also l>oth scales may bo changed simultaneously by a factor x in
0|,dor to provide a more convenient range for Iti + Iti.
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1 he procedure in designing a transformer or this kind is to first detm,mine the size of core and number of primary turns in order in obtain,value nl L.„ which will limit the loss to a preassigned amount In thi.procedure it is necessary to allow for the winding resistances l{„ ami R
I he expression for L ts given in Art. 13. The next step is to fix
ratio ot turns and the number of secondary turns lor the desired va\1of transferred oad resistance. The final step is t„ determine the styleof winding that will keep the leakage inductance within the limit which
is allowed for a given loss at the highest frequency.

PUSH-PULL POWER AMPLIFIERS: CLASS A, CLASS ABAND CLASS B ^
17. Graphical Analysis for Push-pull Power Amplifiers. The circuitdiagram ef the push-pull type of power amplifier Is shown in Kig. 22.W henever possible, the power stage of an

atimhlier should he operated in push-
pull. Then- are several advantages of
push-pull operation over a single-ended
power stage. When a single tube is
operated so that the efficiency of power
conversion is reasonably high, the har-
monics an- also high. In push-pull oper-
ation the even harmonies cancel out in
the dual load resistor. (\msc (|ucntly,
fora given percentage of distortion, the
operating voltage can he adjusted 80
that each tube will deliver more power
into a load resistor than a similar single
tube will deliver into its optimum load
in a single-ended power stage.
The graphical analyses for all three

sentkllv Hi* a,,,™ fn
classes of push-pull amplifiers are Msinti.UI> (he same. I he magnetic field in the core of out out trius-

!?Z
e
«r",h*

fUnCt'°n °f til
f-

«f the a-c eu^e,
,

.s he wtMde. of the primary windings. Hence the analysis is the same except

tube uhieh has I,-h„ characteristics e yalent to the algebraic sumof the characteristics ot the two push-pull tubes. These an- called the

Kig'
J

23 ?
,

;r
f/'"',''"

;
>f ,h0 pl,sh ->'" 11 111111 ««• illusir.' tnl in

/ F curve » r
Um re

Jl
PwmU 'he algebraic s, f the

r%r r t !£* H1 '* fo
,

r a *nA P ;|to»tial of E, + ., I1( | the
lrE„ curve of the other tube for a grid potential of A — A/' &
is the grid bias vo tage. The,, the load line, which is the cd r^isiance

iCZ^^TVT Pnmary
f'

Ul
'T ?

f tn,nsfor,„er, is drawn a<£3in composite VA,, curves through the d-e operating noints CiirreB?

~osit
r
'}' 0<

c'

fr

r
m thC

"Vr^'T ".f -mVosite foSd line and "he
omposite /„-A„ l ues are the algebraic sums of the a-c currents inthe two primary winding.. The effect U the same as though

'

li e' n-e

were™ °F?
1

n
rm 'Kh

-

"n" ,.'
rim:lrv soiim' impedance

H n
'°

V"" 'W'11
,

" f ' of a composite /,,/', curve.Hence power output is gi\'en by the relation

TubeA

TubeB
Fiu. 22.—Schematic of a push-

pull power amplifier.

(25)
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where £„ = r-m-s a-c voltage from one grid to cathode
ii = amplification factor of either tube

Tp = reciprocal of the slope of a composite lp-Ep curve

Hi. = load resistance

.V = ratio of the turns of one primary winding of the output
transformer to the turns of the secondary winding.

The power output can also be obtained from the peak values of a-e plate

current and plate voltage which are labeled l u and Eo in Fig. 23. It is

P„ = (E /o)/2. The distortion can be obtained by plotting the. current

in the load resistance and analyzing the curve according to the method
given in a previous section of this handbook.

Plate Volts -Upper Tube
100 200 300 400

<W0 300 20O
Plots Volte Lower Tube

Fia. 23.—The composite characteristics of a push-pull amplifier.

18. Class A Push-pull Power Amplifier. In the class A push-pull

amplifier a-c plate current flows for complete 3f>0 deg. of the input cycle,

end the characteristics of the tube are nearly straight lines over the

complete range of the a-c plate and grid potentials. The composite
l,<-Ep curves have approximately twice the slope of the separate I p-EP
curves from which they are derived. Hence rp in Kq. (25) is approxi-

mately equal to r„/2 or half the plate resistance of cither tube. Then
class A push- pull

l\ = p'ESRlN'
(26)

Class A operation gives the best wave form for the current in load
Resistor, but the efficiency is lower than that obtained by class AB or
class B operation.
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Equation (20) furnishes information for the design of the. outnut
Iransfor r for i he rla>~ \ push-pull ainplilier. Referring I o the desuS
relations and turves of Art. Hi the generator voltage is pE,, and the
resistance of the source, viz., llh becomes r„/2. The transferred load
resistance is K,.\'-, where .V is the ratio of turns for one primarv windina
to the total secondary turns. The value of /ct.V

5 to he used hi ICq (26)
is equal to one-fourth of the plate-to-plate load resistance which ia
usually specified in tube handbooks as the host value to use for a given
tube. Hence the allowable values for the magnetizing and leakage
inductances can he determined from Figs. 20 and 21.
The design of the input transformer becomes essentially the design of

an interstage transformer which is given in Arts. 11 and lo. To pre-
serve a balance in tile magnitudes and phases <if the two .secondary
voltages, the two secondary windings must be kept symmetrical with
respect to leakage inductances to the primarv resistances, and distrib-
uted capacitances. If the two voltages applied to grids of the push-pull
amplifier are less than 180 deg. apart, the net grid-to-grid voltage which
will be effective in producing output power will be less than the algebraw
sum of the two voltages.

19. Class AB Push-pull Power Amplifier. In the class AH push-pun
power amplifier a-c plate current of each tube flows fur less than 300 deg.
but mora than 180 deg of the input cycle. The grids mav or mav not
be driven positive with respect to the cathode. Tor this t vpe of amplifier
the reciprocal of the slopes of the composite characterisi ics lies some-
where in between r,, and rp/2, and the quantity rp

' in liq. (25) must he
determined for any particular set of operating conditions.
The design of the output transformer is carried out according to

Art. 16, where /f; becomes >
' and fd.X2

is the load impedance which
must be used in establishing /„„ and L, for each primarv winding. Since
the two primarv windings are carrying unequal currents, care must be
taken in the position of each primary winding with respect to each other
Bad to the secondary winding. The effective leakage inductance will
always be higher than it would be for the same transformer if both pri-
mary windings were carrying equal and opposite currents for all point*
of the input cycle.

Class AH push-pull amplifiers may be so driven that their grids go
positive with respect to the cathode. Hence the input transformer
design depends some on whether or not there will be grid current in the
secondary during a part of each positive half cycle of the grid voltage.
\\ hen there is no grid current, the design is the same as that given for the
input transformer of class A push-pull amplifier. When there is grid
current, the. load on the driver tube varies over the cvele going from a"
load for a part of the cycle to a maximum load current which causes
quite a drop in the grid voltage of the class Alt tubes. Hence the input
transformer must be so designed that magnetizing inductance will he
high enough for no load conditions and have such a ratio of transforma-
tion that the output voltage of the driver tubes will not van- much over
the cycle. The driver tubes should have as low plate resistance a*
possible. T,ow leakage, inductance and winding resistances also hell) t°

reduce the flattening of the crest of the input voltage to class AH tune*
20. Class B Power Amplifiers. For class H operation the d-c grid

anil plate potentials are adjusted so that plate current for each tube
flows for only slightly more than 180 deg of the input cycle. In the

s«t. ni AUDIO-FREQUENCY AMPLIFIERS 3S5

Lpbieal construction the 1P-EP charts for the two tubes are adjusted

C « particular set of operating voltages, so that a large part of be

I /•• corves of the tubes coincide with the composite Ip-bp curves.

Onlv the low values of /„ of each tube will be different from their algc-

brair siiin. Hence in this case rP
' = r„ and the power output is

_ v}ESRJV_ (27 )

where r„ depends somewhat upon the amplitude of E, and should be

determined for a medium value of Es .

I'm- class H operation each primary of the output transformer carries

current of the fundamental frequency for only alternate halves of the

input cycle Hence the effective leakage inductance of the transformer

Is materially higher than it would be if both windings always carried

coual and opposite currents. The criterion on leakage inductance is

the inductancV measured across only one primary winding with the

cenndarv winding shorted. This is the leakage inductance which

enters into the characteristics of the transformer at the higher trequen-

uics. In the design procedure given in Art. Hi, r, is the source resistance

symbolized by Hi. and rt,.A' s is the load impedance transferred to one

primarv si.le. Lm and L, are calculated or prcnssigned on Ihf basis

hut onlv one primary winding is active at a lime. I he two primary

windings should occupy similar positions with respect to the scconrlarj

and should be well interspaced with each other. I he design of the

input transformer is similar to that given for class Alt operation, ror

lero-bias class 11 tubes the design of the input transformer is essentially

the same as that of an impedance-matching trauslornier winch is treated

u t h '
i 'i* \rt 16

21. Pentode- and Beam-tube Power Amplifiers. The power stmsi-

livii v and the efficiency of power conversion for pentode and beam tubes

in .power amplifiers are usually much higher tha r trn.de lubes. I he

expression for the power sensitivity of a pentode or a beam tube is the

same as it is for a triode, as given in Art. <>. A method for determining

the power output ami the distortion from the IrEp characteristics is

given in Sec. 8, Art. 47.
, , , . . .

The load resistor for pentode and beam tubes should be such that the

instantaneous plate current docs not fail below the knee of the <«-*,

curve which is taken for the grid voltage reached on the peak value of the

positive half of the input cycle. If the load resistor is higher than this

value, there will be serious distortion of the output power. 1 his limit*

lh- 'nail resistor to a value eonvideval.lv hcli.w the plate resistance of he

tube. Also, if the load resistance is too low, the second harmonic dis-

tortion will be high. Consequently pentode and beam tubes should be

used onlv when the load impedance remains fairly constant with fre-

quency, or means should be taken to ensure that the bad impedance

remains within certain limits when the tube is driven for full power

output These tubes give much better results m push-pull arrangements

'ha„ in single-ended circuits because of the even harmonic cancellation.

Single-ended pentode and beam power amplifiers should incorporate

degenerative feedback for the best results. Further points in favor of

Pentode and beam tubes are that they have lower input capacitances

than similar triodes and require lower driving voltages.
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TubeA

input

Fig.

TubsB
24.—Phase-inverter typo

push-pull amplifier.
of

22. Phase-inverter Amplifiers. When an amplifier requires a sin„uended input, but it is dcstrnble to have the output tubei in piwh-nS
it is necessary to dome voltages for the push-pull grids that are ,S
in magmhide and .SO deg out of phase over the complete frequentrange of the amplifier. This ean l.e done !,v the „„,. „f ;l transforaS
with a single primary and center-tapped secondary. However itksomewhat difficult to design s„eh a transformer which will have secoJ.ary voltages from each end to the center tap I hat are equal in magnitude

and ISO (leg. out of phase over any
considerable range of audio frequen-
cies. Also it is often desirable to
have resist ance-capacilance coupling
throughout an amplifier. This can
he neeomplished by the scheme of
rig. 21. Tub,. H is the phase-invcrtS

r
| rW\ i I AN l

u"c - It* '"put voltage is derived

\SzJ I ?fv=V from the output of tube A. Tin-grid
Lm-LI — voltage for tin- phase inverter may

also be derived from a portion of the
grid resistor of the upper output tube
or in the manner shown in Fig. 21
When all tubes are self-biased theP*dw6«tor and coupling condenser are no, , <sr.rv when the gridvoltage for the pliase-.n verier tube is derived from a portion of the £ridresistor of the upper output tube

K

froma
I

,',!li»i

ri,l

.

>l

m'" ''IT"
""' *"* V>>

\
l!m' ff,r th(! Phase-inverter tube

So n , '!' 1
"
nS 'S"",'' : ' S s,'"wn ratlK-r than from the grid

voltage amplification of the phase-
inverter tube, and R is portion of
/t«o between the point of pick-off for
the phase-inverter tube and the d-e
plate source. The grid voltages of
the two output tubes will l,e un-
balanced a I the higher and lower
frequencies because the voltage for
the lower tube is influenced bv (wo
tube stages whereas the tipper tube
voltage is influenced bv only one
tube stage.

—j mi :

Input
.

I IMF—

r——

—

hv<7

-Mr-

Fia.

Tubes
25.- A self-balancing type of—

-

r—n-. phase inverter.

.
Since ft depends upon A c , a correct balance will be had onlv when I

s adjusted for a given tub.:. When the different tubes of the same type
haye large variations in constants, the self-balaneing phase inverter of

n w« n r
,,™ ,

1

n,hlc
: ,

lUr <"' K is "ot critieal and mav rang., from

1), n Krul r< 'slfi(ora i" the output stage

tn«M ,7L
e?enera

r
V
?

Feed
,
back in Amplifiers. Controlled degenerative

feedback is applied to a-f amplifiers for the purpose of improving their
frequenev characteristics reducing wave-form distortion and phase
shift, and increasing the stability. In the simplest case a voltage derived
from the output of the amphficr is fed back so that it is effectively in
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ei i
1

liv

ries with the input or the grid circuit. Figure 26 illustrates degenera-

„. feedback in its simplest form. Tor this simple

expression for the gain of the amplifier is

Ec -'1 ,

E't
=

I - A
(lain

i

circuit the gem rid

(28)

•here A, is the vector voltage amplification without feedback or is

Lai to EJE, and lias a negative real vulue, and = /</(«/ + «)

Jrhen \/uC << Rj. AS is nailed the feed-

back uictur. The performance of the ampli-

fier as to reduction of distortion, stability,

etc.. depends largely on the magnitude of

| ^

' That feedback improves stability is shown

by the following example: In the amplifier

circuit shown .i. has a negative numerical

value. Hcncethcgain = 1-4,7(1 + \At\B).

Now assume \A r \fi - 2. The sain of the

amplifier is equal to \A,\/S. Suppose owing

to a change in d-c operating conditions or the substitution of another

lube of the same type, \A V is increased by 20 per cent. 1 his will result

in a 6.5 per cent increase in the gain of the aniphher Greater values

fur .1 .1 will produce less change in gam of the amplifier. W hen A.P

lieci.iucs huge compared to 1, the gain of the amphher is equal to -1 .i

and is entirely independent of the voltage gam of UW tube.

feedback also reduces wave-form distortion which is due to the non-

linear characteristics of the tube.

Fio. 20.—A simple amplifier

with dexeiicniiive feedback.

Distortion output (with feedback) = distortion without feedback

1 - A,p

when the output voltage E B is kept the same with and without feedback

feedback is applied to different

types of amplifiers and oyer one

or more stages of an amplifier. In

any case the equations are of the

same forms as Kqs. (28) and (29),

where A, is the vector voltage am-
plification that the portion of the

amplifier controlled by feedback

would have without feedback and

j) is the vector rat to of t he feedback

voltage to the voltage which exists

at the higher level point at which

A, is reckoned, feedback must

so arranged that A r» has a negative real value over the use-

ful frequency range of the amplifier and a value le» than I foi

other frequencies when it cannot be made negative. When the leetl-

Wk becomes regenerative or the real value of A.iS is positive all hough

«m sufficient to cause sustained oscillations, the gain »rw frequency

tfisirueteristics, the distortion output, and the stability of the amplihei

*>H in general be worse thnn it is with no feedback.

Fio.
. 27.—A two-stage amplifier with

multiple degenerative feedback.
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The many ways of applying simple and multiple feedback in ampljfjm-
are too numerous to illustrate here. Figure 27 shows cue of such circuit,
for a multistage amplifier. For more methods the reader is referred*!
the reference betow.'

24. Power Supply to Tubes of an Amplifier. The design of the po«rer
supply is not irieluded here. Only the things pertinent to the operation
of the amplifier are given here.

Filament-power supply whether a.e. or d.e. should have good regulj.
tion. W hen using a.e., the leads should he low in resistance and twisted
fo avoid setting up disturbing magnetic fields.

For the IS supply the importance of regulation depends upon tho
class of the amplifier, I he class U tvpe requiring the best regulation.
It is important that the internal impedance of the supplv, such as -i

rectifier, be small at t lie lowest a.f. as compared to the load impedance,
particularly if the load impedance is snmewhi.t inductive.
When using a common rectifier and also low capacity batteries for the

U supply of a multistage amplifier,
feedback will result unless menus are
taken to eliminate it. This feedbark
effect comes from a voltage set up
largely by th plate current of tin out-
put tube flowing through the imped-
ance of the B supply which is common
to the plate circuits of the first stagM
of the amplifier. The feedback circuit

is illustrated by Fig. 2S. /,, represent!

the impedance of the H supply which
is common to all stages of the ampli-

fier. A is the ratio of the plate voltage of the output tube to the plate

voltage of the Mil tube from the output end. X,.„ is the impedance
offered to the nth tube, and r,„, and are the constants of the nth lube-

Then the over-all voltage gain of the amplifier is

n ffi. lube

Fici. 2S.— Diugrarn illustrating
common impedance coupling be-
tween output, stage and- nth
stage from output.

Vol tutfc. tsaiti of entire amplifier

1 - 'A. A >,.,.

(30)

Z00 {rp» + #„„)

The quantity Z.„.A/(r„„ +%.,„) is the voltage gain when the comB**
impedance coupling is zero. Hence feedback from common impedance
coupling changes the gain and will cause sustained oscillations when tot

quantity
Z?Arpn ^ j

The effect of common impednnce coupling can be reduced and p™lC'

t it-ally eliminated by the use of simple circuits of resistance, or inducUV*
impedance, in series anil capacitance in shunt with the plate siipPjJ

to each tube, as shown in Fig. 29. These are called (Uc.onpHng <•;>«"*

and the decoupling elements are (,',„, (',,., /?,„, and A",/,. The reactaWjJ
of the decoupling condensers should be small compared to the decoupl"r
impedances at the lowest frequency for which the. amplifier is clcsiR'

lca '

1 Tkhman. " !<ni!it> '.'.itr.htt critic" 2d <-il.. Si-c, 52. p. 248.

then letting

and Dt =

kc input tube of the amplifier of Fig. 29 will be decoupled by a factor

I m !),!)., and the expression for the gain of the amplifier will be

e7,

gain with no common impedance coupling

i
__ %r

^ ^'v*

where A is the gain between the plate of input lube and plate of output

tube Hence, in order substantially to eliminate the trouble from com-

I mon impedance coupling, it is necessary to make ^J^^J^~^zZ)
This is usually accomplished quite- well by making

tt-

Fio. 29.—Tho use of decoupling circuits in a threc-stago amplifier.

D =
1 1A. In the circuit shown, the middle tube is decoupled from both

the out put ami input tube. This may not bo necessary, but a two-section

decoupling circuit is much more effective limn a single decoupling section

having Cj - Cm + Co and '/.,, = %,n + Z.„. For a filtered rectifier

glide supplv the common impedance 7. c is the reactance of the output,

•iher condenser. Some decoupling can be accomplished by connecting
the individual stages of the amplifier across different points of the"

'ectilicr filter.

Self-bias resistors must be by-passed by condensers thai have react -

«iit-
: ,i the lowest frequency' to be amplified) small compared to the

^istors, or otherwise degeneration will result and the gain of the stage
*'ill 1 «. reduced at the lowest frequencies.

,

26. Direct-coupled Amplifiers. Under this classification are included

*J1
types of amplifiers in which the grid of one tube is connected to the

Plate of the preceding lube in such a manner that changes in d-c potential

2!} the grid of the input lube will be amplified through the system,
flicrc are two important applications of such amplifiers. One applica-

nt! is an amplifying system for d-c purposes. The other application is

fn amplifier for a-c purposes when phase distortion at low frequencies

? " consideration. It is difficult to obtain much amplification at low

"^fluencies without phase distortion by the usual types of a-c amplifiers.

i'ircct-coupled amplifiers have high-frequency characteristics like

* wcll-dosjKn(.d resistance-capacitance coupled amplifier. The tube
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I'll!, -Direct-coupled push-pull am-
plifier.

balanced system, changes in plate
plate-supply voltage or to variation
amplified through the system. For balanced-output til lie's there
no d-e eomponenf in the out mil deviee when no voltage is applied to
the input. I he output of the amplifier ran be adapted to a hiah-
impedancc deviee sueli as the eat hode-ra v oscillograph or to a low-
imncdanee deviee such as a milliammeter or the Duddell oscillograph.

V 1 " 1 tll<! :H
<\V"1 "' twin tuhes that have cnmp;;r.-i1 i velv high trniiscon-

ductaiices, the push-pull ana linemen I I.e. ics quite feasible. The
main objection to push-null input is thai
a device of high impedance must have
balanced capacitances between its termi-
nals and ground if the system is used at
very high frequencies.
The direct-coupled amplifier of Fig. 30

can be converted to a single-ended input
by placing a resistor in series with the ('

buttery of the input stage- and connecting
the plate of the upper lube through a re- I'm- Hi-— nirect-eoupjjg
sistorto the grid return end of the upper amplifier with phase invert*

tuhc. This provides the voltage for the
'or single-ended input,

grid of the phase-inverier tube'. The arrangement is shown in Fig. 3'-

I Ins also introduces feedback into the upper tube and therein- increases il-*

stability and reduces the distortion. Feedback can also be' incorporatd
in the output tubes by placing resistors in the cathode circuits and .-!>lj"st

'

ing the grid battery lo give I he proper operating grid potentials.
26. High-gam Amplifiers. Ingenious methods such as the

"'I

1
'

proposed by Schmitt 1 for obtaining practieallv the maximum pnssi 1 '18

voltage amplification from a high-mu pentode such as the 57 b**"

Schjiitt Or™ it. A.. A Method of Kclmnjt the Full Amplificulion Factor d
HiKli-mu Tul)p«. Rrv. Sci. Intl., December, 1U33.

A ID10-EREQVENCY AMPLIFIERS

capacitances shunt the coupling resistor and cans.- the .amplifW
wi li ll.i n :;se : fi« ( |iu-n, . abi>Ve (he :;, ,,,,, lu -\

'

,| ...

V
"'|

the efTcctive shunl-capucil.-tnce siisceptance is about three times .

combined conductance of the coupling resistor and plate coiiductajE
I he one common faull with many of the .lirect-coupled amnlhV-when used for d-e work is instability. Small changes in the lihi,,,' .

plate-, and grid-supply voltages cause false results in the output ,|,,v ,!,"'

lor amplifying low-frequency a.e. this particular characteristic j<
.„'.

so objectionable. Another common objection is I he mil ore of the plat*.
and filaineul-supply voltages tinJ
are required.
The types of direct-coupled am.

plifiers that have been proposed
arc too numerous to discuss here.
One type which seems to be free
of some of the bad features enu-
merated above is a push-pull ;ir-

rangement of lube--. This tvpe

l» * ver I aih ..tit::!;. - ovi r

ordinary singlc-t iihe-per-stage
types. A Iwo-stage push-pull
lype is shown in Fig. 30. For a
current due to changes in the

ill cathode temperature are not

-tfii. The d-e plate potential is supplied to the pentode through a
•'

ir pentode which acts as a very high n-e impedance. The arrange-

is shown in Fig. 32. The ftill gain of the tube is obtained only

ir a load of very high impedance.
'27. Dynamic-coupled Amplifier. 1 A dynamic-coupled amplifier is one

fa which two lubes are coupled together as shown in Fig. 33. In this

tangement the input lube operates with negative grid bias, whereas

the output tube operates with positive grid bias and therefore draws

nd current. This grid curren' becomes the plate current of the input

tube, or the input impedance of

the output tube becomes the load

impedance of the input tube.

Moreover the load impedance of

the input is nil connected between

i!i|i!ili|i|iHH

-Direct-coupled high-gain am-
plifier of Schmitt.

Fig. 33.—The dynamic-coupled
amplifier.

fte cathode and grid return. ITencc the input tube has degenerative

feedback, and its output voltage (which is also the input voltage to

it- on I put tube) is

» pi

+ p(l + m)

•kcrc m and rP i

It

- atiiplifieation factor and plate resistance of the input

tube
.„ = input resistance of the output tube.

This .-.. heme of coupling gives satisfactory results only when r,; and Hi.,

Vial upon R„i and i?„„, respectively, in such a way that rti,.'rri is

tbsiantiallv constant over a complete cycle ot h.,i. 1 he output potter

f the ostein depends upon E.,„ and the output tube and load. Because

•fccoutpul tube is operating with the grid positive the characteristics

»»d h.a'l conditions for a triode are similar to those of a pentode instead

I rio'le wil li negative bias.
, , .

Lt'suallv the grid of the output should he connected through a resistor

10 the cathode in order to prevent high transient voltages during the

**rnnng-up period. ... . m-„ e„
, 28. Frequency-response Control and Equalization in Amplifier hys-

^•ns. Bv tlv use of certain expedients it is possible to design multi-

Jug,.

'ypc

">nsi

amplifiers which will work with certain kinds of input and output

- uid give over-all frcqiiencv-rcspoiisc characteristics of a desired

Much can be. done along this line when phase distortion is not a

eration It mnv not alwavs be desirable that the entire amplifier

J

KwrHOUBYBB, .
"** l>. >is... Pr„C. I.R E.

(;,,„.n | Theory am! Application <' Dynamic Couptit* in Vomu
~ 1007, July, 1030.
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or each stage thereof have a response which is constant over the cii|j h
frequency-band which is transmitted between the source and the Ioa,'

One or more stapes of transformer coupling of proper design can betted
to accentuate the gain at the high frequencies. This can be donebv
making the Q, factors of the transformers large and their resonant |J
queneies fall in the proper range. Other methods of accentuating

the
gain at. the: high frequencies can lie. accomplished by lowering (he e?i„
the low frequencies. Shunting a portion of the plate resistor in :i resist,
ance-capaeitnnce coupled amplifier with inductance will lower (ho

,

at the low frequencies. Tin- sain of an amplifier at (he 1-1" end of tin
range can he accentuated by the use of one or more stages of the double-
impedance coupling which is described in Art. 10. Condensers shunted
across a portion the plate-coupling resistors in a resistance-capacitanee
coupled amplifier will result in higher gain at the high frequencies than
at the low frequencies.
With most of the standard coupling methods, such as transformer,

resistance-capacitance, and impedance-capacitance coupling, it is not m
easy t.o control the gain at the medium frequencies without eflfl I
the gain at the low or high frequencies. In other words the medi
frequency gain can be made greater or loss than the gain at 1 lie low

;

high frequencies only by designing for lower or higher gain at low me:
high frequencies. A scries circuit of resistance, inductance, and capac
tance connected between the grid and cathode of one or more stages

can he used to lower the gain over a small range of frequencies in the

medium-frequency range. For such an arrangement t lie- reduction in

gain at the resonant frequency of the circuit depends upon the resistance

of the circuit, and the hand of frequencies over which the gain is reduced
will depend largely upon the total effective resistance which includes |bl

plate resistance of the tube immediately preceding the series circuit.

Variable gain control for the high frequencies, which is comment
known as tone control, is accomplished in its. simplest manner by the use

of a variable resistor and a. fixed capacitance in series, both of which a 1

placed in shunt with the coupling element of one stage of the aniplifi*

In a similar manner a variable resistor and a fixed inductance in serw
will serve as a gain control for the lower frequencies.

There are so many combinations of methods which may be employ*
to give frequency-response equalization in amplifier systems and to g»*
any desired frequency response that it is impossible to cover all of the*
Among these are the use of low-pass, high-pass, ami hand-pass filter*'*'

cuits which are treated in another section of this handbook.

TESTING AND MEASUREMENTS
29. Frequency-response Measurements. A universal arra \i<

of equipment for making gain, or loss, measurements ever a raj*

of frequencies is shown in Fig. 34. The method is simply one of nics si
.

ing the ratio of the output voltage to the input voltage. A calibrnjj

potential divider or two calibrated resistors R, and R,, so arr:

that R, plus R : is constant, facilitates in making these mcasurcmejj
For making gain measurements, Si is thrown in the position indic**£

by the full lines; for loss measurements in the dottcd-line P031:^
When the divider is so adjusted that the reading of the vacuum-1

voltmeter is the same for the two positions of St,
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Gain, or loss, in dh = 20 logio

Amplifier or

Equipment

Under Test

:3t. Method for uickiii;-: I requeucy-
response measurements.

Fir i he full-line position of X, the resistance R t must always be small

compared to the input impedance of the equipment under test plus R,.

To get the true gain, or loss, characteristic of a piece of equipment as

it is actually used, it must be terminated as used and the term i nation

eluded in the test. For exam-
ple A'., and R. represent the input r~J

and output resistance of the am-
plifier under test. These may
also be any kind of impedances.

R'hcn testing an input or inter-

stage transformer it should he
terminated in the tubes for which

it is intended. Care must also

he lii ken to limit the voltage ap-

plied to the equipment to the
pper value,

50. Measuring Distortion in Amplifiers. The simplest method for

measuring the total harmonic distortion in flic voltage across the output

impedance in a power amplifier is shown in Fig. 35. For a given voltage

impressed upon the grid of the amplifier, the vacuum-tube voltmeter

is made to read a minimum hv adjusting slide C of Si and the mutual
inductance .1/. Then the reading of V.T.M. is a measure of the. square

root of sums of the squares of all the harmonic voltages across /f„.

Mutual inductance M provides for a phase shift from ISO deg. through

the nniplifier tube. Hie vacuum-tube voltmeter must be as nearly
an r-m-s ter as possible. The
source should he reasonably free

from harmonies. Switch S pro-

vides for measuring the total a-e

voltage across R„ when V.T.M.
has a multiplier to extend its

range. A vacuum-tube voltme-
ter, using a type n0 or 76 tube
Bad operated over a region in

which the square root of the plate

current plotted against grid volt-

age is' nearlv a straight line,

purpose.

i When it is desired to know the separate harmonics in the output,

""fedancc, a voltage having a, frequency n/ almost equal In the harmonic
•Ought may be introduced into the connection up to contact, d, as lllus-

"atcd. The voltage of nf will he equal to the particular harmonic
*J>ttage when the swing of the needle of V.T.M. U a maximum. The
fteftsurenicnts mav be carried out by means of a laboratory oscillator

l?
r nf and some filtering for the voltage obtained from the GO-cycle

"Km wig circuit, for/.
• For the morfe refined measurements of distortion there are various
'J'P<s of wave analyzers on the market. These have a wider range of

Pplieation than the simple method described above.
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31. Measuring the Impedances of a Transformer and an Iron en.
Reactance. 1 One of t!u- simplest methyls for measuring I lie imp, t J m
of :i 1

1
lr. n-.v.r<- react :nire :it low frequencies :iiul preferably Hie oom!frequency of (•(> cycles is illustrated in Pig. 3(i. The cireuit'is arrnn»»J

when necessary, so that d.c. eim be sen I through the iron-core ,J\
When It. is so adjusted that tin; rending of (lie vaciium-tuhe voltmeter

is the same for both positions, „ !im i

b, of switch S, the absolute value «f
the impedance X, is equal to A' m
vided It. is at least 20 times It. the
error is less t hail ."> j)er cent. Oftcntimei
it is necessary to use an amplifier ahead
of (lie vacuum-tube voltmeter. It u
essential that the vacuum-tube voltmeter

Tig. 3G.-Cireuif f-.r mcasur- T\
i,,m,lif

!!'
r '"' ''""'"'•ted as shown, or

in* the irniK-da.,.-. of i

r:

j

ls" may result ,f the mnicr
coils. places loo much stray shunt capacitance

across #x .

I he method of Pig. may be U s-.-.| for measuring the impedances
ol the primary an.l secondary of a t ran, former. n i> ,„>, po-sihlc
ol course, to obtain the resistance and react:, nee separately hv this
method. Methods thai place the standard resistance in series with
A, and require balancing the voltage drop across /,' against that acroai
A, lor the same current are objectionable except for quite low values
ol impedance Hy such a method the d.c. through and a-c potential
across arc disturbed while adjusting /,'..

It is not generally safe to use the method described to measure the
eakago inductance of a transformer. Leakage inductance is measured
l.y shorting tin- secondary and measuring I he impedance of the primary,
Ueiiera ly this measurement requires an inductance bridge because M
the high value of It compared with A'.

' Sec also Art. litt, 8?c

EJECTION 12

RADIO-FREQUENCY AMPLIFIERS

By R. S. Glasgow, M. S. 1

1, Class A Amplifier. Amplifiers are divided into three general

classes, A, B, and 0, depending on the typo of service in which they arc

to he used.

A class A amplifier is one which operates so that the plate output

wave shapes of current are practically the same as those of the exciting

grid voltage.

This is accomplished by operating the tube with sufficient negative

grid bias so that some plate current flows at all times and by applying

an alternating excitation voltage to the grid of stich value that the

dy lie operating characteristic is essentially linear. The grid must
not go positive on excitation peaks, and the plate current must not fall

low enough at its minimum to cause distortion due to curvature of the

characteristic.

The characteristics of class A operation are freedom from distortion

and relatively low power output. Practically all a-f amplifiers are oper-

ated in this 'manner. Radio-frequency amplifiers of the typo used in

receiving sets to amplify the signal voltage prior to detection are also

of this class.

( lass B and (' amplifiers will be discussed under Power Amplifiers.

2. Radio-frequency amplifiers for receiving sets are usually classified

as to the ly(5e of coupling employed between stages. This coupling
means can lie a resistance, an impedance, a transformer, or any combina-
tion of these elements. The circuit constants of the coupling means
lav be adjustable or fixed, giving rise to a farther classification of a
'line, | or 3n untuned amplifier. In the latter the circuits are similar to

those employed for a-f amplifiers. Special precautions must be taken
•1 the circuit design if uniform amplification is to be obtained over an
Weiu led range of frequencies.

3- Resistance-coupled Amplifier. This tvpc of amplifier is occasion-
ally used where uniform amplification is desired over a moderate hand
") tju- lowest, range of radio frequencies. In Pig. 1 the output voltage
c> is given by

E, = -Ĵ El (1)

'here ^ nnii Tj> nre< respectively, the amplification factor and plate resist-
*npt ' of the tube used. Defining the voltage amplification per stage A
*" the ratio of the output voltage to the input voltage, we have

,4 = |i = '

(2)
E x r, + Rt

I ''rofi.isaof [ Electrical F.nitinocrinB. Washington University. St. I.ouis.
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As lit, is made very largo compared to r,, the value A approaches fsi|
limit, so I hat tubes having a law value of a arc necessary ii reasonably
high pin ]>«r stage is desired. Equation (2) presumes that the iuput
impedance of the next Mage which is shunted across AY is enormously
large, so that AY is not appreciably reduced as ;i result of being shunted
by this input impedance.

In a typical cascade amplifier us shown in Fig. 2, AY is in effect shunted
by the grid leak AY in parallel with C„, the input capacity of the tube.
The reactance of the blocking condenser C, in series witli them is nog-
ligibly small in comparison. For frequencies lower than 500 kc, with a

HlllHllH-

Kto, I.- Resist uncc-
coupled amplifier.

Fio. 2.—Resistance-capacity coupled
cascade amplifier.

pun? resistance in its plate circuit, (''„ may he regarded constant and
independent of the frequency, and is given by

(3)

where Csj = capacity between grid and filament.

Cep = capacity between grid and plutc.

These interelectrode capacities will be from 4 to 10 nni depending on the

type of tube and socket used; hence (',, may lie anywhere from -10 to S0«if.
'1 litis at 1,000 cycles the input impedance of the tube alone will be about

3 megohms, while ;it 100 kc it has dropped to about 30,000 ohms. Ai
a result the gain per stage diminishes as the frequency increases due to the

reduction of the effeclive value of AY by the short-circuiting effect of C,-

The voltage amplification in Fig. 2 will be Bt/Bi, where

Si

, , lib 4" Ha , . n
1 +T'-mr +3uC'r>

(4)

This expression assumes that the reactance of the blocking condenser C\

is negligible at these frequencies. r

4. Resistance-coupled Amplifier Using Pentodes. The constant**
available' triodes rentier them very unsatisfactory in resistance-couple"

r-f amplifiers, and suitable pentodes are accordingly used. These " i 'M;
i

have an input capacity which is .substantially independent of the low

impedance m the plate circuit and is composed of (:,...• plus the capacKJ

between the control grid and the screen grid. Accordingly a "m
^|

smaller value of C
f
can be obtained than with a triode. The value

rp in r-f pentodes is usually in the vicinity of ;i megohm, which i*

"J
greater than t!io plate-load impedance which can be successfully U3CU

Sec. 12! HA DIO-l'ltEQVKNCY AMPLIFIERS mi

Consequently the alternating component of the plate current tY is prac-

Jjfallv independent of the load in the plate circuit and is given by

t. - g»,Ei (5)

Lhcre 0- = transeonductance of the tube.
t__.il,

in l'*ig. 3, It is the equivalent resistance of the load m the plate circuit 1

m \ r is the total capacity shunted across the load, consisting of the

input capacity C„ of the subsequent stage,

plus the output capacity of the first lube,

pin- the stray capacity of leads, etc., to

ground. The" expression for the voltage

amplication will be

A = (6)

Fio. 3.— Resistance-coupled
pentode Amplifier.

'C'tf5 + 1

When the frequency is such that

It = 1/uC

the denominator of Eq. (6) will be numerically equal to \/2, and the

amplification will have fallen to 70.7 per cent of its 1-f value, or a reduction

of 3 dh. The frequency at this point is

1

2-jRC
(7)

ltd is a convenient relationship for design purposes, as it establishes

the maximum frequency the amplifier will transmit without serious loss

"f gain If corresponds to the cutoff frequency of a low-pass hlter.

This upper limiting frequency may be extended by using a low value

of resistance in the plate circuit so that the reactance of C is large in

comparison to /_ However, this will reduce the amplification over the

entire frequency range. In practice, if/,, is to be I or 2 Mc, Ii will per-

haps he 2,000 ohms or less, as it is dilhcult to secure a value of ( much
less than about 25 nvl. Consequently a gain per stage of from 5 to 20

about all that can be secured, using pentodes having a transeonduct-

ance of 9,000 micromhos, such as types 1851 and 1852.

Combining F.qs. t(i) and (71 the voltage amplification can also be

Bn-ftsed as

A =

V 1 +£
C8)

G. Compensated Resistance-coupled Amplifiers. From Kq. (8) it is

**ti that the gain gradually falls olf as /„ is approached, which may

J* undesirable, particularly in video-frequency amplifiers for television.

One method of diminishing the shunting effect of the load-circuit capacity
Ci» to place an inductance L of proper size in series with the plate-circuit

'TV value of thia roaiirtance in B - .^^Jj-. but in practice Rt i» unually very much

Sl'R'-t th»n R>.. nn that ihc value of plate-load rcsirtance Hi. may hp niilwlil inert tor R in^ nun.,.
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load resistance 11, as shown in Fig. 4. At low frequencies the reactaam
of L is small, and the load impedance is essentially eianl in I{,

p,"'

as the frequency increases, the imped-m™.
of the branch H + juL heeomes prom?
sivcly greater, thus tending In offset
shunting effect of 0.

The plate-load impedance is Riven by

_ R +ML - C{R*+u *-V)\
- w'Cfi1 + («»ic - i)«

(9 >

and it may lie shewn (lint, hy making the
reactance of the coil L equal to half the Ind
resistance H at the I imitinjx frequency /„, ZL
will substantially be constant in mngnitwU

and equal to It. The Rain will bp approximately y r.lt up to a frequency- of /,The required relations are

Substituting Eq. (10) in Fq. (9). the load impedance becomes

Via. 4. -Compensated resist-
ance-coupled amplifier.

Zl (in

Tho accurate expression for tho voltage amplification per stage is then

(12)

If w£ft is very large compared to r,,, A approaches it of the tube as a limit-

value, as was the case with the resistance-coupled amplifier. liy

fboosing Li, large enough so that the reactance of the coil is large compared

to the plate resistance of the tube at tho lowest frequency we are inter-

red in, the gain will be constant for all higher values of frequency.

Owing to distributed capacity effects and the shunting of the coil by the

input capacity of the next tube, it is not possible to

obtain uniform amplification as predicted above
except at low frequencies. For high frequencies

such :is the present broadcast band the effect of this

capacity is to produce a parallel resonant circuit

whose impedance is high at the resonant frequency
hut which drops off rapidly for frequencies higher

i

Fio. 5.—Tmped-
ance-coupled ampli-
fier.

than resonance. This results in a reduction of the
gain for frequencies above resonance. To avoid
this, it becomes necessary to use a value of choke-
coil inductance such that resonance occurs somewhat below the highest

frequency to be amplified. This value of inductance is governed chiefly

by the input capacity of the next tube which may be of the order of 10

to 20 mil, depending on the type of tube used and the nature of the load

in \u plate circuit. For this reason there is little to be gained by reducing
the distributed capacity of the coil if it is already small compared to the

Be input capacity. At broadcast frequencies the value of inductance
thus obtained results in too low a reactance to give good amplification
for frequencies much below resonance.

Using the circuit constants mentioned at the end of Art. 4, L will he in

the vicinity of 25 /ih. Additional compensation methods arc described in th»
reference Inflow. 1

6. Impedance -coupled Amplifier, The simplest amplifier of this lyp

date circuit as shown in Fig. 5. Ta
ic case of a triode is given hy

merely employs a choke coil in the plate circuit as shown in I

voltage amplification per stage in tl

Ex
A (13)

where B* and L,, are, respectively, the resistance and inductance (ijj

henrys) of the choke coil. If the resistance of the coil is small compared
to its reactance *U and to the plate resistance rp , Eq. (13) becomes

A = (14)

1 Si.).: > i nnd KrunAi.
308. January. 1930.

fiio/.r,

, Annlyaix and Design nf Video Amplifier*. RCA Rev., pp. 21*~

Fio. b.

in ao 500 wo too wo mk> two tao ii» iuo kco imo

Amplification of a chnkc-couplcd amplifier tube.

This is illustrated in Fig. 6. The coil used was a single layer solenoid
'liisely wound with 173 turns of No. 28 wire having an inductance of

'•83 x 10~ s henry and about 10 ohms d-c resistance. The distributed

opacity of the coil was 3.o ji/uf. The curve shows the measured ampli-
"cation 1 using a Western Electric 2 15-A "peanut" tube which had an
?to|>liii«ilion factor of 0.1 and a plate resistance of 22,000 ohms. The
ln piit capacity of the vacuum-tube voltmeter which used a tube of the
toe type was 18 fijuf, including leads, which lowered the natural period
*' the choke coil to 850 kc. The lower curve shows the theoretical

Plplifieation that would be obtained if these shunting capacities were
a°aent.

' l'mi» and Jensen. Belt Svtlem Tnh. Jour.. S, 187, April, 1024.
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Plnlt

'hillll.

7. Tuned Impedance-coupled Amplifier. Since the coil in the
circuit will he shunted by .seme rapacity which will cause the comt,
lion to have a resonant frequency at which the amplification will

maximum, the circuit, of Fin. 7 is sometimes used in receiving circuit,
This form of circuit, with various modifications in the- details, is com.
monly used as the coupling means between amplifier stages in radio
transmitting circuits. The condenser t* is not usually variable, except

in low-power transmitters, and tuning
is accomplished by varying the position
of taps on the coil L. A vernier adjust,
meat of inductance is provided in the
form of a heavy copper or aluminum
disk which acts as a short-circuited
secondary of a single turn and which can
be rotated within the coil. By rotatUM
the plane of this disk, a line adjustment
of inductance is obtained Tor tuning pur-

poses. The position of the taps should
be chosen so that the plane of the dJdc
is displaced nearly !)() (leg., at resonance,
from that of the coil, so as to minimi*
the I -It loss in I he disk.

7.—Tuned impedance-
coupled amplifier.

In receiving circuits, particularly where space mav be at a premium,

a

fixed^ condenser may he used for (', tuning being accomplished by ad.'

ing the position of a suitable cylindrical core of molded iron dust which •

is arranged so that it can be moved in and out of the coil. 1 Improve-
ments in the quality of these iron-dust cores in recenl years enables them
to be used to advantage at much higher frequencies. Values of Q
{ = usL/li) ill the vicinity of 100 can be obtained in the broadcast range

Of frequencies, using a coil diameter of nhoul :i

,s in. and a length of aboil
1 in. This method, known as ju-riiiinhilili/ Inning, has been used ini

connection with push-button tuning, particularly in automotive receiving''

si -is. JL

The voltage amplification of the circuit in
given by

Fig. 7 at any frequency

(IS)

where Zi. is given in vector form by V.i\.

scalar magnitude, Eq. (15) becomes
(0). Transforming Kq (!)) into it/

At resonance the voltage amplification will !«•

A
It1 + a'L- ,1+0'

' Om R = QmL q— 17

8. Tuned Transformer-counted Amplifiers. A typical tuned Iran*-

former-coupled amplifier is shown in Fig. S. Receiving sets of tD»

' t'oLTDOHorr. W. J.. KiTro-iridm-torw and Permeability Tuning. P'«e. I.R.B.. P-
6B""

May. 1933.
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type arc seldom used today as the gror.t majority now use
t-r-

mperliei

the

.. Aerodyne circuit. However, most of the belter receivers of

EJelattcr type employ a stage. of t.r.f. ahead

«f tic first" detector. Ill its original form,

trhich is still used to some extent in some of

die >hort-wave hands of an all-wave re-

(civcr. the primary coil L p in Fig. 8 was of

lower inductance than the secondary. The
Kcondary inductance for a frequency range

gf 1,(H)0 to 550 kc. is ordinarily from 200 to

290 |jh.

Since the resistance ltP and the reactance uL P

f the primary can he neglected in comparison

to the plate resistance r F of the tulie, the voltage IS* across the secondary at

tay frequency is

Fiu. 8.—Timed transformer-
coupled amplifier.

-jBttM

At resonance, where wh- - 1 the voltage amplification liecoines

(18)

(19)

If the mutual inductance M in lap (H>) is adjusted to satisfy the condition

,M m (20)

tar optimum value of voltage amplification will be obtained and Kq. (It)

Itjiices to

JJbji'li is the maximum amplification it is possible to obtain with a given tube
Whfi coil.

When .)/ is adjusted to its optimum value, it will Ik- noted that the figure of

tterit of the tube is n/V^. Therefore if two tubes have equal values of

pneconductaace, the one having the higher amplification factor will give
"<' gi ciitcr gjiiu. Tetrodes and pentodes will accordingly produce a greater
Wn ihanatriode. Willi M less than optimum the gain becomes more nearly

Lp'oporlional to the trnnseonductanee of the tube. When optimum coupling
reemployed, the amplification is directly proportional to the ratio of the
ISjU reactance to the square root of its resistance, instead of Q. of the coil,

jfhh values of .1/ considerably less than optimum, as when pentodes are used,

gain becomes more nearly proportional to the figure of merit Q. of the coil.

The impedance looking into the primary coil in Fig. 7 is

Z,' - rtp + juL, + (22)

i' resonance, with optimum coupling, Zr
' i- r, of the tube. -This conditii

r™cr» from the resistance- and impedance-coupled amplifiers in that, in t.l

*bcr two, optimum amplification is approached by making the impedan
'he load very large compared to r P

This condition
the
ce
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If ft pentode is used in tho circuit of Fig. 8, the above equations an? atifl
applicable. Since these tubes have plate resistances rp approaching a "icnohiB
in value and amplification factors varying from several hundred t<> scvcrS
thousand, the coupling that can be used between primary and secondare
without causing instability in the form of oscillations is far below the optimum
value. The preceding equations can therefore bo simplified. Since t, >>dH
in tho easo of a pentode, the expression for the secondary voltage in Eq. (ig)
t>eeomcs

jKiO-M

and tho voltago amplification at resonance is

A = o-QmM
These lulies enable values of amplification per stage to ho obtained

which are much larger than can be obtained with triodes. With a given

off Resonance

Fio. 9.—Selectivity as a function of frequency.

secondary coil the selectivity in the case of a pentode is heller (linn will)

a triotle; or for equal select ivilics the pentode circuit can use a sin**1
'

and less expensive coil. These advantages, together with their freed**]
from oscillation without the use of neutralizing circuits, have el*?8*
triodes to he virtually ahandoned in the field of r-f amplifiers for receiving

circuits. Triodes arc still used in the higher power amplifier stages of

radio t ransniittera.

9. Variations in Selectivity. The type of t-r-f transformer consider™
in Art, 8, which had a primary inductance smaller than that of the

secondary, causes an appreciable variation in selectivity over the tuning

range, as shown in Fig. 9. The amount of gain also tends to fall at thj

1-f end of the tuning range. Both of these difficulties can be reduced

by the use of a primary coil of large inductance—about 3 or 4 mh-

This value of Lp , in conjunction with its distributed capacity, combined
with the output capacity of the tube, resonates the primary circuit to

frequency somewhat below the 1-f tuning limit of the secondary. T he

electrical circuit is the same as Fig. 13 with the primary permanent!}
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luiied to it fixed low frequency. The variation in selectivity of a tuned

transformer having a large primary is shown in Fig. 10. The variation

in'min throughout the tuning is also much less than with the transformer

of Fig. 9. . .

The expression for the voltage amplification is

A - (?5)

where a - + r,(l - eW&OJl - «(L, + r^C^Li - -J-r)

+ »*ir>

I b = <*R*{U + rpR,C) + [Ri + r,(l - <ffyCx)ll«Lt - ^)

From a practical point of view it is evident from the complexities of

this expression that it would be much easier to determine the character-

to
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Kilocjclo off ReMnanu

Pio. jo,—Variation in selectivity in t-r-f amplifier hnving high-inductauce

primary.

•stirs of these transformers experimentally by laboratory measurements.
The variation of the resistances with frequency will have to be measured
'n tiny event, so one might just as well determine the over-all performance
bv measurement. In this wnv the effects of regeneration, st ray couplings,

the proximity of shielding, etc., may be included. The presence of

foal] amounts of feedback, if not sufficient to produce oscillations, will

often cause the actual gain of an amplifier to depart from its computed
vahie by a considerable amount.
. The use of a primary operated above its resonant frequency results

ln n plate-load impedance which has capacitivc reactance. A load of

Wat nature results in negative feedback in the case of triodes, so that

"teutralizing circuits have to be employed to prevent the gain from being

Educed to a f tact ion of its theoretical value. Ordinarily, these circuits

ar" used to balance out the effects of positive feedback and prevent

"filiation. Pentodes are free from these troubles.
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10. Combinations of Inductive and Capacitive Coupling. To secure
better performance in tuncil amplifiers without resorting to movim
parts other than the tuning condensers, combinations of inductive utJj
capacitive coupling between stages have been usril. 1 Bv a proper
choice of circuit elements it is possible to make the effective coupling
vary with the frequency in a predetermined manner. In this way
the variation of gain with frequency can be given almost any desired
characteristic.

Two examples of such circuits arc shown in Fig. 11. In Fig. 1 In the
coil U has a large value of inductance; hence its distributed capacitance
Ci, augmented by (',,, of the tube, resonates it to a frequency somewhat
below the tuning range of the set. The output current of the tube
divides between U and the path through the coupling condenser Cm .

At low frequencies a larger portion of the output current flows through
this second path because of the high impedance offered by as parallel

(.a) <b>

Fio. 11.—Tuned amplifiers using combinations of inductive and capneitiw
coupling.

resonance is approached in the latter. This causes Ihe voltage induced
in Li to remain more nearly constant over the tuning range.
The circuit of Fig. lib accomplishes the same results in a somewhat

different maimer. The coil U and condenser (',„ merely serve as choke
coil and blocking condenser of an amplifier using parallel feed. The
amplified output current divides between C, and (\ and then tveombinee
to flow through the primary Li of the nutot ninsfortner. The capacity
of the tuning condenser f\ i-: increased as the signal frequency is lowered,
which causes a progressive increase in the effective coupling. Ci
about twenty times larger than 1 1n- maximum value of C : , while Li
includes about a turn or two of the coil L3 .

11. Cascade Amplifiers. If two or more identical stages of amplifica-
tion are connected in cascade, the over-all voltage amplification is given
by

A = A* f26)

where n = number of stages
.1 •= amplification per stage.

This expression presumes that the various stages do not react on each

other, which is not always the case in practice owing to small unavoidable
couplings between input and output circuits. If the various stages al*
not all identical, the over-all amplification will be the product of 'he

individual values of A tier stage. The response curve of a multistage
amplifier composed of identical stages is readily ohlaincd from the curve
of an individual stage by raising its ordinalcs to the nth power, where *

Is the number of stages.

' Wheeler. H. A., ami W. A. McDonald. Theory anil Operation of Tnnwl Kndio-
frequency Coupling Systecs, l'roe. I.R.E., 19, 73S. Mny, 1931.
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The use of several stages of cascade tuned r-f amplification enables

both the selectivity and fidelity of the amplifier fo lie increased, provided

tin tuning of each stage ia made broader as the number of stages is

increased. This is illustrated in Fig. 12, both amplifier circuits being

alike except for the values of mutual inductance between the primary

uiul secondary of the t-r-f transformers. The necessity for broader

tuning per stage in multistage amplifiers in order to avoid too great a

sacrifice in fidelity permits the use of coils of rather compact dimensions

wound with relatively small wire. The increased coil resistance thus

produced will reduce t he gain per stage, but this can be offset if necessary

by increasing the mutual inductance to more nearly the optimum value.

At frequencies sufficiently remote from resonance so that the gain per

stage becomes less than unity, a cascade amplifier acts as an (ttttnimtor

of the signal. An increase in the number of stages will therefore actually

to V 1
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Km. 12.—Increase in selectivity with cascading.

decrease the strength of interfering signals whose frequencies arc above
or helow the band where the gain per stage is equal to or greater than

one. All signals whose frequencies lie within this band will be strength-

ened bv an increase in the number of stages. For this reason two types

of selectivity may be recognized: the. at'.jacent-chnnnd nelectivily, and
Ihe ttixtttni-chtirim'l xctrdivit:/. It is therefore possible in a comparative
lent of two amplifiers of equal sensitivity to find that the first will pro-

duce less interference from interfering signal of, say, 30 kc away from

resonance than the second; while for a signal of, say, fit) kc away there

«nay be more interference present than in the second amplifier.

The attenuation of signals remote from the resonant frequency requires

that the amplifier be well shielded in order to prevent short portions of

'he lead wires and circuitsof the output stage from acting as antemiasand
picking up energy. Thus a few inches of exposed wire running to the

grid of the detector tube might have a voltage induced in it from an
interfering powerful local station which is much greater in magnitude
than these same signals after passing through (he amplifier.

12. Band-pass Filters. A rectangular response curve 1 would be ideal

for the r-f amplifier of a receiving set designed for entertainment pur-

poses. The use of a pair of ed circuits as a coupling mean-; between
stages results in a flatter response curve with steeper sides than can be

obtained with a single tuned circuit. Such an arrangement is shown in

•'ig. 13, and the general appearance of the resultant response curves is
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Riven in Fig. 14. Owing to the more uniform amplification obtained
over a wider bund of frequencies, these circuits are often referred to M

band-pass filters. This form of circuit i3
commonly used in the i-f amplifier ,,f

superheterodynes.
When the primary and secondary are

both tuned to the same frequency, the Width
of the transmitted band depends upon the'
magnitude of the coupling between them.
A double-humped response curve results
if .1/ is greater than the critical value, and,
as .1/ is increased, the two peaks move far-
ther apart and the hollow between them

becomes deeper particularly if the resistance of the two coils is low.
In practice, both primary and secondary are tuned to the same fre-

quency; consequently = \/uC, and a>£, = 1 /«Ca . If the resultant
common resonant frequency is called /,, the selectivity characteristic
can be determined, assuming a pentode to be used, from

ft

,
HUtlllllr

Fio. 13.—Transformer-
coupled amplifier with pri-
mary and secondary tuned.

primary and secondary circuits.

(27)

where / = frequency in question
Qi and Q : - values of uL/R of the

Kiloqcfts eft" Resonance

Fio. 14.—Response curves of doubly-tuned r-f stage.

At resonance when / - /0| the voltage amplification will be

g—lfA =
«r •(••.. it, If 2 + «*U*J

(28)

A single-humped curve results when uM - y/TtjTi, aa shown i»
tig. 14. In the ease of this figure the value of Q for the two circuits is

somewhat higher than would be employed in the i-f amplifier of a rccciv-
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; nl» set designed for entertainment purposes. While the selectivity
'

,,,1,1 be excellent, the resulting attenuation of side bands in a two-stage

nmplifier using three such transformers would greatly impair the fidelity

;,r reception. It is sometimes the practice to use transformers of slightly

different characteristics in the several stages. Thus one or two of the

trm-=formcrs mav have a more or less pronounced hollow at /o, while

1,', other mav have a single hump. In this way the amplification may

be made fairl'v uniform throughout the band between /, and f . ant then

fall off sharply on either side. In television receivers where the i-f

amplifier is called upon to transmit uniformly a band of freuuencic:;

about 4 5 Mc in width, a transformer consisting of three tuned couplet!

circuits mav sometimes be required to secure the desired uniformity

over the transmitted band. The design problems involved in these

applications are discussed in the references below. 1 ... .

With the trend toward higher fidelity in Ihe better grade of broadcast,

receivers, it is highly desirable to have some adjustable control over the

Bhape of the i-f response curve so as to be able to increase the fidelity

on local reception when high selectivity, to prevent interference and

noise is not required. Hut the broad response curve required would be

unsatisfactory in many cases of distant reception where high selectivity

might be needed to avoid adjacent channel

hit erference. One scheme of securing adjustable

selectivity is to vary the coupling between the

primary "and secondary coils by mechanical

means. Another method, illustrated in Fig. 18,

I- in have a small coil l. s tightly coupled to L .

Ry rotating the switch arm to points 2 and 3, a

progressive increase in .If between L, ami Li is

secured. This will result in a slight detuning

of the secondary circuit as the response curve is

widened, but. this is of no serious consequence.

Individual iron-dust cores in /,, and enable

close coupling to he had between hi antl L, with a comparatively small

number of turns in the latter.

13 Regeneration in Amplifiers. The three-electrode vacuum tube is

not a perfect unilateral device hut permits the amplified output energy to

react upon the input circuit. The grid-to-plate capacity of the tunc

serves to couple electrostatically the input and output circuits as shown

in Kijr lfi. If some of the output voltage is fed back into the input

circuit so as to be in phase with r„ the total, or regenerative amplification,

may be expressed by

I'm. 15.—Method for

varying band width in

i-f transformer.

l

l - AS
(29)

where S is the fraction of the output which is fed back into the input cir-

cuit and A is the gain of the amplifier if feedback were absent. If the

quantity AS is unity, the total amplification becomes infinite, and a

continuous oscillation will result. In addition to feedback due to (

which almost always has to he balanced out to secure stability, feedback

due to coupling resulting from the use of a common B or C battery may

„
1 Mocntjoy. 0.. Television Siimal-froo.ucricy Circuit c°"ydcrnV£!V\*£^*™^n

2M. October. 1039; and Simplified Television l-t System*, I>. 2t)fl. January. 1010.
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he sufficient (o Muse instability. Small electrostatic or electromaima
couplings between tin- input and output circuits of the amplifier can a

C„„ K|VC "so to oscillation even it" one

if p stage has Ij.tii perfectly neutralize'
11- -Ax 1 For example, a four-stage nmplifi3

|7 ,p + v having a gum of 10 per stage will
1^* "b-JH oscillate if as much as 0.01 per cenH
f

of the output voltage succeeds in

f Retting into the input circuit in the

Fio. 16.—Univalent circuit of „
Properpha.se. ( oiiscqucntly mult]

triode. amplifiers ot high over-all giun
• . . .... . , ... must bo carefully shielded to avoid
instability, particularly ai the higher frequencies.

The oscillation of a siiifdc-sinKe amplifier can occur only if the Dlate circuisufficiently mduet.ve. [f the impedn,,.-,. i„ the plate nr ,IV "siai.ee or a cnnde.is.vc reacts,,,.. „srillati..i,s Van lake place a . hwOtin Ihc la tic, .-a* annrescnerativ... Ihaek may oce , -,::i„ „,„ a, wutuSgreatly to reduce the repliant earn. The effect of feedback ,,,:,v l ok

of the tube. I Ins impedance is of ihc form

9 1 '

When the plate circuit is inductive, the sign of r, is nogativc. so that the tubl
is then capab e o annulling part or .dl of the positive roais unce of the< aa*!

+ (c,/ + c'p){wh~x>, +£) +Mc.,c„ + c„c„ + crlcj^
(31

When Zt, is capacitive and has sufficient resistance associated with it r. 1positive, ami the tuho may introduce rather large losses into the iiiuut circuit.

V2£*$££ * 13 bia8Cd 9l,mHe,l,1y "c«» t»'e •» H»t no coiZetivc griS

14. Methods of Avoiding Oscillation. Circuits designed to combat tho
effects of regeneration are of two general tyi.es. Hither sufficient resist-
ance is introduced into the input circuit to offset the negative resist-
ance introduced by the tube or else a suitable network of circuit elements
is employed so as to isolate electrically the input and output circuits
by making iliem two pairs of opposite points of an a-c bridge The
mest common method of the (irst-ivenlioned group is to insert a resist-
ance nt sever, hundred ohms in series with the grid of the tube In
a luiied amplifier^designed to cover a range of frequencies, this resist-
ance must be sufficiently large to secure stability al the highest fre-
quency, which means thai it is much larger than necessary at the lower
frequencies J bis results in loss of amplification al these frequencies.

15. Neutrahz:ng Circuits. One form of bridge circuit due to C. W.
Kicc is shown in Fig. 17 where are given the actual circuit and the elec-
trical equivalent with the tube electrodes omitted The filament
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tormina! of the tube, instead of being connected to the lower end of the

ruint circuit, is connected to an intermediate point which divides the

„ luclai.ee into I wo parts, /.., and L.. The lower terminal n of the input.

':
.u j t is connected to the plate through a small balancing condenser (. „.

The terminals g and » of the input circuit and / and p of the output

•irniit constitute two pairs of opposite points of a bridge'. An inspection

X the latter figure indicates that no voltage can exist across the input

•eraiinals gn due to a voltage between fp if the arms are balanced.

Fio. 17.—Rice neutralized amplifier.

Hence the energy which is fed back through Ct!, is opposed in phase

by that which flows through ('„. The conditions for n balance arc

hi = £l (32)
Ij't C op

This balance is not entirely independent of frequency as Fq. (32) would

indicate unless the coupling between /.„ and /.,, is substantially unity.

This is because La is shunted by the input capacity of the tube. With

certain arrangements a h-f parasitic oscillation may take place which

will impair the performance of the amplifier at the frequencies for

which it was designed. A small capacity of about the size of C„ shunted

Kiu. 18.— Hazeltine neutralized Amplifier.

across «Q1 often prevent Buefa parasites in receiving circuits. The
Rice circuit is commonly used in neutralizing r-f power amplifier circuits

in transmitter scW. •

*i
Another form of balancing circuit due to L. A. Hazeltine known as the

Xmtrmli/,,,- is shown in I'ig. IS. This type of circuit applies the same
principle to the output circuit as the previous method did to the input.

The conditions for balance arc the same as F.q. (32). The coupling

'"'tween /,., and /...should again be approximately unity il the circuit is to

remain balanced for a wide rat.ee of frequencies with a h\ed adjustment
,;f <"",., asLa b shunted bv the output impedance of the tube, lius circuit
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has the advantage over the Hioe circuit for receiving sets in that one set*
plates of the tuning condenser is at filament or ground potential. Th
enables the rotors of the condensers to he mounted directly on a comma
shaft without requiring insulating bushings or couplings. A modificat?
of this circuit, has the neutralizing condenser C„ connected toa tapatson.
intermediate) point in Li thus dispensing with the coil Lh. Lack of tigh
coupling between La and Li with this arrangement makes it more d illicit"

to secure complete neutralization for a wide range of frequencies.
A circuit wherein all four of the bridge anus are condensers is shown

in Fig. 19. The grid-plate capacity as well as the grid-filament capacity
of the tube is involved, these two capacities serving as a pair of ratio
arms. The conditions for a balance arc

The value of C is usually about 100 wf, which requires a value of C,
somewhat larger in size than the neutralizing condensers of the pre-
ceding circuits. In order to avoid the accumulation of a charge on

Fio. 19.—Capacity bridge neutralization
of grid-plate capacity.

Fio. 20.—Mutual induc-
tance bridge circuit.

r
the grid which may cause the tube to "block," C„ is usuallv shunted by
a 250,000-ohm grid leak. The distributed capacity of a suitable choke
coil whose natural frequency is below the frequency to be amplified can
also he substituted for the condenser C.

Another form of circuit involving the principle of a mutual inductance
bridge is illustrated in Fig. 20. The conditions for a balance arc

M
(34)

Since C„ is in parallel with the grid-filament capacity of the tube, it &
possible to utilize CB/ in place of an actual neutralizing condenser C»
and balance by proper adjustment of the mutual inductance between
Ln and L»

16. Neutralizing Adjustments. The most convenient method
neutralizing the above circuits is to tunc the amplifier to a signal in t' ie

h-f range of the receiving set. The tube filament of the stage to be
neutralized is then opened, usually by slipping a piece of paper between
the filament pin and the filament terminal in the tube socket. This
destroys the repeater action of the tube and converts that portion
of the circuit into its equivalent electrical network. The neutralizing
condenser is then adjusted until the signal disappears. The filament
is then lighted, and the procedure is repeated with the next stage.
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When stray couplings arc present, the value of balancing capacity

rco,u ' reo' nlay vary with the frequency; hence, when exact neutralization

j< i,i>tamcd at one frequency, the stage may be sufficiently unbalanced

at some other frequency so that oscillations occur. In this case a com-
promise adjustment of C„ must be found which will hold the stage out

of oscillation for the entire tuning range. This may not be possible

if considerable stray coupling is present together with high gain per

stage.
]

17. Neutralizing Power Amplifiers. Hadio-frcquency power ampli-

fiers, such as arc used in transmitting sets where sufficient power is

available, can be neutralized by means of a suitable r-f ammeter in the

output, tank circuit. In these circuits provision is usually made to

remove the plate voltage from the tube to be neutralized rather than to

switch off the filament.

Figure 21 shows the last two stages of power amplification of a typical
1-kw broadcast transmitter. Tho first stage consists of two 75-wait screen-

grid tubes in parallel which require no neutralization. The second stage is

Fio. 21.—Broadcast transmitter [tower amplifier.

neutralized by means of the condenser C«, which connects to the input tank
circuit LiC\ at the point shown. The principle is the same as that of Fig. 17.

The turns to which tho various taps on L\ are connected are indicated by tho
numbers. A 30-ohm resistance lii is connected in scries with C. to secure
» more exact phaso balance, since C„ of tho tube will have some losses asso-
ciated with it and will therefore have a phase angle of less than 90 dog.
The neutralizing adjustment is made as follows: Tho switch Si is thrown

'o the top position inserting a low-range thermocouple Thi in tho output
tank circuit L-C-. At tho same time tho galvanometer At is connected to
the thermocouple, and the plate circuit is opened by St which is mechanically
connected with Si. With excitation applied to the grid, the balancing
condenser C. is then adjusted until A» reads zero. The switch Si is then
•nrnwii to tho lower position, closing the plate circuit and inserting a high
rangc thermocouple Tht in the tank circuit, and at the same time transferring

18. Pentodes as R-f Amplifiers. The triode was superseded by the

*creo!i-grid tetrode, owing to the higher gains per stage obtainable
Without the need of neutralizing circuits. Still higher gains on I lit- pari.

? the pentode have enabled it to replace the tetrode in this field. The
'"ci'dom from oscillation in these tubes is due to tho reduction in the

opacity between plate and control grid. This capacity is broken up m



It2 TIIF. RADIO EKMSKKIiim UANUItOOK iSec.1

Input-

Circuit

Control -Screen Grid

Grid, i
(P/ate

Output

Circuit

^Filament

Fio. 22.—Klituinution of cou-
pling between input and output
circuits by means of scicon-
grid lube.

effect into two scries condensers with the mid-point grounded to
filament, so far as r-f potentials are concerned, as will lie seen fn
Fig. 22.

In r-f pentodes the suppressor grid is of further assistance in rcducii
this capacity, and values of C„,, of Ojj

mmi, or less, arc obtained. Fe_
back of amplified output energy throng
the tube is thereby reduced to the pou
where stab!.- operation w il h fair gain ci
be obtained at wave lengths of a M
meters. These tubes may oscillate
t >o high a value cf gain per stage M
attempted. C'apacitive coupling lie-

tureen grid and plate lends external 1

the tube must 1 e carefully avoided \

the use of adequate shielding.
The majority of these tubes for receiving purposes are of the remo.

cutoff or variable-nut type. 1 This feature enables a variable negntit
bias to be impressed on the control grid as a means of volume contn
without producing cross modulation and distortion when strong loc
signals are being received. With the conventional tvpc of tube (

strong signals the bias would have to be adjusted almost to cutoff .

order to reduce the transconduetancc sullicienlly to avoid overlondia
the last stage. .Serious distortion of the modulated envelope won
result if the tube were operated in this region of high curvature.

19. Radio-frequency Power Amplifiers. The low output nnd pla
efficiency of class A amplifiers preclude their use in transmitters, nn
class B or class C operation is employed.

Fto. 23.—Characteristics of class B amplification.

Class B amplifiers are operated wilh a negative bins approximately
equal to cutoff so t hat the plate current is almost zero when t he alternat-
ing grid excitation is removed. With a sinusoidal voltage applied
to the grid, the plate current consists of n series of hall-sine wave*

' HALLANTiNEand Snow. Hediictioii ol Distortion uml Crosa-talk in ltiulio Hrn-iv**
Ipy Meana of Variable-ma TiHrotliw. Proe. I.R.B.. 18, 2102, DoivmhImm-. 1030.

|p .
12 RAD10-FREQLEXCY A MPUFJERS

similar to the output of a half-wave rectifier. The load impedance is

'., ..led mi as to obtain an approximately linear dynamic characteristic,

BS shown in Kig. 23. The grid swings positive on excitation peaks,

causing grid current to flow. Class 11 amplifiers are used in radio-

telephone transmitters following the modulated stage. The power
output obtainable from a given tube is much greater than with class A
operation and the plate efficiency is much higher, having a theoretical

maximum value of 78.54 per cent. As wilh a-f power amplifiers, tubes

operating as class H r-f amplifiers may also he operated in push-pull.

A class C amplifier is one in which high output and plate efficiency

nre the primary considerations. The grid is negatively biased to a

point considerably beyond cutoff, as shown in Fig. 24, so that the plate

current is zero with no grid excitation. The latter is quite large and is

Often sufficient to cause the plate current to reach saturation on positive

mv ings. Plate efficiencies in the vicinity of 90 per cent may be obtained

with the larger tubes. These high efficiencies are made possible by

CtftQff
fDyw/nicCJtarttcfer&ftc

Class C operation.

V
Fio. 25.—Schematic rircuit

of r-f power amplifier.

-Mowing the plate current to Cow during less than 180 dcg. of the cycle

end onlv at a time when the plate potential is comparatively low. In

radio-telegraph transmitters all stages arc operated class C, while with
radio telephony only the modulated amplifier and the stages preceding

il nre so operated.
The plate-current wave shapes in both cases nre badly distorted,

particularly with class C operation, and the output contains both odd
and even 'harmonics. However, the tank circuit LoCo in Fig. 25 is

resonant to the fundamental to which it offers a high impedance of the

tinture of a pure resistance. The impedance offered to the plate-current

tin: monies diminishes r.ipidlv with I he order of the latter; hence 1 In-

voltage drop Ev across the lank circuit is very nearly sinusoidal m shape.

The instantaneous plate voltage e,, will be the algebraic difference

between the plate-supplv voltage K,, and the drop £ across the load.

lather triodes or screen-grid tetrodes may he used as power amplifiers.

The latter have the advantage of not requiring neutralization, 'lhe

tereen-grkl voltage in transmitting tnhes is usually about 15 per cent

P>" 'he plate-supplv voltage, which is proportionally much lower than
1!1 receiving tubes. These tubes are difficult to construct for power

Jtttputa much greater than 500 watts, and, where larger outputs are

Squired, triodes must be used.
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20. Current and Voltage Relations. The- instantaneous current and

voltage relations for. a class (' amplifier are shown in Fig. 2b. The
potential r,. of the plate- with respect to the filament is at a minimum
during the nine plate current is actually flowing. The power loss
within the tube will be equal to the product of c p and i„ averaged over
a complete cycle. It is evident from Fig. 2fi that this loss can be kept

!
,na " <>>; 1 >K the angle 20, during which time plate current actually

flows. Ibis will vary from 180 deg. in the case of a class H amplifier
to perhaps as low as 60 dee for class C operation. It will also be noted
that, the grul-excitatioii voltage is at in positive maximum when the
plate voltage is a minimum. The minimum plate voltage should not

lie;. 2(5.—Instantaneous values of current and voltage in class C amplified

be allowed to full below the value of <•„„,„. if excessive grid current ia

to be avoided. Ordinarily etBUI . is limited to about 80 per cent A',.,,,*..

21. Circuit Calculations. In the design of a power amplifier the given data
Mil include the frequency, the typo of tuhe to bo used, and the plntc-supply
voltage. 1 ho minimum plate voltage and the maximum positive value of
the grid voltage are then selected, also the angle si. The required grid-
cxcitnhon voltage will bo

1 "

V - Ek
_L

1 / E, mill. COS 8\
, \ ,„-.* F +

1 - cos 0\" J + e
'

(3S)

The required C bias will lie

/i< E, — «,mmx. (.JO)

and tho voltage across the tank circuit is given by

Ea =• Eb — E, nOn, (37)

Corresponding pairs of plate and grid voltages can thon be computed ioX
increments of 5 or 10 deg. over the time interval 20, during which plate
current flows, bince the various current and voltage waves are symmetrical
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on cither side of tho vertical axis, it is only necessary to do this from zero to

0i. A suitable table for this purpose is given holow: '

Given data:
Tube

ft

Table I

Assumed values:
t-p mln

<b tnti

Computed values:
E, Eq. (35)

E, Eq. (30)

Et Eq. (37)

1

2
9 0° HI 20° 30° 40° 01

CON 1 0.0848 0.B397 0.8060 0.7080

3 Et cos
4 «» - Eh - En cos t>

6 Et cos
e «o - E, co» — Et
7 if

it

t j, cos
i, coa

1/0 tn V in ft

8
9 "ii" "ti"
10

The values of plate and grid currents in lines 7 and 8 are obtained from the

static characteristics of the tube for the computed pairs of instantaneous
values of e, and e, in lines 4 and 0. The grid-current characteristic will also

be necessary if the power required for grid excitation is to bo determined.
The d-c component of plate current h will lie the average value of iP over a

complete cycle and is given by

+ tfi + iri + + Ur- (38)

using the trapezoidal rule to determine the area under the curve for t,. If

5-dog. intervals are used in Tabic I, the coefficient of Eq. (38) would be H«-
The d-c component of grid current h can lie found in a similar manner by

substituting as drdinatos the ileins of line S in Eq. (3S).

The maximum amplitude of the fundamental component of the plate cur-

rent is given by

r,i - - i i, cos OdQ
irJO

" 0(2' + *»' + # +
'

'

' (39)

Using the trapezoidal rule to evaluate the definite integral. If 5-deg. intervals
are used in Table I. the coefficient of Eq. (39) becomes
The maximum amplitude of the fundamental component /,i of the grid

current can be obtained in the same way by substituting tho items of line 10
w Eq. (39).

22. Power Relations. The d-e power supplied to tho circuit from
the source of E\, is

/W = E>U (40)

The power output to tho tank circuit at the fundamental frequency ia

JW -^ (41)
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since the tank impedance is of the nature of a pure resistance R, at resonant*
The required value of lit is evidently

(42)ft ~&
III

and is relafed lo tins constant* of the tank circuit, by

* -
cjio <*»

whore J2o is the apparent resistance of the tank coil and includes coupled
resistance introduced by the useful load which is either inductively or coo.
dur. lively coupled to the tank coil. In the circuit of Fig. 25 the value of
coupled resistance reflected into the tank coil would be the power absorlwd
from tho tank divided by the square of the oscillatory tank current.

The resistance of the loud required to fulfill the assumed operating
conditions, as given by Kq. (42)

;
will bear no simple relation lo the plate

resistance rp of the tube as used in computations relating to class A power
amplifiers, since rp is infinite during
the greater portion of the cycle under
class (' operation. From Kq. (43) it is

g S j=Co swn '-hat load impedance of the tank
circuit may be varied by varying the
ratio of L, to Co. As the latter item is

often a mica condenser of fixed ca-

pacity, a variation may be made in the
value of It* by using the tank induc-
tance as an aulnl raiisl'onner, as illu-

strated in Kig. 27. The ratio of

transforma 1 ion will be approximately
the turns ratio l''S, and, by moving the plate tap so a* to alter the num-
ber of turns included in /•*, it is possible to change the load impedance as

i»k

-Tank-circuit induc-
i used as autotransformcr to

vary loud impedance.

viewed from the tube by the square of the transformation ratio
The power input to the grid is

p — Stjg
• gxiil Input —

g

The power amplification will be Kq. (41) divided by Kq. (44) and is

(44)
•

/•. ./,-.

E„l Q

(45)

Power amplifiers are practically always operated with a fixed-bias
voltage Ec instead of being self-hiascd by means of a grid leak aH
condenser, us with oscillators. This is because in the event of failure
of the excitation voltage the self-bias would no longer function and the
tube would be injured. A portion of the power input to the grid would
be consumed across Et and would charge the bias batterv, if one we»M
used. This power lost across the bias is EJ r , and 1

'

within the tube due to the flow of grid current is

I lie power consumed

P. =
a

- EJ. [46)
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Pi ace the gritl is enclosed by the plate, the heating of the grid by P,

mii <\ be radiated bv the plate in addition to its own losses.

The power loss within the tube which is lo be dissipated at the plate

j„ the form of heat, exclusive of the power loss in the filament, ia

Tube loss = E,h -Mn+^-EJ, (47)

This expression may bo used to check the assumed operating conditions

from the standpoint of allowable plate dissipation.

The plate efficiency is defined as the ratio of the output to the tank

circuit to the power supplied to the plate and is given by

Plate efficiency = §£g (48)

With the allowable plate dissipation fixed, a moderate improvement in

tin plate efficiency will materially increase the useful output, and the

maximum output will be ohtaincd when the plate efficiency is made a

maximum. .

, -

The effective value of the oscillatory current in the tank will be

/, = ,

E
° (*»)

Where the effective value of Q for the coil is high,. the currents in the

coil and condenser are approximately the same and will be given with

sufficient acouracy for most purposes by

l L ~!c = E«*Ca = $ 150)

The preceding- discussion has been based upon the series-fed circuit

of fig 2"), but the same equations and method of analysis will likewise

apply to the case of parallel feed in Fig. 21. This latter arrangement

is the one usually employed.
23. Class B Amplifiers. In order not to distort the envelope of t he

applied modulated wave in Fig. 23, the dynamic characteristic must be

essentially linear, and the operating conditions are chosen so as to bring

iliis about. When this is the case, the maximum amplitude of the

fundamental component of the plate current is given by

[
• m

to a fair degree of approximation. The d-c component of plate current

Will then be

tb m h pl = 0.637/,,! (52!

The plate efficiency, from Kq. (48), becomes

Plate efficiency =
gjjfi

(«)
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Since Eo approaches Eh as a limiting value, it follows that the pi

efficiency of a class B amplifier approaches 78.54 per cent as a limit'

yidae. In actual practice it is usually about 65 per cent on excita'!*

peaks at 100 per cent modulation and falls to about 33 per cent wh
the applied excitation voltage is unmodulated.

24. Tuning Adjustments. The tank circuit should always be adjus
to unity power factor so that minimum plate voltage may coinci

with maximum plate current. A departure from this relation v

lower the plate efficiency. This adjustment is usually made by tuni
the tank circuit for minimum d-c plate current. Strictly speak'
minimum /* may be used as an accurate measure of unity power fac
only when Ct of the tank is the element varied. The usual tun'

adjustment is La, which is varied by means of a copper or alum in

disk rotated within the tank coil and acts as a single short-circui
turn. In this case maximum impedance will not occur at unity pow
factor, and Lo should be adjusted to a value slightly lower than t'

which produces minimum l,„ If the effective value of Q for the tank
fairly high, the adjustments for maximum impedance and unity pow
factor practically coincide, in which case the current may be adjus'
for minimum plate current with either tuning element the variable.

26. Modulated Amplifiers. Tf an a-f voltage is superimposed u
the d-c plate-supply voltage Ei, of a class C amplifier having consta

2J0

Fia. 28.—Modulation of class C amplifier by superimposing a-f sign
voltage on plate-supply voltage

r-f excitation applied to its grid, the tank current / may be made to
rise and fall in amplitude as illustrated in Fig. 28. The schematic
diagram of the circuit is shown in Tig. 29. A linear relation must exist
hetween tank current and plate voltage if distortion is to be avoided
The relation between the plate voltage and h should also be fairly
linear so that the modulator tube supplying the a-f power shall work into
a constant load resistance, which will lie equal to Et/h, or, in general

Sec «1 RADIO-FREQUENCY A MPUF1BRS 119

The grid excitation, grid bias, and tank-circuit impedance are adjusted

„ „s to obtain the desired linear relations. The adjustments may be

hecked by varying Eh from zero to twice normal value and plotting

)', and lb against hi, as in I'ig. 28

impressed upon the modulated

.Uiiplilicr is somewhat lower than

the normal value used for unmodu-

lated operation in order to avoid

excessive plate heating on modu-

lation peaks. Tho grid bias E,

required is approximately twice

the value of cutoff for the tube,

ami the tank impedance is usually

inkier than with unmodulated
opcrat ion. The plate efficiency is

The value of plate-

Jh RfiChokc
•
—*-^MSli—

upply voltage

C
11

Fio class29.—Platc-niodulated
amplifier.

operation. 1 lie piate eiuciein-y i=
J* .

lower than with unmodulated amplifiers and is usually in the neighboi-

hood of 60 per cent, depending upon the size of the tube used, hither

triodes or tetrodes may lie used.

'

The continuous power output with 100 per cent modulation is l.o

times the power at zero modulation. The output on modulation peaks

will he four times the unmodulated carrier output. Tins increase in

the power output when modulated must be furnished by the a-f input

Dynamic CharoofarisiK.

\ i ,
,^ i /£\7^ i

KIB^^ R.F, giol
Incut

'/npuf'

K
ShnalVo»age

Fio. m.—Schematic circuit and operation details of grid-modulated amplifier,

from the modulator tubes. The amount of a-f power required varies

with the square of the modulating factor, so that the. modulator tubes

must be capable of furnishing a sizable amount of audio power if 100 per

eein modulation is to be attained.

While the plate-modulated amplifier has been the most widely used,

other methods requiring very much less audio power can be employed.

Instead of varying the voltage applied to the plate of the modulated

amplifier, it is possible to secure similar results by varying the magnitude

of the C bias at an a-f rate. The schematic circuit is shown in rig.

together with the details of operation. The signal voltage cyclically
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Is to and subtracts from the fixed biasing voltage A',-, causing th.phlude of the plate-current impulses to rise and fall. The r>la£
current wave shapes will be similar to those of the class H amplifier nf
Fig. 23, except that the angle 20, durum which plate current flows w jt

vary with the modulation. The mode of operation changes from an
underoxcitod class C amplifier when unmodulated to a class H umuhte
on modulation [leaks, assuming complete modulation. The advnnta»
of this method over plate modulation is that very little a-f energy^
required for complete modulation. The modulating source is only

required to furnish a portion of
the grid-excitation losses of the

Screen Grid

Suppressor • R.F.

Modulating^
Frequency t

-Screen-grid pentode used as
modulated class C i

amplifier in this case. The plate
efficiency is somewhat lower, and
freedom from distortion is more
difficult to secure.

Another method is to insert
the modulating voltage in the
suppressor-grid circuit of a
screen-grid type of power pent-
ode operating as a class t ' aiimli-

fier, as shown in fig. 31. The
suppressor grid is biased nega-
tively by a moderate amount and
swings positive mi modulation

I'm. 31
' amplifier

, , . .... swings posit
peaks, during whirl » suppressor-grid current flows. The power repre-
sented by this current has to be furnished bv the modulating source,
but it is negligible in comparison to the demands of a plate-modulated
amplifier. Ihe distortion is low with moderately high percentages of
modulation but bei cs appreciable at 100 per cent.

26. Doherty High-efficiency Amplifier. 1 The plate cflieiencv of »
class U amplifier varies between about 33 ami (So per cent from to
100 per cent modulation, resulting in a rather low all-day efficiency in
view of the average per cent modulation of a broadcast station Oi'nuc-
'I !>' appreeiabk; reduction could be effected in the energy require-
ments of a transmitter if this efficiency could be raise.l and kept constant,
the Doherty amplifier accomplishes this desirable result in the following
manner:

Two tubes, effectively in parallel, supply power to a common tank circuit,
as shown schematically in ciK . 32. Tube V, is operated so lhat its output
vo tage K, is at its maximum permissible value when the unmodulated carrier
voltage E, is applied to the grid. The grid bias oa T, is made sufficiently
negative so that the output current /, is about zero at this value E, of tl"'
carrier voltage. Tins lujili value of E, with an excitation voltage of &•
impressed is brought about by having the tube work into a load impedance
<>} -". or twice the value ol lank impedance that would be ordinarily used.
I his value of 2ft is brought nbout by the properties of the impedano*
inverting network in the plate circuit, which is the equivalent of a quarter!
wavohne. These lines have a sendiiig-cnd impedance Z. which is given by
the relation w

i

z
'~~z.

154)

;

"V l ' il,'.ry -
W:,R - > N, 'w

.

IIiBn '"'»'•"'>• I'ower Amplifier for Modulated Wave*
rac. I.R.B., p. 1183. September. 1(130.
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k„rc Z, — terminating impedance (ft/2) .... , , ,,,
"rhfr

/, = characteristic impedance of the line which is equal in this case

to ft when the reactive series and shunt arms of the simulating

network have the values given in the figure.

When the carrier voltage increases to a value greater than ljcac
»i
n*

«u <ii 1CK) per cent modulation)

Jrit. However, ' l

<>f (he network

,, 2!| logins to furnish power to the tank cir-

this causes the impedance of the tank, as viewed from tho

ark, to rim. But this apparent rise in Z,, from hq. (o4),

1 •> 'suses^

!
T-jr -jr

r
Condensers

\h can be combined

Impedance
inverting"

neiwork

V&nki
thvir/tnq-^wpedgrice

Fm. 32.—Schematic diagram of a Doherty amplifier.

causes a reduction in Z.. Consequently, the output current /i of tuhe !\

rises even though Ei remains constant. Tho increasing grid excitation

maintains fc'i as the plate load impedance Z. falls. As the excitation increases

beyond the unmodulated amplitude JiV. T-. contributes more and more power

to the tank and thereby permits 7'i also to supply more power. W hen the

excitation reaches a value of 2Er, corresponding to the instantaneous peak

nf a completely modulated wave, half of the power in this tank is being

contributed by T: The network is ot that instant effectively terminated in

R ohms instead of the original value of ft/2, permitting 7', to deliver twice

its initial power output. Tho total power delivered to the tank circuit is

tlien the required value of four limes the unmodulated value.

(a)- Grid excitation (bl-Grid excitation

Fig. 33.—Current and voltage relations in a Doherty amplifier.

Tho variations in the vnrious currents in Fig. .52 ore shown in Fig. 33a,

»nd the volumes E, and E: vary as shown in Hg. < )|1C <". "f
,

;

ll
;'

r-

actoristics of the impedance-inverting network shown in rig. -iZ is that tne

current /, will lae 90 cleg, behind Ex. Consequently a network producing a

•iiuilar phase shift, but in the opposite direction, is inserted in the grid circuit

°' T,, so thnt the currents Ii und will be in phase with each other Kcvers-

mg the signs of the reactances in the scries and shunt arms of tho grid network,
as shown, will produce the desired leading phase shift of 90 deg.

The. Doherty method of operation enables a plate efficiency of slightly

"»ore than CO per cent to be secured when the earner is unmodulated
The distortion is somewhat greater than with class U operation, Fig. 33.
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depicting the ideal characteristics, but by using reversed feedback it b
possible to meet nil the requirements of high-fidelity broadcasting.

27. Frequency Multipliers. The plate current of a class (' aniplifiPr

is badly distorted and contains a (urge percentage of harmonics,

is possible to resonate the lank circuit to one of these harmonics and
cause it to absorb power at the harmonic frequency. The impedance
offered to the fundamental and the balance of the harmonics will ba

small; hence little power will be absorbed at these frequencies.

Frequency multipliers are used to obtain higher frequencies than

can be readily produced by crystal-controlled oscillators. QuarU
crystals for high frequencies become rather fragile and are apt to crack

in service. To secure crystal control of the frequency in the case of

short-wave transmitters, the crystal is ground to oscillate at some W
multiple of the transmitted frequency. The output of the crystal-

controlled oscillator is then impressed on one or more amplifiers con-

nccted in cascade and adjusted to multiply the frequency. The usual

practice is to double the frequently with each stage, and, while greater

multiplications than this can be obtained, the output falls off rapidly

as higher multiplications per stage are attempted. If a push-pull circuit

is being used as the frequency-multiplying stage, the output tank circuit

will have to be tuned to the third harmonic of the input, voltage, sines

even harmonics will cancel in the output circuit. A class (' amplifiat

having a plate efficiency of 80 per cent would show an efficiency of

about 70 per cent when used as a frequency doubler. The instan-

taneous current and voltage relations in a frequency doubler will be

similar to Fig. 26 except that the frequency of <,, will be twice as great

and will therefore be low in value for a shorter time interval. This

requires a smaller value of fl, in order to keep the losses within the tube

small. These losses are proportional to the product of the instantaneous

values of c,, and and can be minimized by restricting the flow of plate

current to a smaller interval of time. This calls for values of /£„ and ft

somewhat higher than with the conventional type of class (' amplifier.

ESther triodes or tetrodes can be used. The former will noi need to

be neutralized, as the input and output circuits arc tuned to different

frequencies and hence will not oscillate.

SECTION 13

RECEIVING SYSTEMS

By G. L. Beers, B.S. 1

1. Classification. The following is a classification of radio receivers

according to their operating principle.

1. Tuned radio frequency.

2. .Superheterodyne.

3. Regenerative.
4. Superregenerativo.
2. Tuned-radio-frequency Receivers. Tuned-radio-frequency (t-r-f)

receivers are those which obtain their selectivity and r-f amplification

through the use of circuits which function at the frequency of the incom-

ing signal.
,

Tuned r-f receivers use from two to six circuits which are tuned

simultaneously bv means of a single tuning control. A gang condenser,

whirl, consists of several variable condensers assembled in a single unit,

is used to vary the frequency of the limed circuits. The series resistance

of a conventional t uned circuit, whose frequency is varied by means of a

variable condenser, increases with frequency. The selectivity of t-r-f

broadcast receivers varies in a ratio of about 3:1 from one end of the

broadcast range to the other. One or two of the tuned circuits in a t-r-f

receiver are gcncriillv used in the antenna-input system and the remainder

arc used to provide 'the coupling between the stages of the r-f amplifier.

One or two stages of a-f amplification arc used in the audio portion of

the receiver: Tuned r-f receivers arc best suited for use where the

selectivity requirements are not est re

3. Superheterodyne Receivers. In the superheterodyne receiver the

received voltage is combined with a voltage from a local oscillator and
converted into a voltage of a lower or intermediate frequency which is then

"inplihed and detected to reproduce the original signal wave.

The siipcrheterodvne receiver utilizes I he essential components <>| a

t-r-f receiver and, in addition, a frequency converter and i-f amplifier.

Tin- frequency converter consists of a variable-frequency oscillator and a

detector. The function of the frequency converter is to change the

frequency of the received signal to the i.f. The oscillator and t-r-f

circuits in superheterodyne receivers arc usually tuned simultaneously

means of a gang condenser. A constant frequency difference is main-
tained between the oscillator and r-f circuits either through the use of a

Combination of fixed shunt and scries condensers in the oscillator circuit

conjunction with a gang condenser in which all of the variable con-

peneers are identical in capacity or through the use of B gang condenser

„ 1 Engineering Department, RCA Manufacturing Company. RCA Victor Divmion.

""•oiden. N. J.

423



121 THE RADIO ENCIINMMVltB HANDBOOK ISocjj

ill which specially shaped plates are used iti llie oscillator variable con.
denser. 'I he i-f amplifier uses two or tliree transformers, which usually

contain two coupled circuits with the coupling adjusted to provide th'e

so-called baml-imns filter characteristics. The i-f amplifier provides the
major portion of the amplification and selectivity. Since the character,

istkn of this amplifier are independent of the frequency to which the
receiver is tuner), the sensitivity and selectivity of a superheterodyne
receiver are usually very uniform throughout its tuning range. The r-f

circuit* are used primarily for eliminating certain types of interference

which tire common to this type of receiver. The performance of the
superheterodyne receiver is in general superior to that of any other type
of receiver in use today.

4. Regenerative Receivers. In a regenerative receiver the following
•iction takes place: The received voltage is impressed on the grid of a

vacuum tube. A portion of the resultant voltage which appear* in the

plate circuit of the tube is fed hack to the grid circuit in the proper
phase relation to increase the applied grid voltage. The effect of this

action is to reduce the effective resistance of the resonant circuit to which
the signal is applied and, thereby, provide considerable amplification
of the received signal.

Regenerative receivers are usually provided with two controls, one
for tuning the receiver and the other for controlling the ,-i mount of feed-

back energy. If the feedback is increased beyond a certain value,

sustained oscillations are produced. It is common practice to tunc
regenerative receivers while sustained oscillations are luring produced,
as the beat frequency produced between the carrier wave of the trans-

mitting station and the locally produced oscillations indicates when the

receiver is properly tuned. 'Phis method of tuning is called the "zero-

beat" method as the tuning of the receiver is adjusted so that the heat

note decreases in frequency till it is no longer audible. When a con-

ventional regenerative receiver is tuned in this way, interference is pro-

duced in near-by receivers which arc tuned to the same station. A stage

of tuned r-f amplification is sometimes used between the antenna and
the regenerative circuit to reduce the possibility of producing this tvp*
of interference. The regenerative receiver is quite sensitive considering
the number of tubes which are used. It is not very selective since only

a single tuned circuit is generally used. They are now practically

obsolete as broadcast receivers, although they are still used to a limited

extent in marine- receivers and in short-wave work.
6. Superregenerative Receivers. A superregenerativc receiver is

regenerative receiver in which sustained oscillations arc prevented °J
the periodic variation of the effective resistance of the resonant circuit

to which the received signal is applied.
In the superregenerative receiver oscillations are permitted to build

up at a periodic rate in a resonant circuit tuned to the frequency of the

received signal wave. Sustained oscillations in this circuit are prevented
by the application of a quenching frequency potential to the grid of t he

superregenerative tube which periodically affects the tube characteristic1

in such a way as to stop the oscillations. The quenching frequency nisX

he supplied either bv a separate oscillator or by the superregenerative
tube itself. The audio system of this type of receiver is usually provide"

with an a-f filter to remove the quenching frequency from the audio

output. An r-f stage is frequently used ahead of the detector to proven*
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energy being transferred from the superregenerative circuit to the

antenna. A signal input of oO to 100 uv will give an intelligible signal,

although an input of 500 to 1000 av is generally necessary to reduce the

iinjsc to a satisfactory value. Harmonics of the quench trequency beat-

ing with the received signal make a source of interference il the ratio

between signal and quench frequencies is not 100: 1 or more, '[he

i,ipcrregenenilor is still used in some police automobile installations but

is heiug replaced bv the superheterodyne because of the better signnj-to-

noi-c ratio and selectivity which this receiver prov ides.

6. Method of Rating. Receiving sets are generally rated on the basis

of the following characteristics: (1) sensitivity; (2) selectivity; (3)

fidelity; (4) overload level; (5) power consumed.

1 The sensitivity is that characteristic which determines to how weak a

numil it is capable of responding. It is measured quantitatively m terms of

the input voltage requirod to give a standard output.

2. The selectivity is the degree to which the receiver is capable of ditlercnti-

sting between the desired signal and signals of other carrier frequencies.

This characteristic is not expressible by a single numerical value but requires

one or more graphs for its expression.
, . , . . ,

3. The fidelity of a radio receiver is the degree to which it accurately repro-

duces at iw output terminals the signal which is impressed upon it. Aa

ajiol >! 1') a radio receiver, fidelity is measured by the accuracy <>l reproduc-

tion at the output, terminals of the modulation of the received wave.

4 The overload lead of a receiver is the maximum power output which can

bo obtained from it when the output voltage does not contain more than

10 per cent of total harmonics.

7. Method of Testing. A standardized method of testing radio

receivers has been established bv the Institute of Hadio Kngmeers and
is described in detail in the Year Book of the Institute. The following

is a brief summary of the procedure:

1. Definition of Terms. •

,. . . .. .... ,

'i Sensitivity, selectivity, fidelity, and maximum undistorted output tscc

Method of Rating). , _ _ . , .

1

6. Normal teat output: An a-f power output of O.o watt m a standard

dummy load coniieclcil across the output terminals of the receiver is the

normal tost output of a broadcast radio receiver oxcept when the maximum
iH.wer i.ulput is less than 1 wait and more than (1.1 watt, in which case the

normal tost output is 0.05 watt.
r. Normal radio-input voltage: This term represents the r-m-s r-f voltage

nodulated Ml) per cent ai 100 cycles which results in normal test output at

"Somnific. . ,.

rf. Standard test frequencies: In the testing of a broadcast radio receiver.

Pe seven standard carrier frequencies are 540, COO. 800, 1,000, 1.200. 1.400,

•nd 1 600 kc. When tests at only three carrier frequencies are required, the

•arrier frequencies of BOO, 1.000. and 1,100 kc are used.

2. Equipment Required.
'• A signal generator: This consists of a shielded vacuum-tube oscillator

*hosc frequency can bo varied from 500 to 1.000 kc. An a-f oscillator is

Pfovidod to modulate the r-f oscillator by a known amount at any frequency

!0 tn 1(1.000 cvcles. A calibrated attenuator is used to impress a known
Potential on the standard antenna connected to the receiver. The attenuator

'Vstein should be such as to allow a range of voltage impressed on the standard
nnienna unit from 1 to 200,000 >iv.

'' Standard antenna: The standard antenna for u broadcast radio receiver

"ot having a self-contained antenna is an antenna having substantially the
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rainc impedance as !i series circuit containing a rapacity of 200 ji/if, u self,

inductance of 2U ph. arid :i resistance of 25 ohms.
c. Standard dummy load: This is u pure resistance wiio.se value is equal to

the -Hill-cycle impedance of the loud-s|x>nkcr which is supplied wilh the radio

roccivor. The loud resistor should lx! capable of dissipating the maximum
power output of the receiver without an appreciable change in rt-sislam-c.

An output filter ia provided for preventing the flow of d.c. through the load
resistor wlien lesling sets wliieh normally have d.e. in their output circuit

A vacuum-tube voltmeter or equivalent device is used for determining accur.

atcly the r-m-e voltage across the load resistor.

it. Harmonic-measuring circuit: For this purpose a harmonic unulyier
capable of measuring frequencies up to 15.00(1 cycles is reeoinmended. The
instrument should have suliicietit frc<iucncy discrimination to measure liar-

luonics which are 0.5 tier cent or less of the fundamental.
3. Teals.

n. Sensitivity: The sensitivity is determined by impressing an r-f voltage,

with 100 cycles. :{0 per cent modulation, in series with a standard antenna
and adjusting the intensity of the input voltage until normal test output it

obtained for carrier frequencies between 550 and 1,500 kc.

/.. Selectivity: The selectivity of a receiver is determined by lulling it to

each test froquency in succession, with the receiver in the same condition as in

the sensitivity tost, and measuring the r.f, necessary lo give normal test

output at steps not greater than HI kc at leas', up to 100 ke on either side of

resonance or until the radio-input voltage has increased to 10.000 times or

more if the measuring equipment permits.

c. Electric fidelity: This is determined by inning the radio receiver to each

standard test frequency in succession with the icceivcr in the same condition

as in the sensitivity and selectivity tests, adjusting the impressed volingo to

the normal radio-input voltage and then varying the modulation frequency

from 40 to 10,000 cycles at 30 per cent modulation and constant r-f input

voliagc throughout, hiking readings of relative output voltage at convenient
modulation frequencies.

4. Additional Tots.
a. Determination of the overload level: This is determined by increasing

In successive steps the r-f input to the receiver (with modulation adjusted
to ;{0 per cent at 400 cycles) and measuring both the power output and the

percentage harmonics. The overload level of the receiver is the least power
output which contains a total harmonic, distortion of 10 per cent (r-m-*

voltage).
6. Volume-control testa: This test is a determination of the effect of the

volume control on the sensitivity, selectivity, and fidelity.

e. Test for hum: Tor determining the hum voltage, a filter is connected
between the output of the receiver and the voltmeter. This filter has »

characteristic which evaluates the various hum components according to their

quantitative effect on the human ear.

8. Design of Receiving Systems. The majority of receiving sets in

use today are broadcast receivers designed to cover the frequency range

of front 550 to 1,500 kc. The essential electrical elements: of a modern
broadcast receiver may be classified as follows:

1. Radio-frequency system.
2. Audio-frequency system.
3. Volume-control system.
4. Power-supply system.
5. Loud-speaker.

9. Radio-frequency System. Antemui-inpvt Si/stemx. The antenna'

input system transfers the signal wave intercepted by the antenna to
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the grid of the first tube in the receiver. The antenna-input system also

rpni rilmtes to the over-all performance as follows:

1. One or more t-r-f circuits in the antenna-input system provide selectiv-

ity for the separation of stations as well as the prevention of cross modulation.

2. A reduction in tube noise for a given sensitivity is obtained through the

jtcp-up in voltage provided by the use of tuned circuits in antenna-input

^-steins.

A tvpical antenna-input system is illustrated in Fig. 1. Since there is

considerable variation m the characteristics of receiving antennas used,

the value of the antenna-coupling inductance is

chosen so that the antenna system is always tuned

to a frequency below the tuning range of the

receiver. If the antenna circuit becomes resonant

•in the tuning range of the receiver, the first tuned

circuit in an unicontrollctl receiver will be thrown

out of alignment with the remainder of the

receiver and the over-all performance will be

seriously affected. Figure 2 shows the voltage

step-up between the antenna and the grid of the

first tube which is obtained from such an arrange-

ment. Two coupled tutieil circuits are sometimes used between the

antenna and the grid of the first tube. This reduces the voltage gain to

approximately half that obtained with the single tuned circuit but

Flo. 1.—- Antenna-in-
put system.

SOJ BOO TO mo
Wove frequency, ki loeyefctt

Fia. 2. -Amplification of input system of Fig. 1.

increases Ihe selectivity and therefore reduces the possibility of cross

modulation in the first tube of the receiver. An antenna-input system
is shuwn in Fig. 3, which provides considerably greater coupling between

the antenna and the first tuned
circuit. This system is employed
in automobile receivers where the

signal intercepted by the antenna is

usually quite small. Uy connect-
ing a small inductance in series with
the antenna so that a series-tuned

circuit is formed which is resonant
at approximately 2,000 ke, this

system will provide a voltage gain
which varies from 10 at 600 kc to
20 at 1,400 kc. Another antenna

coupled antenna- input system which is used exten-
'"Put system. sively in automobile receivers, par-

PWUarly those which are designed for a specific car and antenna, is to
ponnee*. the antenna to a tap, approximately 30 to 50 per cent on the coil
111 the first tuned circuit.
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A number of broadcast radio receivers employ a loop antenna. Itt

this ease the loop comprises the inductance in the first tuned circuit. Ia

some console receivers the loop is rotatable by means of a control on the

front panel of the receiver. In midget-type receivers the position of the

loop is fixed, and it is sometimes necessary to orient the complete receiver

to obtain the maximum signal voltage from a desired station 1 he direc-

tional properties of the loop antenna can frequently be used to mimiiiiie

interference, provided the source of the interference, the station tran*-

mitting the desired signal, and the receiver are not in the same plane.

10. Radio-frequency Amplifiers. The types of r-f amplifiers in use

in broadcast receivers may be classified as tuned, fixed-tuned, and

untuned.

Tuned r-f amplifiers are those which amplify a narrow band of fi-equuiidM

and are provided with a control by which the position of tins Land of fre-

quencies niav be moved over a wide frequency range.

Untvnvtl r-f amplifiers are not provided with a tuning control ami an
designed to amplify a wide band of frequencies.

Fired-tiun ,1 r-f amplifiers are those which pass a narrow band of frcquencm

and whose resonant frequency is not varied with the tuning of Hie receiver*

The i-f amplifier of a superheterodyne receiver is an amplifier or tins typo.

11. Single-tuned Circuit T-r-f Amplifiers. The selectivity and

amplification which can be obtained from :i conventional t-r-1 amplifier

stage arc a function of the effective resistance of the limed circuit used

in the interstage transformer. Since the selectivity provided by a

t-r-f amplifier cannot be increased bevond a certain limit without serious

attenuation of the high modulation frequencies, the useful amplification

which can be obtained from an amplifier stage is therefore hunted.

The select ivitv and amplification which n t-r-1 amplifier will provide

can be calculated. From a practical standpoint, of receiver design,

however, it usuallv requires less time and is more accurate lo determine

the characteristics of a particular transformer experimentally by labora-

torv measurements since a determination of the effective resistance

of the tuned circuit is neecssarv even if the characteristics of the traiM-

foriner are to be calculated. It is likewise difficult to take into considera-

tion the effects of regeneration and the proximity of shielding, etc., ill «

mathematical consideration- of r-f transformer characteristics. Hie

ratio of reactance to effective resistance °>

wL/R of the tuned circuits used in r-f trans-

formers for broadcast receivers is usually be-

tween 75 and 150 throughout I lie broadcast

§$TsJM*
r

frequency range. The diameter of the col»

c—J^Bias used in the t-r-f circuits of broadcast receive™
*B varies from 4 to 1 in. and the size of tw

Via. 4.—T-r-f interstage ,. .,ppr wire used for winding the coils is usual'}

transformer. between Xos. 20 and 35 B. A S., the larger wii*

being used in the short-wave coils of "all-wave" receivers. Lit/, wire an

i-ores molded of finely divided iron particles are frequently used H> »*

prove the Q of t-r-f transformer coils. The position of the core witn

the coil is usually variable so that the inductance of the coil can "°

adjusted to a desired value.
_

Considerable shielding is required m screen-grid r-f amplifiers

prevent coupling between circuit elements and wiring \\ hich may like*

r 4 % §
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P,.i.,c
oscillations. It is common practice to locate the grid circuits and

circuits associated with each tube in separate metal compartments

to prevent coupling between them.

[•'inure 1 illustrates the type of t-r-f transformer which is used in the

majority of broadcast receivers. The primary of the transformer is a

„„",., ii "'universal-wound" coil which is either wound on a form of smal

.It-iiio tc-r so (hat it can be mounted inside the secondary or is wound

direct lv on the end of the same form as the secondary. The secondary

js woiiiid on a piece of tubing made of bakehle or some similar material,

riie primary is coupled eleetrotnagnetically to the secondary. The

amplification and selectivity characteristics obtained with this trans-

former when used with an r-r pentode, having a transcotiductanee of

1,000 microinhos, are shown in Fig. 5.

Kilocycles Off Resonance

V .-.'J [UV WW 3W IWW I 'V— twww

Wave FrtqitenCY , k i Ittjtln 1 1—I—1—U—1—I—I

—

1—1—1—1—1—
Flo. ">. Characteristics of trans- Flu. fi.—Selectivity comparison of

fqrnu-r in Vig. 4. single and coupled tuned circuit.

12. Coupled Tuned-circuit T-r-f Amplifiers. A number of broad-
casi receivers use one or more transformers in which two tuned circuits

are used. The two circuits are coupled near the point of critical coupling.

The advantage obtained through the use of this type of transformer is

thai considerable improvement is obtained in the shape ol the selec-

tivity characteristic. Figure (i illustrates this improvement. Curve a
shows

l he characteristic obtained with two coupled tuned circuits, and
curve Ii shows the characteristic obtained with two similar tuned circuits

ln cascade. The width of the top of the resonance curve of a coupled

tuned-circuit transformer depends on the coupling between the two
QKuits. The flatness of the top of the curve depends on the effec-

gje resistance of the tuned circuits. By using slightly greater than
critical coupling at the l-f end of the broadcast range and less at the h-f

'"d of the range, the selectivity of this type of transformer can be made
•nore uniform over the broadcast range than one using a single tuned
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circuit. Figure 7 shows the selectivity characteristic obtained from,
transformer of this type. The voltage gain provided by :i coupled tuned.

so

Kilocjttss Off Hesononce circuit t-r-f transformer is appro*],
mately one-half that v» hich can be
obtained from a transformer using

a single tuned circuit.

13. Untuned R-f Amplifiers.

A stage of untuned r-f nmplift.

cation is sometimes used in re-

ceivers where additional gain is

desired without the need for the

additional selectivity which would
be provided by a stage of t-r-f

amplification. Figure 8 shows Ml
untuned amplifier stage which lion

been used in broadcast reeeiven,

A tube in • amplifier stage will

provide a gain of approximately 8

Fio. 7.—Selectivity characteristics throughout tin- b ru a d c as t fre-

of coupled timed-circuit t-r-f trans- qucucy hand; -!.;> at a Mr and 1.5

former. at 15 Mc.
14. The i-f amplifier in a superheterodyne is the major factor in

determining the receiver sensitivity and selectivity.

Modern superheterodyne receivers use an i.f. at or near either boor

455 ke. One hundred seventv-five kilocycles is used to it limited extent

in receivers which are designed to cover only the tuning range from

fifth

tOOuftf
10,000a I

——a-

—

I

Fio. 8.—Untuned r-f stage.

550 to 1,500 ke, while 455 kc is used in receivers whose tuning gfl
includes the international short-wave bands. Nearly all i-f amp"!"^

make use of transformers employing two coupled tuned circuits,

selectivity characteristic provided by a transformer oi this type innj .

made substantially flat-topped if the coupling between the two tun

circuits is adjusted to near the critical value.

The two characteristics which are given the mo9t consideration 10

design of an i-f amplifier arc gain and selectivity. These characteristics ^JB
either be calculated or determined experimentally. The gain in n <'<>»i"
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tuned-circuit i-f stage with both circuits tuned to resonance is equal to

Iffl or „ Li
\Et\ °" A

r,r, + ,'.!/>
X

a'C.C,

The selectivity characteristic may be determined by

Iffil „ .if I

4QiQiB* + jt(Q\ + Qt>B) + u«A/« x
- s.

Frequency, kilocycles

where E\ is the voltago developed across the secondary of the transformer;
Ei is the voltage applied to the grid of the amplifier tube: »S« is the trans-
comhictance of iho amplifier tiilx-; .1/ is the mutual inductance between
primary and secondary; ri and r, are the effective series resistances of the
primary and secondary; Qi and Qi are the uL/r of the primary and secondary,
respcenvuly

;
a is (J - /o)//o, where /« is the common resonant frequency and

/is any other frequency; and C'i and Ci arc the primary and secondary
capacities.

To obtain maximum gain in an i-f amplifier stage, the L/C ratio should
be the maximum which w ill give the desired frequency stability. If the
!' ' !><• tuned circuits is made ton high, the variations in the
rter-electrode capacity of the tubes may cause a serious misalignment of
the tuned circuits. The capacity used to
tunc the intermediate frequency circuits
is therefore seldom less than 30 or 40/iuf.
.
The width of the frequency band which

a coupled tuned-circuit transformer will
Bags is controlled by the coupling between
the two tuned circuits and the effective
resistance of the circuits. If increasing
tie coupling between the circuits until
the transformer passes the desired fre-
quency Imiwl causes the top of the
selectivity characteristic to become
aouhle-piukr-d; it can he made flat by
jncreiising the effective resistance of one
Whoth of the tuned circuits. To obtain
Me same selectivity characteristic in kilo-
''V' l' - at 455 kc as at 175 kc, the Q of
'he tuned circuits must be approximately
••o tunes as great. To secure compact
juried circuits having the Q required (,S() to
WW to Kive satisfactory selectivity at 455
*• .'he coils an? fre([ticntlv wound in

^
l, 'i(>i,s

, ls jng i.j f!, u j,.,.. \ two-to-onc
Wrovement in the () of coils suitable for a

oh'i
'"' ,ransforiner can generally he

anil"""'''
l»™«Kh the use of cores molded of

1 «'i insulating hinder.

9.— Intermediate-fre-
quency selectivity characteris-
tics: Curve A, one stage: curve
H. three stages.

finely divided iron particles
.— B «w.

1,1 " .

tvl»cal i-f transformer consists of two universal-wound coils assem-
tul

"" >nsu 'ating support such as a wooden rod or piece of bakelite

Co
''"K - These two coils constitute the inductive elements of two tuned

''•Jit,.
'""'nits. One or the tuned circuits is connected in the plate

'in of (lie amplifier tube and the other in the grid circuit of the suc-
ln8 tube. The electromagnetic coupling between these circuits
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determined I iy I lie spacing between (lie mils. The tubing or rod „
which the coils arc wound is mountcil on a plate of insulating material
such as porcelain or isolantite. On this plate are frequently mounted
two small adjustable condensers that are used to tune the two coupled
tuned circuits. Care must be exercised in the design of these condenser*
to ensure that Hie capacity of the condensers remains constant after

adjustment. lit another design fixed condensers are used, and ear),

circuit is tuned by adjusting the position of a molded iron core associated
with each ooiL The entire transformer assembly is enclosed in a met*]
container which serves both to protect the unit and shield it electrically.

The selectivity characteristic provided by a typical 175-ke i-f trans-

former is shown in curve A (fig. 9). These characteristics are aha
representative of the best 455-kc transformers. A voltage miplilicatkm
of several hundred can readily be obtained with a single i-f transform!
and a modern r-f pentode having a transcomluctance in excess of 1,500.

The voltage gain for the usual i-f amplifier, consisting of three trans-

formers and two amplifier tubes, when measured from the grid of the Gift

detector to the grid of the second detector is usually from 15,000 to

30,01)0. The voltage gain in the amplifiers using two transformers and
one amplifier tube is 10,000 or less. The amplification in the three-

transformer amplifiers is usually held considerably below the optimum
value to prevent instability.

16. Frequency Converters. In a superheterodyne receiver the

received signal wave is changed to a signal wave of an i.f. This change is

accomplished through the medium of a frequency convener, which con-

sists of a detector and variable-frequency oscillator. The defector a
frequently called the first di-trrlor owing to its position in the circuit.

In some receivers the first detector is a negatively biased r-f pentotk

and operates due to the curvature of the ErI„ characteristic. The

received signal voltage and a voltage from I he local oscillator are both

impressed on the grid of this detector. The beat-frequency potential

produced by. the rectification of these two currents is impressed on a tuned

circuit connected in the plate circuit of the detector. The majority of

receivers, however, employ a pentagrid converter as the combined oscil-

lator and first detector. The coupling between the oscillator and firs*

detector, when t his tube is used, is obtained through the elect run >trc»n»

in the tube. The reaction frequently encountered with two-tube
quency converters that employ electromagnetic or electrostatic coiinliaH

between the oscillator and first detector circuits is thus avoided. I''"*

freedom from direct coupling between the oscillator ami first detector

resulting from the use of a pentagrid converter make- it possible M

prevent the radiation of the oscillator energy by the antenna systd"

without employing an r-f amplifier stage ahead of the first detector-

The efficiency of a frequency converter is a fu net ion of the conversion

traiisconductatice of the tube employed a.- the first detector. Conver-

sion transconductance is defined as the ratio of the i-f current throuf™
the i-f transformer primary in the plate circuit of the first detector to to*

r-f signal applied to its grid. The conversion transconductance of *

typical pentagrid converter is generally somewhat higher than
obtained from an r-f pentode used a« a first detector and may vary iroR

300 to 500 micromhos, depending on the potentials applied to the sever*1

electrodes.

See- ,3 '
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ln several receivers a separate oscillator tube is used in conjunction

-itl] a pentagrid converter. Greater flexibility in the design of the

aerillalor circuits is thus permitted since the separate tube has a con-

siderably higher transcoiidiictanee than the triode portion of the penta-

grid converter. This advantage is particularly important in receivers

designed t(l cover frequency ranges up to 30 Me, owing to the difficulty

of obtaining a stable oscillator with the desired output and frequency

•stability at such frequencies.

The major problems in the design of the frequency converter for a

unicont rolled superheterodyne receiver are:

1. To maintain a constant-frequency difference between the oscillator and
r-f circuits.
'

2. To minimize variations in the oscillator frequency with variations in

the supply voltage and variations in tubes, etc.

3. To maintain a constant oscillator voltage on the detector grid throughout

the tuning range of the receiver,

4. To minimize radiation from the oscillator in order to prevent interfer-

ence in near-by receivers.

16. Methods of Maintaining Constant-frequency Difference. Three
methods have heen used to maintain a constant-frequency difference

between the oscillator and first detector in uniconlrolled superheterodyne
receivers.

The ftrxt mplhotl makes use of straight-line-frcquoncy condensers and
requires that the oscillator rotor be displaced with respect to the r-f circuit

rotors by an amount sufficient to give the proper frequency difference. This
arrangement has the disadvantage that the useful tuning range of the con-
densers is reduced by the amount that tho rotors arc displaced. For this

reason i his method cannot bo used where the i.f. is high.
The vi cond mithod uses a gang condenser in which the oscillator condenser

plates have a special shape. This method of oscillator and t-r-f circuit
alignment is Bot suitable for use in all-wave receivers which cover several

'JWre bunds but is frequently used in receivers which cover only tho normal
hroadi a-t frequency range.
The third mrtliod makes use of condensers of equal capacity for both the

t-r-f and oscillator circuits. This method is used exclusively in all-wave
receiver* and in many receivers which cover only the
normal broadcast frequency range. It is suitable _i—ra

—

,,>r an i.f. ,,f either 175 kc or 455 ke. The con- "± ysi.i- Ol eiiiii.' r OJ I*.*.: Ol .U'J KU, oil- HVH> =
"non-frequency differonco between the t-r-f and L
oscillator circuits is obtained through the use of a "JLt D-t c' Seouibinution of shunt and series condensers in tho
oscillator eircuit. The oscillator in supcrhotero-
•lyrie receivers, is gonerally tuned to a higher fre- |Viency i|,ail the t-r-f circuits, sinco a smaller "

1

J*
r' ,<

j

l" aue change in frequency is required and a *B -
"nut 1,-r elouijic in capacity is therefore necessary to ., ... ... ,.„;„„ i

Pfodu.-,. ,he desired variation in the oscillator fre- "lJ. L|v,,e 'oarfl9uem y. The oscillator tuning inductance is there fX^:6'": ,^"
08Cl1"

•ore smaller than that of the r-f circuits, and its
lat<,r <-lrcult~

hot
* > '" ' 1 correct frequency differenceMm ccn tho oscillator and t.r.f is obtained at the middle of the tuning range

"I'h equal capacity in each circuit. The combination of shunt and scries
""'""'users u-vd in the tuned oscillator circuit maintains the frequency diffor-

hii
' ' ""slant throughout the tuning range of tho receiver. A different com-

juition f shunt and series condensers is used with each tuning range in
""-Wave receivers.
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These condensers arc shown in Fig. 10. Condenser A is the ma
tuning condenser. Condenser B is the fixed-series capacity. Condon „_

C is a small adjustable condenser for accurately adjusting the total seria

capacity. Condenser I) is the small adjustable shunt condenser.
Typical values to maintain a frequency difference of 175 kc are

follows:

Main tailing capacity A 1.V350 vtA
T-r-f limine irulurtanrc 270
Oncillutor tuning inductance 21 ij uh
Fixcu-scricn capacity B. .. 750 ppf
Adjustable-eerie* capacity C 15-70 i^f
Adjiwtablo-shunl rapacity D 5-40 pj*f

The equations for calculating the circuit constants in a system of Ih

type are given in Sec. (i.

Figure 10 shows a typical oscillator circuit used in suporlictcrody
receivers. It will he noted that the tube is connected across only a

l

tion of the tuned circuit so as to minimize the effect <>!' tube variations)

the oscillator frequency.
17. Tone Controls. A considerable number of broadcast receivers are

equipped with a h-f tone control, which
is a device that enables the user of a

receiver to vary the over-all fidelity

characteristic of the receiver. The
usual tone control operates on some
portion of the a-f system in such S

manner as to vary the h-f response.

Figure 1 1 shows the most general method
of accomplishing this result. In re-

ceivers employing resistance-coupled amplifier stages, the variable RC
combination is shunted across the plate load resistor.

The advantages of a h-f tone control are as follows:

1. Noise encountered when receiving distant stations can lie reduced con-

siderably by deeteasinn the h-f response of a receiver through the use of 11

tone control.
2. All broadcast transmitters do not have the some fidelity characteristics

and a tone control permits the user to compensate for some of these variations.

8. The frequency-response characteristic of the ear varies wjth the intensity
of the sound. A tone control compensates for this characteristic.

A 1-f lone control is used in some receivers so that 1-f interference can

he minimized. Such interference can be caused by a 1-f hum on the

I'ii;. II.—Tone-control circuit.

S I: I

1
•1 lj

l/s/f

+B

O.02Sfif

Fio. 12. Low-frcqucncy tone control.

carrier wave of a transmitter or by the beat note between two trans-

mitters operating on the same channel. The intelligibility of the spcecB

tit
13)
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unreduced by a broadcast receiver is frequently improved by decreasing

^ receiver's 1-f response. Figure 12 shows a 1-f tone control winch has

Son used in broadcast receivers. A switch having two or more positions

Egomctimes used instead of the potentiometer.

M.A.F.

Fio. 13. -Tone-compensated volume control.

'

Acoustically Compensated Volume Control. A volume-control arrange-

ment 'ris been used in a number of broadcast receivers m which the over-

all frequency-response characteristic of the receiver varies with the audio

output level This tvpe of volume control has been culled an acouxlxcaMij

comix iimtnl olnmc n'mlrol and is intended to compensate for the variation

in the frequency-response characteristic of the ear with amplitude.

/ 0.0!W.Po»tr0ulput<>t4O0-

2 am k
3 asouc

4 250 W.

5 10.00 W.

» 40 5060 BO W) 200 300 5» nw 500D lOOOO

Frequency in Cycles per Second

Fio. 14.—Variation of 1-f and h-f response with volume.

Reducing the audio output of a receiver to a low value with a typical

Kplume-eontrol system gives the listener the impression that the very low

gw high frequencies have been attenuated and the middle frequency
'"iige has been correspondingly accentuated. The acoustically com-
tensated volume control was devised to correct this effect. Figure 13

Rows one of the arrangements which has been used to accomplish this
r<*ult. This volume-control svstem makes use of a resonant circuit
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which attenuates Hip middle- frequency range more tli:m the high ;l iu|
| „

frequencies when I he audio oulpul is reduced. The e fieri of this type«|
control is illustrated by the eurves in Tip. 14, which slum the

i"<-li)tiaa

between llie audio output and frequency-response characteristic of ^
receiver. Tlie 1-f compensation shown by these curves was used, ^
only to compensate tor the variation in t he frequency -n-.-ponse character,
istie of the ear with amplitude, hut also to corren lor the acoustic
deficiencies of tin; cahinel in which the receiver was installed. .Since a
definite relation should exist hetween I he audio output level and the
quency-responsc characteristic of a receiver equipped « ilh an acoustical
compensated volume cogtrol, it is necessary that the audio output fora
given setting of the volume control he substantially independent of the
Strength of the received signal. Some form of a.v.c. is necessary to meet
this requirement.

18. Volume-control System. The two typrs of volume control \v

arc used in broadcast receivers are manual and automatic.
The control of volume in both types is generally accomplished by v

ing the transcondiictance of the amplifier tubes through a change in tM
potential applied to the control

mn
-Catho&ei 7o Other

-Bias \controlledTubes

ss s t Volume

^(MhodemOHxrValem

Bias KonbBUcdTaba

"
' Control

Kio. 15.—Volume-control circuits.

grids. This method makes it possi-

ble to apply volume cunt nil to

number of tubes simultuiieo

using a single potentiometer
variable resistor. The source

the variable control grid potent,

do • riot : d to supph power w]

'

is a prerequisite of any simple a-"

system.
H •rious distort ion and cross I

illation may be introduced thro

the use of this type of volume
trol if an amplifier tube is hi

near the cutolT point and theapp",
signal potential is large. This d»
tort ion and cross modulation *l*

functions of the third and hi

derivatives of the A',..-/,, charaC™
islic of the tube. To lniiiiuiUr t

distortion, it is advisable to proportion the volume-control poten

applied to the grid of the individual tubes inversely with the si

voltage on each tube. The use of remote cutoff amplifier tubes isdesira

in a control-grhl-bias volume-control system which must lake care of

»

wide variation in the strength of received signals. Two arrangement*
which are frequently used to obtain manual volume control are illustrated

by Fig, 15.

19. Automatic Volume Control. Automatic volume control is

almost universally in broadcast receivers. It has the advantage
practically the saiue audio output is obtained from the receiver irrcsp**

live of the input. This is an advantage in tuning from one s,il, '°"i
t,

another whore a considerable difference exists in the relative field strenff^

of the stations. It also has the advantage of compensating for some *
the more serious effects of fading. Automatic volume control

makes the manual adjustment of volume less critical since the rut"'

MSI** 1

that

Sec. 13 llECEIVI.Xtt SYSTEM* 437

range of the manual control is used only to vary the actual audio output.

With the manual type of volume control, onlv a small fraction of the total

raritttion of the control may be required to change the sound output from

minimum to maximum. The manual type of control is therefore likely

to he verv critical to adjust.

Figure lt> shows a typical a-v-e- arrangement. In this system the d-c

component of the rectified output of a detector is used as additional

control grid bias for the r-f and i-r amplifier tubes. A single tube per-

forms the dual function of providing the control grid bias and demodulat-

Def.and A.V.C: Ut.A-F

Bias

Cathode -*3L

l io. m.

Amplifier
Tubes

( 'oiiibinalioii ileieetov -volume-control tube circuit.

1200

ing the received signal. The output level is controlled hv varying the
audio amplification. For the -receiver to reproduce faithfully the

dynamic range of a received program, the rectifier from which the a-v-e

control potential is derived must have a substantially linear input-output
characteristic. A diode rectifier, with a load resistance of several

hundred thousand ohms, provides a rectifier that is sufficiently linear.

liixjumxf and Krcavrry Chnriirti rinlir. A resistance-capacity filter is

usually used in the out put circuit
of an a-v-c rectifier. This filter

prevents the a-f components in
the oulpul circuit of I he rectifier

from being applied to the ampli-
fier grids. The time constant of
the a-v-c rectifier output circuit
"hould be such that the lov.est

modulation frequencies will not
rai.-e variations in the amplifier
Rri'l bias. It should not lie so
•low, however, as to give a
noticeable delay when the sys-
tem recovers from a crash of

A time constant he-
"verii i

, „ im ,l
l - see. is usually considered satisfactory.

20, Delayed Automatic Volume Control. The syst.'m illustrated by
j'K- IS is an example of delayed a.v.c. in which no control potential is

'"•rived until the signal level at the a-v-c rectifier has reached a predeter-
mined value. The control grid of the double-diode ti'iode is directly con-
'iccied lo the diode output resistor so that it* bias becomes more negative
w,th an increase in the amplitude of the signal applied to the diode.

1 Kor ilmrription ut this circuit see Art. 48. p. 455.

\ void i n n dflteotor distortion.
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When no signal is applied to the diode, the control grid is at cathode
potential and a d-c drop of between 50 and 100 volts occurs across (

cathode resistor. The diode anode .4 is connected through a suita

resistor to the plate-supply system at a point sufficiently negative wi
respect to the cathode to give the desired delay. When a signal isapplj

to the signal diode, the control grid becomes negative and the drop ner
the cathode resistor decreases. Wha
the amplitude of the received sin

exceeds the predetermined level, t|„.

cathode of the tube becomes negative
wit h respect to the a le .1 . and current

Hows tli rough resistor A" causing ta
increase in the negative bias on the

\R amplifier grids.

21. Selectivity Ahead of A-v-c Sys-
tem. In some receivers employing
separate a-v-c rectifier, this rectifier

FlO.

Cathode Plate

forAmplifier Tubes

18.—Double-diode triode lis

a-v-c. t uhe.

is connected to a point in the receiver

which is preceded liy less selectivity

than is used ahead of the audio de-

tector. The advantage of this system
is that, when the receiver is tuned oil

resonance with a desired signal, the noise which is normally encountered

is reduced. Under this condition the a-v-c potential is proportionately

greater than the signal potential at the audio detector, and the receiver

sensitivity and audio output tire less than would have been obtained if

the same selectivity was used ahead of the a-v-c rectifier and audio

detector. This difference in select ivity should not exceed 10: I , otherwise

the reduction in sensitivity, when tuned off resonance from a strong

signal, will be so great as to prevent the reception of a weak signal on the

adjacent channel.
22. Biasing the Amplifier Tubes at Different Rates. To minimize the

type of distortion frequently encountered in volume-control systems due

to the curvature of lljj; /•*..-/,. characteristic, it is desirable to proportion

the volume-control grid bias for each amplifier lube inversely as the sign*'

potential applied to the tube. The method generally used for approxi-

mating this relation is to provide one or more taps on the a-v-c lujW

resistor. The r-f amplifier tube is connected to the resistor; hence th*

entire potential rlrop is applied to its grid. The i-f amplifier lubes ate

connected to tin? tap or taps on the resistor so that they receive one-hall

or less of the total a-v-c voltage.
23. Separate Channel or Parallel A-v-c Systems. In some receiver*

a separate i-f amplifier stage is used to feed the a-v-c diode. The usee'

the separate channel, which is usually designed to have higher gain lh*n

the normal signal channel, makes impossible to provide a delayed a.*''

having a very flat characteristic. The use of the separate channel

makes it easy to provide less selectivity in the a-v-c channel than in to

signal channel and still provide a high signal voltage at the a-v-c recline*"

Another expedient which can be used with the separate channel a-v

system to give a very flat a-v-c characteristic is to apply a part oi in

a-v-c potential to the amplifier tube in the signal channel following }"

point at which the additional a-v-c amplifier tube is connected, t

must be exercised in determining the control potential to be applied to 11
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amplifier stage following the point in the normal signal channel from

u-h'ch < 1
"' eontrol potential is derived. If the control potential applied

to such a stage is too great, the a-v-c system may be overcompensated

and the receiver output may actually decrease as the strcngtii of a

recce ed signal increases. Figure 19 illustrates an a-v-c system employ-

ing < separate amplifier stage. Tu this arrangement a portion of the

AV.C.I-F A.V.C.

control potential is applied to the signal amplifier tube subsequent to the

point to which the separate a-v-c amplifier tube is connected.
24. Tuning Indicators. The majority of console radio receivers are

provided with a tuning indicator which enables the user of the receiver to

tune it accurately by eve to a desired station. The visual indication of

resonance is usually obtained
through the use of a 61'5 or
similar electronic device in

which the shape of the pattern
"n a fluorescent screen is con-
trolled by the potential applied
Jo one of the device's electrodes.
1 '!" control potential in the
majority of receivers is ob-
tained from the a-v-c system.
Receivers designed to pass a
jnde frequency band, such as
Mgh fidelity receivers, arc
usually provided with a special
control circuit which is much
more selective than the normal signal channel. This selective control
circuit is tuned to the center of the i-f pass band, and the deflection
° r the pattern on the fluorescent screen of the 6U5 thus accurately indi-

cates when the receiver is in resonance with a desired signal.

26. Noise in Receiving Systems. The source of the noise which is

frequently obtained in the output circuit of a receiving system may either
oe located external to or within the receiving system. The two general
sources of noise which are external to the receiver arc as follows:

28-

ID

I 16

I 11

5 6

i,

=
it

Fui.

SO mo coo fofioa

1Mb Frequency Mxronolls (R.M.SlirtFirtf R-F Grid

20.—A u t o m a t i c volume-control
characteristic.
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1. Atmospheric static.
2, Man-made static.

Tin' expedients which are employed in receiving systems to mini
noise due to these types of Interference without sacrificing the fide*
of the system are to employ mi antenna sysU>m which will provide
favorable a signnl-tOMioise ratio as possible and to use sufficient shield!
on the receiver chassis to prevent the noise 1 being picked up l>v the rccei
circuits.

The two chief sources of noise which are located within a recei
'

system are thermal agitation and .flint effect.

Thermal-agitation noise is due to the random million of the electrons wi
a conductor. The noise voltage introduced into a circuit t>v this cause
l>c calculated from the equation,

o a - 5.4!) X 1Q"TZ df

where <"•' — mean square thermal-agitation voltage
T - alHiuhne temperature of the conductor (273 + °C.)
Z - resistance of the conductor or the resonant impedance of a tit

circuit

df = frequency hand width factor.
The number of electrons emitted by the cathode of a thermionic la

varies from instant to instant, and this variation in emission introduces i
voltage in the circuit through which these electrons pass. This variation in
electron emission has liccn called xhot cffirt.

The following equation gives the voltage introduced in a circuit by Ihia
cause:

E' -3.18 X 10 "IZ'df

where E' - mean-square shot-effect voltage (without charge)
1 — electron current
Z = resonant impedance of the tuned circuit

df = frequency hand width factor.

The space charge obtained in a vacuum tube under normal operating
conditions reduces tl^shot-effect voltage to about one-hall" the above
value.

The thermal-agitation and shot-effect noise found in the output circuit

of a receiver usually originates in the grid and plate circuits, respectively!
of the first tube. Where the gain in this tube is very low, the second tube

may also contribute to the noise.
Since both types of noise are introduced as a series of pulses, the

circuits in which the noise is introduced are excited at the frequency
to which they tire tuned.
The shot-effect voltage developed in the plate circuit of a tube varies

in proportion to the square rout of the plate current, t •hanging '•}•

plate load impedance has no direct effect on the signal-to-noise rati"

since both factors are changed in the same ratio. High gain in the fir**

tube with low plate current is therefore desirable to minimize shot-effw*
noise.

Thermal-agitation noise varies as the square roo| of the impedan**
across which the noise is developed. The merit of an aiitenmi-inPJJ!
system from the thermal-agitation noise standpoint may be expressed

:is the ratio of gly/'A, where g is the voltage gain between the antenna

g^UI RECEIVING SYSTEMS til

Ld l he grid of the first tube and Z is the effective impedance in the grid

nircuil of this tube.

26. Complete Receiving System. The usual broadcast receiver con-

sists of the following elements:

1. The receiver chassis.

% The loud-speaker.

3. The cabinet.

In the majority of receivers the r-f, i-f, a-f, and power supply circuits

nsscm hl<>d as a single unit. In a few receivers the power supply

rectifier and filter system and the power output tubes are mounted on a

separate base.

The tuning condenser in a large number oi broadcast receivers is

Bexihlv mounted, with respect to the chassis, by means of soft rubber

washers The complete chassis in many receivers is also flexibly mounted

in the cabinet. These precautions are used to prevent acoustic feed-

back in receivers which are capable of producing a high power output.

Acoustic feedbacks are caused by the loud-speaker vibrations being

transmitted through the cabinet to the receiver chassis and thence to

tuning condenser or some other circuit element which is caused to vibrate

sufficiently to intermittently detune the receiver at an a-f rate. If the

proper phase relations exist between the loud-speaker vibrations and the

variations in signal intensity which result from the vibration of the con-

den-rr plates, sustained oscillations may be produced.

27. Shielding and Filtering. It is common practice to confine the

r-f ami i-i" circuits in metal containers which provide both electromagnetic

and electrostatic shielding. Tube shields are used with "glass" type

tubes to prevent coupling between tubes ami between the grid and plate

portions of individual tubes. When metal tubes are used, these shields

are not required. In s< instances shielded leadsare used to provide the

connect inns to the grids or plates of amplifier tubes, but in general the

iieees.sjiv for such shielding is avoided by so locating these leads that they

are electrically isolated by the tube shields and the metal containers for

the r-f and i-f circuits. M . _
Care st be exercised in locating the power t ranslurmor and tiller

reactor on the receiver chnssis, otherwise the electromagnetic field

produced bv these units mav induce an appreciable hum voltage in the

a-f circuits'. It. is desirable to keep these units separated from the
a-f circuits as much as possible, ami it is frequently necessary to deter-

mine experimentally the best location for these components by connecting
then, iniothe circuit with flexible lends and orienting them until u position
ls ''slablisheil which reduces the hum to the desired minimum.

Resistance-capacity filters are frequently used in the voltage supply
"ads fl)r ([„, Ul|„, electrodes. These filters are employed to prevent

Coupling hetween points in the system which differ in signal potential
and to provide additional filtering for the voltage fluctuations which
m».v exist at the output of the li supply filter. The d-c drop which can
lH' tolerated in a given circuit is frequently a limiting factor in the use of

""eh filters. When r-c filters are used in circuits in which the average
current varies during the operation of the receiver, it is essential that the
rycoverv characteristic of the filter be such that the voltage on the

jj'f'trode can return to its normal value in approximately ho sec, other-
wise noticeable interruptions in the received program will be obtained
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when sudden changes in the average current occur. Tins problem
most frequently encountered when r-c filters :ire used in the plate

i

screen circuits of tubes which are controlled by the a-v-e system.
28. Loud-speaker. The elect roilynnmic loud-speaker is used in

stantially all the broadcast receivers which are produced today.
29. Cabinet. The cabinet for a broadcast radio receiver must fu

three requirements:

1. It must house and protect the receiver chassis and loud-spea
mechanism.

2. It must provide sufficient bnFfle area for the loud-speaker tn (tivc the
desired 1-f response.

3. It must serve as o piece of furniture which will harmonize with the
furnishings in the room in which it is to be placed.

30. Single-dial Tuning Problem. One of the major problems in

design of a uncontrolled broadcast receiver is the maintenance of'
proper alignment of the tuned circuits throughout the broadcast fr>

quency range. To maint
'

such alignment normally
quires that the inditctano

and variable condensers ffl
made very iinifortn. It iscon
mon practice to sort the
in groups so that the variation

in inductance between them is

less than ().") per cent. Coils

.nc also employed which are

wound in two sections, such as

a .ind /) in i-'ig. 21. One or
Method of yaryniK n.ductauce

,

<lf t , , tio„ „
slightly for truckmg purposes. ^ v( .

( , ^ w
section b so as to increase or decrease the spacing between the two coil

sections. The total inductance of the coil can thereby be adjusted to

any desired value. Adjustable iron cores are used in some receivers to

give the coils the desired inductance values.
31. Push-button Tuning Controls. The majority of automobile radio

receivers and a large number of home receivers arc equipped with push-
button tuning controls. Three general types of push-button tuning
arrangements have been used.
The first, type makes use of separate tuned circuits for each push

button. These circuits are tuned to the desired station by variable

condensers or variable iron-core inductances which are provided »)'

,

screw-driver adjustments. The push buttons operate switches which
select the groups of tuned circuits that have been protuned to the desired

station. The number of stations which can be tuned in on such a

receiver is limited to the nnmher of push buttons and groups of tun™
circuits.

The second type of push-button tuning control makes use of a g:lll
£condenser so that the receiver can be tuned continuouslv through the

entire frequency range covered by the receiver. The push-button tun"*
is accomplished by cams which rotate the gang condenser to the prop*'

position to tune in the desired station. The cams are generally
circular or I'-shapcd. When a push button is depressed, the top 'dg*

t
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of one leg of the U is brought in contact with a rocking plate which is

La-red to the rotor of the condenser. As the push button is further

{Lnresscd, the cam causes the condenser rotor and the plate to rotate until

the otiier leg of the V also conies in contact with the plate. The U-shaped

,..im- are held in a clamping arrangement which permits easy adjustment

to &nv position which will cause a desired station to be tuned in. In some

receivers a solenoid is used to supply the force which causes the cam to

rotate the gang condenser to the desired position. In this case the only

fund ion of the push button is to select the cam nnd close the electrical

circuit through the solenoid. This arrangement is likewise suitable for

ganged iron-core tuning.

In a third tvpe of push-button tuning control a gang condenser is also

used, but the* condenser is rotated by nn electric motor. The push

button makes contact with a slip ring attached to the condenser rotor

shaft and closes the circuit through the motor. When a push button is

depressed, the condenser rotates until an insulated segment on the slip

ring opens the circuit. The angular displacement between the insulated

segment on slip ring and the condenser rotor can be adjusted so that any
desired station can be tuned in. This type of push-button tuning contro

is frequently used to provide remote tuning control. The remote-control

unit with the required number of push buttons is connected to the receiver

through a inulticonductor cable.

Output

2SLS-G

—wwt ' uo notconnectground
-* msiQhpowereord) tochassis

Fig. 22.—Typical t-r-f receiver.

32. Tuned-radio-frequency Receivers. Tuned r-f receivers are no
longer produced except as the least expensive receivers of the midget
'VP 1 '. Figure 22 shows the schematic diagram of a typical receiver.

33. Superheterodyne Receivers. The ease of obtaining high nmplifi-

"" and a high degree of select ivitv with a minimum of shielding allows

£
m "i'l.-rnb!(. flexibility in the design of a superheterodyne receiver.

JjWmcient amplification can be obtained in the r-f and i-f circuits so that a

jjctector and single stage of a-f amplification arc sufficient to provide the
fl«»red sensitivity. The general tendency in the design of supcrhetoro-
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dyne receivers has been to take advantage of tlir high degree of selectivity
which this typo of receiver can provide :it :i corresponding sacrifice

jjj

fidelity. The superheterodyne receiver, however, lends itself just as well
to the design of a high-fidelity receiver since the advantages of coupled
tuned circuits can readily he realized in this type of receiver.

34. Superheterodyne Characteristics. The adjacent-channel selec-

tivity and fidelity of a superheterodyne receiver can he determined readily
from the eharnctorisi it s of the individual components of the receiver.

Figure 23 shows the gain from the antenna to the grid of each tube.
Figure 24 shows similar curves giving the total selectivity contributed

hy the t uned circuits hetween the
antenna and the grid of each
tube. To obtain the curve* in

Fig. 24, the selectivity curves of
the individual circuits are plot-

ted to t he samescaleon logarith-

mic coordinates. The over-nil

selectivity characteristic curves
are then obtained by laying off

for each frequency "a distance

which is equal to tin; sum of the

distances which represent the

ordinates of the individual se-

lectivity characteristics for the

sa frequency. From these

two sets of curves (Figs. 23 and

24) it is. possible to determine the

voltage on the grid of each tube

from a local station when the

receiver is tuned to n distant

station on an adjacent channel.

Such a determination is fre-

quently desirable in this type 01

receiver where the selectivity

contributed by the circuits be-

tween each tube is nut uniform.

This relation between gain and
selectivity between each tube

F.o. 215. Voltage 'gain in' superhctero- "",
lsl >>e i'mperly proportioned;

dyne receiver. otherwise, (lie signal from ft IO0M|

station may be sufficient to draff

grid current on one of the tubes even if the over-all selectivity of the

receiver is sufficient to separate the signals from the local and distant

stations before they reach the second detector.
36. Superheterodyne Interference Problems. The selectivity of »

superheterodyne receiver as determined in Fig. 2! is not a true indication
of the actual selectivity of the receiver under all conditions, as this type

of receiver is susceptible to certain types of interference which are no*

encountered with a t-r-f receiver. The susceptibility of these interfe*"

enc.es is a result of converting the received signal to an' i.f. The following
classification gives the more important possible sources of interferon*
common to a superheterodyne receiver in which the i.f. is lower than any

frequency in the tuning range of the receiver.
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1 I mauc-freaucneu interference: If / is tfie oscillator frequency in a super-

heterodyne and IF the i.f.. signals impressed on the first detector, having

frequencies of cither / + //' or / - IF. will lie heterodyned to the i.f. and

pass through Hie receiver. It is therefore necessary to prevent one of these

Mdiiai- from reaching the first do- »qoooE
otherwise, imaqc-frcipn urn

Interference will result. Hadio-
frequcney circuits, tuned to the

signal which it is desired to receive,

nrc the usual arrangement for pre-

vcniitn: image-frequency interfer-

ence. Since the os c i 1 1 a t o r in

superheterodyne receivers is usually

tuned in a liiglicr frequency than the

r-f circuits, a signal which can pro-

duce iciagiM'rcquotu-y interference

must have a frequeuey of fx + '21F,

where /, is the frequency of the
desired station.

When a received signal is succes-
sively heterodyned to two inter-
mediate frequencies, as is the case
in some superheterodyne receivers
used in communication work, there
is more than one signal that can
cause image-frequency interference
with any desired signal. For ex-
ample, if/i is the frequency of the
desired signal and IFi and IF* the
two intermediate frequencies, then
intci lerenco can be caused by signals
whose frequencies are fx + '2IFx and
ft — 2/F;. It is assumed that both
oscillators are tuned to a higher
frequency ihan the signal frequency.
The circuits ahead of the second
heterodyne oscillator and associated dclectoi must provide ihc selectivity
nccc-viry i,, avoid interference by ihc/, 2IF- signals.

990 mo m
Frequency, kilocycles

I'm. 24. Superheterodyne selectivity

characteristics.

"too MO BOO

Frequency,cycles per second

>:,_ - ,| anlc-band attenuation due to r-f circuits of superheterodyne:
B, over-all fidelity characteristic.

~' * "t'-rfcreiice due to harmonies of the oscillator heterodyiiinii unUrmred tla-

,i 'f a signal having a frequency of 2/ ± IF is impressed on the first

fui I

'"' '' wil1 '"'Use interference with the signal heiiiK heterodyned by the
''"inaiciiial oscillator frequency /. Tuned r-f circuits abend of the firsi

lector reduce the possibility of this type of interference.
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3. Interference due lo stations which are separated by the i.f.: Combinations
of signal* are sometimes encountered which are separated by the intermediate
frequency. and .:' such signals arc permitted to reach the first detector, in ten.

feronce will result. Tuned i-f circuits ahead of the lirsl detector arc also

used to prevent this type of interference.

4. Interference due to harmonics of the i.f. produced by the second drterlor:

When the i.f. is lower than any frequency in the tuning range of the receiver,

certain harmonics of the i.f. fall in I he broadcast frequency band. If these
harmonics, which arc produced by the second detector, are of sufficient ampli-
tude and :iro fed buck to the input system of the receiver, they will muss
interference when a station is received w hose frequency is equal to a particular
harmonic of the i.f. With an i.f. of 175 ke this type of interference is likely

to bo encountered at 700. K75. 1.050, 1.225, and 1,400 kc. This type of inter-

ference is eliminated by careful shielding of the second-detector circuits.

5. licsponxr-n ii'ltcn the difft re/tec frripirncy is Itss than the i.f.: When tho
frequency difference between the oscillator and tho signal impressed on I ho
iirst detector is one-half or one-third the i.f.. a second or third harmonic of

the beat frequency may be produced in the first detector which will be
amplified by the i-f amplifier. Interference with a desired signal may be

I
Imed iii this way. If sufficient selectivity is used ahead of the first

detector to prevent image-frequency interference, interference of this type
will also be avoided.

36, Sources of Interference When the I.F. Is Higher Than the Signal

Frequency. In some all-wave receivers the i.f. is higher than the signal

frequency throughout one timing range. When this condition exists, the

potential sources of interference differ front those enumerated above.

Interference may result from the following causes:

1. Interference due to harmonics of the received signal: Jf the tuning range
includes a signal frequency equal lo one-half or one-third the r.f.. such a
signal may produce harmonies in the first detector which will be amplified

by the i-f amplifier. Intermediate-frequency signals arc thus produced with-

out the use of the heterodyne oscillator. The frequency of the signals pro-

duced in this way docs not vary as the receiver is tuned. The local oscillator

also heterodynes the signal to the i.f.. but the i.f. thus produced varies as tho

receiver is tuacd. When the receiver is tuned through such a signal, a beat

note is produced by the t wo i-f signals. Selectivity ahead of the first detector

will restrict the tuning range over which this interference is encountered
but cannot eliminate il when the desired signal is the signal causing the

interference.
2. Interference due to lioo siyruils whose sum frequency equals the i.f.: W hen

two signals are impressed on the first detector and produce a sum frequency
equal to the i.f., a l>cat note is produced as the receiver is tuned through a

desired signal. Under this condition two i-f signals are produced, one of

ivhii h remains fixed in frequency while the othci varies as the receiver tuninl

is changed. Since the signals which can produce this interference may lie on

adjacent channels, the selectivity which must l>e used ahead of the Iirst

detector to avoid entirely this interference is equivalent to that normally
used in the complete receiver.

37. Choice of the I.F. The choice of the intermediate frequency for »

superheterodyne receiver is a compromise between the following factors-

1. With a given t-r-f system ahead of the first detector the possibility '[''

encountering image-frequency interference is reduced as tho i.f. is increa**
2. Under the above conditions the possibility of interference due to i"°

stations separated by the i.f. is also reduced as the i.f. is raised.

3. The possibility of interference due to harmonics of the i.f. being lej1

back from the second detector to the input of the receiver increases as the I*

Sec. 1*1
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. raised, since lower harmonics appear in the broadcast band and the nmpli-

liidc of the harmonics which can cause interference is therefore increased.

4 The difficulty of obtaining a high degree of selectivity and amplification

in an i-f amplifier is increased as the i.f. is raised.

The majority of broadcast receivers employ intermediate frequencies at

or near either 170 or 455 kc. The higher i.f. is used in all-wave rcccivots to

minimize image-frequency interference and reduce reaction between the

Iwcillnlor and first detector circuits when the receiver is tuned to high signal

frmucricie.. Willi an i.f. of 175 ke the lourlh harmonic is the first to appear

{J, 'he broadcast, range from 550 to 1.000 kc. The second and third har-

monics of a 455-kc i.f. appear in this tuning range.

38 Tuned-radio-frequency Circuits. The t-r-f circuits ahead of the

first detector in a superheterodyne receiver are used primarily for

Kilocycles Off Resonance

M M TO W SCO 690 TOO MO

800 two woo

rio

MM BW uw sn
Frequency, Wlocjdt

»

26.—Attenuation of one, two, and three t-r-f circuits.

eliminating, certain types of interference common to the superhetcro lyne

tvpe of receiver Figure 2H shows the :: a I ion oi one, two. and three

t-r-f circuits for frequencies up to 800 kc off resonance when tuned to 000

kc. Frotn curves of this type it is possible to obtain the imafie-frcqucnc.v

ratio for any Riven r-f svstem which may he used ahead of the first detec-

tor. Imine-frequency rath has been termed the ratio between the field

"trength necessary to produce standard output from a superheterodyne

at the image frequency and that necessary to produce standard output

at the frequency to which the receiver is tuned. The inT^fr^uency
ratio provided bv modern broadcast receivers is usually about iu.uuu: i

l» the tuning range from 5 10 to 1,000 kc. With an image frequency ot
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4M) kc this ratio ran ho obtained with two timed r-f circuits Thkcombination provides an image-frequency ratio of between 1(10- I and
200: 1 m the tuning range from 10 to 21) Mc. Care musl he exercised inthe design ot a superheterodyne receiver to use sullicient shielding so thai
llic actual selectivity of the t-r-f circuits is realized. IT a reasonable
amount of shielding is not used, signals which will cause image-frequenc*
interference rimy I m picked up directly on the firsl detector circuits, and
the benefit of the t-r-t circuits between the anleiuia and this detector will
he lost.

Anient

27.—Regenerative circuit with Fio. 28.—Single-tubeWMauM control. supcrrogenerTitor.

ri

Z
l\

^e.eperative Receivers. A typical regenerative-receiver circuit isshown in big. 27 In this arrangement a variable resistance is used tovary the plate potential on the tube and therein- control the regeneration.
I he coupling hotween the tickler coil and the inductance of the tuned
circuit is fixed. I his arrangement is generally used in receivers whichmake use ot p ug-m coils to cover a wide frequency range since the ticklerrod can then be wound on the same form as the tuned circuit inductance.

40. Superregenerative Receivers. Figure 2S shows the circuit dia-gram oi a single-tube superregenerative receiver in which the quenching

LJ- igS^CfJ

SuperreKcnerator receiver for police cars,

frequency is produced by the same tube which provides thesuperrogencra-
Ihe quenching frequency is usually between 5,0011 and 20,000
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cvcles A filter is generally used in the output circuit of the super--

regenerative tube to eliminate the quenching frequency so that it does

not appear in the receiver output.

In big is shown the complete circuit diagram of a superregeueral ivc

receiver used in police cars for the reception of signals on frequencies

between 30 and 40 Mc. This receiver employs a tuned r-f stage ahead

of the superregenorntive detector to prevent radiation. The 20-kc

micnch frequency is provided bv a separate oscillator. Two stages oi

a-f amplification 'are employed. Amateur practice on 50 Mc is to use a

single tube in which the periodic blocking of the tube is produced by the

proper choice of grid leak and condenser. •

41 All-wave Receivers. A large number of the broadcast receivers

being produced at the present time cover one or more short-wave ranges

in addition to the normal broadcast frequency band :;>10 to 1,1.00 kc,.

These short-wave ranges include frequencies up to 48,000 kc.

In the majority or all-wave receivers separate coils are employed in

the r-f system for each tuning range. A few receivers use a tapped coil

for each' tuned circuit. When such coils are utilized, the unused portion

of the coil is alwavs short-circuited. When separate coils are employed,

the coils for two or more of the frequency bands are Irequenlly wound on

a single form. The coil windings differ considerably with the frequency

range which the coils are designed to cover. Wire as small as No. 35

Hrown and Sharp? is used in the inductances for the tuning range from

.1 II) to 1,000 kc, while* ire as large as No. 22 Hrown and Sharpe is used in

some of the short-wave coils. The turns on the short-wave coils are

iisudlv spaced to minimize the coil losses. '
^

\ll-wavc receivers are provided with a gang switch for simultaneously

conm-cting the coils used for each tuning range to the associated tuning

<• lensers and tubes. Such a switching arrangement is illustrated by

l it; which shows the complete circuit, diagram of a typical all-wave

receiver. ~
, . , . ,

Receivers of this type are usually equipped with tuning mechanisms

which permit the user to change the drive ratio between the tuning

knob and the variable condenser from 10: I to .10: I. The 50: 1 ratio is

iien^-m- to tunc the receiver accurately to a short-wave station since the

frc inency baud covered in a single h-f tuning range may be over ten limes

that covered in the range from .110 to 1,000 kc.

Special tuning dials are necessary on all-wave receivers since a separate

"•ale is required for each tuning range. In some receivers all the scales

are visible to the user regardless of the tuning range which is being used.

»nd an indicator which is actuated bv the range switch knob is used to

designate the correct scale. In the dials used on other receivers ol this

type only the scale corresponding to the tuning range being used is

visible 'With this arrangement, the dial scales are movable with respect

t" the dial opening, and the range switch is mechanically connected with

the s (.j,|cs so that, as the tuning range is switched from one frequency

hand to another, the proper scale is moved into place.

42. Automobile Radio Receivers. Compactness and ruggednew are

two of the essential requirements of an automobile radio receiver. Com-
pactness is required because or the small space which is usually available

l" which to mount the receiver, and ruggedness is necessary because, of

the vibration and roail shocks to which the receiver is subjected.
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Since the strength of the signals intercepted by an automobile antenna
varies greatly with the location of the car, it is essential that an auto-
mobile radio receiver be equipped with an effective a-v-c system.

tsf.Dct

Fto, 30.—Circuit diagram

The plate and bias potentials for the tubes in automobile receivers
arc generally obtained from vibrator B-supply systems. Two arrange-
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Leats which arc frequently used are illustrated by Fig. 31 . In the system

•thou ii by diagram In), a vibrator and transformer are«tsed to derive a

high-voltage alternating potential from the (S-volt storage battery.

ts-m

Ml

2 4 Driver

"f all-wave recoivor.

This voltage is rectified by a vacuum-tuhe rectifier and supplied to the

"cceiver circuits through a conventional Tiller. In diagram (6) the
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vibrator is not only used to provide the high voltage hut also performs
the function of ratification.

The chassis of an automobile radio receiver is generally completely
shielded to prevent the pickup of ignition interference on the receiver
circuits. Two methods have been employed for preventing the ignition
systems of automobiles from causing excessive interference in automobile
radio receivers. In the fii'st method the interference radiated by the
ignition system is mimimiised through the use of suppressor resistors

in the spark plug and distributor leads. An r-f filter is used in the leads
connecting the receiver to the storage battery. All portions of the.

automobile electrical system which may radiate the interference such

Vibrator
O.W7S/u.f

ISOOn. +3
-t-^VWW— o

Vibrator

6v.inpuf^200 jO-Sfif
(b)

/SOOn

470/ifif 20Mf

+J?

ri Output

Fie. 31,—13-supply systems for automobile receivers.

as leads to the dome light, etc., are by-passed with a suitable by-pass

condenser. The objection to this method is that the resistors which are

used to suppress the h-f oscillations may decrease the effectiveness of the

ignition system to the point where a loss in engine efficiency occurs. In

the second method which has been used to minimise this type of interfer-

ence, a special antenna filter system is employed which discriminates
between h-f ignition interference and the desired signal.

In a large number of automobile radio receivers ail the receiver ele-

ments are assembled in a single unit. This unit is generally designed for

a specific line of automobiles and is arranged to mount behind an opening
in the clash.

43. Radio Phonograph Combinations. Many radio receivers of the

console type and a limited number of the table type are provided with a

turntable and phonograph pickup. The a-f voltage developed by the

pickup is usually applied to the grid of the first- a-f amplifier tube in the
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receiver. Many standard radio receivers are provided with terminals so
that connections can be made to a phonograph pickup.

44. Universal or A-c d-c Receivers. Figure 33 shows the circuit

diagram of a five-tuhe superheterodyne receiver which may be operated
from either a.c. or d.c. The heaters of the tubes used in receivers of this

typo are connected in aeries. Since the voltage required for the heaters
i~ considerably less than the line voltage, I he healers an: connected In the
supply line through a series resistor which provides the desired voltage
drop." This resistor must usually dissipate considerable heat. In a
number of the smaller universal receivers the series heater resistor is

included as a third conductor in the power cord thus facilitating the

Fio. 33.—A-e-d-c receiver circuit.

dissipation of heat. The rectifier tube prevents the electrolytic con-

densers from being damaged in case the power plug is not inserted cor-

rectly in a d-c outlet.

HIGH-FIDELITY RECEIVERS

46. Audio-frequency Response Range. The term "high fidelity " nM
been associated with broadcast receivers which provide reasonably uni-

form reproduction of frequencies from 50 to 8,000 cycles. It is impracti-

cal to exceed the 8,000-cycle h-f limit as long as the 10-kc spacing between

broadcasting: stations is maintained. When the range of high frequencies

reproduced by a broadcast receiver is extended, a corresponding increase

in 1-f response range must be made to maintain a proper acoustic balance.

46. Variable Selectivity. To obtain reasonable freedom from cross

talk and h-f interference when receiving wonk* signals, it is necessary tnii^

a high-fidelity receiver be provided with some means whereby its s^r j!\"

it v can be increased over that required for the reception of high-fidelity

imitters. This change in selectivity is generallyprograms from local transmit
secured by altering the effective coupling Between the priinarv --

secondary of one or more of the i-f transformers. This is accomplis'"^

by moving one i-f coil with respect to the other, by the use of a \™"'~

former employing a third winding which is shunted by a variable resiswjj

or by varying the coupling between two windings of a variometer wn

Sec. is:
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Sustains a portion of the. primary and secondary inductance of the i-f

transformer.

47 "Monkey Chatter" Interference. Receivers reproducing high

audio frequencies arc susceptible to "monkey chatter" interference.

This interference is produced either by the side bands of an undesired

nmal beating with the desired carrier wave or by the side bands of the

desired signal beating with an undesired carrier wave. A large per-

,.,.„( ...,• of the energv in this interference is found in the frequency band

from *> HIM) to 10,000 cvelcs. A low-pass filter giving an attenuation of

at least 10 db for frequencies above 8,000 cycles is generally employed

in high-fidelity receivers to minimize this interference. Such a filter is

also effective in reducing other h-f interference such as man-made static,'

tube hiss, and beat notes caused by carrier waves on adjacent channels.

48. Minimizing Distortion in High-fidelity Receivers. As the range

of frequencies reproduced hy a broadcast receiver is increased, the

distortion which can be tolerated is reduced. The. most important

source of distortion in such receivers is the detector and a-f amplifier.

The diode is the most satisfactory of the detectors used in broadcast

receivers from the standpoint of distortion. To minimize the distortion

when receiving signals having a high percentage modulation with a diode

detector, it is necessary that the a-f impedance of the diode output

circuit be the same as its d-c resistance. This condition may be obtained

through the circuit shown in Fig. 17, in which the grid of the a-f amplifier

tube is directly connected to the diode output resistor thus avoiding the

slimil a c path formed bv the con ven tioti.nl coupling condenser and leak.

The di-lortion introduced by 1 his detector and a-f amplifier stage can be

kept well under 5 per cent when the percentage modulation of the received

signal is approximately 100 per cent. A push-null class A output stage
is generally used when minimum distortion is desired.

The precautions for minimizing distortion as outlined under Automatic
Volume Control (Art. 1!)) must also be observed.

49. High-fidelity Loud-speakers. Special loud-speakers are employed
in high-fidelity receivers to reproduce the wide range of frequencies. In

some receivers a special cone speaker is used employing a voice coil

wound with aluminum wire. In other receivers two loud-speakers are

utilized to reproduce the desired frequency range. One of these speakers
is designed to reproduce frequencies from SO to 2,500 cycles and the other,

frequencies from 2,500 to 8,000 cycles. The h-f energy radiated hy the
usual cone loud-speaker is concentrated in a relatively narrow beam.
Sound dirVusers arc used in a number of high-fidelity receivers to disperse
this beam and produce a more uniform distribution of h-f energy. These
•"•vices consist of a number of vertical or horizontal slats placed in front
of the loud-speaker at various angles with respect to its axis.

60. Frequency Modulation Receivers. A frequency modulation
Weeiver utilizes the essential elements of an amplitude moduhition
receiver and in addition requires some means for converting the variation
in frequency into a change in amplitude. The balanced detector shown
'".Fig. 34 isonc arrangement used for this purpose. This detector system

" minimizes the effect of amplitude variations in the received signal. A
Voltage limitcr is frequently used abend of the balanced detector to

further minimize amplitude variations. .

»1- Commercial Receivers. The principles underlying the design of

commercial receivers arc the same as those employed in the design of

Broadcast receivers.



15(i THE RADIO ENGINEERING HANDBOOK [Sec. 13

Ruggedness und reliability arc among the chief considerations in tin.
design of commercial receivers, since such receivers must usually remainm continuous operation for lone periods of time. Simplicity of tuning is
not so important in this type of receiver a.s in broadcast radio receivers
since commercial receivers are generally used l>v skilled operators. Com
mercial radio receivers are generally designed lo use battery-operated
lube-:. Tbe plate potential for such receivers is supplied' by either
batteries or a motor generator. In some transoceanic receiving systems,
three complete receiver and antenna combinations are used to overcome
the effects of fading. In an installation of this type the antenna* arc
separated by several wave lengths. An antoinatie-vuliimc-contwl
arrangement is provided so that only the output of the receiver which i s
receiving the strongest signal is used.

em
.„„ „ /onecwtrol
0.00/5/ify 2meqohms

mo

Tosec.

output
trans,

Flo. 34.— Balanced detector for frequency modulation receiver.

52. Direction Finders. The directional property of a loop antenna is

utilized in direction finders to determine the plane in which the radio
transmitter and the direction finder are located. The circuit diagram
of a typical finder is shown in Fig. 3~>. The loop antenna in this receiver
is enclosed in an electrostatic shield. The center tap on the loop is

grounded. These precautions are taken to eliminate the electrostatic
effect of the loop antenna. If this effect is present, a broad minimum is

obtained as the loop antenna is rotated ami it is impossible to obtain an
accurate bearing. The diagram show s an arrangement for compensating
for the effect of a near-by metal object which might distort the field

around the loop. A small antenna is erected and connected through a
resistor to the variometer shown in the diagram. By proper adjustment
of the variometer the signals introduced by the near-by metal object and
the compensating antenna and variometer arrangement are made to
balance so that they produce no effect on the inherent directional prop-
erties of the loop antenna. The superheterodyne circuit is usually
employed in direction finders. Both the loop antenna and oscillator
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frcuits arc tuned through the use of a single control. Bearings can be

Iwnniiied to within about 1 deg.

fit Single-signal Receivers. Many of the receivers used by amateur

_X „p« rators are of the single-signal type wh.ch is characterized by

f selectivity. The high degree of selectivity is frequently

„ d through the use of a quartz crystal as a coupling element in

?Ip of t iic i-f stages. The selectivity characteristic of a 4f.0-kc quartz
' U I may have band widths at 90 per cent and 10 per cent of 10 and

lfk) cvclcs' respectively. Tbe limited frequency band required for code

communication permits the use of receivers having such a selectivity

characteristic.

To if.

amplifier

Vertical

antenna
w

4-118 S-6S

(Aflf

tt-SM/tttr-f-

*90v
3-IOOtifif

IOJmM

Flo. 35.—Radio direction finder.

Figure 36 shows the circuit diagram of a receiver employing a quartz

<-rv>tal \s indicated bv this diagram the crystal is used as a coupling

clement between the secondary or the first i-f transfor r ami the grid

"I* the first i-f amplifier tube. In a number of receivers a parallel-resonant

i-i circuit is also used on t lie grid side of the crystal filter. A neutralizing

arrangement is employed to counteract tbe effect of tbe crystal holder

capacity. This capacity limits the selectivity contributed by tbe crystal,

and in conjunction with the inductance of the crystal, forms a parallel-

•Monant circuit which introduces considerable attenuation for a narrow-

hand of frequencies near the frequency to which tbe crystal is resonant.

\ switch is provided for removing the crystal from the circuit when
desired, thereby decreasing the receiver selectivity. A switch is also

employed for rendering the n-v-c system inoperative when code signals

are received. The receiver gain is then adjusted by means of a r

control. An i-f oscillator is used to heterodyne c-w signals.



SECTION 14

POWER SUPPLY SYSTEMS

By R. C. Hitchcock, Ed. D. 1

1. Direct-current Power Requirement. The electrical power required

for operating radio transmitters and receivers is usually "steady"

d.e. for plate and grid circuits. Depending on conditions, cither d.c. or

a.e. is employed for heating tube filaments or cathodes. Figure 1 shows

a variety of "means that can be employed, by using suitable conversion

apparatus, to deliver the desired d.c.

A-C
SEN.

IfiA'Jj RECTI FIL-

TER-. !S-S .- IKR

Fig, 1.—Types of power systems.

Five types of motive power, B to /•', in the left column of Fig. 1 can

bo used With anv one of seven of the eight numbered rows snowing how
d.c. is secured. "The conditions under w h ich each of these types of motive

Power is used will vary with the type of service which is desired.

2. Type of Service'. The type of system required depends largely

on the amount of power to be furnished. A portable receiver may
operate for some time from self-contained dry-cell batteries, but a

. 'EngHieetina Department, Westinghouse Electric and Manufacturing Company,
HmwrS, N. J.
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50-kw. broadcast transmitter on ti regular schedule requires considerably
more energy. An explorer can operate a liand-eranked generator of
50 or even 100 watts capacity for a short time, but for longer periods
other devices are more applicable.

Transmitter power supplies are of two types. One is for regular use
and the other is the "emergency set" or "stand-by." The latter is

ready on a few seconds notice, and is capable of supplying sufficient
energy for regular operation. For multikilowatt stations preferably
two independent sources of a-c supply are provided, on either of which
the station can develop full rated power. A gasoline-electric set may
serve the purpose, being independent of long wire lines.

CHARACTERISTICS AND MEASUREMENT OF D.C.

3. Indicating Instruments. Since d.c. is largely employed for radio
transmitters and receivers, a brief analysis will be marie of (lie various

Em En Em Em WO

Steady d-c
1

m 0.65Em 0MEm 0.89JS-

Ripple d-c 1

F.

a Zir t
Pulsating d-c fw If-wave redifier

it 2n t
Pulsating d-c full-wove rectifier

,E

aj?Em 0SEm

0.6<Em Q.?tEm

Em aS7Em 0.%Em 0.96Em
.i

157

1.11

1.00

it 2rr t

Pulsating d-C
three phase,full-wave redifier

FlO. 2.—Types and characteristics of d.c.

kinds of d.c. and their measurement. One reason for this analysis is

that instruments of the repulsion-iron or dynamometer type will not
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rend the same as an "average" type on certain types of d.c. This

difference in readings sometimes causes confusion.

If a d-c ammeter is specified, it usually refers to a d'Arsonval instru-

ment (permanent magnet moving coil); one which reads "average"

values.

Figure 2 shows five typical kinds of d.c, one or more of which are

always present in any d-c power supply. Steady d.c. is the output from

a pritnarv or secondary battery, or from a suitable filter connected to a

pulsating or ripple d-c source.' Ripple d.c. is the usual output from a

d-c generator, the ripple being caused by commutation. Three types

of pulsating d.c. arc as follows: (a) half-wave rectified single phase; (6)

full wave rectified single phase; and (c) three-phase full-wave rectified.

The ambiguity of the term direct current is readily apparent when
considering Fig. 2 since all these wave forms fall into Ibis classification.

The figure shows the minimum voltage us decimal part of the maximum
voltage Em ; for example, the ripple d.c. shown has a minimum which is

0.66 Bm or 65 per cent of its maximum.
The second column shows the average value of potential drop as a

factor times the maximum Km . These factors for pulsating d.c. vary

from 0.32 for the half-wave rectified to 0.96 in the case of the full-wave

three-phase rectified.

The r.m.s. or effective value of a current is such that the heating effect

U'R) is the same for d.c. or a.c. For pulsating d.c. the watt reading

found by the average voltage times the average current is not the same
as the V-m-s voltage times the r-m-s current. The results of these

average readings are sometimes called 1 </-<• walls.

The readings of different types of instruments can be predicted from
the value of the form factor." On the ripple d.c. from a d-c generator,

when the form factor is 1.01 as shown, a d'Arsonval instrument would
read I per cent lower than a dynamometer tvpe of instrument. The
il'Ar.-ouval instrument reads average, and the dynamometer reads r.m.s.

When there is a difference in readings, the r.m.s. instrument always
reads higher. For the pulsating d-c output of the single-phase half-wave
rectifier the form factor is 1.57, and an r.m.s. instrument {repulsion-iron,

dynamometer, or thermocouple) would read 57 per cent higher than
an average instrument (d'Arsonval).

TYPICAL POWER SUPPLY SYSTEMS
4. Television Receiver Power Supply. Two rectifier-filter systems

characterize television receivers, as shown in Fig. 3. 1

The kinescope second anode requires 7,500 volts d.c, which is supplied
oy a 2V3-G half-wave rectifier luhc and a - filter comprising t wo 0.03-jif
c»paci*ors and a resistor of 470,000 ohms. As will be noted later, when
Ooaidcring filters, low-current circuits are adequately smoothed by this
H|inple circuit.

1 he d.c. for the other parts of the receiver is supplied by a 5T4 full-

Wavo rectifier, with a choke-capacitor double ir filter, haying 40, 80, and
'0 »«f, rcspectivclv, connected between the two choke coils.

» Receivers Using Either Batteries or Utility Power. Figure 5 shows
ri combination battery- and socket-power receiver which has no relays,

i?,'J!
T"' I. Rectox Rectifier Tcstinjr. Bite. Jour., August. 1038. p. 328.

'RCA Mfg. Co., Camden. N. J. Model TRK-12.
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switches, or complicated changeover parts. 1 All battery connections
are completed when the light socket plug is inserted in l he chassis socket.

When the plug is removed, the batteries arc isolated so that the plug con
then lie inserted into a power-supply socket of 105 to 125 volts, a.e. or
d.c. With this latter arrangement the set has high output power
( 1 1 7I.7GT tube) while it bus normal battery output (3Q5GT) on t he
battery connection.

.fCt/tescape

Kthescopc ice

^Warning-
High voltage

circuits

F[o. :i.

interlocks

-Typical television receiver power supply system.

On utility power the plug ZY is inserted in an a-c or d-c outlet of 115 volts,

correctly polod if d.c. is used. When the line switch is turned on. the
1171.7GT filament is heated across the line, and the rectifier section of this

tul>c supplies half-wave energy to the filter choke. The other filaments in

scries are_heated by the plate current (d.c.) of the output pentode section of

the 117J..7GT, which also provides bias potential, and this connection also
provides bias potential for the control grid of this tube. With this connec-
tion the battery output lube (3Q5GT) is not used, and its filament is not
heated since the A connection in the female receptacle is not completed.

1 Emerson Radio mid Phonograph Co.. New York. >J. Y.. Model DJ-310.

Sec. 14', POWER SVPPLY SYSTEMS K13

When using battery power, the plus YZ is inserted in the femaie receptacle

i„ the set the Z connection bringing into the circuit the filament of tno

mtterv output tube by grounding the negative terminals of the 9-VOlt A
utciV This Z connection also connects the negative terminal of the

UO-volt B battery to ground. The filament of the 117L/GT is not lighted

> on battery power, and is connected

through terminal Y to one side of the

series filaments through a l,0(K)-ohin

resistor.

6. Battery-operated Receiver.
Figure is a completely battery-

operated radio receiver which uses a

1.5-volt A battery for the five tube

filaments which are connected in

parallel, and two series-connected

45-volt H blocks. .

Characteristic of both Figs. 5 and
is the permanent magnet moving-

coil loud-speaker which docs not
require external power of any kind

for energizing its magnetic circuit.

7. Receiver Power Unit for 115 to

230 Volts D.C. Figure 7 shows a
vibrator-transformer-reetifier circuit

which has two ranges of d-c power
input, 105 to 125 and 210 to 250
volts. The link board shown in the

figure changes the unit to suit the voltage available. These units

provide an a-c healer voltage of ti.b volts and rectified d-c plate potential

01 :;<•,() to UK) volts.

8. Receiver Power Unit for A.C. and 6 Volts D.C. Figure 8 shows the

two units required when a radio receiver is to be operated on wither volts

d.i -.. or 6 ranges from 105/250 volts, 25 to 60 cycles.

The d-c power supply is a vibrator-transformer type, in which the

vibrator also rectifies the high a-c voltage supplying d-c voltage.

The a-c power supply is a multitapped primary transformer, with a

conventional full-wave' rectifier tube. By placing the receiver power

connector in the appropriate unit, the same receiver operates on cither

d.c. or a.c.

9. Transformer-rectifier Circuit for Transmitters, liguro shows

a typical high-voltage circuit for a transmitter, using six half-wave recti-

fier tubes. The tube filaments are. all paralleled on a single-phase trans-

former, and the plate circuit comprises a three-phase transformer with a

double Y secondary, which can be fed by a delta-connected primary.

Means are generally provided for placing a spare rectifier into the circuit.

The spare tulx- filament is kept lighted, and its plate lend is connected to all

six inactive jaws of a ruck of (i s.p.d.t. switches. The blade of each switch is

Um transformer lead, and the second jaw of euch switch goes to th% rectifier

tube in use. If a rectifier fails, its s.p.d.t. switch is thrown (either auto-

matically or by hand) from the regular tube plate to thnt of the spare tube—
making the spare tube active and taking plate voltage off the regular tube

so that it can be replaced when the s.p.d.t. switch is finally thrown back to

the first position.

Page 118 QST Dec 1939

*n Always a
<*.»,..
* * *

(A> Kill all trarjemitter circuit* com.
ptctcly before touching anything behind
the panel,

CO) Merer wear 'phone* while working
on the tr«n»m Uler.

(C) Never pun teat area from tratu-
mitter tank circuit*.

(D) Dou'tehoot trouble lua tranamll-
ter when llrod or gtrepy*

<E> When workingon the Iranemlltrr,
avoid bodily contact with metal racka or
frame*, radiator*, damp Boor* or other
grounded object!,

(I ) Keep one hand In your pocket.

((,) n<-.,-lipp yoiar ftflfely tech-
nique/. Take time to he careful.

* * *
Heath It Permanent X

Fio. 4.—A good sign to be posted
in high-voltage laboratory.
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The use of six rectifier lulws minimizes the possible trouble duo to lubes.

•
,J. the effect of losing one tube clue to decreased emission is generally

61
".

r
'.|y ir> introduce a hum into the rectified voltage supply, without decreas-

ing 'lie voltage very much.

SOOji Total

connector

t'Connect here for

J
I'/0V supply J&r'v

vktrola motor

Mr
I Rectifier
,-:->,

oTxxlietJft

Meg.terminalofelectrolytic

marked with bleick dot

jg Heaters

Power connector

(wiring side)

Kio. 8.—Power supplies from (i volts d.c. and 110 to 240 volts a.c.

The interphase reactor between the common points of the double Y
"econdary is a center tapped transformer, carrying currents of siv times the

Power-line frequency. The action of this device is like that of a choko used
"» mi input filter An iron core is used, with an air gap to limit saturation
v-'ith the ensuing d.c.- if a rectifier lube fails and thus destroys the balance of

'Urronte.
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8l uing i mutably connected, three-phase filament transformer
;

.
"lease .1. the hfe „f hni-cutlmde mercury-rectifier tubes ™obwS
f

<" ' "i<s are Hie same as shown in rig. u, | )Ut t he ii la men so

,

>f any one tube ,s n,,mM(»| so ,hat it is {III de£ „, i o ,Z« w , ^

Interphase ''

reactor
RMS

Ems =0.8SSEAV '0.408EtNV
EAV --U7ERUS ^0.478

E

ltlv
ElNV -2.09EAV -2.45

E

RMS
Fio. 9.—High-voltage supply for transmitter.

DRY-CELL PRIMARY BATTERIES
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,

e
;-
Wh°" CC

'!.
8 are rli*Wd at heavy current

, i s de ,1
' t * """""""'M^nods at more moderate current' drains, a

considerable increase in .service life can be realized by using the cells to

' Artkhi 10 to Its were .applied by Ralph E. Ramsay. Ray-O-Vae Co.. Madison. W*
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. lower cutoff voltage. The Rain will depend on the size and formula

r l,e cell The lighter the current drain or service conditions, however,

• he hi"hcr the operation voltage and the flatter the ( ischargo curve

12 Shelf Life, l-'or cells of a given formula and physical construction

ihe sbelf life will increase with the size of the cell. Loss of capacity in

'

or during idle periods is due to local reactions, admission of

nvvEcn and loss of moisture. Certain cells designed for heavy duty

uhistrial sen-ice achieve high initial service capacity by increasing the

ronorlion of depolarizer to electrolyte, or by using more active oxides ot

, mauese in the depolarizer, or both. In general these ee ls have a

more rapid rate of deterioration on shelf than cells designed for light

m,tv service. For battery service, specifications call for a hfe of

18 months to 1.45 volts for the 1> size cell and 12 months for the 11 size.

T \ble I. Dry-cell Capacity versus Drain

[.-or l>-size H Halterv Cells discharged o hr. per day, 5 days ]icr week,

to a ctitolT voltage of 1.13; constant current discharge.

To an end voltuRf of 1.13

tonal drain,
milliampurcs

Ampere-hours
Pit cent uf peuli

capacity
Wrekrt of
ocrvicc

Lite to 0.811 von
ia l.Tms of life

al 1.13 volW«

3 4.10 71.5 54.7

6 4.90 87.5 .hi . J 104

7H ,-, 20 03 27.

K

111 :,.i'.o too 22.4 10S

IS u.20 lis 13.9 114

20 1 till 87.5 9.S 119

30 3.2:) 88 4.3 129

40 2 III 42.0 2.4 138

SO 1.70 30.4 1.4

These values arc for one site, one formula. *ad « »ol hoW lor otlier dbcharKc

achedulea.
* Six hours per day. 5 days pt'r week.

13. Effects of Temperature. Chemical reactions are accelerated by

an increase in temperature. In the dry cell a temperature rise increases

both the useful current-producing reaction and the parasitic local reac-

tion duriniwdle periods. The net effect on the total capacity delivered

will depend on the balance between these two forces and Will be different

for various designs of cells. ... ...
Drv cells should be stored at low temperatures to nuniini/.e shell

reactions. This precaution is especially important for cells containing

depolarizers of hiuh aetivitv. -The high limits of temperature for dry-cel

use are usually determined bv the point at which seals flow or internal

pre.-surc expels the cell contents. This point may vary with the size,

formula, and construction of the cell. Standard specifications call for a

«<-'al which will not flow at a temperature of 1 13'F. during a static test

"i which the sealed surface is held vertical for a period of 24 hr.

As the temperature decreases, the activity of the cell is lowered until

hnallv it is unable to maintain a useful voltage while delivering current.

The lowest temperature limit of use will depend on cell formula, cell size
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m relation to the current drain, and frequency of use. In general
dry cells will not furnish useful current when the 'actual cell temperatur
is less than -15°F. to -20°F. Freezing does not injure a drv cell an
capacity which eantmt Ik- realized at low temperatures will ho avaQa
when the cell is returned in mom temperature.

14. Amperage or Short-circuit Current. There is no relations!-!
between the current delivered by a. drv cell on a short-circuit ampere
tost and the service capacity of the cell. At host such a test is use"
only in judging the uniformity of a particular lot of cells of a give
lurmula.

20 30 40 SO
Drain, milfiarnperes

Fiu. 11).— •Radio-type dry colls: discharge versus time. Constant ftm out. tihr.
per day, o days per week to 1.13 volts and O.Su volt per cell at 70°F.

16, Dry -cell Battery Standards. The American Standards Associa-
tion in cooperation with the National Bureau of Standards issues a stand-
ard, specification for dry cells and batteries. This standard sets forth
various sizes of cells and hat I cries which arc recognized as "standard"
anil also gives information on standard tests together with the cor-
responding performance requirements. There are many cells and
batteries on the market which differ in size from those listed in the speci-
fication, and prospective users are advised to obtain current informa-
tion trom the dry-cell manufacturers.

16. Cost; Capacity; Weight; Life. It is fully realized that dry-eefl
characteristics will vary with the specific requirements of use, which in

Sec. 1*,
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„,n. influence the design. However, it may be of value to give some

1 .., i which will allow the comparison of these cells as sources of electrical

'

,. r.rv with other types of electrical equipment.

The con of a. drv cell variex from 0.6 l.o 11 cts. per watt-hour, and the

,,.„!„ of a bare cell ranges from 0.024 to 0.05 lb. per watt-hour. 1 be

llunie ranges from 0.4 to 0.8 cu. in. per watt-hour. I hese values are

based on an average of 1.8 volts per cell and optimum discharge rates.

'

very small cells cost more in proportion to their capacity, since there

.,„•. lust aa mam- manufacturing operations us u» constructing a larger

mil Thus a premium is paid for increased portability.
_

'Hie ampere-hour ratings of cells can also be computed, varying with

the several factors which have been given, and are not proportional to

ll„. sizes of the zinc cans enclosing the cells. For discharge currents

which arc usuallv required from a dry cell, the variation m ampere-hour

rating may cover a 3 to 1 range. A graph can be made from Rg. 10

with milluunpere-hours as ordinate, and current drain as abscissa.

From this the maximum milliampere-hour rapacity at normal room

temperatures under 6-hr. daily discharge for 5 days a week can be found,

Table II being a typical schedule.

TabU 11. Dry-cell Capacities*

Maximum

Cell
Current
drawn,

milliumpcrcs

Life Capacity, nnlli-

ampere-hours, to
1.13 volts

Hours Weeks

AAA
A
E
D
Q

3

1
10
lij

no
2so
220
540
780

4
8
7
18
20

330
1 ,1.if]

1.700
6,400
11.700

1 Data from Burgess Battery Company and Ruy-O-Vnc Company.

The life of a drv cell is somewhat increased if t he external current drawn

is verv low In doing this, the capacity in milhampere-hours may he

decreased bv a few per cent. There is a more important factor, however,

which is the time limit of shelf life, the case when no external current is

drawn.
, . ., ,

tin expeditions which are to last, several years, it is possible to carry

•>'•>: t I he separate ingredients from which dry eel s can be made up.

I]! this case the shelf life dues not begin until the cells are assembled.

SECONDARY OR STORAGE BATTERIES'

17. Acid and Alkaline Cells, There are two general types of storage

'•'•Us in use in the United States, the lead-acid and the nickei-iron-

' Hata from Burgess Battery Company and ReHJ^^OgWWi,. mil™ jt sons
, 'Ceneral reference: ViNai„ O. W.. "Storage Batteries. 2d ed.

,
John* '£> ,*"

Ine.. New York, 195
1 nomas A. Edison.
!°n, The Electric I

ivision.D

r^STVWAUfi. W.". "Storage Batteries." 2 1 e.l Joh., W
.
e>-*£«.. -

k, 1930. Helpf.il sufssestions have been received from Y, .
B.

lison lnc • \ K IlarroM. Wil ard Storunc Battery Co.; H. II. Hud-

irStoraKe'Battery Co.; H. N. Stover. Fhilco Corporation, Storag- Battery
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alkaline. Cells arc usually combined in scrips to form batteries, bu
cells may also he used in parallel. Load-acid cells form (he raaj
number of storage batteries in use. Lead is a very heavy metal which

'

not mechanically strong, and it is a tribute to I he designers thai sue
sturdy cells are available. The alkaline cell of nickel-iron is superior !

its resistance to mechanical shock. The first cost, of the alkaline cell i

relatively higher, but its life expectancy is also longer than that of the
acid coll.

18. Selecting a Storage Battery. To select a Storage battery suitable
for some particular use the following factors must, be known;

1. Nominal circuit vnltago.
2. Final permissible voltage.
3. Number of amperes required in use.
4. Hoars of use before renhnrffing.

The first two items determine the number of cells which are used i

scries, and the third and fourth items make definite the ampere-bo
«' 'Pacify of the battery. I<V example, i: the lowest pcnmssihlo value [o
a filament supply is 10.0 volts, the use of six acid cells at 1.75 volts eael
(total 10.5) or .10 alkaline cells of 1.0 volts each (total 10.0; an;
required. Further, since tho initial voltage will be higher, unless the
t-tpiipmcm -s deigned to use this higher potential, some means should
bi' provided to reduce the value, e.g., a series rheostat. The six acid cells
will have an initial (charged) potential of 6 X 2.0."j = 12.3 volts, an
excess of 2.3 over 10.0, and the 10 alkaline cells will have an initial
potential of 10 X 1.4.5 = 14.5, an excess of 4.5 volts over the required
10.0 volts.

1

19. Ampere-hour Ratings. The ampere-hour ratings are approxi-
mately determined by multiplying the hours of use before recharging,
by the amperes drawn during that period. These ratings vary "con-
siderably with the length of discharge, as will be mentioned later. As a
general rule, an acid storage-cell capacity should be adequate for at lean
1 days of operation without discharging. The alkaline cells may be used
on a 21-hr. charge-recharge schedule.

In specifying the capacity of a storage cell in ampere-hours, it i*
necessary also to give the rate of discharge and the permissible finish
voltage because the ratings will vary over a wide range with changes in
these two factors.

To specify "100 amp.-hr. at an 8-hr. discharge rate to 1.75 volts per
cell" is quite definite and is one of the standard ratings for acid cells.
These arc usually termed "normal discharge rates."

20. Approximate Dimensions; Weight. Weight and volume of anv
battery can be approximated directly from Tables 111 and IV by multi-
plying the columnar values by the ampere-hour rating. A large range of
cell capacities is included since I he radio use for H voltage uses a low-
capacity coll and for A voltages a high-capacity cell is required. For
example, in Table IV since the usual range for' stationary cells is 0.25
to 0.50 lb. per ampere-hour, a lOO-amp.-hr. cell would be from

100 X 0.25 - 25 lb. to 100 X 0.50 = 50 lb.

in weight. Similarly the use of 100 amp.-hr. shows that the normal
charge is 0.125 X 100 = 12.5 amp., which also is t ho normal 8-hr. dis-
charge rale; and the trickle rate is 0.0025 X 100 = 0.25 amp.

sec. 14' POWER SUPPLY SYSTEMS '173

Ol. III. per

Amp.-hr.
25

:; !j 7,7
2.4

Lb. per
Cu. Iu.

0.05
0.06-0.08
0.07

T»ble IU Lead-acid Storage Batteries (10 to 1,000 Amp.-hr.)*

Ml .mnere-hours arc for an 8-hr. discharge to 1.75 volts per cell at
A" v

77°F. to 80
n
F.

, Weight Capacity. Dimenriont, per Otttl
'' ' " Lb. per

* Amp.-hr.

Small capacity glass jar cells 1.1

i;»ial nunc of nUu-i'iiiMvy fell* II. J5-U
,
U1J

gtertsr butteries, high «pecmc gravity 0.1S

b. Charging Amyerwt Multiply
Am'j.-tir. by
.. 0.125
.. 0.0025

Multiply
Cent Amp.-hr- by

Normal current
jgj g ^

ggg 2 0.0025

r Charging Foils 2.5 it normal' ampere rate, approximately 10 hr. to final specific gravity.

* W«W»9 Ampere, to Variom End Frfta^
fcy FMtor

to Multiply by Which to

Fiunl P«r <"cnt Amp.-hr. tu Got Multiply

Volts Silted Amp. Amp. Dischg. Amp, -nr. Capacity

Normal for 1.250 to 1.150 up. gr. stationary cells.

Trickle for 1.250 to 1.150 sp. gr. stationary cells.
Per

72 hr. dischargot
S !ir. discharge,
a hr. discharge.
1 hr. discharge. .

1 min. discharge

1.7.1

1.75
I 72
1 B0
1.40

IS
too
2U0
400

1.000
j nun. luHwuoi kv. . . —i

Veils rersua Specific Grants/ When Charged

021)

125
0.2.50
0.250

500

1 50
1.00
0.80

55
0.04

Stationary cells. .

Starter cells.

/. Freezing Points of FJertralyte

Specific Gravity
1.280
1 .250
i.soo
1 . ISO

l.ino
1.150
1.100

Specific Gravity Volts
1.215-1.250 2.05 (charged)

I .280 2.10 (chareed)

1 ,300 2.20 (charged)

Degrees Fahrenheit
-96
-61
-17
- 6.5

1.6
5

18

Degrees Centigrade
— 71
-52
-27
-21
-17
-15

7.S

Compiled from data furnished by Willard Storage MkO Co.. Cleveland. Ohio.

Could -Wane Battery < V. Depew. N. Y.; Philco Conjuration Storage Battery Division.

Philadelphia. Pa.. The Electric Storage Battery Co.. Philadelphia Pa
t Normal charging mnwrw for 100 amp.-hr. cell is 0.12.. X 100 = 12.o amp.

. t Suppose battery 8 nr. capacity is 200 amp.-hr. pnrl_ the 8 hr d'sel.arge r e

is 2O0/8 = 25 amp. For 72 hr. discharge 16 per cent of 25 - 0.020 X 200 - 4 amp.,

and the actual capacity now is 1.50 X 200 = 300 nmp.-!ir.

Itased on an average villi, go of 1.90, a load-acid stationary cell of

100 amp.-hr. or greater capacity, weifths from 0.18 to 0..i0 lb. per watt-

hour and occupies from 2.1 to 4.1 cu. in. per watUiour. Usim? an

average voltage of 1.20, a nickel-iron alkaline cell of 100 amp.-hr. or

greater weighs from 0.0(1 to 0.13 lb. per watt-hour, occupies from 1.4 to

1.9 cu. in. per watt-hour, and costs from 7\4 to 12
' j ets. per watt-hour

for capacities from 1.50 to 000 amp.-hr.
21. Types of Charge and Discharge; Life and Cost. 1 The severest

type of work for a storage batterv is "cycling," meaning that the cells

are run from complete charge to a complete discharge before reohargiiiK.

As an approximate figure an average acid battery after 400 of such eyeles

' H. H. Hudson, The Electric Storage Battery Co., New York City.
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has about 75 per cent of its original ampere-hour capacity left, and 1hsame niiius for an Alkaline battery ii about I. -100 evelcs.
'

The life guarantees of lead-ncid storage cells varv with three maj
factors: the type of construction, the ampere-hour capacity, and the
extent of discharge before recharging. Tins mav be comple'telv stated,
by assuming the extent of dailv charging and discharging of cell- overt
00 amp.-hr. capacity. On "full float " service or not over 5 to 10 per centl
daily charge-discharge, the life varies from 8 to 14 years. If the disfl
charge and charge is 20 per cent daily, the lire is 6 to 10 years, and, when]
discharged and charged 40 per cent daily, the life is to 7'£ yeara I
At the end of these times cells will have approximately~7o per cent ofl
their new ampere-hour capacity.
The range of cost of a lead-acid cell depends both on the construe

and ihct ampere-Hour eapwil.v. \>\,r low nimriticw 10 to (if) ainp-!ir
the cost is about 10 cts. per watt-hour, and for capacities from 100 to
I, ()!)>) amp.-hr. the ens; ,„.,. l.-liour ranges i'ram Vi to fi cts. Note
that the nominal voltage is 2 volts and that the cost per ampere-hour per l

cell would be doubled.
For a given capacity in watt-hours the initial cost of a lead-acid cell is j

less than that of a similar nickel-iron-alkaline cell. The life of the latter!
however, is definitely longer, and usual! v over a long period of time the
cost is not appreciably different for the two types. It should be men-]
tionod that stationary-type lead cells are higher in quality and also ml
first cost than ceils used on automobiles. As a result the stationary cells
have considerably longer life than the usual automotive type of eel!.

\AOldstarage cells can be satisfactorily trickle charged and thus kept!
available for emergency service. Alka'ine storage cells thrive best w hen]
charged at the normal rate, although they mav be trickle charged if the!
service' does not require high discharge rates. The alkaline cell when]
trickle charged will not deliver as good voltages at the higher discharfl
rates as when it is "cycled," but in actual operation the cell mav 9
selected to meet such discharge requirements. However, a period*,
complete discharge and charge at, normal rate is recommended if full
alkaline cell capacity is desired.
The regulation of ;i cell ((lie mainl euanee of terminal voltage under

load varies with the interna! resistance. The lead cell will have better
regulation than the nickel-iron cell.

Acid storage cells have a lower interna] resistance than alkaline cells
of the same ampere-hour ratings. In the ease of stationary cells this
factor is from Y2 to H. On momentary exceptionally heavy-load condi-
tions the acid cell can deliver from two to three times the'eurrent that
can be drawn from an alkaline cell. This mav be both an advantage and
a disadvantage. On a short circuit the damage to an acid cell is usually
to the plate lugs arid the top connectors, but the alkaline eel! is not
harmed It is suggested for alkaline cells that periodic complete dis-
charge be followed by an intentional short circuit and then completely
charged. If an acid cell is short-circuited, it should be recharged imme-
diately. Alkaline cells can he stored in a discharged and short-circuited
condition indefinitely, hut acid celts should be stored bally charged.

Acid storage cells are essentially low-resistance device's and therefore!
particularly useful for applications where very high currents are rertuired.
However, for each ampere-hour of electricity delivered, a definite weight
of load peroxide and sponge lead must be converted to lead sulphate by
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electrolytic action. A vcrv high current discharge rate causes a progres-

sive lowing down of the electrolytic action until more active electrolyte

diffuse to and through the plates, and there is a reduction of the

total capacity of electric energy stored at this particular high rate. To
take an extreme case, a certain battery rated at 100 amp.-hr. on an 8-hr.

discharge to 1.75 volts per cell will deliver 150 amp.-hr. at a 72-hr. rate

to 1.75 volts per cell, but only 55 amp.-hr. when discharged in 1 hr. to

1.(58 volts per cell, as show n in Table III.

Tuu.e IV. Summary* of Nickel-iron Stowage Batteries (11 to
900 Amp.-hr.)

\11 ampere-hours are for 3- to 5-pr. discharge to 1.00 volt per cell; above
60°F.

a Weight—Capacity Dimensions, per cell:

Lb. per Cu. In. per Lb. per
Amp.-hr. Amp.-hr. Cu, In.

Small capacity (1 1 to 20 amp.-hr.) ... 0-28 6.6 0.043

Large capacity (100 amp.-hr. II].) 0.11 1 .7-2.3 0.048 -0. 000

b, Chaegitts Ampere* far 7 II>..'
T1 . ,Multiply

Amp.-hr. by
Normal 0.200
Trickle..:.:.:::::: m?m
Start
Finish 074

e. Charging Volts: , ,

Hold at 1 -7 volts per cell to obtain slnr! ami finish amperes nt item b, above.

Charge at normal amperes to 1.8 or 1.0 volt* per cell until voltage per cell remains

constant for y$ hr.

it. Discharging Amperes: ,

Relative

Hours DischarKC Volts Ampere-hours
10 105 1.00

5 .::::: i.w
2 5 0.M
1 0,64 0.9S

Freezing Point of Electrolyte:
S'l>U: that, electrolyte density varies little, and does not rtumr state 01 charKC. At

minimum sp. gr. of 1.100 at. MTF.:
Starts lo freeze out lit -20"C.
1-Wzcn "slush" :iV -87T., -aa-C.

* Compiled from data furnialied by Thomas A. Edison, Inc.. West Orange, N. J.

While the capacity in ampere-hours of a lead cell decreases at increased

discharge rates, this' capacity in a nickel-iron cell docs not decrease very

much at high rates up to five times normal if no restrictions are placed

on the useful voltage. At five times normal discharge raie the nickel

iron cell delivers 96 per cent of its normal full rate ampere-hour capacity.

This point is of theoretical rather than practical interest, however, since

there is a lower limit below which the voltage cannot drop and be of

actual use. At five times normal rate to get the 96 per cent amp.-hr. in a

nickel-iron cell, the end voltage is 0.(i4, which is too low for most purposes.

22. Electrolyte Characteristics. The specific gravity of an acid cell

varies with the amount of charge, being greatest at full charge and least

when discharged. The freezing tempera! ure of an acid cell varies with
the amount of charge, a discharged cell at specific gravity 1.10 wM!

geese at 18°F., and a charged cell at sp. gr. 1.25 will freeze at — 61 F.

The electrolyte density of an acid battery is a readily tested indication

"f the extent of its charge.
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On the other hand, the electrolyte specific gravity of an alkaline eel
is no indication of its state of charge, since it reinains'pracl icallv constant
during charge and discharge. However, owing to gradual deterioration
the specific gravity of the alkaline electrolyte in a cell ranges between
1.215 (new) to 1.160 and when it reaches this latter value it should be
replaced, hlectrolyte having a specific gravitv of l.lfiO at normal
temperature will start to freeze out at -4°F. and will freeze into a sitishv
snow at -87°F. Highergravity electrolyte starts freezing at correspond-
ingly lower temperatures.

23. Effect of Temperature on Capacity. The capacity of a lead-acid
cell decreases about 1.3 per cent for each degree ('. the temperature is
lowered (0.75 per cent per degree F.). The usual 1(H) per cent ralinS
at 25°C., 77°F^ is decreased to 50 per cent at -25"C., 10"F.
At about o'C, \VV., the alkaline cell has the minimum output at the

normal rates of discharge. However, the higher internal resistant!
heats up in a cell which is either being charged or discharged, and in
actual use the 5°C. temperature is only a rough approximation.

There are certain details which influence the coastruction of lui acid store,
eell for sj>ccifiei[ conditions. If the discharge rate must he high, the use owood separators between the plates rather than perforated rubber separator*
are preferred, due to the lower internal resistance of cells having the former
I'urthcr. lead-plaled cop]>er connectors between colls can be used to reduce!
the resistance. An increase in life is obtained if the specific gravity of the
electrolyte is reduced Iron, the normal charged value of 1.250 to i 210 or
1.220. (Note that stationary cells use lower values than those for portable
or starting cells, where the. specific gravity may be as high as 1.300.) How-
ever, the reduction of the maximum specific gravity of the electrolyte
decreases the capacity of batteries at the 8-hr. discharge rate, or longer bu
has no noticeable effect at higher rates or shorter times of discharge. Olio •

the benefits resulting from the use of acid of lower specific gravity is
increased life of the wooden separators.

24. Charging Storage Batteries. There are several standard schemes
of charging storage cells which are detailed in books on the subject and
explained in booklets issued by hatlerv inanufaclurers. Briefly the
methods are termed the step, ron.slant mltagr, mmlifuil mnxla.il milage,
cmixtmit current, ant! in addition Ihere are finalizing and hws!, , charges.
lo charge fully a battery in a minimum time, (he step method resembles
the booster charge sine:; both give a heavy current charge al Ihc s art.
Sincecnch of these methods requiresa high-capacity charger, I he constant-
current method is often preferred. On I he other hand the constant-
voltage scheme automatically tain ts the rale of currenl charge, since a
discharged cell potential is low and a maximum difference between cell
potential and charging potential is available to force through a heavy
charging current a( the start.

Under emergency conditions a bntterv may be prematurely and com-
pletely discharged. This means that in addition to a trickle charger,
another rectifier should be available with sufficient capacity lo charge
the battery in from 10 to 21 hrs.

In charging, the positive potential lead of the charger is connected
to the positive cell lead, forcing current to flow in the cell in l he opposite
direction to that of a cell which is furnishing current on discharge

26. Relays for Charging. Relays to control automatic charging are
actuated by the voltage of the. storage cells. Ordinarily the increase
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f the resistance of the relay exciting coil with increase in temperature

will require a higher voltage to initiate the relay action.

In one relay' this problem is met by using a bimetallic strip on which

the actuating contacts are placed. This strip bends with temperature

change and intentionally overcompensales for temperature, so that the

iiiperature requirements of the battery are followed faithfully.

When storage batteries are used, indicating instruments are of great

value in showing the instantaneous charging or discharging current and

voltage across the battery when charging or the buttery voltage when
discharging. . . . -

26. Integrating Meters. An integrating ampere-hour meter is fre-

quently verv desirable. The mercury-motor d-c. nnipcre-hour meter5 is

:)( | 1 1 rahh suited for use with a storage battery. The use of a mercury-

floated rotating disk eliminates the use and maintenance of a commutator

Table V. Fuel Consumption per Kilowatt-hour, Engine-gener-
ator Sets

Crinoline,

gid. per kvr-hr.

Fuel oil,

gal. per kw-hr.

ti.in, 800 B.t.u.
per en. ft., cu.

ft. per kw-hr.

Diesel engine*,
Kill, prr kw-hr.

Full load

N |M'J
H l°*d

K load

0.21 - 100";
1 lit';

LIS
172 %

0.17 - 100":
1 IS",

171
'

28 - 100%
us;
137',
172';

0.13 - toe:;
104 •

:

108^
112'.

ami brushes. The cumulative ampere-hour dials are very desirable

since they show at a glance the extent of charge in the battery. Stand-
aril dials' are available for many ranges from 150 to 1,200 amp. -hrs.,

and the current ranges of standard meters cover practically all possible

charging rales. In one model two-rate charging is provided by a switch

which, when a preset number of ampere-hours, say 20 per cent of the

battery capacity, has been supplied at the first high rate, initiates a
suitable circuit ' breaker giving the second lower rale of charge. In

addition, when the full number of ampere-hours have been supplied to

the battery, another switch operates to discontinue charging. Other
models are available without switches, so that charging rates are manu-
ally adjusted as required and shown by the dial ndication.

Since nil storage batteries require more ampere-hours when charging
than discharging, in all meter models an ingenious mechanism actuated

hy the direction of disk, which runs forwartl when charging and back-
ward when discharging, requires more ampere-hours when charging
t'uin discharging to show a given amount on the dial.

The amount of excess in charging over discharging can be adjusted up
'" :i maximum of 35 per cent to suit both the type of buttery used and the

"onnal discharge rate which is desiretl.

I'he main precaution in installing mercury-motor d-c ampere-hour
Meters is to avoid excessive heat ami continuous vibration. A clever

design of the mercury chamber prevents damage if the meter is turned
°vcr during shipment or prior to installation.

' TVR Unlay, f. S. Patent lilllOKIS. Tim Electric Storage Battery Co.
! Type N, Smmamo Kloctric Co.. Springfield, III.
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and

is is suggested

27. Precautions to Observe in Using Lead-acid Storage Batteries.
1. Keep the lovel of the electrolyte covering (ho plates and insulation
2. Use distilled or approved water to replace loss by evaporation

'

3. Do not allow tho cells to stand for. any great length bf time after tha
specific gravity has readied the lower limit. They shoidd he given a char™
to bnrij! up t.he specific gravity.

4. Charge for the proper length of time at the proper rate.
5. Do not add acid or electrolyte to the cells,

"o not allow the temperature of tho electrolyte to rise above 110°F. oi

7. Keep the battery and the battery compartment clean and dry
8. Keep flio terminals clean, tight, and well covered with vaseline
9. Keep away from flames when charging with vents open.
28. Precautions to Observe in Using Nickel-iron Alkaline Storage Batteries
1. Keep tho plates covered with electrolyte.
2. Use distilled or approved water to replace losses by charging

evaporation.
3. An occasional short circuit is not detrimental, in fact this

after complete discharge, before recharging.
4. Hydrometer readings mean little; charge to 1.8 to 1.0 volts per cell until

the cell voltage remains constant for j£ hr,
a. Renew tho electrolyte by that supplied by the manufacturer when

the specific gravity decreases to 1,160. Do not pour off old electro!vtc until
the new is ready to put in.

0. Do not put acid in the cells.

7. Do not allow the cell temperature to rise above 115°F.
8. Keep away flames while charging.

FUEL-DRIVEN ENGINE-GENERATOR SETS
29. Types of Fuel. Gasoline is widely used, but kerosene and natural

and manufactured gas, as well as Iso. 1 fuel oil and commercial Diesel fuel,
are also in genera] use. Gasoline-driven generators give from Zli to
5 kw-hr. per gallon, and Diesel-driven generators give 7.7 fcw-hr."per
gallon. Proper engine adjustment and good grades of fuel will improve
these outputs.

Table VIII. Diesel-klectbhi Genekatino Sets

Name

DR3C
DGH10O
DG £12:10

ll,203r_p.m.
Cylinders engine

horsepower

It

* John Reiner & Co., Tri

cooling tfink or towel . D-i
t Single oylmder models
t Four- nnd si x- cylinder

Mew York. Cooling id either by radiator and fan or fo?

models available with sums ratings as above,
ire of Stover type, hand-crank starting,
models arc Hercules foul-cycle full Diesel operation.

The Diesel engines of Tallies VITI and IX are characterized by a high
compression ratio, about 16:1, and have good efficiency at various load
percentage?, but the speed range is limited by that. 'of its particular
design. This may be a disadvantage it" different output voltages are to

be secured by varying the engine speed, but for a-c generation, where
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the frequency depends directly on speed,

this is an advantage. Tho Diesel is

I

xvjnr steadily improved in design and is

increasing in its popularity.
' The gasoline engine, characterized hy

tt
lower compression ratio (about 5:1)

and spark-plug ignition, is further along

in its state of perfection, and tins means
[ess maintenance trouble and also ease

of starting. For large Diesel engines a

small gasoline engine is supplied for

starting. _ .

Kerosene is often used as a fuel, in

which case auxiliary means are generally

provided for starting the engine with a

fuel of higher volatility, such as gasoline.

30. Cooling. For cooling, the small-

sized engines use air which is forced

past the cylinder blocks by a fan.

Large sizes use water cooling, and in

general this can be supplied either by a
water tower or by a fa Q-radia tor-pump
system. The latter is usually recom-
mended since the nse of proper water
minimizes the formation of scale in the
jacket passages of the engine block.

31, Emergency Service. Fuel-
driven generators are often employed
as an emergency source of electrical

energy. Automatic switches may be
used to start up the engine when the
regular power has been discontinued for

15 sec. This requires an electric start-
ing motor and a storage battery as part
of the equipment. For emergency ser-

vice a high-speed engine permits the
rated capacity to be obtained in a
minimum of space, and for a reduced
Erst cost. For regular service the
heavy-duty, slow-speed engines are
Rciierally recommended, although they
"'quire more space and have a higher
jtotial cost.

Diese!-powered electric plants are not
Usually available for "full-automatic"
parting. Semiautomatic operation is

sometimes employed, in which the Diesel
manually started when the load is

expected and operated at low idle con-
tinuously. With the plant running, if

™e normal power supply fails, relays
°Perate to cause the Diesel to speed up
Mid take full load.
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32. Regular Service A-c Generators. Fuel-driven generators are also
employed jus a primary source of electrical power, and for this type of
work may be divided into two classes, a.c. and d.c. For n-c generators,
where no storage of electrical energy is possible (unless a converter ana
.storage battery are also provided),' it is desirable to supply means for
stopping and starting the engine, so that it runs only when a load is
connected. This is sometimes called full automatic control and suitable
relays and switches operate to start up the engine generator when a load
of 1 percent or more of I he rated rapacity is connected to the line. While
running, any load can be supplied up to the rated capacity. When the
load is decreased to less than 1 per cent of the rating, the engine shuts
down. Push-button stopping and starting is also employed on a-c plants
because it is less expensive than the full automatic control.

33. Regular Service D-c Generators. When the generator supplies!
d.c, the problem may be somewhat different than that just described
A d-c generator is almost always used to charge a storage battery, so that,
when the battery is fully charged, it is seldom nccessarv to run t lie

generator continuously. A voltage-controlled relay may be used to
start up the generator when the battery voltage "drops to a certain
amount. This arrangement automatically charges the battery when its

voltage decreases and shuts down the generator when the. proper point
of charge litis been reached. Light loads arc carried hv the batter]
alone, but heavy loads pull down the battery voltage so that the generator
starts up and helps to carry the load.

Push-button stopping and starting is often used for d-c as well as for
a-c plants. When a d-c plant is to furnish fairly steady loads of over
half its rated capacity, sometimes the storage battery is not used at all.

In this case the automatic starting 011 battery voltage "is not used, but it is

possible to employ an automatic device to start up the engine when 1 per
cent or more of the rated load is connected. Hand-crank starting and the
use of a rope starter are also employed, mainly for small-sized plaids used
to charge storage batteries.

A convenient formula for determining wire sizes requires the knowledge
of the amount of current supplied, the distance, and the maximum allow-
able voltage drop along the set of two wires. This maximum voltage
drop is 2 volts for a 32-volt system, and 10 volts for a 1 10-volt system.
The formula is as follows:

22 X load amperes X distance in feet (one way ) wire size in circular

Allowable voltage drop
~~ mils 1

While this Formula was primarily derived for use with various voltages
on two-wire d-c systems, it is also of value in single-phase two-wire a-c

systems of 110 volts.

34. Cost; Capacity; Weight. Gasoline-engine driven generators of

200 to 6,000 watts output capacity range in weight from 0.18 to 0.22 lb.

per watt, occupy 7 to 12 cu. in. per wait, and cost 17 1o 35 cts. per wait.
For capacities of 50 to 350 kw the weights range from 0.08 to 0.17 lb.

per watt, occupy 2.4 to 4.2 cu. in. per watt, and cost 3.5 to 6 cts. per watt.
Diesel-driven generators of 3 to 25 kw weigh from 0.1 1 to 0.49 lb. per

watt, occupy 4 to 18 cu. in. per watt, and cost from 11 to 33 cts. per watt.

1 Dclco Appliance Division, General Motors Sales Corp., Rochester, N. Y.

See- 1*1
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for ranges of 15 to 85 kw, Diesel generators range from 0. 19 to 0.29 lb.

per watt, occupy 9 to 16 cu. in. per watt, and cost from 7J£ to 18X eta.

per watt-

T\HI> ^ ' DulKlT-Cl'ltltKNr TO Al/IKKXATIMl-CVItltKNT CONVERTERS;
Output A.C. = 110 Volts 00 Cycles, 1 Phase

t 1 " I *1

Input,
Volts

*. d.c.

Input.
WIMftlHI

d.c.

Output.
volt-

ampcrc*
a.c.

11)10 K
1020 K
1117 ', K
3217> K
323H K

110
110
110
32
32

i.e.

2.7
10
7 s

25

110
200
750t
150
5001

Heavy-duty 1,800 r.p.m. 4-pole bull

hearing!*, 7 X 10H X S in., 35 lb.

A-080
B- 1 2 1 S

C-32fi()

[)-nu.-,

12
32
110

in
21
7.6
2.0

SO
150
USD
150

2-pole converter, 4>5 X 6 X 8J-2 in.,

13>; lb.

•Carter Motor i;o. l.tucaco. ill.

1 75 lb., 7X16X8 in., with starter box.
i 65 11... 7 X m, X 8 in. .... .. , , . ,
( Models with 40-volt-amp. output and weight of 8 lb. are available, operating from
12, 32, and 1 10 volt* d.c.a

T.u.1

Input,
volts,

d.o.

Input,
amperes,

Output,
vult-

ampana,
a.c.

Length,
irti'ln-.i

Width,
inches

Height,
inches

R.p.m.
Weight,
pounds

fi-10* 13.3 to 10 a 10 21
1210 12 20 ICO 10 ft 10 20
3230 32 18 31 Ml 11 e 10 30
1130

1 III 8.9 300 1

1

10 30
llTlOO 110 1 .mil) 14 8 73

speit 40 3.1100 37
*R121 12 80 3.0(10 46
JR310 32 80 3.0110 30
iU::.'s 32 2. OHO 1.800 245
JRlSl 115 !I0 3.I1IHI 33
(R15S 115 :::: 2.500 1.S00 315

icago, III.rionver Gen-K-Motor Corp.. Ch
1 r.l.-i i ril . Specially Co., Stamford, Conn

't [tower ratings arc available.

MOTOR-GENERATOR SETS
8B

\ Direct-current to Alternating-current Converters. Converters
SrV*" :l storage battery to be used as a source of energy to operate a-c

vic,. s> ovon w |u,„ t ]u , ( .], ilr|rj, 1(r d-e generator is not running. Since
~*n .v radio units arc designed to operate on 110 volts 60 cycles, the

"verier is often a valuable piece of equipment. Change-over switches
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fan be provided to connect the radio unit normally In utilitv a-c po-
und in an emergency to switch to the storage-bntterv-converter eq
inent for continued operation.

36. Dynamotors. When low voltage d.e. is available, a dvnarao
t an lie used lo supply d-e plate voltage. Mai inc. aircraft, police, so
systems, and amateur use are among the types of service which cmni
dynamotors. The single armature, two hearings, and general eomp?
ness are features of the designs. Dynamotors are usually designed
have a high efficiency in order to conserve the limited capacity of
storage-battery power source. High speed is usually employed to
a maximum output with restricted space and weight limitations.

37. Motor Generators. A motor generator usually comprises
distinct unils, each with two bearings, generally coupled together nice
ically to run at the same speed. Motor generators are used Tor
emergency supply and regular operation. In the latter cases low-six.
units are preferred, as they have longer life and require less maintennneSj

Part of Table XII gives typical motor-generator ranges, including
double-current generators. The latter have two distinct d-c MmpheZ
one being high voltage for the plate circuits and the other low vol tan
for the filament circuits.

38. Price and Weight Ranges. There are several factors which causa
varalions in price and weight for a given output, for d-c lo a-c con-
verters, lightweight high-speed devices are available for low outputs,
ranging in price from 15 to 40 cts. per watt and weighing from 07 to

Table XII.* Pi.vik-voi.tack (;j:\i:k atohs, Dorm.ix iuukxt Gbxeb-
ators, A-C and 1>-C Motors, and Dynamotors

Generator

In-rn

No. Motor IVatls.l
a.c n ml

00
cycle

Filaments
D.C.

mill no
cycle, •

Volts

Volt*
Ani|>-
ercii

r.p.m-t

2
17

372

28
403

!>..-., 511. til) i-v.-l,.

D.cr.. 50. fill cycle.
D.c. 50. 110 cycle

D.c. 50. 00 cycle
D.c, 50. HO cycle

300
1.000
5.000

. 400
i.ooo

40
l.flim

o.ooo
.-,()

4.000
8-12
8-10

Hi

1.200

3.500
1 . 75(1

1.750

3.500(
i,ami current

Kmcruton
Dvuumoior*
32 230 iroW

d.c.

a
02

32 230 <l.c.

32-230 d.c.
350

1,000
10

800
3/500 (

2.000J

100
105
110

11! volts, a iimp.
12 volts. 20.5 amp.
12 volts, 50.5 amp.

150/250
250/soil

1.200/1,500

Volt*

u
100
400

Weight,
pounds

8.75 )
20

J.

38
j

efficiency
liehtwnii!" 1

halMwarinl

* Electric Specialty Co.. Stamford, Cunn.
t 50-cyclc output, approximately 75 per cent of that when using d.c nnd 60-ry*

motors.
t 50-cyelc r.p.m., approximately Bis rilllli that of d.c. and 00 cycle.
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Table XIII. DiRECT-ruiutENT Plate-voltace Dynamotors

Type No.

Input Output Approxinuite
over-all Weight,

Volu Amperes Volts
Mitli-

ampcrvs

dimensions,
inches

pounda

B1W272*
B1W330
B3W4I3 '

RA1W549
RA3W534

8
8
8
12

4.7
7.5
15
25
32

250
250
501)

750
1 ,000

50
100
100
125
250

0X5X5
0X5X5
7 X | X 5
0X0X8
10 X X 8

m,
ii

17^

A420t
IVcm
HI 1511

C421I
C1150

e
12
12
32
32

23.5
12
10.8
4
8.3

400
-1110

1.000
40(1

1,000

200
,

200 1

150
;

I'll,') i

l.vi I

All 4U X 5 X 8H <<.

weight 13!.. ll>.

Haling* an- for continu-

ous duly, will carry 75
per cent overload on
intermittent uso'

B4I5
CI 251)

01251)

12
32
110

21
14
4.2

400
i .mm
1.000

1511 )

2511 -

250 )

All 4KX5X 10K to-
w-eight is' .. lb.

Pioneer C.en-E Motor Corp., Chicago. Olhnr ratings arc available,

t Carter Motor Co., Chicago. 111. Other ratings are available.

0.52 lb. per watt capacity. Heavy-duty devices usually run at lower

speeds and arc available in ranges up to "the highest outputs, varying in

price from 80.16 to S1.50 per watt and weighing from 0.14 to 1.00

lb. per wall, the lesser weights and lower prices applying to higher output
devices.

Similarly for the motor-generator sets listed in Tables XII ami XIII,
the high-speed devices range in price from 9 to 27 cts. per watt and weigh
from 0.04 to 0.7 lb. per watt. The heavy-duty and high-capacity units

vary from 25 to 30 cts. per watt and weigh from 0. Ill to 0.10 lb. per wait.

WIND-DRIVEN CHARGERS
39. Data on Wind Conditions in the United States. Properly installed,

it wind-operated generator may be used, as an auxiliary means of rharging
ft storage balterv, over a larger portion of the I'nited Stales than is

generally supposed. The Weather Hureau, under the 1'. S. Department
oi Agriculture in Washington, maintains various stations throughout the
country, and data on the average velocity of the wind, prevailing direc-
tion, and the date and maximum velocity of wind are published yearly
in several pamphlets, entitled the Annual Meteorological Summary,
'"el, ,,f w ],j,.|, gives data for one of Ihe various stations.

Most wind-driven chargers commercially available are characterized
h.v a two- or throc-bladcd propeller, some' type of governor preventing
speeds rising much above those encountered in a 20-mile per hour wind,
"ntl a d-c generator either driven "direct" at the speed of the propeller

ILr »y a "step-up" gear drive. The governors arc of several types,
i in- centrifugal "air-flap" device comprises two vanes, held concentric
J" 1 ' the propeller axle al low speeds by springs; but at high speeds the
"I>< become- radial, acting as an air brake. 1

1 wineh«rger Corp., Sioux City. Iowa.
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A dual tail vane is also used, (o change the relation of 1 )io propeller
to the wind direct ion. Here the propeller axle is alwavs parallel wiyj
the ground. 1 A third method is the "tilt hack," in which the propeller
axle i- moved toward a veriieal position thus decreasing the effect of tfl
wind. 1

A two-bladed propeller permits ready adjustment in the field of the.
"tracking" of the blades and the governor is essential to prevent damage
in high Winds. The propellers can he of wood, with either stainless-steel
or copper-lined leading edges, or constructed entirely of metal. The
generator is usuldly of the three-brush constant-current variety, ghj

11.—Average hourly velocity of the wind for an elevation of 100 ft.

(Courtesy of Weather Bureau, U. S. Department of Agriculture.)

maximum output at low speeds; in conjimei ion wit li t lie governor it keep*
a reasonably stable current output at high wind speeds (see Fig. 12).

In general the approximate hour of the greatest wind movement in

the I'nited States is at 3 p.m. local standard time, and over considerably
more than half the country this average is above 12 m.p.h. at an eleva-

tion of 100 ft. For New York City the minimum hourly w ind velocity »
8 m.p.h. in July and August, at which time the lowest of the maximum
hourly velocities is 10 m.p.h.
The attractiveness of the absence of fuel costs and the maintenance

of the accessories required by a fuel-driven engine are to some exten*
offset by the uncertainty of the supply of wind. In any case the primary

1 LeJay Mfg. Co.. Minnuuijolifc. Minn.
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need i-< for a suitably high location of the generator and propeller. Loral

conditions vary so widely that only general suggestions can be made.

The installation should be high enough to secure the maximum effect

of the wind and should therefore be away from, or higher than, obstruc-

tions such as trees and buildings. One instruction book specifies that

(0

9

8

CL

£4

5. 10 15 20 25 30 35 40

Wind velocity, miles per hour
Fig. 12.—Characteristics. 1 Ill-volt. l.20l>-watt direct-drive Wincharger.

generator, HJi-ft. propeller.

the wind charger should be 1 "> ft. above anv obstruction more than 400 ft

away.'

40. Reliability. The amount of wind suitable as motive power can
lianllv he guaranteed for any location. If the preliminary survey of
local wind conditions indicates a reasonable average wind velocity, the
observance of proper installation procedure will generally produce
satisfactory results. In general, the maximum winds occur in the springM the minimum in midsummer, varying, of course, with the section
of the country. The steadiness of output from a wind charger cannot be
compared with that, for example, of a fuel-driven engine. The wind
charger operates at variable output unless the wind velocity varies
above a certain minimum spectl.

cor reliable results the wind-driven generator should begin charging

J'"'
1 'attery at the lowest possible wind speeds, since in midsummer the

Hourly wind velocities in many localities do not reach very high values,
"ere the use of the word "auxiliary generator" becomes of importance.
' w.nid generator can be relied upon for a great deal of the time, but an
auxiliary source of power such as a fuel-driven generator is recommended
""re absolute continuity of power supply is required.

"iw-year curve 5 of 'the performance of l.2i>t)-w:iii irind-drivan
KP'ierator, iii Sioux C 'it v, Iowa, shows a oyclk outoat, ranging from a
"""iuuum of 215 kw-hr. for April to a minimum of 120 kw-hr. for August.

i
Mo'itftoinfry Ward
« inchargrr Corp.
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For tour wind-charger plants used on farms in Minnesota, all haviij
over 1,(KK) watts capacity, the average monthly consumption wm
(iO kw-hr. and the lowest consumption was 18 kw-hr. in August. 1

Tlio wind chargers of Table XIV develop sufficient voltage to staij
charging at 5,4- to 7,4-iii.p.ii. wind velocities, and their outputs art
substantially constant and at their maxima if the wind speed is a how
20 m.p.h.

41. Direct Current Only. Since the spend of a wind charter will vara
the generators are made to furnish d.c. only. A storage battery «
invariably required to store energy for use when there is no wind. Asf
general rule, a two-week 'calm" is the maximum, which requires batters
capacity to carry the load for that length of time.
Some wind chargers are mounted on towers above roofs, and in thi*

case mention should be made of the necessity of a suitable means f<2
absorbing the vibration, such as the use of ruliber pads. Special lowdH
or poles for mounting the chargers are frequentlv cmploved. in which
case vibration prevention is of little importance, rigid mourning being
preferred,

42. Length of D-c Leads. For low-voltage chargers the leads to the
battery have to he low in resistance. It is generallv advisable to have
less than 200 ft. between the battery and the generator and preferably
less than .".(I It. Vs a rule the vn lage drop at full-current rating should
be less than 20 per cent of the nominal voltage rating. For example, M\
G-volt charger, 200 ft. away, with a capacity of 120 watts will furnish 20
amp. maximum. If the Hi drop is to be 20 per cent total, each lead wire I

has 10 per cent of (i volts'or 0.(i volt. Hence the allowable resistance
l{ = h i = 0.(1 20 = 0.03 ohm, which is the maximum resistance for
each of the two conductors, i.e., the wires must be No. 2 IS. & S. gagcor

'

larger. Thus two copper wires each 200 ft. long, having a minimum su»

Table XIV. Wixn-umvEN CIkxkr.vtors*

Kaon

Dillll]-

cter.

feet,

two-
bladcd
pro-
peller

Rated t

20 in.

p

Watt*

otpttt hi

h, wind

Am-
pere*

Rated
10

m.p.h..
am-
pere*

Mini-
mum
Ul.|i.tl.

to
ehargr

Approx-
imate
gen-
erator
r.p.in.,

20
m.p.h.

Poll nd
weight
le*a

tower

Typo of

Kcncratcl
drive

« voltt a 120 IT* 4 7>i 1.100 58 Direct
Heavy duty 6

volt 7H 200 25 8 5>4 800 ao Direct
Heavy duly:

S"
12 volt 225 14 5 6 800 96 Diren '

32 volt son 15 4 sue 140 Direct
32 volt 11 1 , 200 30 11 1,(100 270 Clear 4:H

Streamliner:
110 volt H« 1.200 9 2.3 400 681 Direct

* From data furnished by the Winchargor Corp„ Sioux City, Iowa.
T he volt rating* are nominal, a 6-vnli charger will charge a three-cell (0-voll) lei

acid battery, a 110-volt battery, etc.
X The third brush on the generator, in conjunction with the wind governor, keep" I

current substantially at thin value for wind speed* above 20 m.p.h.

1 University of Minnenota, Aor. Eng. Nrwt Ltttrr. No, 23, February. 1U34.
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f No. 2 B. & S. arc required. For higher voltages correspondingly

smaller v. In s may be user! for a given watt rating. In any case short

dec-case the first cost by requiring smaller cables, but the Hi drop

should be lower than 20 per cent if possible, preferably 5 per cent, or 0. 1

2

"volt on a (i-volt system.

43. Capacities and Types. Wind-driven generators are available for

outputs of 6, 12, 32, and 1 10 volts. Standard gear-driven models are

Bvaila! le, allowing the use of smaller sized, higher speed generators, as

well ns direct-driven generators which have the same speed as the

propeller. .

In addition to, or in conjunction with, the governors, brakes and
other devices for stopping the propeller are provided. Some of these

turn the tail vane at 00 deg. from its operating position, so that wind
docs not affect the propeller; others are of conventional brake-shoe
construction.

44. Radio Interference. Since the generator is high up in the air,

it is essential to prevent radio waves from emanating, anil the com-
mutator ripple is usually minimized by built-in condensers. In addition,

however, it is suggested that the metal parts of the tower be solidly

grounded at the base and that one of the lead-in wires to the battery
also be grounded.

46. Maintenance and Depreciation. Generators are permanently
lubricated, but provision is made for removing a cover to lubricate the
collector rings, about which the propeller-generator unit moves as an axis.

The --.lall number of moving parts reduces maintenance to a minimum.
On the larger models the design is arranged so that the units are indi-

vidually assembled. For example, the governor can be removed with-
out disturbing the balance of the propeller, and the collector' ring can
he removed without disturbing the generator assembly. With reasona-
ble care, depreciation ranges from 5 to 20 years and thus can be figured
:| i from 20 to a per cent per year.

RECTIFIERS AND CHARGERS
The general types of rectifiers which are mainly used for supplying d.c.

or ratlio power from various a-c supplies are as follows:

Vacuum tulies. with filament or indirectly heated catholics.
Gn.s-fillpd tubes with filament cathodes.
Igniter-typo gas-filled tubes.
Dry-contact mend rectifiers.

There are two general fypes of rectifier tubes, vacuum and gas filled,
noth types have certain maximum inverse voltage ratings, i.e., the
largest -afc voltage which can he applied to the tube in the non-rectifying
jwection. Hoth types have maximum current ratings, either in r.m.s. or
P^ak values, or both. Indirect heated vacuum rectifiers are used
generally on voltage doubters and have a maximum safe voltage which
"ii he applied between heater unci cathode.
r'ot-cathodc mercury-vapor rectifiers usually require cathodes to be

'fated for periods up to 1 min. before plate voltage is connected. These
' ""'s musi be used in circuits which limit the current, since mercury-

"'''''fiors operate at practically constant voltage drop and thus
°"ld be ruined by too high a current demand.
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46. Characteristics of Rectifiers for Receivers. Figure 13 giv—
average plate characteristics for receiver-type rectifiers. The vacninj
rectifiers have a varying voltage drop {vertical coordinate! with current

3 4 E 8 10 10 30 10 60 80100 200 400 600 1000

[pC* rmlliampfires

Fig. 13.—Average plate characteristics of receiver-type rectifiers.

drain (horizontal coordinate). The equivalent types of tidies are shown
in the figure, e.g., SO, 5W1, 5Y3(i, 5Y4U, n'/A, each <>r which is repre-
sented by the line labeled "80." On this figure the average mercury-

J40,
t , | i n, , i,„ ,. ,,„„

ai 1000 10.000

Fra,

I 10 100

Mtlliampc.res,d-c

14.—Half-wave rectifier characteristics, useful for receiver circuit**

vapor rectifier drop is indicated by a horizontal dot-and-dash line,
1

at 15 volts, and does not vary with current drain.
Half-wave rectifiers, typified by the high-voltage circuit of Fig- &

have output characteristics shown by Fig. 14, and the peak invers*'

1 l-'tairea 13. 14. 15. and 17 nri> rcprintrd by courtesy of Aerovox Corp.
Aervtox Retrareh Worker. August-September, 11)37.

(rota tW
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voltage is 2.83 times the transformer voltage. A full-wave rectifier,

also shown in Fig. 3 has output characteristics shown by Fig. 15, the

peak inverse voltage is 2.83 times half the secondary transformer voltage.

0.1

Jype
25Z5,

>

10 100 1000 10,000

MiHictmperes.d-c

Fig. 15.— Full-wave rectifier characteristics.

47. Voltage-doubter Circuits. A typical voltage-doublcr circuit

shown by Fig. 1(1 has output characteristics shown by Fig. 17. For
receiver circuits there are several lubes comprising two rectifier elements
in one envelope, among which are 25Z5, 25ZG, 25Z6G, 25Z6UT.

If electrolytic condensers are used in

voltage-doublcr circuits, the positive
lead hi one condenser must be connected
to negntive of the other. It is not
possible to use a dual electrolytic condenser
for iiiltug,. doubting if the negative lead is

«>>/! num.
.

\ ohane-doubler tubes are often used

J"
a-c receivers with both plates and

Jj'Hli cathodes connected in parallel.
his connection does not permit voltage

doubling, reduces the internal chop below
thai oj ;i single clement tube and in-
creases the rectifier output from a low
Voltage a-c supply line. On (I.e. the lube acts as a resistance and also
forces the user to plug in the set with the proper polarity.
As a voltage doublor the two half-wave rectifiers operate on con-

SSTUtivc half cycles of input power to charge their respective condensers.
'
he load is connected across the two condensers in series. The ripple
Joquency is twice the line frequency. The maximum inverse voltage
applied is 2.83 times the applied a.c."

.
Vacuum-tube Rectifier with Filament Cathode. This type of

toni-
llsw ' '" MCar'y a" a~° powere<i radio receivers and has numerous

PPhcations in higher powered circuits. Oscillograms 1 showing the

Wine, Rooeh. Radio Broadcast. April. WD; pp. 3114-305.

RMS
Input

I'lu. Voltuae-doubler circuit.
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effect of different load circuits are given in Figs. IS and 19. In lintlt

figures the letters o to e refer to similar load circuits, « being a siinp|3
resistor load, b a 4-/uf condenser across Ihe resistance, r a 2 l-liemy rhokj
in series with the resistor, it a standard tliree-ruiidenser. iwo-rhokS
filter with load resistance, <• the same as d with the first condenser omitted.

0.1 I 10 KM 1000 10,000

MMIiamperes, d*c

Flo. 17. Vollnge-douhlcr characteristics for receiver circuits.

Fig. 18. Half-wave rectifier, different load circuits.

For each load three factors arc 1 shown. Ihe I' letters denoting the oscill

graph vihrators. the traasfortaer secondary voltago lieing F>, the tub*
current Vi, and the load current The curve's of special interest are tlios*

of d and e in Figs. 18, and 10. In both figures d shows a severe load current
being drawn from the rectifier tube, the peal; current from the hnlf-waV*
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tube being 5-10 taa. and the output current 1(12 ma, a ratio of 5.3: 1. The full-

vrave lube peak einrenl is 290 ina, while the output current is 118 ma, a
ratio ol 2.5: 1. For the e section of these two figures the half-wave tube peak
current i- 13H nui and the loud 45 ma, a ratio of 2.51:1; while the full-wave

n 1000

%r
400

E ZOO

200

% 100

„ toon

400

e zoo

o

1 100

Time—
. s—

\

r/vj VomietVuty

: V!
- "-*vTube Current 1 \
: VI

(«] CM

: vz
— Nv*'-

td)

Fig. 1!).— Full-wave rectifier, different load circuits.

peak current is 110 ma and the load 9(1 ma. a ratio of 1.5:1. In all these
curves the power transformer was the same, and an idea of the relative output
volumes and currents can be secured bv comparing the desired circuits of
Figs. IS and 19.
Prpm the standpoint, of the rectifier tube, these

figures show that the omission of the first filter

condenser will decrease the high periodic loads
which are required by the standard filter having

I"

1 mi vr condenser. liy referring to fig. 31 it will
be seen that the omission of Ci decreases the avail-
able voltage, and this is verified by the curvea in
rtgs. is and 11). as the same transformer supplied
>ne voltages to botb '/ and < circuils in turn.

I re ill" gives ; lie load con en I. i lirough several
^ejes. for several forms of filter. The letters are
J™"de the same as for Figs. 18 and 19 wherever
P°Wiblc. Curve B of Fig. 20 corresponds to the
o-curvo of the full-wave rectifier of Fig. 10 while B'

a
"'c same as b with the condenser capacity

''proximately six times as large. B" is the same
?? **• for a half-wai

C'

- -— - -,,ave rectifier, and B"' has al>out

JJ*
'lines us much capacity as B" but is otherwise

Curve C corresponds to the regular cof
figures, and C i

-- c*

B

,
- same

fl.formerI'o af across
t^Urve C

Fig. 20.—Load cur-
rents for several forms
of filter.iB the same ns c with

I lie rectifier side of the choke,
is like C with the condenser increased to nearly six times its

nguial value. Curve D resembles the d of the former figures, except that it

"Priaea only one filter section instead of two as in Fig. 19.

KCBU|AH and RmTON.-Jour. AJ.B.E., January, 1928. p. 17.
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49. Hot-cathode Mercury-vapor Rectifier. The hot-ealliodo inercdH
vapor rectifier 1 differs from the mercury-arc tulio in twi> respects: (8
It operates at a relatively low temperature, so that the vapor pressuifl
low. This low mercury pressure gives a useful characteristic, a higfc

breakdown voltage in the inverse direction. (2) The electrons aw
emitted from the filament and not from a pool of mercury. In the sccoiifl

respect this tube resembles the vacuum-tube rectifier, hut the different*
lies in the much lower potential drop due to the neutralizing of the
filament space charge by the positively charged mercury ions.

The filamenl-to-plnlc drop of the mercury-vapor tube is about lj
volts and is practically independent of the load current. This low drop
improves regulation and increases the available d-e output. This tub*
is -ell-igniting and does not require the starting mechanism of the mcfw
cury-arc. rectifier.

60. Battery Chargers, For low-voltage high-current rectificalioJ
the argon-filled, tungsten-filament Kectigou and Tungar bulbs fill the

need. The use is largely that of charging storage batteries, and no filter

is needed for this application.
Filters have been designed for use with these rectifiers, so that the

output can be fed directly to the filaments of d-c radio tubes,
design a proper low-pass filter for d-c tube filament currents, Kqs. (l|
and (2) Art. 62 should be used, as the chart of Fig. .30 does not cover this

range. The condenser has to have a large capacity, and low-voltage dijp

electrolytic condensers are often used. In using these condensers it

important to connect the correct polarity to the reetificr.

Table XV. Battery-charger Tube Characteristics
(All half-wave single phase)

"

Number*

-JS'.Ml.-,

I'SH-tH.
7C.li77i;

Filament

Volts

2
2.2
2.5

Ampere*

12
IS
27

Mr.ximum d-c anode
raling!i Maximum I Over-all

inverse length,
voltage iiu-hea

Volt*

7.".

110

90

Ampere*

2

15 225

Style number nf WcHtinghouse Elecirie A Manufacturing Co.. Kectigon til.

CJeneral lCleetrte manufactures aimilur tube* under the name Tungar.

51. Mercury-arc Rectifiers. Formerly, mercury-are rectifiers were
most used- in the field lying between the argon tube and the filaments

vacuum rectifier. With the introduction of the mercury-vapor tub**

many of the advantages of the mercury-arc rectifier- low' voltage drop»
high efficiency—were duplicated. The mercury-arc tube requires *

starting electrode, and usually a mechanical tilting device for starting-

62. Igniter-type Mercury Rectifier. A mcrcurv-pnol cathode pre*

vided with a thyratron igniter is called the ignttron. 3 This reelifi*

1 Hike and Masbr. QST, February. 1020. p. 20.
'Prince and Voooua. "Principles of Mercury Arc Rectifier* and Their Circui

p. 23, Mr.liraw-Hill Book Company. Inc.. New York. t027.
Wcslinghousc Electric & Manufacturing Co.. liaat Pittsburgh, Pa.

get. 14 )
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js characterized by an efficiency of about 90 per cent from 10 to 125 per

cent rated load for a typical 300-kw 275-voll d-c output from 2,300 volte,

three phase, 60 cycles. This is a higher efficiency over a wider range of

load- than is possible from a synchronous converter or a synchronous

motor-generator set.

The high vacuum required is maintained by a mercury-vapor pump
plu.. : rotary pump. The latter, automatically controlled, is used only

n sliori time each day.

Ignit rons are particularly useful for supplying high-current direct

voltage below GOO.

53. Dry-contact Rectifiers.' At present the dry rectifier field in the
United States is divided among three different types of rectifiers, the

copper sulphide, 5 the copper oxide, : and the selenium. 4

64. Copper Sulphide Rectifiers. 'lifee copper sulphide rectifier is

assembled from disks of copper sulphide and magnesium, with or without
radiating fins, mounted on bolts and clamped together under high
pressure. The rectifier is characterized by small size and weight, I),,

ability to operate with a high temperature rise (100°C), by its low initial

cost, definitely limited life, good voltage regulation, and poor efficiency.

The i hernial capacity of the element is relatively low. There is also
some difficulty in operating units in parallel, generally requiring separate
transformer secondaries Tor each rectifying element. There is also a
limitation as to the number of elements that can be operated in series,

eo that i he rectifier is found only in the low-voltage fields. An additional
limitation exists in the range of sizes of the rectifying elements due to
the high pressure required. They cannot be used in the small-power
classification, e.g., in instruments.
The proper field of application for the copper sulphide rectifier is for

intermittent duty, where the definitely limited life can be stretched out
pver a satisfactorily long lime and wncrc in addition the initial cost is

important. Among such applications are power units for operation of
various types of electromagnetic loads, such as circuit-breaker solenoids,
{"id in intermittently operated battery chargers such as used around the
home. The low efficiency and definite life limitations appear to bar this
rectifier from fields where long life and good efficiency are paramount.

66. Copper Oxide Rectifiers. The copper oxide rectifier is assembled
from oxidized copper disks with lead washers, with or without radiating
™s, clamped on a bolt Under high pressure, or from large area low-
Ihcrinul-capacity plates furnished with sprayed or plated collecting
surfaces, which can be assembled under little or no pressure at all. This
rectifier is characterized by its large size and weight, its limitation to low
Wjtttpcrature rises in operation (15°C), good efficiency, ]>oor voltage-
rogiilaliug characteristics, indefinitely long life, high thermal capacity,
"nil hie.), I

r

i i i i:» 1 cost. The rectifier is flexible as to size of element of any
ury_ rectifier, elements in production today ranging from '^-in. diameter

l?

jjO sq. in. in area. Figure 21 shows a typical E-l curve for a 1 j^-in.

Maikh. K.. ••Troekengleiehricliter." (Jldcnboiirg. Berlin, l!>38.

i„ ..
M»nulacturcd by the B-l. Corp., St. Louis. Mo., and by the P. R. Mallory Co..

"•Wapolia. Ind.

Co
Iamifacturcd by Wcstinghouae Electric & Manufacturing Co. and General Electric

' Manufactured by the International Telephone Development Corp.. Now York.
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Fia. 21.—Typical Rcctox cur
rent-voltage curve.

Applications! for this rectifier are almost unlimited. It is host fitt

of course, for those purposes which require long Life and fairly go
efficiency and where the matter of first cost is less important than MM

operating cost. Because of iis vol!

ampere characteristics this rectifier can hd
used for almost any application rcquirjfl
d.c, provided it can be eeonomica^B
justified. Its high thermal capacity, pai|
ticulnrly in the disk type, and the abf
of the elements to withstand high vea
for short periods of time have made
rectifier very useful in intcrmitte
loaded applications, such as the or.

ofceircuit-hreaker solenoids.

66. Selenium Rectifiers. Theselcni
rectifier is assembled from plated
disks coated with selenium and spraj
with metal. High assembly pressure!
not required for this rectifier because eC
disk is an integral rectifying unit wita
low-resistance contact surface on oil!

side. Assemblies are available wit ho
radiating fins and also with or witbe,

increased clisk spacing. This roclifi

noted i<<r its small size and weight co

pared to power-handling ability.

The efficiency is comparable with copper oxide, and the pertnii

operating temperature is higher. Voltage overloads are not permi:

but the rated voltage' per disk is higher than copper oxide and si

period current overloads are permissible. Fields of application
flexibility are roughly the same for selenium rectifiers as for copper
except that selenium rectifiers are not available for very low capa
uses, such as indicating instruments.

Information as to the life of this type of rectifier comes from Kur
where it has been in use for about 1 1 years. Long-term service i

have not been completed in this country since the American produj

has been available for less than 2 years.

57. General. From the above brief descriptions, it may be seen
copper oxide and selenium are nearly alike on ilie basis of pcrforiiinnaj

with selenium having the advantage as to

size and weight, and copper oxide having the

advantage in range in clement sizes and use

on instrument applications.

Neither of these rectifiers is competitive
with the copper sulphide rectifier in those

fields where efficiency is unimportant, oper-

ation is intermittent, and first cost is

significant. Copper sulphide rectifiers

reach into fields, which are also supplied by
copper oxide and selenium, such as railway

electroplating

nit

. 22.—Bridge circuit

Re tox rectifier.

battery charging

A typical rectifier circuit employing a transformer without a center(
is shown in Fig. 22. When A is positive, the path of the current is .1

Ml POWER SUPPLY SYSTEM* 197

when C is positive, the current path is CI)HA. During the lime that A
\* positive, nearly the entire transformer secondary voltage is applied

acres-- tin- bridge anus DC and AH.

LOW-POWER TRANSFORMERS FOR RECEIVERS

68. Transformers. The design of a reliable- power transformer, having
high efficiency, requires fairly elaborate calculations. To take into
account the (I.e. which flows in a transformer secondary when a half-wave
rectifier is used, some interesting equations have been derived. 1

A simple approximate-design .method will be given here, for the
const ruction of single-phase low-powered transformers up to 180 volt-
Http.) or 180 watts for approximately unity power factors. This design
is especially suited to transformers which supply a full-wave rectifier
tad filament energy to an a-c powered radio receiver, three factors making
it possible to secure a satisfactory transformer without complicated
<|i-i«i itii I hods. These factors are as follows:

1. There is no urgent need for high efficiency. An SO per cent efficient
transformer which takes 00 watts to supply 48 output watts is fairly satis-
factory if it can radiate the heat which it generates.

.'. Thr.-c transformers arc operated at r, fairly constant load. This
improves the maintenance of the various output voltages as each secondary
winding will Imvc ;l constant IR drop.

T .

:i
-

),
he '"Krt the transformer secondary is nearly of unity power factor.

Itu- liliirnctii power load is essentially a resistance load with unity power
factor. The current, suppl ed to the filter has slightly less than unity power
iiiclor hut this can In- disregarded in low-powered transformers. The indirect
nested receiving tulws, such as the 50. require less than half as much d-c
'">»< i ,,, 't ' nlatc and grid circuits as that which is needed to heat their
ruthed. s. I his would menu a uiiily power-factor heater supply and (assum-

i , l"
"

i

l" v
",luil:l' divider! Ic:;s than |, ; ,lf as many additional watts for plateto grid supply at a lower power factor. It is true that a power tulie. surh

u maximum rating, uses slightly over four times the wattage in its
+ ( cireim ;LS u does in its filament. It is rare, however, to have moromil two pmecr tubes in a receiver, and the assumption that the power factor

thai ,1

s ''' "" "ry ls " Mi '-V is "*uall>- not over 20 per cent- olT. This means
.

i !» -.wrc „( il»> hi Kh-vol i age secondary nod of the primary should he"'la-ci to allow for this added current.

a iff!"

S
,

maU
.
Transformer Details. Economy in a transformer is secured

en tin- winding encloses a maximum of core area with a minimum or
•[-'.'

IlI|d the magnetic path should he as short as possible.
He core form of a small transformer can be of several shapes, but it is

two V s,;im!:lr ' 1 Pilliehings shaped like capital letter K's. As a rule,

the i

nchll?Ks arP "scd, one having longer legs than the other so that
tw ;

'f" ,,,K' circuit ''breaks joints" in stacking the iron. Another
wind?, r"

,,imallv followed in small transformers is the use of a singlc-

E core
""' wt,ol,t,aries an(i primary being <m the middle leg of the

fill,.,]'

S|"" ,

.

l

.

f"rm is usually an insulating tube, and side pieces mnv be

*'lh iV!"
1 terminals are placed; or, if the coil is to be machine-wound

pr,» ided
S'"VCn cotton

'
tlie Sldu I>iccM 0,111 bc emitted, and flexible leads

" '»»"B. E. 1... She J»ur.. October, 1930. a. 601.
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GO. Ten Steps in Designing a Small Power Transformer. 1. I)<i- nniuefL
Volts and Amperes Needed for Each Secondary,

a. Find the totiil maximum secondary watts = IV. - Eili + Etlt +
Find the total watts needed for primary — W,

Assuming 86 per cent efficiency W, — IV./0.9

e. Find primary amperes assuming 90 per cent power factoi

TFP W.=
Er X0.9

=
0.81 &'„

and forE, HOvolla, Ir = BV89.1 amp.

BOr TJ
140—Werking-

Equation

/4-Core Area, sq. in

Fio. 23.— Small
power transformer
core area as a func-
tion of watts.

-

— y

i
•
\ 5 <

1
\ I 1

BKitogagises

Fio. 24.—Core-loss curves Armco Radio gr
(00 cyclos).

2. Size of Wire. Knowing the current for each winding, the wire snow
determined by the circular mils per ampere which it in desired to use. A stM

rule is to use 1,000 cir. mils per ampere for transformers under ."jO win is an"

1,500 cir. mils )>cr am]>ere for higher powers.
3. Core Considerations. A curve showing core areas for different powers*

Fig. 23 which shows the area for -10 watts to l>c 1 s<|. in. ; 70 waits. l.."isq. nV
and 120 watts, 2 an. in. The area of ta>

core is the same as the inside dimension^
the spool, making a 10 per cent allowaflP

for stacking: for example, a spool I by 2P"
inside would enelose '> si), in., but, allotftpl

for a 10 per cent loss, only 90 per rent*
0.9 X 2 « 1.8 sq. in. is the net core a<#
The core nrcn is needed to dclpriuinof

•» 0A\ 1
—

1 I
turns tier volt./ 4. Core Loss and Induction. The
density at which the core is to l>o wol
determines the iron (core) loss. Figi

gives several curves of different core
rials, watts per pound being plotted ai

flux densities in kilolincs per square
Sixty-five kilolincs per square inch
average value of the induction. The
imp of a curve such as Fig. 24 dc_

largely on experimental data, not directly on a theoretical basis. For
reason, no definite value of the coro loss can be given; it depends on the qu
of core material which is available. It should lw noted that better and

"

Fio.

Cycles per Second

25.—Core loss versus fre-

quency B m 10,000.
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material is constantly bainfl made, having lower loss per pound, so that

X» iwc of higher flux densities is becoming possible. Up to 15 kilolincs is not

onromi.ion. but unusual for this application. The core loss increases with

froauency, a typical curve being Fig. 25.

* Induced-voltage Equation, Turns per Volt. The elementary definition.

th„r 10" magnetic lines cut per second will induce one volt pressure, is the

basis of the equation

E " —
10i-

X 4.44

where E = voltage
A - area of the core

B = flux density In tho same units as A
f = cycles per second
N number of turns. . . , ,

A more useful working equation for small power transformers is obtained by

solving for N ,'E in turns per volt:

N 10"

E " BAfi.Ai

Figure 20 is an alignment chart of this equation. Tho left column is tho

flux density «. in lioth kilolincs per square inch and kilogausscs (kilolincs per

square centimeter) ; the center column is ilie net .-ore area in both square inches

and square centimeters; the right column giving the turns per volt for both 25

and 00 cycles por second.
Using a ilnx density of 65 kilolincs per square inch and the net core area

mentioned in step 3 (1.8 sq. in.), the turns per volt for 00 cycles are found to

be 3.1 turns per volt. Thus, for each volt on the transformer, there must be

3.1 turns. It is customary to change the turns per volt to an even number
so that center taps can lie provided. In this case, by using 4 turns per

volt, with tho some core area, the induction will bo lower, with a corresponding

lower core loss. It is also quite possible, and sometimes advisable, to change

the eore ana so that an even number of turns per volt is given, tor example,

by increasing the core area to 2.8 sq. in., 2 turns per volt could l>c used; by
decreasing to 1.4 sq. ill., 4 turns per volt would bo used. The reason tor

<|eairing the even numbers of turns tier volt is to supply the H-volt steps for

receiving tubes, such as 6.3 volts, which would require an integral number ol

turns when the turns per volt are used.
The voltage drop ill the transformer winding should be mentioned here, am

it will be again taken up in detail in the example. For instance, the load

voltage nt a tube filament is lower than the no-load voltage by the amount
of II{ drop in the winding and the connecting wires to the tube. Thus it

mny 1 K- that to secure 6.3 volts at the tube filament, the transformer no-load

Voltage will have to be 7. In this case any integral number of turns per volt .

either odd or even, will suit the design.
6. Turns for Each Winding. In step 1 the desired voltages were given,

m. B% etc. Using the value of turns per volt in step 5, the total turns for

?Mi winding are found. For example, with 4 turns per volt, a 1 10-volt wma-
">K should have 4 X 110 = 440 turns.

, '• Winding Space Required. From the total turns for each winding, ana
•In- wire siie, the total area of winding space is calculated. Different wireB

"nd insulations have definite turns per square inch. The method of msula-
t'ou, however, may have these values vary by factors of as much as tnroo to

?ne- That is, a 900-turn coil wound in layers with enamel wire may take up

«J. in. of cross-section area. By interleaving thin insulating paper between

'"Vers, only 600 turns can be wound on n square-inch area; and by using a

f*rtain size of cotton interwoven between turns, only 400 turns can l>e wound

l
n a square inch. Thus the space of winding depends to a largo degrco on tni

k")d and thickness of insulation. Double cotton-covered wire takes up
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considerably more space than enameled wire. Yet, if the cxtra-needl
insulating space for the intcrlayer protection is considered, the space inu»may not be so great.

After adding tip the winding apace of all the windings, the area should |compared with that of the core. If the winding will go in ihe core space ink
part of the design is finished.

If the wires will not go in the available space, the winding may be ~J
signed, or the core area increased. Using thinner coverings for wire, few*
secondaries or fewer circular mils per ampere will decrease the space ncedef
for the wire. A larger iron size or a thicker stack of the same sized iron wjjf

Turns per Volt

Core Wo

Flux Density

140-1

_ 100 1 16

1

» 90 ME

^70 M

8-60
v
S 50
o

B 40

-10-JT

U
6 X.

5

0.1

OA
02

0.3

£0*
5 as

£ OS
rtO-

'

1.5

?

3

4

b
6

20

-TO

60

•50

M

J 1

ii

10

g e
8 7

t 6-t

30

15 fc

S 4

3-

2

15

>

7

6

5

4

Fiu. 20.—Transformer design chart based on 8 .
BANf X 4.44

10»

increase the core area and allow a smaller number of turns per volt thtHl
decreasing the cross section of the winding.

8. Copper Lost. a. Find the length of the mean (average) turn in feet.
6. Find the length of each winding in feet by multiplying the nu in tier otj

turns by the mean turn length.
c. From wire tables find the ohms per 1,000 ft. for the size wire used, aiifl

then from 8-6 the actual ohms for this length.
d. Multiply the current squared for each winding by the ohms for thaH

winding.
e. Add the I ,R'g for each winding to get the copper loss Lt.
9. Core Lost. The core loss in watts /,» is found from the weight of th»l

core and flux density and kind of core used in step 4. A useful factor it

that 4 per cent silicon steel weighs 0.27 lb. per cubic inch.

POWER SVI'l'I.Y SYSTEMS £01

W. X Hill
ii' i

.L.

10. The approximate percentage efficiency w ^ +Li + Lt'

•neondary watts (see step 1). .... .

\ ,i-v
'

If step 10 shows about 90 per cent efficiency, the design is complete.

If '„., less than (It) ]kt cent, slop lu must bo modified, a new larger value

if ; Mug used in finding a larger primary wire. 1 his will not change the

efficiency but will prevent overloading the primary winding due to its carry-

in. i greater current than thai, for which it was designed.

It is desirable, as a rule, to keep the efficiency alwve 00 ]>er cent, and this

can bo done by reducing Li and Lt by using larger wires or larger cores.

61 Typical" Small Transformer Design. This transformer gives a full-

wave' rectifier supply, filament supply for rectifier and receiver, and works o"

a primary voltage of 110, at a frequency of 60 cycles.

Power
Transformer

Fio. 27.—Typical a-o powered unit for furnishing B and C voltages.

1. The desired secondary voltages and currents arc as follows:

E. volts /, amperes Vm Walts - El

-

330 1) 117.-, B uml C supply 24 75

KM 0.075 B ami C supply a ;;.

5 2.0 Rerti6er filament 10.0

0.3 l.S Kilament 11.34

2.5 3 Kilamcni 7.5

« Total secondary wntta W. j. 78 34

>> Primary watts If, - HVO.fl - 78.34/0.9 - 87.0
Primary umprru* /, - HVSO.l - 78.34/80.1 - O.RS

2. This transformer is over 50 watts, so 1.500 cir. mils per ampere is the

urre, it density to use in finding the proper-sized wire. The wire sues, witn

Volt* Amperes Hiie wire

110 .88 18
Mil 0.075 20
330 i) nr.'. 20

5 2.0 14
6.3 1.8 IS

1.6 3.0 12
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tho identifying current and voltages, arc listed in the foregoing table. The uJ
of larger wires of even numbers keeps the IR drop lower than when using!
smaller wire. However, if the use of these larger wires makes too large 1
winding cross section, smaller wires must be used.

Jcfrrn Oni ifodia Amplifiers last Audio
Potm- Detector Push -Ml

Fig. 28.—Voltage divider with graded fdter.

nr?" «%£?re a~? avallable '8 1W X 2 in., the net area being \H X 2.0 J
i.

=
i

" l"'
•

18 ,ar'?cr tnan necessary aa shown by Fig. 26. hut allow!
tho design, in this case, of a transformer with good efficiency and good
regulation.

ik
4. Tho flux density used is 05 kilolincs per square inch and 4 per ceoj

silicon iron with a loss of 0.6 watt per pound.
5. The turns per volt for 05 kilobits per square inch and core area of 2.4m

sq. in. give three turns per volt.
6. Tho turns for each winding are its follows:

Volts Turns
110 330
330 9.90
330 1)00

B 15

15
1

4'5(.-?
>
"

•It is usual to add H to 1 turn to filament winding* to allow for tho IR drni> in tlie
winding and lends to the tube filaments.

7. Winding space, in square inches, using enamel wire, follows:

Turns Feet Oh tin* per
1.000 ft.

Actual
ohms

IR volts
drop /'ft WlltlS

330 320 fl.51 2. OS 1.01
•JSHI 90S 83.4 7.". li 0.43
990 900 83.4 76.0 0.43
15 13.7 2.0 035 6!o7' 0.14
20 18.3 3.25 0.004 0. 115 0.37
5 4.0 1.8 008 0.024 0.07

Total 3 05

u. The mean turn is 11 in. - it,'
a ft,

6. The space needed is 1.0 sq. in. and the space available b I X 2 ~ 2 sq. in. s<> tin
extra space can be used for the spool and for insulation between windings and layer.

Sec. It]
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Turns

330
•I'M)

•.190

15
20
I

Tot: I

~
i . win.

Turns per
square inch

18 400
29 3.500
29 :t.;,<Mi

14 175
15 220
12 120

Actual space,
square inch

0.82
0.28
0.28
0.09
0.09
II (14

1.00

e. The copper loss L\ is 3.05 watts

8. The core weighs approximately 5 lb., which at. 0.0 watt per pound gives

6 X 0.6 = 3.0 watts « fa*,

9. Watts output = 78.34 = W.

Losses = U + Lt = 3.0 + 3,05 - 6.05 watts

78.34 X 100 7,834 „
Per cent efficiency -

73.34 + 6 .05 = g4^9
= 93 ^ cont

Note. The copper losses:! re approximately the same ws ihe iron loss, which

Is gcnerallv an indication of good design.

10. Volls Drop. It is seen by the IR column that the drop in the winding

is not serious. •
.. . ««. 1,

The core weighs 5 11)., and the copper winding is 2.S lb.; allowing no weight

for insulation, this transformer gives 78 watts output for 7.8 lb., or 0.1 lb. per

watt of output.

FILTERS FOR SMOOTHING RECTIFIED AND GENERATED D.C.

62. Low-pass Filters. Tho filters used to give d.c. from rectified a.e.

are known as low-pass filters. 1 Low-pass filters are divided into two

Fto. 29.— (o) Low-pass filter. (6) Tuned low-pass filter.

classes, tuned and untuned filters. The timed filter offers a maximum
impedance or attenuation to the frequency of the supply, but the imped-
anc> at nenr-hy higher or lower frequencies is not quite so great (sec

•p 'The theory of filters is admirably covered in the following books: K. 8. Johnson and
ifB. Shea. "Transmission Circuits for Telephone Circuits": G W. Pierce, Electric
w»ve« and Oseillotions."
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Fig. 29b;, although the general trend of the curve is u rising atlenuatioj
us the frequency increases.

The usual form of untuned low-pass filter is that of Fins. 27 arid 2&J
using three condensers and two chokes. This filter (Fig. 29n) has J
continuously rising curve of impedance as the frequency increased
To obtain good filtering with this filter, it is desirable to choose fr , thl
frequency at which attenuation begins, as low as possible. The equation!
for determining the proper inductance and capacity for this filter aM
as follows:

C -

L - "
7 =

1 0.3183

*/ H fji
R (1.3183/1-

/.

U.QIOO - .= •-,-„ farads

honrys

(I)

2)

where fc = frequency at which attenuation begins
C = capacity in farads
ft = resistance in ohms '

L — inductance in henrys.
As this is an often-used type'of filter, Fig. 30 is ilevised to give the data

<>f l-.qs. (1 ) and (2) in a convenient chart form. The four columns from

U

,100

SO
M
70

60

so

40

JO

L

SO

m

R

mo

DM

btXO

mm

S0.MD

t>f
JO,

Fio. 30. -Low-pass filter design chart, r section.

left to right are/, in cycles per second; L in henrys; R in load ohms; and
C in microfarads. Thus with any two of the factors fixed, the correspond-
ing two are determined from this chart by a straightedge across the two
known factors. For use on CO-cycle half-wave rectification, it is ncceaj
sary that /r be below 60, and for the double-wave rectifier L should be
below 120 cycles; the lower the/, the better will.be the filtering at the
de^rcd frequency, as shown by the rising attenuation curve of Fig. 29a.

I he third column R is the usual starting place for finding the filter
values when the voltage divider and tube load have been calculated
first. When the point on the R column is fixed and/r is, say, 50 cvcles
per second, the values of L and C are quickly determined." It is 'seen
from Fig. 30 that, for a given cutoff frequency /«, as the load resistance
increases the L increases, while the C value goes down. Verv high-load

Sec. Ml POWER Sri'Pl-Y SYSTEMS 505

Rj^ilnn— require chokes of large inductance values, but as high-

resistance loads mean small currents, the use of large inductances is

fCJ

63 'lUpple per Stage. By assuming that the load resistance R does

not tiffect the values of L or C, a useful approximation 1 can be secured

concerning the amount of filtering

needed in each stage for the circuit

shown in- Fig- 28. Suppose the

output stage is supplied with plate

power which is filtered x per cent,

so that its hum is reduced to x per

cent of its unfiltercd value, and at

this value it gives no noticeable

hum in the loud-speaker. Sup-

pose further that the amplification

between the plate of this last tube

and the preceding tube plate is A.

Then the preceding stage must
have its power supply filtered x/A
per cent. This means that the

ripple in the plate supply of the

next to the output stage must be

1/A as much as the output stage,

because of its amplification. Fig-

ure 31 gives this relation in useful

graphic form. If a stage of am-
plification has a gain of 25, it is

essential that the preceding tube
be supplied with plate power with
one twenty-fifth the ripple, or 4
per cent. An LC product of 56
will give ibis degree of filtering at
100 cvcles, according to Fig. 31, and this means a 28-henry choke and a

2-pf condenser which arc close to standard values.

64. Resistor-capacitor Filter. A similar circuit to tig. 28, using

resistors instead of chokes, is frequently used to provide an extra degree

of filtering for stages preceding a
I / T?f« 10\ Thin ic

j BOrgO 2QQ J00 500

Frequency

Fig. 31.—Smoothing effected by
var iou s produets ofinductanco ( hei irys)

and capacity (microfarads).

Power *o

Bet <-

HF

S.6.

1

Fio.
311

ii

BP—y

32.—Circuit which
feedback.

minimizes

power stage (see Fig. 32). This is

especially useful when the output

stage requires a high voltage and
when t he volt age for t heother stages

must be materially reduced. The
reason chokes are used is that they

have high impedance to the un-

wanted rectified u.c, hut low resist-

ance to the desired d.c. Now, if the

amount of d.c. is no great object, a

resistance of as great a value us the impedance can bo employed, arid this

jj> <)uite useful in some cases where thc'voltagc is to be reduced. If, as in

* 'g. 32, two stages of choke and condenser filtering are used, t he additional
ri'sistunee and condenser filter stages simply increase the amount of nlter-

lng without the extra cost of chokes which arc more expensive than
1 Cockino, W. T.. Wirettts World, Nov. 19, 1030, pp. 665-568.
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resistors. The RC values and the degree of filtering are given in Tig 3a
and the use is the same as that of Fig. 31. The circuit of Fig. 32 is quit!
similar to Fig. 28, in eliminating the undesired feedback effect's
The use of the chart (Fig. 30), based on Eqs. (I) and (2), gives verj

satisfactory results, but the experiment*
curves 1 showing the effects of load aql
different condenser values arc quite intcicstJ
ingand will give a clearer idea of the valtditj
of the chart. 4

65. First Filter Condenser. The effect of
the first, filter condenser, shown dotted m
Fig. 27, is to raise the available output
voltage. Figure 34 gives the output voltagl
available as the first condenser C, is changed!
as a function of the load current.

JO 40 SOW 80100 200 J00
Frequency

Fio. 33.—Filtering effected
by resistance (ohtns)-capacity
(microfarads) circuit.

.3 KM

Fig.

« KT 60
Load, mill rampt res

34.—Effect of Ci on voltug
available.

Run 3a
>
gives the per cent, ripple in output as the capacity of t'i

is varied. This curve shows that the use of a single condenser C, call
never reduce the npplc much below 10 per cent with a reasonable valul
of capacity. Much less than one-half of 1 per cent is needed in a gooJ
h tcr, and, as at least two condensers must be used to provide a single]
filter section, Fig. 35 agrees with the theory.

66. Second and Third Filter Condensers. Figure 36" gives the pen
cent npplc as a function of <".

; and C, for a given current drain. It wilK
be seen that, when Ci = C3, the most economical filter results Fofi
example, suppose the ripple permissible to be 0.1 per cent. This can]
be supplied with Ci = if C, = 5 tf, a total of 5 J. But this can alsd
be met with C'j = 2 Mf, and (?, = 2 Mf, a total of onlv 4 *if. The dotted!
line gives the npplc value where C3 and C, are equal.

' The per cent rippll
tigures, of course, apply only to a specific filter, but the relations between^
the condenser values hold for similar filter circuits

The curves (Figs. 34 to 38) arc experimental curve* taken from the Aerotox Research]
J
r
. '.

Brl,cl<w
,

bv f""iney 1' ishbiTK. research engineer.
_» A theoretical calculation of the effects of Ci, Cz, and C, on the output voltinc i«

Riven in Gen. Blec. Rev., 19, 177, 1910.
«™>.j«" voiugc
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Figure 37 gives the percentage hum as a function of the current drain.

This shows that the higher the values of C 5 and Cj the lower the per-

centage hum. It should be re-

membered that increasing cur-

rent means a decreasing load

resistance. From Fig. 30, as-

suming /; is constant, the ca-

pacitv should increase and the,

inductance decrease as the load

resiftiincc decreases. Thus, as

Fig. 37 was taken using the same

§80

I

cf

61

0006
QMS

Fio. 36.—Percentage ripple as a function
of Ci and C».

Cj in^tlf

Fio. 35.—Effect of Ci on
ripple in output.

inductance coils throughout, larger values for Cjand Ct are needed as the

mirrent drain increases. It is almost certain that the inductance valuesof

«0 80 no BS
Current Drain, mi lliomperu

Fio. 37.—Percentage hum as a function Fio. 38.— (o) Low-pass fil-

of current drain. Usr. (6) and <c) 1 uncd low-

pass filters.

the chokes decreased as the current through them increased. To a
••tain extent this inductance decrease does not interfere with the



tub radio MaeuratByia handbook Sec. 1«

filtering, especially if the capacity is increased, as, referring again to
1'lg. 30, when the resistance decreases to half a certain value. theeapacitJ
should he < on .led, while the inductance need he onlv half its forinJ
value, if/, he kept the same. Thus in Fig. 37 as in the other figured
the experimental facts agree with the theoretical chart (Fig 30) an!Fqs. (1) and (2) for this type of filter. i

67. Swinging Choke. A ''swinging" choke is often used in transmittal
circuits as the first choke following the rectifier. The inductance of t In,type of choke varies from a maximum greater than that shown to heneeded by calculation, at no load, to a minimum equal to that shown hv
the calculation. *1

68. Tuned Low-pass Filter. Two tuned low-pass filter circuits aregn en in l-ig. 38, b and c, whoso, attenuation characteristics were givcj
in Mg. 296. I'or comparison, Fig. 38o gives the ordinary low-puss filter!

the lu»c<J filter of Fig. 38a, having the series chokes shunted by smajcondensers, the equations are * *'u*m

I

Ci
4x/e7?av'a1 - 1

» 4Ci(o= - 1) farads
= 8*C henrys

_ L*

0.07858
r-r—

T

=- farads
/Jlovd 1 - 1

; I)

(o)

For the tuned filter of Fig.
(leasers, the equations are

38e. having small chokes in series with the cool

Ci -
Va' - 1 0.3l83Va* - 1

f.Ra

Li =» Ii*Ct henrys

L

f,Ra
farads

L, -

a=
r.

4(o> - 1)
farads

(It

:ki)

If wide variations in the supply frequency were likely to occur this!
type of filter would not be advisable. As a rule, the frequency of mosM

power companies is now kept con-|
slant enough to run synchronous]
electric clocks, and this isquitc good I

enough for this type of tuned cir-J
cuit. However, the values or
Li, and C%, Ls have to be accurately I

maintained in order fully to secure]
the advantages of the timed filter.

Owing to these closer liiariiifactur-1
mg limits, the use of the tuned filter]
w not so wide in large production!
as its advantages would seem to I

Tapped choke-filter
cuit.

warrant. A combination of tuned low-pass filter and the regular-type
Tilter is sometimes used with very good results.

69. Filter Chokes Haying Mutual Inductance, An interesting tvpe
of filter is one in which the first and second choke are magnetically
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coupled. Figure 39 shows a tap on the first choke 1 to which the positive

rectifier lend and a filter condenser arc connected. The a-c component,

-flowing through the L, section of the choke, neutralizes to a large degree

the a-c component of Li, so that the output ripple is reduced. Figure. '10

taws the relative n-e output ripple with a variable f'; as the tap on the

choke is.ehanged, so that L- uses from 10 to 10 per cent of the total turns

of i be choke.

« %

/
)%

/

/

if.

o a? o 1 C6 1 1 i 1 4 it

s
56

l/tf

if

if

y
\ \

0.2 as0* Co
Cj

t
micofflfffds

Fio. 41.—Condenser values

taliped choke filter (Fig. 39).

U)

forFlo. 40.—Tapped choke.
I't'i-i'euiage of total turns
(Fig. :<!)) used in In.

Figure 41 shows how the values of Ci and (.', affect the relative a-c

ripple :is ;i function of Ci. These curves indicate that the best Vt value

is fairly independent of Ct and Ct.
70. Design of Filter Chokes. It is important that tiie filter choke be

designed ,,, carry the desired (I.e. and at the same time to offer the

neces-ii-v reactance to the a-c component. A direct method of design*

has been derived using both the normal and incremental permeability

curves for the cere material.

The derivation gives the two following working equations:

v

XI
i 0.4s- ' /

(11)

(12)

where L - henrys
i — d-e amperes
V m core volume in cubic centimeters
N turns

I.R.B.. January. 1U30. p. 1111. from which Rob, tS to 41 are taken
"anna. O. U.. Jour. A.I.B.B.. 48, 128. February. 1«27.
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I =
a =
3 -

I

C|~g

magnetic path in centimeters
iiir gup in centimeters
steady flux density on iron and air gtip in gausses
normal permeability B/H
incremental permeability SB Sit for a minor hysteresis loop.

5S
o 3

r

-+-

fH 8i#

^- > a

3

u > • a .

< ^ U > t3

E

d

E

i
—

g °-l
The original eurves were plotted with a/l as a parameter, IJ-/V being l"
ordinate, and AJ/t a.s tlic ahscisaa for both 4 per rant silicon steel ami hipcrni
J-igures 42 and 43 are alignment charts which include the data of the origin"
curves. LlyV is the left, column, and NI/l and all are on the right columnA straightedge passing through a given LI*/V and tangent to the curve i
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.he central part of the chart will cut the right column at the corresponding

value of SIH and a/l. The reverse procedure, beginning with Nlft is also

saiblc.

Fiirure 44 gives typical permeability curves for three grades of mag-

ti, material which is commercially available.' A chart for calculating

possi

net ii'

Fio. 44.—Typical permeability curves of radio grades of Armco iron.

¥
0003

000!

0,001

f
5

o |.io

000!

0.00?

4004s

FlQ, 45.—Choke design; Armco Radio 4.

Chokes, using Armco Radio i is Fig, 45, the values of LP/7 and NI/l
""'INK tin- Kritm; us for Figs. 42 and 43. In FiR. 45 either the desired

value of LI*/V is followed over the curve and then down to NI/l or the

reverse procedure can be followed. The gap rat io a/l shown opposi te th

e

curve has exactly the aame significance as before.

,
W. Designing a Choke to Carry D-c. A small choke to carry SO ma and

have 14 honrya is desired. The left column of Fig, 42 is LP/V, and this is

j-'TKese mirves were supplied by C. W. Rust, electrical engineer. American Boiling

Co., Miiltllctiiwn, Ohio.
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calculated first. /> is 11 henrys. / is 0.08 amp.; /= is 84 X I0 « amp » VM
tho volume of (he core, which was calculated to bo S3.6 cc. 1

LI*

V
14 X 64 X 10-«

Eg - 10.7 X 10-' = 0.00107

/SS'SfiP .

t
l"

S Va?"C 7i

i
,

.V
n

,

fl
.

,r?'Bht?
dge

,

whi,,h is tangent to tho central curJ
(riR. 42), tho value i>f .\ / / ,s found to !>e IS. The core used has/ - 14 croJ

f,£,r
18 X,// =

I
8 X

U
14M = 3 ' 15() >»«'•• '''hu« to get 14 henrSi

i,15U turns are wound on the core given. To have this inductance at SO wan air gap is needed, as shown in Fig. 42. theo// ((tap ratio) being 0.0021.

n&o/t-T' nnT,
, X^ "r

2
J-

OT '1 >S
a0021 " 0029 (equivalent

u.lWU/.i.M = 0.011 in.). This required air gap is made by inserting pa
sheets of the proper thickness between tho punchings, and then 'clampithem firmly in position.

tt00!(

0.0019

GOO IS

00014

ufCm
v aooio

foe >J

UM
oec

<t
aoou

/m i

Q0004

0K» 1

0'

/
1

{ • i !0 1 20 Z > JO is 40

Fir,. 4fi.—Typical reactor design curve; V in cubic centimeters and /
centimeters. Armco Radio 4.

The inductance of a choke depends to some dcKrco on the frequency F
J , n .t

q
Ji
ea

u
lea in B

-
fi

.

lter ciTuit thc inductance remains practical
' mM!""- H,>ltl ,m ' hysleresis loss and eddy-current loss arc of importance'choosing a coro material for chokes and transformers. Thc hysteresis I
is direct y proportional to the frequency if the maximum flux density rem»i

remain" con" t-mi '
"' '"

: ' X "' Iux rle" sity l,K
' treQueo

Thc eddy-curren t loss can be kept low by using thin sheet* of core mat*A usual standard thickness is 0.014 in., and this is quite satisfactory for ffl-
ir»nsto""™ for (50 cycles. The insulation between lalnina io-

SuStal
VOry thick

'
thB usual O5tido layer on tbe sheetTi

J2
;

™er-^°°denser Ratings. Some rectifiers begin supplying recti-
0(1 VO (aire before tho biKaa ., «u„ l i i *. .._ -r.r. r ? . . _

«„j . Zu — "T'T "eimers Deprm supplying recti-
fied voltage before the tubes in the load heat up sufficiently to take

r rated currents. (1 his is especially true of the slow indirect-heated
RS.l COT UVMHUM 11 m (iri»n JaJmLL. :-n__* * . - .

their .

tubes.) For this reason it is often desirable, especially from a safety fa©*
tor viewpoint, to use peak voltages in calculating all condenser ratings.

Sec i*i POWER SLI'l'LY SYSTEMS 513

The first condenser should, then, be able to stand the peak voltage

nf the power-transformer secondary. For a 400-volt secondary the

,„..,k i* .".('.1 volts. For reliable continuous use, the rating ol CM first

Bier condenser should be 51.4 volts. If no current flows, the voltage on

both thc second and third condensers will also be within a few per cent

of i lie peak value 564 volts.

'Assuming that an appreciable percentage of the total load current

flows in the. voltage divider as a "waste" or "circulating" current, the

second and third condenser ratings do not have to be so high as that

of the first condenser by thc amount of the voltage drop in the chokes.

This drop is figured by the usual E = lit formula, where the circulating

current is / and the resistance is that of thc respective chokes.

If an appreciable load of resistors, or fast-heating tubes, is always m
thc circuit, the lit drop through thc chokes can be subtracted from

the voltage applied to the first condenser. For instance, if a current

of 60 ma flows through the first choke having ft = 400 ohms, the voltage

drop is 06 X 100 - 2-1 volts. Assuming the r-m-s voltage (neglecting

the tube drop) at thc first condenser is 400 volts, the steadv voltage com-

ponent at the second condenser is 400 - 24 = 376 volte. To this should

be added 10 per cent to allow for the ripple, so that 376 X 1.1 = 4MMI
volts should be thc d-c rating tor the second condenser.

It is true that a good filter condenser will stand, for a time, voltages

greater than its d-e rating, but thc practice of applying these higher

voltages is seldom advisable. .... , .. .

73. Filter Condensers. The advent of reliable electrolytic condensers

has greatly simplified the const ruction of adequate filler systems at a low

cost. The untuned low-pass filler
1 can readily be made by using a ycry

few high-capacity electrolytic units. The one thing to note carefully is

that electrolytic" condensers are suitable only for d.c.' and must be

connected correctly. Condensers mounted m metal cans usually have

the can negative." Cardboard units always have colored tracers, the

red lead usually being pins. Wrongly connect mg electrolytic con-

densers not only will ruin the condenser but are likely to damage the

transformer and the rectifier tube. Mercury-vapor rectifiers, with their

low voltage drop, arc especially susceptible to such wrong connections.

Fleet rolvlic condensers may be considered as comprising two general

classes: low voltage, high capacity, from 1.0 to 50 fi, for grid filtering;

and high voltage (up to 450 volts d.c.) for plate filtering, from 1 to 16 ^f.

Higher voltages are available by using several 150-volt units 111 series.

While electrolytic condensers are constantly being improved, there

probably will alwavs be a characteristic current which flows through the

condenser. This current rises with temperature and may be a con-

siderable fraction of a milliampcrc per microfarad at the temperature of

radio-set operation. , . ,

There is n lower limit of temperature at which electrolytic condensers

lose an appreciable portion of their capacity to store electrical energy.

This limit is invariably below freezing (32*F.) and is usually of little

consequence for kidoor radio-set use.

• For capaeUor-type a-c motors, two electrolytic condense™ are used in series, so that

»t nil times one is connected correctly.



SECTION 15

HIGH-FREQUENCY TRANSMISSION AND
RECEPTION

By Dale Pollack, Sc. D.

PROPERTIES OF H-F WAVES
.

1. Classification into Frequency Ranges. For purposes of anal
it is convenient to divide radio waves into bands of frequencies within
which

i

propagation effects arc similar. Any such classification must, in
part, be arbitrary, since changes in the properties of waves with frequency!
arc not sharply defined and are dependent upon time. In this section*
the classification of Table I will be followed in general, but minor changes'

Table L

—

Classification of Frequency Hanoes

Range

Nomenclature

Kilocycles Meten

Mm 550 Above 645

545-187

187-10

Below 10

Low frequencies

Broadcast band

Ilidli frequencies

Ultra-high frequencies

S50-1.000

1,000-30,000

Abovo 30.000

Approximate useful
communication radius

Oround wave: 0-1.000 miles
Sky wave: 500 8.000 miles
Ground wuve: 0-100 mihs
Sky wave: 100-1,500 miles
Oround wave: 0-15 miles
Sky wave: 15-8,000 miles
0-150 miles

in the dividing frequency between ranges will lie made when desirable.
I he column Approximate Useful Communication Radius is relative!]
approximate, the exact radius being dependent upon the power, time,
earth properties, and other conditions.

2. General Characteristics of H-f Waves. The signal intercepted bv
a radio-receiver antenna may have been propagated cither by the ground
wave, which travels along the earth's surface, or by the sky wave, which
travels in the air, including the ionized layers above the earth The
received signal is, in the general case, made up of components of both
types, but it is often convenient to investigate transmission bv each
of the modes independently. Frequently one or the other predominates,
facilitating such independent analysis.
The grouwi wave is attenuated by losses in the earth and falls off at

distances from the transmitter, the exact manner in which it decreases
being dependent upon the frequency and the conductivity and dielectric
constant of the eartn. The ground wave is useful only fnr medium

5U
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HisHiice communication at low frequencies and for short distances at

lo\v and broadcast frequencies. At high frequencies it can be employed

0I1|v for local communication.
.

The ski/ tcavc mav be employed for communication over greater dis-

tances siiicc it travels through the air, in which the attenuation is reta-

tiyelv <mall It can be refracted and reflected by the ionized layers in

Hie upper atmosphere ft he ionosphere) and by thfl «rth. TMM 1 ><

wave may return to earth at distances remote from the transmitter. All

frequencies, up to the ultra high, may be reflected or refracted to earth

bv the ionosphere, and their skv waves may. therefore, be uselul.

If the ground wave is to render good service at a distant receiving

mint, it must be strong compared with (1) the noise and interference

hVvcl and (2) the sky wave. The limit to the useful service range of the

mound wave mav be fixed by one or both of these factors. The ground

wave mav be increased with respect to the noise and interference leve

either by increasing the transmitter power or by employing a directional

antenna; but with respect to the sky wave the only effective aid is

the u-c of an antenna system in which high angle radiation is minimized.

In the region in which the sky wave and the ground wave are nearly

equal in magnitude (within, perhaps, 2 to 1 of each other) fading, par-

ticularly selective fading, is excessive. At locations beyond the region

in which the ground and skv waves are of similai magnitude, the sky

wave predominates and is most useful for communication.

Clira-high frequencies arc very rapidly attenuated over the earth s

surface, and their sky wave is not normally returned to earth by the iono-

sphere. Consequently, the transmission properties of u-h-f waves must

depend upon the direct rav from the antenna and upon reflections of

the direct rav from the earth's surface, as assisted by diffraction around

Ihe curved surface of the earth and refraction m the lower atmosphere.

Their usefulness is limited to short distances although greater than he

optical line-of-sight limitation which is too frequently assumed. As the

frequency is increased further, however, diffraction and refraction

phenomena become less useful in extending the service radius. Lonsc-

quenllv communication by means of centimeter waves is limited to

paths that arc onlv a littlc'longer than optical. ,. . ,
3. Propagation "of the Ground Wave. 'Ihe distance for which (he

ground wave is useful decreases as the frequency is raised. I he ground

wave of low frequencies is useful up to medium distances, and in the

broadcast band its usefulness is limited to short distances. Above the

broadest band it can be used only for local transmission.

Smnmerfelcli has comoutcd the propagation of waves over a plane earth -

'V. - i't, res "h , cn ugh thai the earth's curvature may he neglected

The results 'may further simplified if the dielectric constant of the earth

may he neglected, which is true within an error smaller than I to 1. if tho

frequency is less than

/
7 X 10"<r

( i)

where /, - frequency Mow which dielectric constant may be neglected, in

kilocycles
<r «» soil conductivity in e.m.u.

i ™ dielectric constant.
' f-OMMEni-ELD K The Propac ition of Waves in Wireless Telegraphy. Ann. Fay...

*»! 005-730. Mar. 10, 1000; 81, 1135 1153, Dec. 11, 1020.
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Typical values of soil conductivity and dielectric constant arc as follows: I

Typo of soil

Dry, sandy or rocky, ground
Eastern and far Western United Slate* (approximaVc'lv) \ \

Average ground, Central United State* and Europe (ap-
proximately)

Moist ground
MB water

i I i
'

*

a (c.m.u.)

io-»
a x io »

10 x io-»
30 X 10""
4 X 10-"

/<6tofl

6 1.100

7.
330,

Detailed data on soil conductivity throughout the United States have
published by the FCC. 1
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>
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\ <•*V ™
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Flo 1.—Ground-wave propagation over average ground; 1 kw. vcrti

«L ?SjS
nn

,
Q

:

< ltcP°rt of I -ommUleb on Radio Wane I'ropaoation, 1'roc. I./t.S
26, 1 19.1. October, 1038.)

Making use of the above assumptions, the ground-wave field intend
according to van der Pol s= simplification of fiomtiicrfcld's work, is given by

. kVPA
« 2-

wherc S = field intensity in millivolts per meter
" fa^nna constant < = 195 lor quarter-wave antenna or 270 f

nail-wave antenna)
1 Federal Communications Commission. Standards of (iootl Engineering Practice:

cerning btandard Broadcast Mm.ons. C. s. Govmmem I'riwiiig Ollic.-. 1940.

« •|

A
^oSf

R
'

1 fOli"* 1"' " of Eleetrio Waves. Znt. Hochfreq,,™;. 37, 132- I
April. 1931. For an excellent discussion of propagation formulas, see K. A. Nort
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d m distance in miles

p m ptiwer radiated in kilowatts

= - -?-i?'?,p„ , CSommcrfeld's "reduction factor")
2 -I- p + 0.6p"

p = 9-38 x
(Somm0rfeld*s "numerical distance")

/ frequency in kilocycles

o- m -ml conductivity in c.m.u.

When large numbers of such data must bo computed, the slide rule of J. r

.

Morrison' is convenient. In practical computations of wave propagation,

account must bo taken of changes in the soil conductivity within the trans-

mission range. A procedure for accomplishing this is outlined by F. r.

Eckersley. 5

More recent analyses have extended propagation calculations to

account for the earth's curvature. Curves givinf? the results of such

Ois+ance, miles

400 600 800

200 400 600 800 1000 1200 WOO 1600 IBOO 2000

Distance, kilometers

Radio Wave Propagation.
Flo. 2. —Ground-wave propagation over sea water; 1 kw radiated power,

gtrtical \/4 antenna. {Report of Committee on
proc. I.R.E., S6, 1193, October, 1938.)

"nc'ibtuins will bo fount! in the Kcport of Committee on Radio Wave
•Topagiitit.n.a Two sueli sots of curves for two typical earth ri.ndm-
tivn,,.. ,|| iasi , ,,|- !ivi ,

r!lf,,. ground and sea water, respectively) are shown
,n riKs. 1 and 2. For radiated powers different from 1 kw, the field

B* '"finattation of Radio Waves over the Surface or the Earth und in the Upper Almos-
Pti.Ti. e.... . .. . n... i d £• Ji, 13(17-1387, October, 1030.

en N. J.

Broadcast Stations. Proc. I.R.E.. 18, 11SO--

.L"' * 'I'.IEIlTIOn 01 ttuilio Vi lives over luccum
v

'";';: «'- rt 1 (Ormincl Wave). Proc. I.R.E.. 34,

,
£"r '"Ir by Keuffel & Esscr Co., Holiokcn.

lp.ii

." Calculation nf the Service Area ot Brc

"J*. July. Iil30.
'Proc. I.R.E.. 36. 1193-1234. October. 1038
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intensities of these fauna Bhould he multiplied hv \/7\ where I' is thJ
radiated power in kilowatts, l'or other antenna structures the lielT
Bhould he multiplied by the appropriate factor. For a half-wave antennal
for example, this faetor is 1.4.

4. Propagation of the Sky Wave. Knergy which leaves the antenna Ht

Distance miles
angles greater than zero com

100 200 500
'

1000 2000 4000 6000 ?*"}™ })
w sk >' "'m '' '"

trust to the ground wave, which
leaves the antenna at a /em
angle to the earth's surface]
The sky wave travels through
the atmosphere until it reacheS
the ionized layers 100 to 500 km
above the earth, called thej
ionosphere or the Keiinelly3
Ileaviside layer. It may llical
be bent back to the earth im-
mediately, it may travel in the
ionosphere for some distance!
before being returned to earthJ
or it may pass through the"
ionosphere and never return
earth. Long-distance rad
ctiiumunication is almost alwaVB-j
accomplished by means of toe

j

portion of the sky wave rcfractefl
toearth. After the wave iclurM 1

to earth, it may he reflected from
the earth's surface into (he iono-
sphere once more and to the
earth at a more distant point.
The medium through which

the ground wave is propagated,
the surface of the earth, change*
little with time. The sky-wave
propagation, however, depends
upon Hie ionosphere character-
istics, which vary widely with
time.

Sky-wnvc propagation is con-
veniently subdivided into low.
broadcast, and high frequencies.
The sky wave at low frequencies
is usually considerably stronger at

night than during the day. The
day field may lie estimated from
the modi tied Austin-Cohen for-

mula 1

500 1000 2000 5000 10,000

Distance, kilometers

Fta. 3.—Sky-wave propagation, quasi-
inaxiinuni field intensity for frequencies
u p to 1 .600 kc. (Report of Committee on
Radio Wave Propagation. I'roc. I.R.E.,
26, U!i:t. October, l!i:{S.)

S = 3 X 10'
sin

1 -V8!"?' Preliminary Note on Proposed OimiKes in the Constants of
Au«iii-(,olieii I raiisinisKion l oriniilu, I'roc. I.R.E., 11,377 380, June. I!l2n.
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c = field intensity in microvolts per meter
" j> = radiated power in kilowatts

d
e Z a!;

S

glc"at ce\itcV°of

e
earth subtended by transmission path in radians

/ — freouency in kilocycles. .... . , E —
The mcisi-maiimum field (the field intensity which is exceeded only o per

1^ he time) for a propagate.,, path completely n, darkness is given by

Jj? Wr ong distances a distinction must be mode between transmission

Transmitter E a rfh
antenna

, . ...
Pia. 4.—Probable paths traversed by sky wave at l.f. A single ionised layer

is shown.

paths near the magnetic polo (corresponding to a north-south
(

or »»u « h-'}»«|}

transmission, such as between Kurope and South America, or hetw«» N orth

an.l South America) and transmission paths far from the earth s magnettc-

pole , responding in general to east and west ransni.ssmn. such . s bet*
;

t

north,., ,, l-nited States and northern and central Europe, or•between
i

1
1
e

and central Europe and Siberia).' The median value o the field (the he a

exceeded 50 per cent of the time) is about 35 per cent of the quasi-inaximinii

value. I 'or powers other than 1 kw multip y the field intensity by VP where

P is in kilowatts. P should also include the antenna power gain if a direc-

tional antenna is employed.

Transmitter

antenna

/ft///'////////"'''*'/"""''''"*'
E a

I

A single ionized

r th
ht Skip distance

Flo. 5. -Probable paths traversed by sky wave at h.f.

layer is shown.

-When part of the transmission path is in twilight, 1-f V^V^^TSS^-
r"c held strength is likely to he lower than during either night or day traiis-

•"ission. for^K"diSw!ec coi.i«.iunicalion. and its value is not easily predicted.-

„ ' R«l.o of Committee on Hadio Wave Propagation, Free. I.R.E., »6, 1103-1234.

...
' Khh»m^cb, L. . C. N. Anderson, ami A. Baii.bt. Trans-Atlantic Radio Telephone

>.NHC|HEi),
. t-. N. ANDERSON, BUU .-»• i

••nimimiioii. I'roc. I.R.E., 14, 7-57. February. 1020.
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At broadcast frequencies the sky wove does not return to earth during tkj
nay. Sky-wave propagat ion. therefore, need he considered only during th.
iiight. I'igurc 3 represents propagation of broadcast frequencies at ni trhtHigh-frequency sky-wave propagation is a complex phenomenon Vmeach of the ionosphere layers there exists a critical frequency, below which
radiation from any angle from the antenna is returned to'earth \l»,v»-
this critical rrequeney high-angle radiation passes through the ionized lavorwink radiation from lower angles is still returned to earth. This is illust ruled
>y Figs. 4 and 5. In Fig. 4, for a frequency lower than the critical valuTthe entire sky wave is returned to earth. In Fig. 5. however, the frequency
is higher than critical, and the high-ancle radiation is not returned to eartfithe distance between the transmitter and the point at which the higher

angle radiation returns to earthll
the skip distance for that fre-
quency. Conversely, for thill
smallest skip distance, the corrtv?
sponding frequency is colled til
maximum usable frequency. In
general the higher the frequency'
the greater is the skip distance. 1

Within the skip distance the'
signal strength is usually too woak;
to be useful, which explains the
necessity for employing frequen-
cies lower than the maximum usa-
ble frequency. In traversing non-'
in:. vM<j air, h-f waves suffer little
attenuation, other than that result-
ing from spreading of the wave:
front. In passing through ionized
air, however, the attenuation is

greater. An operating frequency
should l>c chosen for which as little'
of the path as possible is in the
ionosphere. This will lie the coaej
if a frequency slightly lower than
the maximum usable frequency i»
employed.

The maximum usable fre-

quency is dependent upon thfl
tunc of day (or longitude),
month, year, and latitude, as
well as upon (lie distance be-;twecn transmitter and receiver. The curves of !• igs. (i and 7 give the

values over winch the maximum usable frequency 1ms ranged .luring the™t ^V
VW!n

T
93?.™<1 I*™ f«r summer 'and for winter tninsmijion,

respectively. The time (noon and midnight arc shown separately in
the fame) and jatitudc {39= north) refer to the place at which the
ionosphere reflection takes place, usually halfway between transmitterand receiver for transmission paths less than 3,500 km long. The

Si "iT"''"'
average conditions ovfo. durinK the Klinh .<;W inf%que^periods of ionosphere disturbances, the maximum usable frequencies

I'Zude WS

noHb
I,I

-r.

"U:U"^- WhHt:
\H i»Turemmia :lt

en^'ttwecr^^:!!'^;!^:"'
proba,,,v 1>u ,wed nith

t.I^t TJ™ arC Sh0w" f
,°,
r d

f
ist»»«* «p to 3,500 km. For greater dis-

3 500 km
m*iamn usab,e frc(

luc"cy >s substantially the same as for

Distance
,
mjles

500 JOOfJ 1500 2000 2500 J000 3S0O
Distance, kilometers

Fio. (>.- -Average maximum usable
frequencies during summer at latitude
39 N. Time refers to plaee where wave
is reflected. The upper edge at each
runge is for (ho sunspot maximum, 193S •

193!), the lower edge for the sunspot mini-
mum, 1933-1934. (Bureau of Standards
Ionosphere Reports, Monthly in Prac.
I.R.h.; Smith, OSS/Band, ami Kirby. Natl.
Bur. Standards. Jour. Research, 21, S35
December, 1 938 ; Gilliland, Kirby. Smith,
and Reymer. Proc. I.R.E., 26, 1347. Xo-
tember, 1933.)
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The higher values within the ranges illustrated in Figs. 6 and 7 were

measured during the period of high sunspot activity, 1938-1939, while

the lower limits arc for the inac-
1stance, miles

500 1000 1600 2000

46"

tive portion of the sunspot cycle,

1933-1934. The cycle is expected

to repeat itself, with the next mini-

mum about 1944. 1

Curves giving the maximum
usable frequency in greater detail

will be found in the Jteport of

Committee on Radio Wave Prop-

agation.* Monthly reports are

published in the Proc. I. U.K.

si September. 1 937 I and in the

null, u.k.s.1.
From a knowledge of the iono-

sphere characteristics over the

earth, it is now possible to com-
pute the propagation of h-f
waves. 1 During the past few-

years, .sufficient ionosphere data
have been accumulated to permit
such calculations to be made.
Propagation maps, for frequencies

of 8.6 and 18.8 Mc, calculated
entirely from ionosphere data are

given "in the Report of Commit-
tee on Hadio Wave Propagation. 4

The refraction of ultra-high
frequencies by the ionosphere is

erratic. In the winters of 1936
through 1939, howcvei—the peak
in the sunspot cycle was in 1938-
1039 maximum usable frequen-
cies for long-distance daytime
transmission exceeded 40 Mc, as
w indicated in Fig. 7. Except for
Buch instances of extreme maxi-
"nim usable frequencies, ultra-
high frequencies arc rarely employed
transmission.

Fio.

500 I00O 1500 2000 2500 3000 JS00

Distance, kilometers

„ 7.—Average maximum usable

frequencies during winter, at latitude

39°N. Time refers to place, at which
wave ia reflected. The upper edge of

each range is for the sunspot maximum,
1938-1939. Tho lower edge is for the

sunspot minimum, 1933-1934. (Bu-
reau of Standards Ionosphere Reports.

Monthly in Proc. J.R.E.; Smith, Gilli-

land, and Kirby, Natl. Bur. Standards,
Jour. Research, 21, 835, December,
1938; GillUawl, Kirby, Smith, awl Rey-
mer, Proc. I.R.E., 26, 1347, A'ocemher.'

1938.)

for dependable ionosphere

'Smith, N., T. R. Gilliland. anil S. S. Kihby. Trends of Characteristic* of tho Iono-
•phem for Half n Sunspot Cvcle. Natl. Bur. Standard*. Jour. Research, 31, 835-840,

~. S. Kihiiy. N*. Smith, and S. K. Reynieh, Maximum
*ave Transmission. 1M3-IU37, Proc. I.R.E.. 36,

li"wi'iiil.pr. 1938; Gilliland. T. It., S. S
J-sjM,. l- rr ,

1 i||.|lc i ft< for Radio Sky-»«W- I My, Novombcr. MM.
„ '-»:. cil. Also Smith. Gilliland, and Kihry, toe. eit.; Gilliland, Kihby. Smith, and

. An early attempt at such compulation was by S. Naniba and T. Tsnknda. A Method
-L 1

•il'-ulaiioii uf I'lolil Strength* in High t-'rwiucnry Radio Transmission, /'roc. I.R.E.,
1 ' "03 -1 028, July. 1033. More recent and more satisfactory methods arc presented

„ following papers: Smith, Nf.. Application of Vcrtical-incidenco Ionosphere Mcau-
y'K'Hi to Obliquo-incidcncc Radio Transmission, Natl. Bur. Standards. Jour.

otom, G., The Relation between Ionosphere8»»"Mrarc/,. jo, 083 705. May. l»38: Millinoto...
/."""mission Phenomena at Oblique Incidence and Those at Vertical Incidence. .Proc.
"*« Sat. (London), BO, 801-825, September, 1038.
'Uc. en.
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5. Propagation of Ultra-high Frequencies. Ultra-high-freqiicncj
waves, as intercepted at the receiver antenna, are made up of two coin.,
ponents, one received directly frotn the transmitter antenna, the Seconal
reflected by the earth.

When the distance between transmitter and receiver is small enough so
that the earth's curvature may lie neglected, the received field strength mo»
be computed from

12.0 X lO'So/AjAr
C fiv per meter (4)

where A, and ft. heights of the transmitting and receiving nntoni
respectively, in kilometers

Co field intensity 1 km from transmitter in microvolts ^,

.

meter, in the direction of maximum field strength, (l'orai
half-wave dipole, Bo = 220\/P)

P = transmitter power in kilowatts
d — distance between transmitter and receiver In kilomctcrsB
/ = frequency in megacycles.

This equation assumes the earth to be a perfect, plane reflector and both
antennas are at least several wave lengths above the earth.
More recently the theory of u-h-f propagation has lieen improved to take

account of diffraction of waves around the curved surface of an earth of
finite conductivity.' The results, from Kckerslcy's report, arc plotted in
I'lgs. S and for frequencies of Till and ISO Mr. For other frequencies 'he
original paper or the Committee Report on Uadio Wave Propagation
should lie referred to. The curves arc plotted for several values of //. which
represents either the receiver or transmitter antenna height, assuming lb*,
the other antenna height to he zero. If lioth antennas are above the surface!
of the earth, the correction may he obtained from the curves in the following
manner: Assume first (the roles of transmitter and receiver antenna mav bij
interchanged if desired) that H - transmitter antenna height and that'tOM
receiver untenna height is zero. Head the appropriate Held strength fronts
the curves. To this a correction for the actual receiver antenna height is to
be added. This correction is the vertical distance, in deciMs. as read from
the right-hand ordinate, between the // = curve and the curve for
« = receiver antenna height at the appropriate distance. To illustrate,
find the field strength for A, ^ 5(H) meters. A, = 50 meters, / = 50 Mo,
d - 100 km. and /' - 1 kw (if the antenna were ai the earth's surface). The
field for // - 500 at d = 10O kin is 12 uv per meter. The correction hot ween
H - and // - 50 is 31 - 5 = 2!) db. corresponding to a ratio of 28.2: t
Tlie corrected field is thus 12 X 2S.2 ^ .TSS Mv per meter. This method of
correction applies accurately to transmission distances lievnnd the line ofj
sight. For low antenna heights the method of correction of Fckcrsley'e'
pajicr should be referred to.

Line-of-sight distances are plotted in Fig. 10 and arc also indicated in

Figs. 8 and i). Note in Figs. .Sand <) that the field strength at the lino-ofj
sight distance is nearly independent of the antenna height. For a 1-ktf
antenna power at frequencies bet ween 50 and 150 Me. the lit Id is between
20 and 40 /iv per meter for antenna heights between 100 and 2.000 meters.
While attenuation is more rapid beyond the line-of-sight distance,
nevertheless reliable U-h-f communication is perfectly possible to dis-
tances far beyond the optical horizon, as is evident from Figs. 8 and 9.

i BtaofajBUBT, T. f... I'llm-nliort Wave Refraction and Diffraction. Jour. I.E.E., 80.
280-301. March. I!>:t7; Van okr I>oi.. B.. ilni! 11. Hbemmek. The Diffraction nf Elcctro-
nillKtictlc. Waves frimi an Me trical I'oiul Source round n Finitely Conducting Sphere.
Phit. Mag.. 34. Ml 170, 820-S64. July and November, 1037.

1 7.oc, cit.
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Distance, miles

40 60 60 100 120

40 80 120 160 200

Distance, kilometers

240

ho. 8.—Ultra-high-frequency propagation over average laad (t = 5, »

11)-' en u Vat 50 Mr. Antenna current equals that produced by 1 kw in

m ua at-surface of earth, (ft-portI of Committee on Had* Wave Propaga-

tion, I'roc. I.K.E., 26, 1103. October, 1938.)
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Fto. 9.—Ultra-high-frequency propagation over bind {< 5, -

tm-u.) at 150 Mc. (Report of Committee on Radio Wane Propagation. I roc.

'ft-fi 26, 1193, October, 1938.)
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The rate of attenuation beyond the horizon, however, increases withfr'•<)"''"<'>. at,, fa,- very > t centimeter waves transmission
j s 3poss.hle very far beyond the line of sight. Within the horLn ffiattenuation .nay be expressed, roughly, by an inverse square relatio t shbSLq. (4), but beyond the horizon the attenuation is better expressed 81

Transmitter a ntennc. height feet
1000 2000 1000 4000 S00O

F.o,

ZOO 400 600 800 1000 1200 M00
Transmitter antenna height, meters

10.—Length of litie^of-sight path for various antenna heights.

an exponential equation of the form

G = ke-<"1

in which k and a arc constants independent of the distance [f g

"Jame'd
1 ™ l

'' ^'"^ ^^
«f nUEtlT.i

8
'."'!

.

9
.
'"^ a< '

(
'0,!" t of diffraction around the curved surfaceof the earth, but (hey do not include the effect of refraction .-m-c t )Z hevar.at.on ... the density of the air near the eart! 's s ft™ , r c( on

30 40 50 60 TO 8090100 ISO

Frequency,meqaeye le s

Fto. 11.—Factor a in Eq. (5).

has two effects. It increases the received field, and it causes it to vary
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field* are in consequence higher than the theory represented by l-tgs.

a «ml <J indicates, and arc equivalent to an increase of perhaps I o to

« ner cent in the earth's radius, with a corresponding increase m the

iim-oi-Mght transmission ilislanee. Furthermore, the received held

, nrobablv higher in summer than in winter and higher at night than

during the day. Some evidence on these points is conflicting, and uisulli-

,icni data prevent the drawing of

any more specific conclusions. 1

The propagation formulas assume

that the. terrain is flat. In practice

such conditions rarely occur. This

is especially true in cities among tall 11Winter
Ion density

' Ion density

TYPICAL DAY C0NDITI0MS

F2 Region

ggggjfj Region

w.-mmE Region

Fio. 12.—Heights
over which ionosphere
layers range.

Ion density ' Ion density

TYPICAL NIGHT CONDITIONS

Fio. 13.—Probable variation in

atmospheric ion density with
altitude.

buildings, where field strengths considerably lower than the values

predicted by the curves, may be observed. 1

G. Ionosphere Characteristics. 1 All long-distance radio communica-
tion takes place through refraction of waves in the ionized layers above

•he earth. Ionosphere research has been accelerated during recent years,

'mil knowledge of "ionosphere characteristics has increased accordingly.

TrBn „ mis;,ion Phenomena. Bell Syrtrm Tech. Jour.. 14,309-387. July. 1935; Hcll, R. A..

An-« :1VC. Hauling „f Clmi-hiRh-rrequciiry Wiivm, QST.il, lb IS. -May. 1!U7.

.
1 HuiiHowB. V. It., A. ner iso. and L. E. Host. Ultra-short-wave Propagation over

land. Proc IRE 83, 1507-1535. December, 1935; Stability of Two-meter Waves.
Pr"r. I. U.K.. 36, 511V .

-.-'S. May. 1«J3S. , _ . _ u
' Buimowa. C. R., C K. Svwl, and A. Decino. Ultra-short-waves in Lrban Territory.

««. Eng., 4o, 115-124, January. 1935.
*y'mJi general introduction to the aui .»r II KI'IIITai UUr.Him'iiVII lu uirimupi..o.« » . v ~r irr,

g?diu Wave*." published by G. E. C. Gail. Copenhagen (in English) or K. K. Dnrrow.
The Ionosphere. Hw. En9 .. 59. 272-283 July. 1040. A hiatonjjl survey ami ffouat of

'ntormatinn is contained in S. S. Kirby. L. V. Borkncr, and D. M. Sjnart, Stujicj of.tho

loaanhare and Their Application to Radio Transmission, Proe. /.««-. *». £"~~i;
April. 11134. and i« hrouglit up to date in Report of Co.um.ssmn II Radio Wave 1 ropaga-

i'on. International Scientific Radio Union, Prat. I.R.E.. 17, 045-049. October. 1 930
'.""1 m T. It. Gilliland. S. S. Kirby, N. Smith, and S.. K. Keymer. ( h^aricrwt.cj, 11 '

Innusphero and Their Application to Radio Transmission. Proe. J.K.E., it, tWJ-MO.

(Bubicct see P. O. Pederaon, "The Propagation of

y. 1937.
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The ionization is apparently caused lis- nil raviolel radiation from ihjJ
sun, and it varies with the 1

1 -year sunspot cycle, the time of day, i|„,

time of year, and the longitude. At the earth's surface the ion dcnsiul
is very small, increasing to maximum values at altitudes between 100 an9
oOO km. While the ions are distributed coiitinuoilsly in the aliimsphcreJ
the concentrations vary ami several maximums arc reached at variou9
altitudes. The regions near these maximums are called layers. I'oa
each such layer there is a critical frequency above which an elect rnmugJ
netic wave, directed vertically, will not be returned to earth. Ionosphere
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in winter

Fio. 15.

Fig. 14. Average diurnal variation i" virtual licit;!'!* of ionosphere layer*
during sunspot minimum. {Bureau of Simulants Ionosphere Reports, Monlhld
in I'roc. I.R.E.; Smith, Oilliiand, and Kirby, Natl. Bur. Standard*. Jour. Rrt
search, 21, 835, December, 1938; GillUand. Kirby. Smith, and Beymer. Procl
I.R.E.. 26, L847, November, 1938.)

Flo. 15.—Average diurnal variation in virtual heights of ionosphere
layers during sunspot maximum. {Bureau of Standards Ionosphere Reports*
Monthly in I'roc. I. U.K.; Smith, (titliland, anil Kirliy. Natl. Bur. Slumlords.
Jour. Research, 21, 835, December, WHS; Oilliiand, Kirby, Smith, nud Beymerj
Proc. I.R.E., 26, 1347, November, 1938.)

characteristics are frequently studied from measurements of critical

frequencies. 1

'lhe three ionosphere regions of greatest importance, so far as radioj

communication is concerned, are denoted the E, Pi, and A's layers. The;
range of altitudes over which these layers may vary is shown in Fig. 12.1

At night the F, and Ft layers merge, forming the /' region. It is also]

possible (hat a C layer, lower than the E, and a C layer, higher than!

the two /' layers, exist. 2

The ion density in the upper atmosphere probably varies in some surb;

manner as showti in Fig. 13 Only the virtual heights of the inaximunj
points and the apparent densities at these heights are known. Fob
intermediate altitudes it is usually assumed that the ion density goc*
through minimum points as shown*.

' Giu.ir.AKt>, T. K.. Multifrcipiencv Ionosphere Recording :onl Its Significance, Proc*
I.R.B.. IS, 1070-1101. September. 1935.

Kiuby, S. 8., and E. B. Jcdson, Recent Studies of the Ionosphere. Proc. I.R.E. 28
733-751, July. 1935; Coweia. R. C, and A. W. tuiKSD. The Lower Ionosphere. Phys-
Rct., 80, 032-C35, Oct. I, 1938.

:
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The E layer is usually constant in height at 100 to 120 km^ except

during the relatively infrequent appearance of the "sporadic E." whose

course is not predictable. At such times the /'.' layer height goes through

extreme variations. The E layer, furthermore, is not always delectable

gt night.

Tin' /* laver, which exists only at ninhl. exhibits little diurnal or

seasonal change in height. Its height does, however, change during

the sunspot cycle. The /•' layer divides into lhe F, and /•'•.. layers during

die day. Tlie layer varies symmetrically about noon and is con-

siderably higher in summer than in winfer. The Ft layer appears to be

the daytime continuation of the /' layer, while the F, layer is non-existent

during the night. After 1033 the f\ layer gradually became less clearly

defined and between 193G and 1939 disappeared entirely during winter.

It will probably reappear ill winter before 1943.

A wave directed toward the ionosphere is split into two components,

one in the direction of the earth's magnetic field, the other at right

ancles lo it. The two rays are called the ordinary and the extraordinary

rnvs, and, since the magnetic field acts upon them differently, their

propagation in the ionosphere is different-' One consequence of this

is ihat two critical frequencies exist for each ionized layer, the critical

frequency of the ordinary ray, usually denoted by a superscripl o. and
the critical frequency of' the extraordinary ray, denoted by the super-

script x. Subscripts refer to the layer. For example. fy.' refers to the

Oittcal frequency of the extraordinary ray for the Pt layer. For fro-

inenciea greater than 2.5 Mc the ordinary and extraordinary critical

requeucies at Washington, D.C., arc related approximately by

/*=/<» +0.8 (G)

where the frequencies arc in Me.1 Dctniled consideration of eritica.

frequencies and their significance in radio communication is described

in the literature.'

Normal ionosphere properties, i.e., those whose variations may now he

predicted with i-casoiinble precision, have been emphasized above. In addi-
tion i ( , these variations there arc those resulting from less easily predictable

ionosphere disturbances, n'z.. ionosphere storms, sudden ionosphere disturb-
ance. 'I'siiltiug in fade mils and lengthy periods of absorption below the
*' layer. Considerable study is lieing devoted to such disturbances, but
various investigators disagree as to the predictability of such effects.*

The I'. S, Bureau of Standards and the International Scientific Kadio
Union (U.n.8.1.) have broadcast and published comprehensive ionosphere
data for several years. For details of maximum usable frequencies, virtual

' -Wi.kton. E. V.. and fi. Bcilheh, Ionosphere as a Doubly refracting Medium,
™r. s»e 45i 20B a2!)i M„ r . t 1033 .

. '•i.i n.Asn. T. 1!.. s. s. KimiY. \. Smith, and S. K. Ueyjieh, Characteristic* of the
oiiusi,),,.,,, ,m( | i'|lc i r Aiiolicaiioa 10 Kudin Transmission, i'roc. I.R.E.. 2S, 823-M40.

•uly. 11)37.

"Smith. Cii.i.ii.asd. ami Kiniiv. he. eil.: Ciluland. T. R.. S. f. Kiiiuy. N. Smith.

ill!.
S - It KYMI'.ll, Maxinniln (.'sable l'ri-<|Uete ies for Kadio Sky-wave 1 ralisinlasion,

(

''
; :

! l'r„r I. U.K.. »6, Ui 17 I3.V.I. Novel, bet. I1I38: I'EoEBSus. cil.; EjrjtST,
"r-KKSKU, ami Stcaiit. foe. rit.: Hennrt of t'omniission II. foe. eil.: Oii.i.ii.axb. T. K ,

, = KliiliY. N. Svith. anil S. K. Keyukk. flinraclerislirs of the IonmohlTC and I heir

"Wintlon to Radio TranmnWoa. Proc. I. U.K.. 25, 823 SIO. July. Iii37.

hE\HH'K, S. W.. A. M. Hkaatkn. and .1. C.KNr.n.u., The Kr'.ulion liclwecn Railin-
"ansnu^i,,., ,,,„,, Mae„etic Storm KfTeets, Proc. I.R.E.. 26, 831 ^7. Jiilv. IMBi
ri.",'

',
IN<i ''"- ' II Smhlen DiMurbanrcs of the Ionosphere. Proc. I.R.E.. 2S, 1253 12B0,

"Cloher, P.137.
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heights, critical frequencies, find ionosphere disturbances, reference should faJ

made to the publications of these organizations. 1

7. Fading. Fading, according to the standards of the I. U.K.,
the variation in intensity of radio signals resulting from changes in (M
transmission medium." Fading may conveniently lie divided into tvvj
types. Jn the first the radio wave reaches the icceivcr antenna over]
single path. In the second the received wave is made up of two or more
components traveling over paths of different lengths.

In single-path transmission the received field depends directly upon
the properties of the transmission medium. In such transmission
fading is likely to consist of slow variations, and the distortion in thjjj

received wave is negligible.

In multipatk transmission small changes in the length of one of the

transmission paths may have a considerable effect on the strength of th«
received signal. Such fading, therefore, is usually more rapid and
the range of the fading greater than that in single-path transmission!
In addition, as will be indicated below, the frequency and phase charaoJ
teristies of the medium may be imperfect and the wave is distorted
during transmission.
When the propagation is dependent upon frequency, the failing is

called selective. The effects of selective fatting on reception will be show*
by means of the following simplified analysis:

The voltage at the receiver antenna is assumed to he made up of tw«
components, received over different paths:

v = Vi sin tut + Vt sin (at — (7)

where y — received voltage
Vi = amplitude of one component
Vi — amplitude of second component
a — angular velocity of signal = '2rf

$ *s phase angle by which second component is delayed with respcol
to first.

This equation may be manipulated to give

t, - , , . . / , sin ^ \
*\ Y- cos ^ + VP" /

m"
(

—
V —

I

If the difference in lengths between the two paths is .ia, then the phase angle
\jr ia

r ax io»

where itic velocity of propagation has been assumed to be '.i X III* meters pt<H

second. Equations (8) and (0) show ihat the amplitude, represented by lb*
square root factor in Eq. (8), and the phase angle, represented by the arc-

tangent term, of the received signal, both depend upon the frequency of the
signal and the ratio of the magnitudes of the two received components.

If an a-m signal is transmitted, the phase and amplitude relationship*
between carrier and side hands may be seriously disturbed if the distance
between successive minimum point's in Fig. Mi is comparable in magnitude

i The HiiTcun of Standard* ho* luihlishnd Washington, 1). ('., ioitwuhcre datn monthly
in the Prof.. l.R.E. wncc September, 11137. The monthly Hull. V. R.S.I, contain* *

aumimiry of data taken throughout the world

S*c. 1*1
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\

io the width of the frequency band transmitted. This is particularly

rl„. when the signals transmitted over the two paths are of similar

magnilude. i.e., V\ approximately equal to V ; . If the difference between

the pal h lengths is known, the delay time and the frequency difference

100

E TO
S
E
'5

E

! 80

TO

60

50

Z 40

S 30

* 10

m.s-

vi
?

r
V,

vi \\
Is

\

/27T JT

iV= (Proportional to frequency)

Fio. 10.- -Variation in amplitude against frequency in selective fading,

and Vt are the amplitudes of the two received components.
Vt
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1

il £
2 6

V,
KVi 1

Vt.
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—^-i

—

. I

\ i

\ i

\i

, 'h* T Ĵ ir 2f 5/2TT 3tr \w 4i Radians

Hi
=^411tPfopwH " ! to frequency)

Variation in phase against frequency in selective fading,

are as in l*'ig. 16.

t"i and Vt

between successive minimums of Fig. 10 may he calculated from the
"allowing relations:

- 1 - 3 X l0'

(10)

here
*f ^ frequency difference between successive minimums of Fig.

16 in cycles per second
-i' = time by which one ray is delayed compared to the other in

seconds

T
-is = difference in path lengths in meters.

ilie rapidity of fading in multipath transmission depends upon the
ttM! at which the path lengths change. A change in the differenc
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between path lengths of a half WOTB length may bring about a eha
from n minimum to a maximum in a fade.

The selectivity or non-selectivity of fading depends upon (he nuineri

value of bf and the width of the band transmitted. When one of

transmission paths is by way of the ionosphere and another is the gro

wave, the difference in path lengths is of the order of hundreds of 1

meters, making Af of the order of kilocycles. This is a type of Ben
fading 'common in the broadcast bund at night, and it limits the pri

service range of high-power broadcast stations to something bet
100 and 200 km. at which distances the sky wave and ground wave h
similar amplitudes. The presence of small amounts of undesired f,

causes a particularly pernicious type of audible distortion when selec*

fading occurs. 1 With modern broadcast transmitters, however,

amount of residual f.m. is small. The periodicity of broadcast b>

fading is usually large, of the order of minuses. Such slow changes I

be accommodated by conventional a-v-c circuits, provided that

minimum of the fade does not drop below the noise level and than
distortion resulting from selective fading is not excessive.

At high frequencies fading is in general more severe. Reception

a multiplicity of paths is common. The ground wave is rarely a fa

in transmission, and differences between path lengths are often lo

giving values of .1/ us low as a few hundred cycles. 2 Short-wave f.-

has many periods. As mentioned in connection with h-f propngati

seasonal, yearly, and diurnal variations take place, but in addition m
shorter periods exist, some with periods less than 1

in sec., which are

readily accommodated with conventional a-v-c arrangements.
High-frequency fading is minimized through diversity recept.

If two receiving antennas are spaced several wave lengths apart, it

been observed that the signals picked up do not fade in synchroni

Accordingly, if several antennas, normally three, spaced approxima'

10 wave lengths apart, are employed, sufficient output is almost alw

available from at least one of the antennas to provide a useful sign

Distortion resulting from selective fading is usually worse on the pc"

signals. Diversity radio-telephone systems, therefore, are conimo
arranged to provide nearly all the low-frequency output voltage from
strongest signal automatically. The use of single-sidc-band signals

assists in avoiding distortion of this kind.

The effects of multipath transmission may be further avoided by
use of receiving antennas, directional in both the horizontal and ve
planes and aimed to pick up the strongest component of the sig

Antennas whose directivity is under the control of the operator have
developed for this purpose. 4

'Bows, It.. DeL. K. Mahtin. ami It. K. Pottkh. Some Si udics in Kndiu Broa
Tmnamiaaion. Prac. I.R.E.. 14, 57-132, February. 192ti: also Ecxeiwlby. I. U
epienrv Modulation uiwl Distortion, Erp. Wirdm and Wirttr,** Eng., 7, 182

Hoptxmhcr, 1930. . _
' Pottkh, It. K.. Tmi III i tlll TI Charactcristica of a Short-wave Telephone Ci

/'roc. I.R.E.. 18, 581 648. April. 1030.
' Hkykuage, 11. U.. ami H. 0. I'eikhsos. Diversity Receiving Systems of R.

Communication*. Inc.. for Radio Tolcnrnphy. Pruc. I.R.E.. 19, 531-561. April, I
Pbtekhon. H. O.. 11. 11. Heveiiace. ami .1. H. Menus. Diversity Telephone Itecci

Svstem of R.C.A. Commonicntioos, Inc., Proe. I.R.E.. 19,502 584. April. 1031.
' FRII8. H. T.. C. B. Fei.dman. and W. M. Siiakplkhs. T!ip Determination of

Direction of Arrival of Shori Radio Waves. Proc. I.R.E.. 22, 17 78. January. 1U34.
> Fhiib, H. T„ and C. B. Felduan. A Midliplc Unit Steornldc Antenna for S

wave Reception. Proc. I.R.E.. 21, 841 917. July, 1037.
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As noted in connection with u-h-f propagation, the field intensity

Jeohted from the diffract ion of waves around the curved surface or the

S is increased bv refraction in the lower atmosphere. C images m

,'he temperature gradient, therefore, are equivalent to a change in the

nrouagation medium, and result in changes in the signal level.'

P T„ approximate range of fa.li.ig-maxunuin to minimum- which

mav be expected for frequencies of about 50 Me during 1 day is shown

Mr1ir IS The abscissas are given in terms of the ratio oi the transmis-

sion ,
Stance lo the linc-of-sight distance. Since data on u-h-f fading are

inidenuate and. in ativ event, are too complex to represent in a single

urv
1 probable error in rig. IS is about 4- 10 db 1 the highest and

Knsl :> per cent of the field strengths observed in I day are excepte .

W r.nge of variation is about half (measured in decibels) that shown in

Fig. 18. The data have been assembled from several sources.

8. Noise. Among the factors limit-

ing l he usefulness of a received signal

is noise which may originate in any of

the following places:

1. Within the receiver circuits.

2. W ithin the transmitter circuits.

3. Interfering signals.

4. Atmospherics (static) and man-
made noise.

The principal concern here will be

with item 4.

Noixr Wave Forms. Noise, in the

broadest sense, is any type of interfer-

ence. It may include continuous sig-

nals from undesired transmitters, for

which the noise is contained within

a known, relatively narrow, band of

frequencies, and also discontinuous
noises, for which the frequency band

I is essentially infinite. Con-
tinuous disturbances are more easily

M
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Fio. 18.—Ultra-high-frequency
fading- Probable error in curve

is ± 10 db.

i:nuous disturbances are more easily „„„„„!„
i l.v conventional methods; the term noise, therefore, is commonly

f'-si'j. :<d t„ discontinuous disturbances.
,

Di*- .minimus noises mav he considered to be made up of sharp

Puls,s. the rrequetiev with which the pulses occur determining the

character of the noise? If the pulses are relatively infrequent ami clearly

scparan d. the noise is said to he impulsive. If, on the other hand, the

Pulses follow each other so rapidlv that they overlap and are not clearly

distinguishable then the noise is random. Between these two types

"">• gradations may occur. Ignition noise is impulsive, lube and

•hernial agitation noises are random. . .

Since the frequency spectrums of discontinuous noises are infinite m
c*tent, their magnitudes will depend upon the band width of the device

with which they are measured. Jansky* and others have shown that

ntloni Fading of 30-mceocyclo

hunt, 1939., , .

, Characteristics of Certain

--«« noicn iney are measuicu. u.inon., •

o-
1
**>< I.kas. K. G.. and G. S. WkSBM, Notes on thoTUn

WstiiiU over Non-optical Paths. Proc. I. U.K.. 27, ..01 o06. &l

t 'Jas»kt, K. G.. An Experimental Invcaimation oT tin
lvP<* of Noise. Proc. I.R.E., 37,703-769, December, 1930.
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the peak, average, and effective voltages of discontinuous noises deneJupon band width in the manner shown in the table:

Random

Peak

A VI' rape

EffeoMve

Proportional lo band width
Independent of hand width
Proportional to V'b&nd width

Proportional to \/band width
Protmri ional to Vhimrl width
Proportional to x/btuid width

For thermal agitation noise, Jansky found the peak to effective voltj
ratio to be 4 and the average to effective veil I age to be 0.85
Atmospheric noise resembles random noise in that the individ

pulses overlap. While the measured voltages increase, there*
directly as the square root of the band width, the ratios of peak to el
live voltage are not constant as in the crate of I hernial noise
The maximum tolerahle noise level has not been measured und

wide enough variety of circumstances, up to the present time to be
to specify its value for all conditions. The tolerable noise level deueuj
upon a great many factors, including the following:

1. Type of service (sound, television, etc.).
2. Quality of service (excellent to poor).
3. Volume range, of program material.
4. Width of frequency hand.
5. Character of noise.

etc)
TyPC °f rao<i" la,io" (amplitude or frequency; preemphasized or flat:

7. Method of measurement.

The effect oT most of i hese factors lias been onlv ineompletolv tidied,
particularly in so far as correlating noise levels with the physiological it*
tation they produce to the ear (or to the eye in television ami facsimile!

A'ofsc Measun-nuHis. The trend in noise measurements appears to Jtoward the use of a semipeak vacuum-tube voltmeter. The indicutillinstrument should have a natural period of 0.5 to (1.7 sec. and a KntniiB
factor between III and 100 (American Standards Association lesl mcthoS
put .lie actual tune constants of the noise meter should be determined rnflby the electrical circuit than by the indicating instrument. The chargStime of the circuit should lie approximately 10 tuilliscc. and the dNi-harfltune approximately (,00 millisec.i The addiiioe. of ;t frequence wei<rhli3
network to simulate the ear's response is sometimes recommended

Using an instrument, of this type, the signal-to-noise ratio required at dfloi" pill. ^soun.l i.THvn tor various qualiticn of service are. iuu,ro\i inalelyi
as follows:

'

BSSfr*".::::
For intelligibility 10-30 db

For television a peak signal to peak random noise ratio of 40 dh gives a perffl
picture, while a ratio of 30 dh is intolerable. For single frequency noiS*j
which is a small multiple of the line frequency, the interference is' bar*
perceptible for a si glial/disturbance ratio of SO db, while for a ratio of I I
it is m tolerable,. 2

i AuoEHB C V.. p. E. Fosteh, :vul C. S. Yot-x.. lu.ira?].- r- mid MethodsMea-mring Radio Noise Trar^IJJSi, B9, 178-192. Match. 1940
<™««>=

™ -r^i»
l
'

fS
-
R

W- " E
- £ Û

£.
i

J?
A
,
MA!'- rhe EfTe<M of Noise and Interfering PiKti'

on Television Transmission. P.O.E.E. Jour., 38, 193-101), October, 1030,
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Atmospherics, or sialic,, originates in lightning discharges. The impulses

arc frequent 1 overlap, so that the noise is more or less random, with

sharp peaks exceeding the average level. Atmospheric static originates

both in local storms, relatively infrequent in northern latitudes, and in

more distant tropical storm centers. Stctic is propagated in the same
manner as oilier radio waves; variations in distant atmospherics may
often be predicted on this basis.

The signal strength from local storms varies approximately inversely

an the frequency. 1 Thunderstorms and static are, of course, more
intense in summer that) in winter. The curves of Fig. 19 were measured
near New York City, but probably are representative of most of the
I nitfii States as well. '

.
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rio. li). Peak energy distribution in static. Relative values are Riven.
' - defend on loeation and lime. {I'otUr, Proc. I.R.E., 20, 1512,

oeplcmttir, IW>.) ,

J*'["
T JMWl static is of tropical origin, the lowest disturbance levels

ire louml at distances remote from the equator, especially for low fre-
|uenci. <. Ilowever, at ultra-high frequencies ana at broadcast fre-

irauriw'
68 uur" nf! the day, w ' l 'cn onb' short-distance communication is

in i u
" losl stilt ' e i s of local origin. Since local storms are infrequent

Mil 7
1 latitudes—about 30 per year near New York City—static

mile interference with communication above 30 Mc. At 150 Mc
nint^

V(>llage from thunderstorms has been found to vary approxi-

aiie
mvcrse!y as the distance, being 75 ±10 db above 1 nvper meter

measured with a 1.5 Mc band width at a distance 1 mile from a

fun!! i'!V
; Usance of either atmospheric or man-made static, Jansky hasM-Unl [.h;|

, mvifr, r,im ..L..1...-I 4.1..-. : _: t. _1 noise is still picked up tSy tho receiver antenna, noise which
oes. to stellar radiation. This noise, at frequencies between !) n

W °;T.
,:
;v li- K

- An Estimate oi tl

•ScW.; " S0, '512-1518. Septrmb

""' J, l »torms at 150 Mecacvc!

le

and
An Estimate ot tlie Frequency Diatributioo of Atmospheric Noise.

' ier, 1932.
ODALl., Peak Field Strength of Atmospherics Due to

Meeacyelcs, Proc. I.H.E., 21, 202-207 Msroh, 1939
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21 Mo, was foiinil to be some 10 to 30 db above the level of thernl
agitation noise in the receiver imtl, except for man-made noise isM
limiting noise sit high frequencies a large portion of the time. 1

?
'

Man-made noise may be generated by internal eonibi;stion-enJ
ignition systems, by power-tine discharges, by diathermy machaM
t.y mntor-briisli sparking, and by other elect rieal devices

'

Man-mafl
noise usually reaches the receiver input in the following ways: 2

I, Radiation or eapseitattoe pickup by receiver antenna direct, from :..,J
' Ci'elatively raw) or from power lines which convey noise voltanSvicniity of antenna. .

'2. liy transmission over power lines direct to receiver.

Means for reducing such pickup are described in the literature. 3

Typical noise voltages within the broadcast, band measured at the terminflof noiae-generating devices follow:*

Typical Noise Voltaces

Lino-to-line Line-t o-ground
Source r-f vriltupe. r-f voltage,

millivolts millivolts

3 3.5
I Jtaei !

-(: raaor 40 5.0Diathermv machine 2.50 37
Portable electric tool ,

.

20 26

The band width of the measuring device was presumably between :i and 5 kj
JEhfise voltages may he reduced by the addition of simple noise-suppresdB
111 [

I -S.

During the past few years interference of radiation from physicufl
OlaUlei tny machnic- with radio commimicaiion l.;is \m-mno ohi«-Hiuii»We
lugh frequencies. Jansky= has measured jieak power levels of ,-nch mier-
terencc ranging from 24 to 40 db hclow 1 ju^w.
A

I
ultra-high frequencies the most objectionable types of noise are iuriitioJ

and diathermy. In some eases diathermy signal strengths in excess of 11)0 m|
per meter arc encountered in cities, The peak ignition noise produced bjj
uu per eent ai the vehicles passing 100 ft, from an untenna 35 ft . Iiiidi hasbmtound to he lees than between SI and 20 itv per meter per kilocvele low-fr3
uuency band walili. The higher value is lor 40 Me, the lower 'for 450 Ml
\crlicnl polarization appears to give ignition noise a little greater thai
horizontal.

* In New \ ork City, values varving ImM ween land lOareobservB
a' lypieal antenna locations.

M.l.WKv, K.Q.. Minimum Noi.se bcvi-U Obsiimwl mi Khou-Wavif Iteeeiviiir Svs[POI«
Pros. I.&.E., 26, 1617-lfiBO, December, 1987. 1
„.J ' PSPS ktwferenee. Philip, Ttch. 8, 235-240, AukuhI. KiSM; MebM|
fif1 1

1, "VS r ' 2i
I
?5.
xo

,?' £ad '° Interference -Invaluation, 8upi.ra.riun ,mrl
« •*

gaJVf ' R b
- *b '« 21. January. I!>39; Aookw. C. V., Methods of CoairouSJRadio Itilerfi-reiicp. Tran,. A.LEE.. 69, H13 201, April I'llO i

l or example. V. II. I.in.doil and J. 1). Hr-icl. A New Anli-nns Si-sU-m for \<,isp KoduJ
tfOO. PW/.S.I, 27, ISR-191, March. WTO. A survey of noi-e-re,- ,.<•„,- sv»|. ms L* e°3tm.ied ir, the Umbo None Reciuctimi Handbook, " IMS, Radio, Ltd., .Santa i)arbar*|

» *f-
A?S6

'
jt.L.. »ml "VV. METCAt.r, Station {"rover age. Cammumcalin,,.-; 18, 23 -2ft

3dLinj^«£!Sof^il^wtaon for LiI,,it" 01 Radio *1
* Janskv. /w. fit.

.„!£
E
«
BaE

'
r

R
i. p »="''.',l„?

t ^';st> Mo <or C;,r iKohion between 40 and 450 Meg»J
cycles. PrtK. I.R.E.. 28, 4011-112. September, 1940. 1
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Tuni' II. Summary of Frequency Allocations in United Statics

it r details of frequency allocation in United States, hoc General Rules

and Reeulatiuiis. FCC, Part 2, U. S. Government Printing Office,
811(1

^ and Order no. 07. FCC

Frequency
ofcannels, kilocycles

io- ioa
103 141

Allocation

143-103

Hj-i :joi

392 548

550 1,000

1 .600-1,712

1.710-2,004
2.004-2.500

9,504 3,407.5

3.500 I .000
4.005 0,000

6.020-0.190

6.200 -0,0110

7.000-7.300
7.305-0.400

9 . 510-0,000

htio- n ,ooo

IrtMlucncy
chnnuete, kilocycles

Allocation

,
Fixed, government

|
Coastal Mcgraph.
government
Maritime calling, ship

telegraph, fixed and
,

coastal telegraph.

(190 kfi to state

police and govern'

,
nient)

|

Government. fixed
1 airport, aircraft (375

kc to direction find-

. i"S)
I Coastal telegraph,

government, ship

Lfclefr.ru ph. aircraft,

iatereWp phone (5001

kc to maritime call-

ing and government)!
Broadcasting (1,592 to

Alaska services)

G eonhymeul . relay

police, Rovr-niment

,

experiment Ell, BJAtine
Ore, avijM ion. motion

'.li i."

Amateur
Experimental visual

and relay broadcast
police, government
ship Imrhor, fixed
miscellaneous

Coastal harbor, gov
errs,ment, aviation,

fixed, iidM'ollaneoua

Amateur
Government, aviation,

fixed

Internatimml broad-
cast, government

Cou.hljl] li-U'graph and
phone, govern men:
fixed. miaoaUttJaeous

Amateur
Government, fixed,

aviation, ship tele-^

graph, coastal tele- ft

j?raph , 1 1 1 iacellaneons!)

Internaiional broad-,

cast
Government, iaedl
aviation

1 1 ,010-1 L. 685

11 ,710-11,890

11 ,910-13,990

1
1
,006-14,305

14.410 15 .085
15, 110-15.330

15,855-17,740

17.000-17,840

17.800-21.440

21,400-21.650

21 ,(i50-23,!75

23.200 25,000

25,025-26,975

27,000-27,975

28,000-30.000
80,000-42,000

42.000-50.000

50,000- 50,000
B6t 000-450. 000
60,000 112,000

112.000 110,000
116.110-139.900

1 1(1. 100-143.880
144 , n00 -400 , 000

4 00, 000 -401 000
401 ,000 and above

Ship telegraph, mari-
time calling, govern-
ment, coastal tele-

graph, fixed, avia-
tion, miscellaneous

International broad-
cant, government
Aviation, fixed, gov-
ernment, ship tele-

graph, coastal ivh-
gr:iph, miscellaneous

Anuiteur
Kised
Im emational broad-
eaaL government
FfMO| government,
iivintion, sliip *>un\

ooasteJ telegi apt

.

miscellaneous
lntcrmitional broad-
cast
Kixed. government,
aviation
Internaiional brond-
euH . government

Constat telegraph,
govern men t, n\iin

i t-li-grapb, niiricet-

laneous
Aviation, government,
miscellaneoiui

Uroadeast, govern-
ment

Government, general
r<i!i', munii.'Ul Urn

Amateur
Police, governmentt
relay broadcast , coast-

al and ship harbor,
miscellaneous
hroudcast and educa-
tional

Tb'tr vision, Szed
Amateui
( 5 ovcrnme n t, telo v i-

sion
AiuiUcur
Hrtindcast, govern-
ment, aviation, po-
lice. miscellaucouH
Aviation
Government, tfilevi-

mcmt, fixed

\ in:: I CUT
Experimental
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HIGH-FREQUENCY USAGE
9. Frequency Allocation. The most recent international conferem.at wh,ch frequency allocations have boon agreed Z were SSIS 1

. R,0
!

,

I"
,927

^
M»««n'« in 1932, and Cairo in \o 8allocation between IWth American countries has been decided aUNoi^aencan ^conferences, at Mexico City in 1933 and at HaUin 1937. The North American Regional Agreement rearht r) in

ff* ^ 1940
'
requiring^ nuabfr TminCe£u^sJarly in broadenat-trcgncnev allocations

'

'

1

iJ&rr^W^r^R ft T
,,>

/

,1

.

icd
\? ,

the Intenuitional liadio Coofl
S t. ?

1 ( X 1-R-J " Inch has had recent meeting tf I i«| u ,., iq'jji

fr PsfW (1937
?'n

amI ^ f-temalional SeS 1 a Uo uS
(1938)

J rCCe nCTfll Asscmhi™ «t London (1934) and Venlf

hv^h^Prr
States licensing, regulation, and allocation are hanJ

>
the FQC which succeeded the Federal Radio Commission under tiCommunications Act of 1934. as amended in 1<)37

""LSS,on tInfler ^
in Tnhlfn

Rra
4l

!,n
r

f frCq " < '" <
'V ;,IIo('

fit>™ in the United States is srJn fable II.
1 he European system differs in several resnoc s n fe h»lhe use o the 200- to 400-ke channel for bSasC^ In' allocaSchannels to stations in the United States, care is taker not to e ,operation at times and frequencies for which pr >paSatL '

e a«interference with foreign stations would be caused.

JE*E* lr l - Hand-width BaODmnama
S P 1 Equals the ieteBrn,>h speed i„ baud* (1 baJ- 0.8 words per minute (or „ teir./rrnpi

code Iiavmjr 8 tints or 1)1,11, Its |HT l (.
t.ter ) fj

the fundamental, 3 times this for 3d hiu
Modulated continuous-wave W*r.phy.. AtMifui. modulation frequency to|
Commercial telephony to"s kcHroadeaat n(j in »„ in i.

Television. .... n mn t fc , u

Wide-band f.m SofST ' '

•w»imi o Approximately equals (number of oictt
compoiijtutnj x (time of inmsmissior, ,,

seconds) + twieethesuheuirii., f,-,.,-, -v
it nsetl

10 Selection of Best Operating Frequency. One of the problems Ithe design of a radio system is the selection of the best fretmenc fd
v thin wh .i"h

m
7

1,Cat!°n
-

Th
? fet stpP « Vision as u }

" LJ2w ith n which u, e frequency to be selected wfll fall. Table V 3tabulates requency rang™ normally employed for conun
iUl io, overm;;;

.
-d dis^t t ,«r , will be found .W fo? th^p™ Other

"

•w . . . ,7
**•

• . -T
he 7* of transmitters, antennas, and receivers,

between U e iff ,ty of ^""Hs, must be studied. When c oS

J xceptioii mn.t be made for periods during which the h-f b e! is us lewfor long-distance service because of magnetic storm, i S r 'lwfrequence are sometimes used. TableV is intended to on v the

gee 16] HIOB-FBSQVSNCY TRANSMISSION AND RECEPTION 537

As

0.01 %
0.02%

0.05%

0.02%

Table TV.- FnuquENcr 'I'oi.kuaxces

necifled by Cairo Convention (1938). See General Holes and

Peculations, FCC, Part 2. U. S. Government PrintiiiK Office

PraqiMBoy Hand m
Tolerance

A. 10 to noO kc:

a. l-'ixed, land, mobile - «

(other tlian under 6. I.elow) stations

I;. Mobile stations between 110-160 kc and 305-515 ko
mill aircraft ?•*%

B 550 1,500 ke broad caatluR 20 eycles

C. 1.500 li.OWl kc:

a. Fixed stations
6. 1 u l stations

c. Mobile stations:
1. 1.500 1.1)0(1 ke 1

4,115-4,103 keV
5,500-5,5511 kc)

2. 4.000 -0,00(1 ke
d. Aircraft stations 0.025%
e. HloadcastiiiK O.OOaVo

«. 0,(100 30,000 kc:
,

a Kixed 0.01%

c. Mobile:
(i,200-6.250 ke \
8,230-8,330 ke i

1 1.000 11.000 ki I n 05%
12,840-12,500 ko/
10, -100 lo.iKio kitt

22.080 22,200 ko }

0(her frequencios. 0.02 /e

d. Aircraft O.jgBJ
t. Uruadeastiiig O.UOo t

normal situations. In unusual circumstances other frequency ranges

BOCl I be used in addition to those specified, For example, for coiri-

T.VW.E V — SKI.BCTION OP FllRQtJBNCT llANOB
PrcQuoooy IX&rxgea Normatly rjeed

Distanee (Nonienelature an In Table I)

I-oeal lies? than 15 mile») Any
Short (15 to 150 rnilea) 1. Low (ground wave)

2. Iiroadea.it (around wa%Te)

3. iritra-liiph frei|iieney

I, Low (grnuntl wave)
2. ISroaiieast Inky wave)
3. Hifch (sky wave)

< ul i-r than 1.500 miles') 1. High (sky wave)
2. Low (aky wave)

jnunication between two airplanes, both flying at high altitudes, ultra-

liiRii frequencies may be used for medium distance communication.
After

i he IVr-quencv riuigo has been deckled, the problem of deter-

Blmiag tin; most desirable frequenev within that range remains. The
condition* required arc us follows: a specified signal/noise ratiojammi-
3 ansmil ter power; and a minimum of fading [especially of selective

fading:. The skv wave and ground wave should preferably have
appreciably different amplitudes. Consideration must, of course, be

to the availability of channels

-Mi diuai 1 150 to 1,500 miles)

.

nT,'e problem is divided into ground-wave and sky-wave transmission.

tm^'Sn frequencies will Ik< considered separately.
When the transmission is to take place bv means of the ground wave,

^smallest attenuation in t he earth, corresponding to maximum received
m,| ri strength and a minimum of selective fading, will be obtained
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through the use of I he lowest frequency in the range selected On thl' ' band
>

noise level increases at lower frequencies. An optimuMfluency exists, therefore, for a given tra.wmtter power »Wresi
1 1

1

, n I ue grea t est t mnsni ission range. The use of a freooen v L3what lower thai, thai for which 11k. ground wave ln ( 3" , 2sky wave are equal at the receiver is desirable. ' The skc and e ^ t o SIantenna stature should also be considered in the choice of er ,^1Sk. -wave ransmission depends upon the changeable rfinrncterNiiaof (he ionosphere (discussed previou.lv): The best «dKtm | H ,

„

l\ ,

'

he immmjim noise level normally, are obtained for a froqucucv justbekm the maxieuirn usable frequency," as given in Figs 6 and 7 ^
di tjl

lT

n
h,t ,

frK
J

urric8
'

for t™rWmission within TIk &Jh*tan e, the highest frequency at which sufficient power for ehabllcommunication eat, be generated should be employed. The <iK r noiiratio for transnu*.,on within the line of sight varies approximated Z-Mwhere,
/

vertical antenna directivity is assumed at iboth Receiver Mtransmitter and the transmitter output falls off vvr re ue ev hiexponent n probably lies somewhere between 2 and 5
1 3 :

JJeyond the line of sight the decrease in signal strength at ultra hitJ

2ff*-ss^wisd
n . , i

- l
' w

>
however, trammi km <m onlv dliirhllv bevonl

TECHNICAL FEATURES OF H-F TRANSMITTERS
In this section the design of transmitters for use at frequencies ahovi

differ friun low™"''
" M1

')haslzi"« l,'ose features in which hTtransnnS
.11. High-frequency Transmitter Requirements No .,„„.„ „», I

1. Cost; size; weight.
2. Reliability; niajiitcnanco difficulties,

i *.f*
w<;r m>tPUt

:
efficiency.

4. fidelity; noise level.

stni;ilur
U8nCy ra'"* ! Variab'° 0r fixed fW«* operation; frequeJ

6. Antenna termination.
7, Power supply availability.
«. type or modulation fa.m., f.m., tcleeraoh «.!<- 1 „i <

(telegraph, telephone, television; etc.; pot-c^rX'Vrmy.tZo^Tc
if t^&M tmmmitt^ insists of a stable oscillator circuit fervor

Radio Propagation Data. Procl .R.E.,2l!ihT^t o"l»i>^ ^1 ( """"nit,ee
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Amplitude modulation is most often accomplished by variation of one

of the elect rode voltages of the final amplifier stage. Frequency-modnla-

|j (,n ti"insmi1lers are usually modulated al a. low level.

12. Considerations in the Design of Equipment. At high frequencies

increased attention must be given to coupling between circuit elements,
particularly through capacitances and mutual impedances in the ground
circuits and leads. Amplifier units may frequently be better arranged

by the use of- link circuits. Capacitative coupling may be avoided,

at the expense of increased capacitance to earth, by the use of static

shields.

By-pass condensers pass through resonance, normally, at intermediate
liigh frequencies. If effective by-passing is required, the impedance

I 8C

it
to

b 60
E

= 40

£20

60

PIU. 20.

10 20 30 40 SO
Transit angle, 6, degrees =

Transit time, cathode to grid, x 360

Period of r-f cycle

Variation in amplifier and oscillator efficiency against, transit awde of
electrons. {Wooeiusr, Proc. I. U.K., 26, 401, Awil, 1938.)

2fj*e hy-pass capacitors iit the operating frequency must he known,
fluently a lower impedance can be obtained by the use of a smaller
jipacitnr, i.e., choosing a capacitor size which more nearly resonates withw inductance of its leads.

fun1
Sll

'-
i ' t '"K ni!lteri;,, -s " r( ' availal le uilh very low losses. Polystyrene

i-ill
U vanous names) has remarknl le h-f properties but fails meehani-

Bncn
at te»Wnitures above about 70°C. For the higher temperatures
untcrod in transmitters the use of one of the ceramic materials, or

13 p' ,s
I
,rcfcrable.

aiid -nr? >
e
,

T Amplifier Design. Up to a eertain frequency 'between 1.5

''''terinin r ' oxat,t frequency depending upon the tube used) the

fleaci

portion of a wave length in dimensions, such that the efficiency drops
mg power requirements are increased. 1 Oscillator efficiency

dSSh rl

8
-
10" vac

!
ulm-tu"e operation conditions is the same as that

d in the section on Amplifiers. Beyond this frequency, transit
icleetrie losses increase, and Hie tube may become an appn

i J o 1

!ltlfl Srid driv

N^^m 1
*' 9" f^tvct«pmcntal Prohicms and Oper.ntiTU! Charneterinlics of

l-'Uru.highifreq:upney Triodes. Proc. I.R.E.. 26,401 411. April, 1338: Samuel,
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is lower than amplifier elliciency, as Fig. 20 indicates. Data on uJ
vidual tubes should he obtained from the manufacturer.

Class C saturated amplifier stages are in \\ iciest use ns li-f amj|

fiers, with a.m. accomplished at. the highest power level. Iti some tyfl

however, modulation at a low level, ful

lowed by elass U linear amplifiers, ist

ployed, the reduction in f ube coniplcroi

and high-power modulation cquipm]
offsetting tlie increase in adjustment-."

cullies and the possible loss in ellicien

An example of the latter is a singlc-s'

band transmitter, in which it is usua
simpler to accomplish the relatively Co

plicated modulation process at a low k
and then to amplify the modulated sis

Fio. 21.—Imperfect grid neu-
tralising circuit.

in linear amplifiers. High efficiency linear amplifiers' are not will

used at higher frequencies, although amateur and experimental itistafj

tions have been made.
Frequency multiplication is required

when an oscillator of requisite stability

cannot be built at the output frequency,

where a wide range of output frequencies

ia to be covered and the oscillator fre-

quency range is limited, or where neutral-

ization must be avoided. Crystals are

now (1940) available up to 20 Me with
temperature coefiicicnts uetter than 2 ppm
pcr^C. between 20°C. and (iO

: C. so that

less frequency multiplication need be used,

even in crystal-controlled transmitters.

Le \8
'

*GT
Fio. 22. Circuit capable

satisfactory neutralizing
unity coupling exists bctm
halves of grid coil.

Input § =~I

Higher frequency crystals are available but with poorer temperutt

coefiicicnts. Frequency multipliers have the further advantage tl

neutralizing is not required, si

+J2X output and input circuits oper
at different frequencies and
stability is less likely to occtl

Multiplier efficiency is lower thd

that of amplifiers, however, al

their use is avoided in high po«
stages.

If necessary, Ihe freqnenaj

multiplying stage may be moi

dialed, all hough higher distd

tion will be encountered. A fr)

1!

-JX

Fio. 23. —Plate neutralizing circuit.

Capable of good neutralising, if plate

impedance of tube can l>c neglected. (pteiiey multiplier may also
used as a linear amplifier of a-l

waves, although distortion is likely to be excessive and elliciency Ion

A. L„ A Nceutive drill Triade Osrillmor :iml Amplifier for I'iirn-liigh Frequencies,
I.R.K.. 25, 1243-12-.2. October. 11137.

1 Such a* the circuii of W. II. llnhertv. A New 1] iirli Klliriencv Power Amplifier!
Modulated Wave-,. I'rnc I. U.K.. 24, 1 lift 1 IS'J. Scplember. 111311.

* Ivasov. A. B.. Amplitude Modulation tif Krequem-v Mnltiph hip Jrtunu (in Rue
JmHia Elect. Stub. T«k>i.. No. 7, pp. 34-38, 1038.

is) HIGH-FREQVENCY TRANSMISSION AND RECEPTION 541

An f-m signal is not distorted in traversing a multiplier stage; in so doing

the frequency deviation is multiplied by the same factor as the

fundamental.

Neutralization. If '8 not always appreciated that the object of neutrali-

sation i- actually twofold, tlie prevention, first, of amplifier instability, and,

M.poml "i reaction of tin- amplifier on preceding stages. 1 Many neutralizing

drcuits arc incnpablo of accomplishing both of these aims. An example of a

neutralizing circuit which does not provide perfect neutralization is shown

In Fig. 21. This circuit, while it can be adjusted to prevent reaction on the

driving stage, is degenerative. Figure 22 is ln'ttcr. If C — C„, and L\ is

approximately equal to and the coupling between L\ and Lt is J/ °- Li.good
neutralization results. The same is true if the input is inductively coupled

to the |.needing stage. A satisfactory plate-neutralizing circuit is shown
in Fig. 23. The output should not be
coupled inductively to the plate tuuk
coil but should lie taken between plate

and cathode, as shown. The plate tank
circuit, comprising the two capacitors
and the toil, may bo considered cqui-I

Equivalent
/half-wave line

I

L.-JX'!da£=

Input

I

Flu.

Output

24. Neutralization
half-wave line.

ith l'i<;.
•>',. Push-pull neutraliz-

ing circuit.

vslont to a half-wave transmission line, whose input and output voltages,
r, ami ,

, ;m . ]so (leg. out of phase. There is, of course, an infinite
nuintier of circuits equivalent to a half-wave line, any of which may be
employed in neutralizing circuits. Another equivalent, in a grid-neutralizing
arrangement, is shown in Kig. 24. In push-pull circuits good neutralizing
may be nbtaine<I by the use of cross-connected capacitors (Fig. 25).

. Neutralizing is complicated further by the decrease in the grid-plate
"npjilance :n„| the increase in the lead impedances, particularly that
01 the cjiihodc to ground, as the frequency is increased. The decrease

"J
the grid-plate impedance can be mitigated by more careful adjustment

a the neutralizing circuit. The increase in the lead impedaaOM can bo
''"'ipensated by the use of more complicated neutralizing circuits.

fin most troublesome of the lead impedances, that of the cathode to
ground, is frequently- eliminated b\ tuning the filament leads to scries

f'uiaiKi. :lm | thcroiiv effectively bringing the cathode to ground poten-

o
(

. ; "us may be accomplished by the use of series condensers (Fig.

(•"'ig 2(7i
'
V " 1!ll< 'ng t,1t, 'icater-grotind leads one-half wave length long

Iw!'','i"
K" r

,

v - w - Neutralization of R-K Power AmpliBcrs. Pkk-upt. pp. 3-5. 21-23.

#SSI. Mosiotuka, K„ ami K. Sazi. Considerations of Neutralizing Methods.
•von Klrct. Comm. Eny. No. 14. pp. 518-5)0, December, 1U38.
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One of the oldest neutralizing circuits 1 has recently boon resurrected
It consists simply in tuning the grid-plate capacitance to parallel reso!

nance by t lie addition of a shunt coil (Fig. 27) and thus raising the grid,

plate impedance to a high value. The Q of the coil should be large

enough so that the resonant impedance, XQ, where X is the reaetaricl

Cathode
tuning
condensers

Lead
j§Xinductances

R. F. Chokes forsupplying

<, heatercurrent

Fig. 26.
poten UoL
is used.

: y Bypass
. J_ condensers

A 13

Methods of tuning filament leads to return filament to groUjj
At A, leads are tuned with condensers. At B, a half-wave liB

of the grid-plate capacitance at the resonant frequency, is much high»,
than the impedance of the grid-cathode circuit. At u.h.f. Use .shunt

coil and blocking capacitor may be replaced by an open-circuited line

slightly less than a half wave length long.

All the above neutralising circuits suffer the disadvantage that the

oi , • intoroleetrode capacitance is compe
Blocking^ ^Neutralizing

gate() osacllv . at mih onc fre(Ju^
condenser ft coil usually the carrier frequency. The ofl

en it must also be designed' to bo wffl

balanced at the side-band frequencies!
stages through which modulated encrtf

is passing. At frequencies remote fro*

the carrier, the stage will be under- or

over-neutralized, either of which is usjj

ally undesirable. This lack of neutrsi
zation at frequencies remote from tin

carrier is a frequent cause of parasiMj
as is noted below. In addition, if the

' shunt" transm itter must be tuned rapidly over*
wide range of frequencies, it is desiraM
to employ a wide-band neutralizatjfl

circuit, requiring no readjustment of neutralizing as the transmit ter flf

quency is varied. In wide-band, or "complete," neutralization, this!
accomplished by duplicating each part of the tube structure, including tlj

lead inductances, in a similar element in the neutralizing bridge. t|
bridge will then be balanced at all frequencies. A simple mechanic 1

! NieiioM, n. W., U. S, Patent 1325879.

Fit*. 27. "Coil" or
neutralizing.

Sec 151
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rraneenicnt
1 which accomplishes this for water-cooled tubes in a push-

nil circuit is sliown in Fig. 2SA, while Fig. 2SB shown the equivalent

The series cathode condensers, Ct, CV, which tune the
pull ci i-

cathode leads, are used onlv when it is desired to^keep the grid and plate

tank voltages in phase with the corresponding electrode voltages.

y///////f////////////////////////.
1 1

..Condenser

/ plates

^J^'-Anodes

000000000 ,
-

hg input

in.. 28. -Wide-hand, " complete," e outraiding. A shows the mechanical
Mrangement; B, the equivalent circuit. The condenser plates are adjustable.

anode connection in water-cooled tubes has no appreciable inductance,
and it need not be compensated.
A recently developed circuit which requires little or no neutralizing 2 is

snown in Fig. 20. The arrangement is inherently degenerative. Jf the

J
gjMCHBBCK, W., U, 8. Patent 2002338.

Dm,
™- f'. W.. and B. N. MacLakiy, 'the Empire Service Btfbadeaetuig Station at

"wentty, jour . j.e.E., as, 321-359, September, 1939.
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grids arc grounded effectively, they screen the grid from (lie filth

circuit ami no reaction on the exciter is possible. One disndvantL
is that provision must lip made for i>[ir l

i-al iiifj (he filaments at high;
potential. .If the screening effect of the grid is incomplete, neutrali

*

condensers, shown dotted in the figure, should he used, hi general,
small neutralizing condensers suflicc, nnd the minimum plate 1.

reactance is cut nearly in half, as compared with conventional ciretj

Output

Fio. 29.—Groundcd-grid amplifier. The neut inliziiiE condensers, shos
dotted, are required only when the shielding provided by the Riid lx'two»j

cathode and plate is incomplete. The grid leads may he tuned to senj
resonance to improve t lie grounding. (Hayes and MaclAirtu, Jour. I.E.E.,
321, Sqatamto-, 1939.)

The commonest expedient for avoiding neutralizing ililhculties is tl

use of screen-grid lubes. In ihe past the ellicieticy of such tithes ha

been low because of the high screen current required, but this is not
avoided by the use of the beam principle. "Many transmitter lube-
this type are available, including the 832 u-ii-f push-pull tube and » #1

Anti-parasite — x

circuits rxMiai/i

Flo. 30.—Parasitic suppression re-

sistors and choke.

lev television tube. 1

I'aratiitix are undesired oscillation

in transmitters, 8 to which h f higfafl

power transmitters are particulate
prone. The presence of parasil

usually revealed by low efficiency
cxci *ive distort ion, hiuh r-l \ ultagesjj

overheating of components, or a coBSj
hination of t hese effects. An ab.SOr

(ion wavemotor may he used to loc"
the parasite and to determine
fre(|ueney.

A common cause of parasitic oscillation in single-ended r-f amplifiers
the existence of a very h f mode of oscillation w hose frequency is di-

mmed by (he lead inductances and the intended rode capacitances,
cure is the insertion of resistance in series with the grid circuit and
small choke—a few mierohenrys is common—in parallel with a resi

in the plate circuit, as in Fig. 30. The impedance of the parasitic su

' Habit, A. V.. I,. S. Xehuaahd, W. CI. Wacien-er, I'. D. Zottu, R. B. Ayer.
U. I-,. (illiNis-ri, D.v.lcipmciil of ;i 2Il-kilow.il t ntrn-hiah l-"r. ,

|
• i.-r.<- v Tc lroilc (or T

visioi Service, Abstract in 1'roe. I.R.E.. 87, (ill) till, September, 1U3U: Elect. Eng.,
107. March, 1910.

1 Kyi-er, G. W„ I'uriisitcs and Instubiliiv in Radio Transmitter*. Froc. I.R.E..
US5 1012. September, LOSS.
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ion dements should not be so large that they interfere with the

Srsircd operation of the amplifier.

'I'li-h-iuill amplifiers irequcnllv ...

,i,,ve ihe amplifier oscillat ing in push-pull at a higher frequency than

Set- »1

liliers frequently develop parasites of the type indicated

,,.,(ier oscillating m push- pull at a higher frequency than

Wide-band neutralizing is verv effective in suppressing such

:dsn oscillate in parallel, in which

Output

Fiu. 31.—Parasitic suppression

resistors and chokes for parallcl-

lunnectcd tubes.

mnisites A push-pull amplifier may ah

the two lubes are connected in parallel by the tuning condensers at hf

or |,y the luidng inductances al I f. The solution indicated in Fig. 30

applies le rc also. If oscillat ion occurs

at I f-, the r-f feed chokes should be

investigated as likely causes. It is

usually preferable to center-tap the

tank condenser, rather than the lank

coil, to obtain the ground point.

Similarly, tubes operated in parallel

often oscillate in push-pull at a fre-

quency determined by the intere-

Ifclrode capacitances and the leads

connecting the tuhes together. The
cure is to insert isolating resistors and
chokes between the tubes, as indicated

in Fig. 31. ..." ., . ,

l!anv high-power tubes have an appreciable negative resistance over

a port ion of I heir grid characteristics which may cause a dynatron oscil-

lation m some part of the grid circuit. The grid resistor of fig. 30. plus

parallel loading from grid to ground, is usually efiective in suppressing

such parasites. In some transmitters diode load tubes have been con-

nected between grid and cathode lor the same purpose.

In screen-grid tubes the screen by-pass connection should be .is short

!is possible, to avoid Ihe introduction of inductive reactance at a very h f

Beam power tubes, with their very high

power gains, are prone to oscillations from

this source. A small non-inductive resistor

inserted directly in series with the screen

(Fig. 32) is useful in suppressing such

parasites.

14. Interstage coupling circuits frequently

employed in h-f transmitters are illustrated

in Fig'. 33. The arrangements of .1, /{. and C
claim attention because of their simplicity.

Inductive coupling, as at I) and /-.'. is advan-

tageous because no current flows in the

ground impedance to add to feedback prob-

lems. Their use is desirable when the two
?«'>plifii r stages are separated bv considerable distances. The feeding line

ln " 'h cases is so tunes made coaxial. If purely inductive coupling is

, "i-Mfe,!. a <latic shield may he interposed between any I wo ol the coils

of I) oi /•;. F, f7, and // arc three arrangements for coupling transmission
llll<' lank circuits. /, ./, and K are used to couple from a single-ended
st:, »- '"a nush-pull stage.

, ,16
- Push-pull versus Single-enced Circuits. The principal advan-

WRes of the push-pull connection are as follows: simpler neutralizing,

cancellation (at least in part) of even harmonics, and simpler by-pasamg

Parasite
suppressor

*S.G.
no. 32.—Parasitic sup-

}"«Mion resistor in screen
lend.



(a) (b)

Fio. 33.—Interstage coupling circuits. a , b, and c, direct coupling; d and <

inductive coupling; /, g, and h, transmission-line coupling; i, i, and *. sing"
ended to push-pull. •

»
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problems. The advantages or single-ended stages arc as follows: lower

tank voltages, generally lower tube cost per kilowatt, and simpler con-

nection to grounded transmission lines and antennas.

Tank circuits may be cither lumped or distributed. At higher fre-

quencies transmission-line elements are employed as tank circuits, as

in Fig. 34 in which a parallel-wire short-circuited line is shown for a

m -L **

—

\/4
—

Fig. 34.—Transmission-line tank circuits.

push-pull stage. If the tube capacitance were zero, the line length

would be an odd multiple of a quarter wave in length. Since the tube

capacitance is never zero, the line length is shorter than a quarter wave.

The length of line necessary to resonate with a given tube reactance is

shown in Fig. 35. Occasionally an open-circuited line is used for a tank

circuit, as in Pig. 34, in which case the line is a quarter wave length

longer.

In a wide-band amplifier the power output of an amplifier is limited by the

required hand width and by the minimum tank capacitance. Thus, if the

M 0.2 0.5 1.0 DO2
,

5

x/z
WO. 86. -Length of line to resonate with condenser. X = reactance of con-

denser; Zf = characteristic impedance of transmission line.

tube has a maximum emission current /„. a maximum modulation frequency,
<«. and a minimum output capacitance (', then (lie power output of the tube
18 Proportional to Im'/C/..

ULTRA-HIGH-FREQUENCY TRANSMITTERS

J*.
Ultra-high-frequency Circuits. Hot h the tube and the circuit

'"'"blciNs become increasingly difficult as the frequency is raised, but
uunng tho past few years several developments have appeared lo reduce
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the magnitude of some of these. The product of maximum realiz.ah
power by frequency is constantly being raised.

Up to between 2"j0 and 500 Mr, more or less conventional tubes an
circuits are employed in transmitters, with master oscillators nf th
output frequency, or at subhai monies of the out tint frequency, drivin
one or more multiplier or amplifier tubes. Amplifier-tube corislructio
for ultra-high frequencies has vastly improved during the period bet wee
1935 and 191(1. For example, a screen-grid tube is available with
output of 20 kw at 120 Me with a band width of 2 Me.

Several circuit arrangements are in use. One scheme emplovs
crystal or other stable oscillator at a relatively l.f - 10 to 30 Mc- follov
by multipliers and amplifier stages. I'.y the use of multipliers in

amplifiers except, perhaps, the output stage, few neutralizing circni
are needed. Alternatively, an att< mpt n ay be n.ade to secure higlie
efficiency in the amplifier stages by committing the multiplication at
low leVci and accomplishing most of the font ran plificatitni at I he outpu
frequency. Such designs are facilitated by the availability of u-h-
tetrodes, which need no neutralizing, such as the KE2 ami the 20-kw tui
mentioned previously. Another circuit arrangement employs a stahl
oscillator circuit operating at the output frequency, sometimes ~

appreciable power output, followed by one or two stages of amplification
Such a system has the advantage of simplicity. A transmission-line
stabilized oscillator is common in transmit lets of this type.
Whenever possible, a.m. of u-h-f transmitters is effected in the fins

amplifier, either by grid or plate motlulatieii, avoiding the use of linc_
amplifiers. Frequency modulation, on the other hand, is most easil
accomplished at low level, since the amplifiers operate saturated and
present no particular adjustment problems.
The most common 1yi>e of tank and coupling circuit employed at

u.h.f. is shown in Fig. 33//. The opportunities for the exercise of
mechanical ingenuity iti the arrange tin tit of the circuits nit' plentiful. Ifl

the frequency range to be covered is wirle. the eiTcclivc Q of the lank
circuit can be maintained substantially constant by simultaneous varia-
tion of the line length ami the tuning capacitances. It should be noted
that in h-f transmitters the effective Q is freqtn nlly higher than desired,
anil every attempt is made to reduce the tuning capacitance in order to

reduce the tank losses and to nblain the required band width. Figure 35
may be used to calculate the length of line for any capacitance and
frequency, although this may be altered somewhat by the effect of the
coupled circuit. The coupling between the two lines is n c Iiination
of distributed mutual inductance and capacitance, unless a static shit Id
is interposed between the two to eliminate the rnpacitative coupling]
The use of such a shield may be desirable in some instances to improve
the balance between the two sides of a push-pull stage.

17. Tubes for U.H.F. Triodes and tetrodes are now (1941) available
which will furnish appreciable power output at centimeter wave lengths. 1

At 100 cm, for example, the S32 type will furnish 20 watts, while the SJ-7

and 888 water-cooled tubes will furnish 3f>0 watts. The 102S. with its

double lead construction and dissipation of 40 watts, may be used as'

i Waceneii. \V. Ci.. The Developmental Prohlenw and Operating Characteristics of]
TWO Now rirrn-liieh-frcfiiicjicy Triotltn, Prof. I.R.E.. 26, 401 414. April. IMS; Saiiuku
A. I... A Nt-rativc C.rid Triode Oscillator anil Amplifier for I'lira-liiKh Kmca-tnii-*. /"roe.

I.R.E.. 36, 12-<3- 1252. October. 1037.
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low as 00 cm at full rating. .Small Western Flectric triodes are available

with useful output down to 10 cm. The simpler centimeter-wave

triii<niiHers emplov lubes such as these as self-excited oscillators. 1

The most promising development in centimeter-wave transmitters,

however is the electron beam lube principle, exemplified by the Klystron

,,f the Varians'. These are described in t lie* section on Vacuum Tubes.

18 Variable I "Floating," "Controlled," or "Hapug"; Carrier Trans-

mitters. Variable Carrier Operation. The carrier level is made depend-

ent in «ome wav upon the amplitude of the modulating voltage. = 1 here

me ueinv svste'ms of this type. In one the carrier level is made to vary

inslaiita'neouslv according to the amplitude of the modulation voltage,

and the percentage modulation, therefore, is kept constant at every

instant.

Modulated
amplifier

Flo. 30. Variable earlier transmitter circuit.

In an alternative svstem the carrier level follows the syllabic variations,

i' . lb,, average peaks in the modulation voltage whose frequency is of

the order of I to 10 c.p.s. A common practice is to make the minimum
carrier level about 25 per cent of the maximum. The filter constants

must |,e go chosen that the plate voltage of the r-f tube rises rapidly,

"r I he transmitter will ovcrmodulnlc on the leading edge of steep wave
lr""i-. The current U.M.A. television signal is an asymmetrie-sido-
hand system with a variable carrier, whose amplitude is proportional to

t lie average picture illumination.
I he advantages of variable carrier are as follows:

ltcduced noise level: in the nbsence of strong carrier tho noise com-
ponents U>ai only with each other and arc reduced in amplitude.

examples ut rach sell-excited ceiilimprcr-wavc omillatora. fee- \V. L. Barrow,
williuor for Ultra-high IrMpieiieiex. Rtt. Set. /nrt.. 9, 170-17', June, 1038; O. Oruos.
,.f'inliihrviii(. i„ Thuorie nod Tcchtiik dcr Deiimcterwclleii,'

1

f5. Ilirifl. U-ipiig. 1937:
"nili., \ 1„ !1 i,.„rs Handbook," 17th cd.. Amerirnn liiolin Itelny League. Hartford.

V,"""- l'.W.I; "Kadio Handbook," ed. I>y \V. W. Smith, Uth cel.. Hudio. Ltd.. feantn
-™ r,'ara. Culif l'i:t'l

,
"mciii'h. ii.. J'. Clr.nrii. and I., 1'i scs, M ci.iitl:.i><.'i with Variable Carrier Ainpli-

;!"!'. Ilorl.t. u Elrk 6, 1 11 117. Mjv, l'.WIi: 1'yi.kii, <i. W.. I'honc Tranmnmsion with
1 "inroll I Carrier 1'owi .-. QST. 19, t) 12. January, 1935.
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2. Reduced power consumption: since die average percentage mndulutio
in typical audio program material is very low. the average power output

'

correspondingly low.
3. In television the d-e pieture component is more easily transmitted.

The disadvantages arc us follows:

1. Conventional receiver a-v-c circuits, which operate in proportion to t

received carrier level, will not function properly.

Modulation
frequency input

Suppressed
wrrierstgnal

riu. 37.—Balanced modulator. The halance is adjusted by varying t

screen bias voltages.

2. Distortion on steep wave fronts may he excessive if the rectifier does n
art rapidly.

3. Complexity of the modulation circuit. Because of the complexity an
low efficiency of the modulation circuit, modulation is normally accomplish

at low level and power output it

increased by the use of line

amplifiers.

19. Suppressed Carrie
Transmitters. In suppressed
carrier transmission only the

side bands arc radiated. In tli

absence of modulation no vol
1

age appears across theniitcnnr
At the, receiver the carrier

'

reintroduced in order to facil

late demodulation.
The carrier may be sup-

pressed in any of a number of

lialanccd modulator circuits.

The tubes are operated on non-

linear portions of their char-

acteristics. By careful ad-
justment of such balanced

Carrier wmsm>—1

Side hand
output

modulator using
The balance is ad-

Fiu. 3S.—Balanced
copper oxide rectifiers,

justed with the two resistors. (Koomavi.
Proc. I.R.E., 26, 182. February, 1938.)

modulator circuits, the carrier can be suppressed some 50 to 60 db below
its normal value in an a-m wave, but suppression beyond about 50 db is

diliiculf to maintain over long periods of time without readjustment of the
modulator tubes. More recently, copper oxide rectifiers have found

Sec. 161

.Carrier

modulatedwave
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amplication in carrier suppression modulators.' By adjustment of the

JSstors a carrier suppression of 90 to 100 db is possible.

While it would seem possible to effect, considerable power savings and noise

-.hi t ou through the use of carrier suppression, in practice this type of

. .lion is rarely used U-cause of the difficulties involved in rep acing the

;" !r a ho receiver If the signal is to be demodulated without distortion

,. replaced carrier must lie not only of the correct frequency but also of

t phase. This con be accomplished by transmitting a pilot frequency

along with the side hands, from which

the carrier is derived, but the difficul-

ties are relatively great as compared

with siiigle-side-hand transmission.

20. Asymmetric (or "Vestigial")

Side-band Transmitters. In asyin-

met lie side-band transmission all of

one side band, except for low fre-

quencies, is removed, the earner us

pnrtiallv attenuated, and the other

side band is completely transmitted,

except for low modulation frequen-

cies which are partially transmitted.

Two svstcms are in use.

In the first system of asymmetric

transmission' an ordinary douhle-side-band MK.ml is passed through a

filter whose characteristics nre idealized m r "g. W.
In the Kooma.is svstem 3 conventional double-sidc-band a.m. is

MUDloved from the lowest modulation frequency up to some intermediate

modulation frequencv 'about 2.000 cycles for sound transmission) and
'

1 S o double amplitude for higher frequences. The

At/emotion characteristic

off/tier

Asymmetric-side-

bandsignal

Fio. 39.—Asymmetric-sidc-band
svstcm, using filter u, suppress un-

dented portion of Bpcctiiim.

Carrier

Double side band
Single side band

Fm. 40. - Knergy distribution ill Koomans asyin.oel ric-side-ban.l system.

(Koomaw, I'rae. I.R.E.. 27, 68., A (member, 1939.)

spectrum resulting from the application of a constant-amplitude, varying-

rreijiienev modulation voltage is shown in Fig. 40. fcjv—..
The advantages of asymmetric-sidc-band transmission arc as lollows.

1. Reduction in band width.
2. Heduction in deleterious effects of selective fading.

Furthermore, asymmetric side-band signals may be generated without

«>»i|>lex modulation equipment and may be demoddlated by conven-

tional receiving circuits with little distortion.

.. K-...M.VS*. N"., Single-«.le-l«.«l Telephony Applied to the H"'"" !;!<"< h««j;™ the

{jghcrlniids and the Netherlands East liuhc Proc. I.R.E.. S«, 18. -Oh. I.r>ru«r>.

« * Kckeuslev. P. P., Asymmetric-sidc-band Broadwutiim. Proc I R E.. S6, 1011-1003,

J
X

Z'!Z£™± A-vnunelric-sidc-band Broadcasting, Proc. I.R.S.. ST. 087-090.

"OVMnbrr. 193(1.
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21. Single-side-band Transmitters. Two methods are available for
the generation of a singlo-side-hand signal, one using filters, the other
phase rotation of the modulation and r-f voltages.

In the filter system, the commoner of the two, the carrier is first sun-
pressed l>y a balanced modulator. This is followed bv a sharp cutoff
filter which removes the imdesired side band. These operations arcearned out at a low carrier frequency. The resulting single-side-band
signal is then converted to a higher r-f frequency by beating with a

<--Modulation Single side band

Output

Fm. 41.—Filter system for generating single-side-band signal.

h-f carrier in a second balanced modulator and refilterine to remove
imdesired modulation products. 1

The difficulty with such a system is that, if low modulation frequencies
are to be transmitted, very sharp filters are necessarv. If crystal filter
technique is used, the lowest frequency which can be l ransmiucd in
audio transmission) is limited to about 100 evcles. The initial carrier
frequency should be chosen as low as possible, and in addition it may be
necessary to reach the desired output frequency through several intcr-

Modulating

voltage

Balanced
modulator

JL

y'Z"* /Single-side band
shifter / "voltage

~-Balanced

modulator
shifter

Fio. 42.—Phase-shift system for generation of single-side-band signal,

mediate modulations to simplify filtering the imdesired modulation
products in each qf the subsequent balanced modulator stages. 2

In the phase-rotation system for the production of sitigle-side-band
signa s no sharp fillers are needed. One embodiment is shown in Fig. 42.
I wo balanced modulators are employed, one of which is fed by modulat-

' Poi.Ki.sonoBM, F. A., and N. F. Senaack, A Singlr- Side-band Short-wave System for
Irnns-Atlaiuin rrlephonj. Pratt. I.R.E., M, 701-718, July. 1935; Oswald. A. A.. A
siiort-wnve Mnnle-snk-Wid Kadio Telephone Svatcm, Prac. I.RE 36. 1431-1454.
December, 11138.

'KopMA.NB. N., Sinclc-sido-banrl Telephony Applied lo tlic Radio [.ink between tho
Netherlands and the Netherlands Kant Indira, /'roe. I.R.E.. 16, 182 206. February. 1938.
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, voltage and also by carrier voltage, 90 dcg. out of phase with the

"oh ages' b-d to the other.

The outputs of tho two modulators are. accordingly

V\ = I'm sin id sin at

V'i = Vm cos id cos at

l f and „, -represent tho ampltudes of the carrier and modulation

voltngcs. r,spc™iX^"d a and ^ arc the a.igular veloct.cs of the same

milages. Adding gives

JT, + V'i = Vm {sin /it sin at + cos u/ cos at)

= I'm cos (u — p)t

i- i !,„,..<. iW thn nutnut voltage of the system contains only the lower

Sric'tad llvlif fngT voltTgX the second balanced modulator in the

"vf;:t;^^\^^^t'A^ .„ give ar.r»

Bowleg .i Xftl without change In amplitude, over the entire band of

Sudala. o, frequencies.. Whi c this is dimcu't. ,t is not impossible, and V*>

in s methods have liccn suggested foi i>-s accomplishment. 1

Isingl^tdtlmndTgnKas the following advantages, as compared wtth

amplitude modulation:

1 Itpchicod chaiinr1
] width.

2. JkM rocy : cannot 1* demodulated with convention* receiver.

3. Improved signal disturbance ratio.

4. Reduced power consumption at transmitter.

To conveniently demodulate a single-sidc-band signal, it is usual to

. reinsert"he carrier at the receiver. In contrast to the »«PP^
svs.em. the distortion is not excessive it the reinserted i h

sUrhtlv to 1 to 5 cycles from the correct value. A pilot frequency

i' of,! , LmiuS along with the side band The

need not be the correct carrier frequency, but only a tone related to the

carrier frequency, from which the carrier may be easily derived at the

M^'singte-side-band-plus-carrier Transmitters. In this case the

side band inav be generated independently, as u, the preceding section

and then added to the carrier. Alternatively, if the phase-shift s\ stern

of Fig. 12 is employed, conventional modulators may be substituted

for the balanced modulators, in which ease a smglo-sidc-band-plus-car-

rier sign..: i, -em-rated direclly.

Siiigl.vsidc-band-plus-carrier has the following advantages.

1- May be demodulated by conventional detectors. "^""Vi^^n"
i- A gain in signal disturbance ratio over amplitude modulation is attain-

able.

8. Selective fading ij reduced.

, 23. Frequency-modulation Transmitters. A great mnny
l':»ve been proposed for f-m transmitters. Three of these have found

Ppl cation to the Armstrong wide-band system,* and will be described

here

. ! l >r sample, sec BruWB, J. F., Polyphase Broadcasting. Trant. A.I.E.E.. G8, 347-350.

July. ia:w.

. ' SSSrSi^Bfa, A Method of Redncin* pijmAjmrw in Kadio Signalling by .

s>--u;,.,4 Fr..,,.,..„cy Modulation. Proc. l.R g„JU,WW40, "W, W»
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Armstrong Circuit. A block diagram is shown in Kin. MA, The
unmodulated carrier is added to the side bands after the latter have beeS
shifted l>y 90 deg. The resultant of the carrier and side-hand voltages
is therein shifted in phase (Fiji. 43/i), and this change in phase is linearly

Oscillator Amplifier
To multipliers

tyxtdafibn

input

Side bands.

7
./Carrier

ItA
Fio. 43.—Armstrong modulation system. A, the circuit a rrango merit,

(.4rm«irojH7. /*roc. 24, 089, May, 19,'Jti); B, a vector representation of
manner in which MOO band voltage is added to carrier to generate p-tn wave.

related to the side-hand voltage' so long as it is restricted to angles leas
than about 30 deg. 1 In addition to the phase shift the resultant also
undergoes a small change in amplitude which is readilv removed by 1

succeeding saturated amplifiers, the "limitcr" stages.

-10

-23

p

o

-30

-50

-60

info pre-tmA a •2Cd

frequencymodulation

fm 9- fqtte
t \

m Oi A rlafhm
\

I

s s
9

s
Of o
8

Modulation frequency, cycl e s
no, 44.—Frequency characteristics of audio system to convert phase modu-

lation transmitter into f.m.. and into prc-einphasizcd f.m.

The Armstrong circuit is fundamentally a phase modulator, since the
phase deviation is independent of the modulation frequency. If it is

1938*"™' °' L" lamtn *̂ Frequency Modulator, Proe. I.R.E., 36, 475-481. April.
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desired that the output wave be frequency modulated, for which the

nhasc deviation is inversclv proportional to the modulation frequency, it

Is onlv uecessarv to introduce a correction circuit in the modulation-

frcoiiencv amplifier whose response is inversclv proportional to the modll-

ution frequency. The wide-band system, in its present form (1910),

however, makes use of a combination of f.m. and p.m., in which the

radhled wave (for audio transmission) is frequency modulated between

,,'honi HO and 500 cycles and approximately phase modulated at higher

modulation frequencies. This combination is called yre-emphasizetl f.m.

The audio response curves employed by Armstrong for converting a

p-m trahsmitter into pre-emphasi/ed f.m. is shown in Fig. 44, along with

the curve for converting a p-m transmitter into a f-m transmitter.

Output

IE
amplifier

JFrequercj
discrimimnr |—

|

Circuit-

Reactance

lube

1

Ms > totion

Crystal

ilia tor

frequencies

Fio. 45.-—A-f-c f-m circuit.

For a sinusoidal modulation voltage the phase deviation, in any system
in which the angular velocity (nr frequency) is modulated, is related lo the
frequency deviation by

. ,
Aw

radians per second =
where A<t> - maximum phase deviation in radians

-lu = maximum angular velocity deviation
2ir A/

li angular velocity of modulation frequency in rudians per

second - 2ir/M .

bi the Armstrong system a frequency deviation of about 75 kc. (corre-
Mlvindiiig to Jk = 2t X 75 X 10' = 4.71 X 10' radians per second) is used.
II the lowest a.f. to lie transmitted is 30 cycles fji = 2ir X 30 = 188 radians

Am 4.71 X 10 s

per second), then the phase deviation needed is A<t> = — —
"~ig8

**

2.600 radians. The amount ol p.m. which niuy !>e produced in a circuit of the
JTPO illustrated in Kig. 43 is limited by non-linear distortion to a maximum of
"bout i.; radian. The increase from to 2,600 radians necessitates a
jequciicy multiplication of about 5.000. In the Armstrong transmitters,

J*'*
: - •"> plishcd in a series of low-power multiplier stages. A frequency

"'"lliplicmio,, „f 5,000 may Ik- carried out. in 13 doublers, 8 triplers, quad-
"•Wors, or combinations of these.

t! r"
r (

'

in'" il - The second f-m transmitter circuit which has found prac-
j"'jd application in the wide-band system is an adaptal ion 'of the automatic
fqiieiicv coal rol system sometimes used in a-m broadcast receivers. If

at7B->i"r"
v

- M - °- British patsot 504700; Chimeix, II.. nnd !>. Bohias, U. 8. patent

rir ,

' l>i'i:iilcil information on the operation of reactance lube and niannmmatof
"'»» may |„, f,,,,,,,! j :i ,]„, following papers: Kobteb. D. E- and S. W. Skeley. Anio-
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the grid voltage of a high pinto resistance tube is fed with r-f voltage from

the plate circuit through a 90-dcg. phase shifting network, as in l it;,

then the impedance seen, looking into the plate circuit, is very near

pure reactance whose magnitude (in the absence of degeneration) is

4l>.—lleactance
circuit.

lubo

Mutual
conductance

9m.

a-f-e

X =

Fto.

with one of the electrode voltages, sticli lis that of the control grid

By varying the transeonductun;
of a tube connect eii in this manned
called a rcucUitia tube, tlie reac3
ance may be varied from itiiiuitjfl

to a minimum value indicated by
the above equation. The tratns-

conduetance may bo varied by npl
plying the modulation in scried

In the a-f-c circuit a reactance tube is shunted across the lank circuit of a

conventional self-excited oscillator. By varying the bias at an audio rate,

the resonant fre(iuency of the lank and the oscillation frequency arc varied,!

To stabilize the mean frequency, a degenerative feedback circuit of the mimM
tyi>e a8 that utilized in automatic frequency control in receivers is employed,!
The oscillator frequency is heterodyned to an i.f. by means of a converter and
crystal oscillator and then passed to a frequency discriminator circuit, whusd
output voltage is proportional to frequency. This voltage is return
degcncratively to the reactance tul>c and serves to minimize freque
variations of the oscillator. If the circuit constants of the feedback circ

Modulation,

voltage modi krtar

Reacto.Tce ^ Modulator

oscillator

Output

Two phase
motor drive on
tuning condenser

Balanced Crystal HT phase Balanced
modulator Oscillator shifter modulator

: -r::p ncj
dividers

Fio. 47.—Morrison f-m circuit.

are suitably adjusted, the transmitter may be made degenerative for au
frequencies as well as for slower variations and the usual advantages taken
degenerative feedback. At 20 Mc linear frequency deviations of 100 kc
more are easily obtained with the a-f-c circuit, so that little multiplies!!
is needed to adopt the circuit to the wide-band system. The frequen
stability, however, depends upon the stability of the discriminator circ'

in addition to that of the crystal oscillator, so that temperature or ot

control of the discriminator may be necessary. Hum problems may Ik- mi
mixed by the use of push-pull reactance tube arrangements.

malic Tuning. Simplified Circuits and Design l'r«eliro, Froe. I.R.E., 25, 2S0-313. Mn
1037; ItoDEit, EL, 'theory of the Discriminator Circuit for Auloiiintic Frequency Con
Pmc. I.R.E., »«, 590-411, May, 1938.
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Morrison Circuit. The third circuit to be applied to the Armstrong
mtem was developed by Morrison. 1 The reactance modulator and
oscillator are similar in principle to those used in the a-f-c circuit.

The frequency correction, instead of being applied through the reactance

tube, :- ; furnUhcd by a motor-driven tuning condenser. The motor is

operated from vacuum-tube modulators, supplied by two voltages, one

of ti\ed frequency from a crystal oscillator, the .second proportional to

the mean frequency of the output signal. The difference between the

frequencies "i the two voltages actuates the motor and corrects the out-

put frequency accordingly.

The voltage whose frequency is proportional to the mean frequency of

the out put signal is derived without the use of frequency selective circuits.

This is accomplished by passing the modulated wave through frequency
dividers which reduce the depth of modulation to a small value. The
advantage of the Morrison system is that the modulation circuits and
the frequency control circuits arc independent of each other. One
function is not limited by the other, therefore.

TECHNICAL FEATURES OF H-F RECEIVERS

24. High-frequency Receiver Requirements. As in the case of h-f

transmitters the details of the specifications for h-f receivers arc fixed

by the use to which the receiver is to be put. The items which are
usually considered in the design of a receiver urn the same as those listed
for h-f transmitters and, in addition, the available signal strength,
selectivity requirements, and image pcr-

• form/nice must be considered. Jransmission line

26. Geueral Receiver-design Consider-
ations. Most h-f receivers are of the
superheterodyne variety, although at
Ultra-high frequencies other circuits, re-

enrraiivc detectors, the supcrrcgenera-
live receiver, and even diodes or crystals
followed by audio amplification are some-

,ls Tv irn] inpul/ eir_
limes employed. To attain the best cuit of receiver,
signal noise ratios, it is necessary to
amplify the signal before conversion to the i.f., or to employ a high-gain
converter tube; improved tube designs ate constantly extending the h-f
limit a' which such amplification or conversion is possible.

I''.' i.f. of the h-f bit nils of a home receiver is usually the same as that
employed for the broadcast band, which is fixed by other considerations
at about l;V> ke. This is too low to give satisfactory image response and
other characteristics for many specialized types of h-f receivers. Accord-
JPRiy, in receivers primarily intended for h-f use, higher intermediate
'"'<! fiicies arc found, values near 1.5, 3, .">. and 10 Me being common.
From the point of view of signal/noise ratios the input circuits of the

r"' • '- are of primary importance. Figure 48 is a typical antenna
Coupling circuit, which mav be idealized in the manner shown in Fig. 49,
where the voltage r and the resistances have been reduced to terms of
either primary or secondary quantities. The thermal agitation noise

»,'^'pHniBoN, J. F.. A New Hrosdcn.it Trnnitmitler Circuit Design for Frequency
°""' :Uiou, I'riv. I.R.E.. 38. 444 4411, October. 1040.
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power generated in the input circuits at room temperature is

W = 1.64 X 10_MP walls

where F is the band width of the receiver in cycles. In a receiver

optimum design the only receiver noise affecting the signal noise rat

is that resulting from thermal agitation in the input circuit. To aeco

plish this, the gain of the input circuit and of the first amplifier tube
made as large :is possible, so th.it the thermal noise of the input circ

predominates over the tube noise in the first tube and in the superhete
dyne converter and over the thermal noise in Inter circuits. 1 At I

frequencies, where the tube input resistance is very high, this is acca
plished by making the ratio Si/fit, Fig. 4!), and the gain of the fi

lube large, or, in terms of Fig. IS. the transformer ratio and its (Jure in-

high. At higher frequencies the input resistance of the tube fixes t

maximum impedance of the first circuit. In such cases best operati

is obtained if /?i is made equal to ft*. The resulting signal/noise ratf

is 3 db lower than the theoretical maximum.

generator
i resisfence

R,
i /Ss~

rWrj—-; ( )

J Resistive

Generator
;

component
(antenna) > ofinputcircuir

Fig. 40.— Equivalent input circuit of receiver. (Johnwn. l.lcwtllun,

lino., 63, 1449, Sotember, 1034.)

If the receiver is connected to the antenna through a transmissi

line, it is desirable (and in television, necessary) that the transmissi

line be terminated in its characteristic impedance to minimize reflcctio

and the attendant distortion in the frequency characteristic. This al

corresponds to making l{' - lt\ in Kig. -19.' In the design of wide-bo

receivers it is necessary also that the frequency response of the inp

circuit be considered.

Converter circuits are similar to those employed at low frequenci

except that more attention must be paid to interlocking ("pulling"

between oscillator and converter circuits since t he rai io of signal to hit:

mediate frequencies is usually high. If separate oscillator and mix
tubes are employed, the 1851 and 1852 tubes will be found to have hi

conversion tr.-itisconduclanccs, of the order of 3.000 micromhos, and I

noise.* The (5K8 tube is the best combination mixer-oscillator tu

available at present (1910) for use in h-f superheterodynes.
26. Ultra-high -frequency Receivers. 1'p to about 100 Me u-h

receivers follow the same patterns as other h-f superheterodyne receive

Differences are as Willows: r-f amplifier and conversion gains are lowe
loading of tank circuits by tubes is more troublesome, higher intermedia
frequencies are employed, and interlocking of oscillator and amplifi

tuning is more difficult to avoid.
1 Joasftos, J. 13.. unit V. li. Llewellyn, Limit** to Amplification, Eire. Eno„

Nlfl-1151. NoveniWr. I '.«!.

J Kauemann. A. I*.. Npw Tptpvwion Amplifier ltppeiving Tnbr*. RCA Ret., 3,271-
January. 11131).

Amplifier
Output
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To avoid excessive loading of the tank circuits (Fig. 50) by the lubes,

,].,, phic and grid connections are tapped down on the tank circuits.

I,,.;,, I
lengths should, of course, be short, and the use of by-pass capacitors

with low-impedance leads is essential.

The 6K8 tube as an oscillator-converter or the 1852 as a converter with

a separate oscillator were most widely used in 1910.

no Typical u-li-f atiiplificr circuit.

Abevc about :,<H) Me ii i- difficult to amplify the received signal at the

carrier frequency using conventional u-h-f tubes. A diode converter

circuil successfuilv used in a 700-Me receiver 1 is shown in Fig. 51. The
third harmonic of the oscillator heterodynes with the incoming signal

in the special diode to produce a
To 10Mc
t.F.

TOOMc
signal

Smal!
diode

10-Mr i-f beat
IWause of the dilliculty of

amplification and frequency con-
version of centimeter waves
simpler receiver types than su-
perheterodynes are often em-
ployed. A crystal detector fol-

lowed by an audio amplifier. Fig.

52, is the simplest of these and,
while insensitive, is frequently
used in laboratory receivers.
Hegencral ive detectors, as in

fr'ig. ">:{. have also been em-
ployed. To increase the sensi-
tivity, the siipergenerative prin-
ciple is often used.1

1'eihaps the most promising
.development in centimeter-wave
receiver technique is the applica-
tion of the electron-beam princi-
ple to converter ami amplifier
h|

t"'-. It is probable that this
pnticipl,. will be widely used in
the

i, future and that appreciable amplification at frequencies above
>u"0 Me will be attained thereby.

«,'Bowlss, E. I... W. L. Bauunr, \V. M. Hall, 1-". D. Lewis, and I). K. Kemii. The
A \ \| |T [ lstrllm ,.„| Landinn System, presented nt A.l.E.E. Convention Jan. 22, 10-10.

«-*M«ny nu,-|, m-ivni arc de-scribed in the tnllowi-m: liitooa. O.. " Kinlnhruiig n
• heo-i- ,|,„| Tci-hnik d >r Derimi-tprwc-llcii." S. Uirii-1. Leipm. 11137; " Itailio Amateur;»
Handbook "

|7,|, ,.,[., American Radio Helny I-caeuc, Hartford. Conn.. 1039: " Kadi,
"iiiill.nok." hi. by W. W. Smith, 0th cd.. Radio. Ltd., Santa Barbara. Call!., 1030.

in,,
AI,Ji

- W. C.. and 0. ft Metcalf. Velocitv-niodulatcd Tube*, i°ror. I. II. IS.. IT,
""Hill. February. 1039.

]230MC
ioscil/afar

Fio. 51.—Centimctor-wavo mixer cir-

euit. (Rowles, Harrow. Hall. Lewis, Ken,
The CAA-MIT Instrument Landing
System, prrxi.ntrd at A.l.E.E. Vonvtntion.

Jan. •>>, 10-10.)
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27. Reception of Single-side-band-plus-carrier and Asymmetric-side,

band Signals. Signals "t these types may he simplified :nnl demodulated,

with conventional reeeivers. In tlie asymmetric-side-hand ease the

carrier in the side-band filler should normally be located at the midpoint

of the filter attenuation curve, i.e., at the point where the filler ta db

down. Such operation normally gives minimum distortion.

1_.
Fio

Crystal

defector

A-F
output

IK 00tp(/t

52.—Centimeter-wave detector. Flo. 5:t.- C'cntimcler-wnve re-

generative detector.

A single-side-band-plus-enrrier si«n:il suffers a certain amount of non-j

linear distortion when rectified by a linear rectifier. Figure ?>\ shnWM

the r-m-s total of the harmonies produced by the demodulation of

a sine-modulated singlc-side-hand signal by means of si linear rcctiiierj

This distortion is largelv second harmonic, and may be partially avoided!

by the use of a full-wave or of*l
square-law demodulator. Some evi-

dence indicates silso that the distor-

tion produced by the demodulation
of a single-side-b:tnd signal by a lin-

ear rectifier is not so objectionable t*J

the esir as the values indicated by tbftj

curve would indicate, ['or sinusoid*!

modulation no distortion is produced]

if the singlc-side-band signal is dW
modulated by a square-low rectifieM

The modulation depth nt of Fig. ^
equals 2 when the side bi'nd and caTl

rier are of this same amplitude.

In asymmetric-side-hand trsinsunH

sion the demodulation distortion 1

avoided by the use of both side band*

at modulation frequencies for whiol

At high inudulatiod

~0
0.7 0.4 06 OB ID 11 W 15 18 3.0

Modulation cfepfh.m.

Fio. 54.—R-ni-e total harmonic
distortion introduced in demodula-
tion (by linear detector) of sinusoid-
ally modulated sinffle-uide-batid-

plu»-carrier signal.

the percentage modulation is likely to be high.

frequencies the energy content in typical program material is low, *^

'Worn. P. J.. Modulation Distortion (in Dutch), Tijdtchr. Ntderland. Radioon"""'

7, '(9-111, Aj>rU. 193(5.
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lhat tins distortion resulting from rectification is correspondingly low. 1

An alternative expedient that may be employed is the accentuation of

the "carrier in the receiver. No simple means of accomplishing this is

available, however.

Antenna

^amplifier

inverter

and
oscillator

l.F.

amplifier
Limiterj—

[Q|or nmplifier

—

Fio. 55.— Frequency-modulation receiver.

6SJ7

Output
transformer

IF.
Transformer

SO to 100

volts

Fio. 56.—Conventional limitcr circuit.

While the demodulation distortion is higher in single-sidc-band-plus-
enrrier and in asymmetric-side-hand systems than in a conventional a-m
transmission, it should be noted that distortion resulting from selective
Fading, which may be very objectionable, is reduced.

28. Single-side-band Receivers.
In order to demodulate a singlc-side-
hnnd sinmil with a conventional recti-
fier, si carrier of approximately the
correct frei|iiency st be sidded to
the received signal. For highest
quality reception ihe replaced carrier
must t„. within I to 3 cvcles of the
correct position, since "all the fre-
Qjucncies m i|„. reiscived signal will be
sinttcl by t lie amount by which the
"•placed carrier deviates.

. simplest means for replacing
""' farrier is t„ add the output of a
i.ttiie oscillator to the signal in the
or r.f f-hatinol of the receiver,

SJ00
o

2 80

*40

0.1

Fio.

z

/

1
0.7 03 0507 1.0 1 3 S 7 10

R-F Input
1

voltage

57.—Typical limitcr charac-
teristic.

is?!
I

''V'sf'jlator is convenient for this purpose. If the carrier is replaced
ne i-: circuit, the hcterodvne oscillator of the superhelerodvne must
havge Rood „| U l.iIitv.

In
fit

' "|
: "' v siiigle-.side-i>and signals a pilot frequcnev is transmitted along

11 "i< signal, from which the carrier is del"

^Pli-lii!.,., isaa
P. V.

rived at both the receiver

Aayuiinctric-sidoboiid Broadcasting, /'roc. I.R.E.. S6, 1041-1093,
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and the transmit tor. If this arrangement is employed, the rorciver

earrier froquenev cannot depart from the con-ei value In some arrange,

monts tin' pilot frequency is filtered from the signal and used to operate

an automatic frequency-control circuit connected lo the heating oscij.

lators. A number of schemes have heen devised for this purpose. 1

29. Frequency-modulation Receivers. In Fig. .">;>. horn the antenna

through the i-f amplifier, the receiver is quite conventional and. for the

wide-band svsteni in present use (l'MO). should have a baud width of

150 to 200 k'c. Following the i-f amplifier is a liuiiter stage, designed to

Audio
Output

IS] iliait-FKEQUBNCY TRANSMISSION AND RECEPTION 5G3

nn he accomplished, an input signal only a few decibels above the noise

i v.-l can be made to produce noise-free output voltage.

The' demodulator circuit, which follows the limiter, is designed to

onvert frequency variations into 1-f output and also to assist the limiter

fn *iiiitires-=iiiK amplitude variations. The two circuits of Fig. 58 are in

.iirreiit use Figure 58.1. Armstrong's circuit. 1 employs two series LC

circuits resonant above and below the mid-band frequency. The volt-

nit,.-; of the two series circuits are rectified and combined in the polarity

which partiallv cancels amplitude changes. Figure f>8# is an adapta-

tion of the froquenev discriminator, employed in automatic frequency-

control circuits.* It' affords the same advantage of partial cancellation

of amplitude variations as the circuit above.

i *jmmtkov<i. V.. It.. A Method of Rodudni Disturbances in Radio WgaaHtal by !i

8™,,!!, or r,..,'.cnrv Mnd.ualton.Pr*:. I.R.B..U.W> 740, May. <«'

K.i-ikh. I). E.. undS. W Skki.kv. Automatic Tuning. Simplified ' ircuitsnnd Desist,

""uri-li. IW- RciuKll. 11.. Theorc
II

torCircnii for Automatic Frequency Control. Prac. I.R.E.. 86, 500-nt I
.
May

.
10.18.

J J

e> Choke }

Audio
output

o

f

T
j

FlO, 58.—Frequency-modulation demodulator circuits. A shows A

strong circuit (Armxtnmu. I'roc. I.K.K.. 24, ."<»//. VXUi): It shows IW
tiuency discriminator. By-pass eoiideascr is for r.f.

remove amplitude variations from the signal as completely as possible.

The time constant of the //(' combination is preferably less I ban 10 micro-

sec. in an audio receiver. It is essential that the horizontal portion

of the input-out characteristic of a limiter stage be Hal . and n is dcsirao"

that it extend to low values of input voltage. New developments™

limiter circuits will undoubtedly improve these two limiter properties

cull advantage cannot ho taken of the benefits possible with the wuw"

unnd svstem unless sufficient gain is provided preceding the l |m,t '.' r
.

j,

that the input signal is always beyond the flat part of the curve. U t n

' Koouank. N.. 8i!iKlM»iilp-l)nnd Telephony Applied to the Rudio Link lw?tw«

Netherlands and ito- Netherlands ICast Indie*. Proe. I.R.E..M, 182-200. February.

Pdi.kinioioiis. V. A., and N. V. Si imm k. A Simile Side.l,:md Short-wave SsysM

Trans-Atlantic Telephony. Prne. I.R.B.. *3, 701-718, July. 1035: Oswald. A-

Short-wnve Sinjtle-sidc-band Radio Telephone System, i'roc. I.R.i... SB, Moi-

December. 1038.

..is:

let

\ ft
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SECTION 16

CODE TRANSMISSION AND RECEPTION

By John B. Moore, B.S. 1

1. Radio communication, as distinguished from radio broadcasting
of educational and entertainment programs, is carried on chiefly by means
of some one of the recognized telegraph codes. Radiotelegraph signak
are, therefore, made up of short and long periods of constant signal
strength separated by idle periods of proper duration to correspond^
the combinations of dots, dashes, and spaces comprising the character
of the code being used. The design of the entire system must be --rich

that the lengths of the riots, dashes, mid spaces in the signal supplied
to the receiving operator are substantially the same as they were made
by the transmitting operator. In a simple system operated at slow speedy
no special difficulties are encountered in meeting this requirement. Pre*
ent-day commercial systems, however, which utilize remote control from
a central traffic office and which are operated at high keying specdv
impose severe requirements on all the equipment used.

2. Standard Codes. In international communication the lnlernation
Morse Code is used. Specially marked and accented letters such as a,"

used in German, French, and the Scandinavian languages have speci
characters which are used when working a station in the same country
or its possessions. When communicating with a foreign station, theaB
letters are either replaced by a combination of unaccented letters or ill

some cases the unaccented letter is transmitted alone. Some countries
such as Japan and Kgypt having alphabets differing radically from the
Latin alphabet use special codes for working within the count rv or tfl

ships. Nationals of such countries desiring to transmit a message in

their own language to a foreign country must spell out the sounds of the!,
words in one of the languages using the Latin alphabet.

3. Business Codes. Business concerns that have a large volume
telegraph communication use so-called five-letter or ten-letter codes.
Standard codes for such use are available and consist of groups of letter*

arranged alphabetically; each group standing for a complete sentence
or part of a sentence. Special and private codes are also used, and larg?
concerns often have a department for the coding and decoding of cod
telegraphic messages.

4. Printing Telegraph Equipment. Various types of printing systen
in which the received signal is automatically printed in standard lettc

on a paper tape, are being employed on the higher grade radio circuit*

of the world. The trend is toward such automatic reception, as a sub*
stitute for manual transcription.

Codes employed are the Standard International Morse Code, the

"five unit" Baudot Code, and the recently developed 1 "seven unit"'

i ode.
' Itwarrli ri-criviug •nianrcr. K.C.A. Cuinrrruniralions, Inc.
f.S. IWrrl 2.183.1-17
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A
B

D
E
F—

—

G
H
1 -

K
L
M
N

p
9
It

9 —
T —
U
V

WX—
z

A (German)

A or A ISpanirth-Scandt-

navian -——*
—

CH Cerman-Spanifih

6 (KrenclU

N (Spanish)

(German)

U (German)

3-

6

6 -—*»»-

Period •

Colon — : -

Question mark, or request for

repetiton of a transmission

not understood ? *

Apostrophe ' •

Dash or hyphen .............
— •

Fraction ber /

Parenthesis (before and after words) < )
-

Underscore (before and after

words or part of sentence).....

Equal sign =

Understood.

Error — •

Cross or end-of telgram or end-

of-transmission signal *

Invitation to transmit

Wait

End of work-..-.

Starting signal (beginning

every transmission)

Separation signal for transmission

of fractional numbers (between

the ordinary fraction and the

whole number to be trans-

mitted D and for groups con-

sisting of figures and Letters

(between the figure-groups

and the leticr-groups)*-------

Vio. 1. The Continental code.
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The International Morse Code consists of dots ami dashes, as depietea

on page 576. The Baudot Code is liuilt up of all possible combination!
of five consecutive and equal time intervals, numbered 1 to 5. into whiclf

the length of time allotted to the transmission of any code group
divided. The ".seven unit" printer code divides the time allotted fo^l

transmission of any one code group into seven eonseeutive and equal tima
intervals. Only three of- these possible seven pulses are used lor miyl
code group or character. The receiving equipment is so designed that tg
received group containing fewer or more than three pulses or marking
intervals will cause a special "error sign" to be printed instead of »n

incorrect letter or figure.

E. Multiplex operation oyer a radio circuit has certain very definitj

advantages from the viewpoint of the traffic man. No single operator ca

keep traffic moving at 100 words per minute. The radio circuit, howeve^
is often capable of handling twice this speed or better. Economic?
operation then requires that two or more operators be assigned to thd

circuit. Multiplex equipment permits doing this in the most expeditious
and straightforward manner since each operator then has a channel under
his complete control. This makes it possible to efficiently use suitable

printing telegraph equipment—each such channel being handled by
single operator at a speed of approximately 50 words per minute, Thrcel
such channels give a circuit capacity of 150 words per minute, with no]
complications such as are experienced \vhcn such high-speed operation
is attempted over a single-channel circuit employing tape transmission
and reception.
Two basic types of multiplex system have been employed. One|

utilizes two or more modulating frequencies, winch arc applied to the

radio transmitter. The other employs the time-division principle. This
latter is a more recent development, as applied to radio communication
systems. Its chief advantage is that it can bo applied to any radio-

1

]

telegraph circuit which will properly handle the keying speeds required!
by the particular system and equipment. Time-division multiplqB
Systems now in use on long-distance radio-telegraph circuits provide
total of two, three or four separate channels over the one radio circuit.;

6. Character Formation. The unit used in code characters, and in]

figuring speeds of transmission, is the dot. Present practice, based om
automatic transmitting equipment, is to speak of dots per second. On
this basis the time required to transmit one dot includes the duration
of the space separating the dot from the next element of the character.

As the duration of the dot itself and of the following space are equal!
they constitute a cycle. Keying speeds are, therefore, commonly state

in dots, or (square) cycles, per second. The equivalent time require

for the transmission of the other elements of tiic code are as follows:

dash, two dots; space between letters, one dot; space between words,
three dots. For traffic purposes speeds are generally stated in words pel
minute. The ratio of words per minute to dots or evcles per second a
generally accepted as being 2.5:1 for usual commercial traffic. 11)1) words
per minute being equivalent to 40 cycles keying frequency.

In the Baudot code used for printing telegraph equipment, the duration;
of the character is divided into five equal periods. For any one of thesl

periods either a marking, or a spacing (no current or reverse current)

impulse may be transmitted. One impulse is required between letters!
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jnid in the non synchronous type of equipment an additional impulse is

required at the start of each character to set the receiving mechanism

i„ motion. The total number of elements per character is, then, either

six or seven depending on the type of equipment used. The space

between words is a full-length character. The code consists of a. differ-

ent combination of marking and spacing impulses for each character,

i here being a total of 32 possible combinations for the five periods utilized.

For calculation of keying frequency the single period or element, which

is i fie shortest impulse required to be transmitted, corresponds to the

marking portion of a dot m the Morse Code. This is one half cycle.

For the non-synchronous printer equipment each letter requires, for its

transmission, seven half cycles or three and one-half full cycles. On the

basis of five letters per word and a space hotween words, the ratio of

words per minute to keying cycles per second is 2.86 to 1, This is the

figure realizable with automatic tape transmission. Where the impulses

no directly from the keyboard-operated machine to the line, the dot
speed will remain unchanged, but the number of words per minute that

can be transmitted will be reduced on account of the unavoidable irregu-

larities in the speed of the typist.

7. Required Frequency Range. A square-wave shape such as a suc-
cession of dots, where the value of the current or voltage rises instantly
to a stead)' value at which it remains for one half cycle and then instantly
drops to zero, can be analyzed into the fundamental and all of its odd
harmonics. The equation of the voltage wave is

e = ~^sin x + | sin 3* + ^ sin 5a; + • \ (I)

which holds for values of x between —ir and +jr. For most practical
telegraphic purposes it is only necessary for the system to pass the funda-
mental, third, and fifth in their proper intensity and phase, as terms of
higher order do not add sufficiently to the fidelity to warrant building the
equipment to handle them. The frequency range required by a sufficient
number of higher order harmonies to give appreciable improvement can
"'ten be used to better advantage for additional channels.

For any service where the received signal strength rises to the same
maximum value on every dot and dash, it is not necessary to pass even
the third harmonic of the keying frequency. A system which will pass
t he second harmonic of the fundamental keying frequency is satisfactory.
.1 receiving equipment can be adjusted to Operate at a fairly definite
leyel on t fie building up and decaying of the current or voltage wave so
«s to K i V( , characters which are neither too heavy (long) nor too light
(short

;> ag compared to the spaces. However, in a system where the
''pceived signal may vary by 2:1 or more in intensity at fairly short and
'jequent intervals, it is* necessary to have quite a steep rise and fall of

.?!* received signal at make and break in, order to obtain a constant
weight " of keying. This applies particularly to automatic reception,
"ere ihf, signal operates a recording device cither directly from ampli-

I

'is or through a relay of cither the mechanical or vacuum-tube types,

frc
miral roce

f'
t'on it is desirable to retain the harmonics of the keying

queticy, as the signal then sounds cleaner cut and more definite, making
easier to read.

svste
SCS of interference, in both the radio and the land-line portions of a

0| u, are sometimes encountered where it is necessary slightly to round
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off the sharp, square envelopes of the dots, in order to reduce or eliminate]

the interference or cross talk caused by the loo sudden rise and fall

current.
Where the exact effect of a Riven circuit on the shape of a square inpj

wave is desired, the range of frequencies passed by the system must
"

considered as a continuous band rather than dealing with only odd hap
monies of the keying frequency.
The usual modulation and side-hand theory of radio telephony

applied to code trail, mission by considering the fundamental keying
frequency, and such of its harmonics as are passed, to modulate the

carrier KM) per cent. The total baud width required to be passed bj
the entire system is equal to twice the frequency of the highest harmony
of the keying speed that it is desired to retain. (See Arts. 30 to 33 for

actual values.)

8. Speeds Attainable. Speeds of transmission range from about ll

up to 300 words per minute; the corresponding keying frequencies beimj
ti to 120 square cycles per second. Work with ships and with a ire rang

is can led on mainly at speeds up to about 35 words per minute. Tr
mission is by means of a manually operated telegraph key. UeccptioJ
is by ear. In point-to-point service, such us transoceanic, traffic speed
normally range from 30 up to 250 words per minute depending upon th
type of equipment used, transmission conditions, and the amount a
traffic to be handled. Keying is done by machine almost entirely, hand
operated keys being used 'only for minor service communications, ltecer

tion is generally by means of an ink recorder, the telegraphic characte
on the tape being transcribed on a typewriter by the operator. An
reception is resorted to only under adverse conditions. In radio syste

where multiplex equipment is employed on the circuits, each channel i

the two or three going over a single circuit will operate at approximate!:
")0 words. per minute. This gives the circuit a total capacity of 100 d
150 words per minute.

9. Fidelity of the mark-to-space ratio, while important at all spec
requires special attention when automatic operation at speeds in exce
of 100 words per minute is to be maintained. Where (he duration
the mark jiortion of a dot is only 'mi sec. or less, factors that are difl

regarded at slow speeds become of primary importance. Automatl
transmitters, relays, and electrical circuits should be fast enough so tint

the signal supplied to the recording equipment will not be heavier tha-

fiO 10 or lighter than 40 (!t) in mark-to-spaie ratio at the highest spe-
used. At 200 words per minute, which is not exceptional in present-da:

short-wave work, this means a variation oi i-ot more than 1.25 millis

in the duration of a dot. While il is sometimes possible to couipeiisa

for heavy or light keying characteristic- by means of relay adjustincn
in another portion of the system, this should not he depended upon f

obtaining the desired over-all fidelity. Kadi unit of the system shoilL
In- capable of giving i he required fidclil y at a speed in excess of i he maxi-
mum operating speed, the margin required depending on the number <£

elements in the over-all system ami the fidelity of each.
10. Checking the keying characteristics of portions of, and of th

entire, system is done by means of keying wheels which send out eith

a single word over and over, or a succession of dots of 50/50 mark-t
space ratio. For speeds tip to about 100 words per minute the usiu

high-speed ink recorder can be used for checking character formatio
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„„;,,. satisfactorily. For accurate information, especially at higher

.',
'! ,|,' some forin of oscilloscope or oscillograph must be used. I he

i

"
,-o'ltagc tvpc of calhode-rav oscilloscope is admirably suited to this

work v here photographic records are often not required. Associated

nmnliliers must be better than the equipment being tested.

11 Requirements for Facsimile. Facsimile service requires equip-

ment capable of handling keving frequencies up to about 500 square dots

,„.r second This speed is possible onlv on short-wave equipment and

requires a band width of about 5.000 cyc les. In the transmission of fac-

simile half tones higher keving speeds may require a tolal band width of

lO.IHMl cycles. This system of facsimile is now practically obsolete.

RADIOTELEGRAPHS SERVICES

Services. Code-communication channels and equipment can be

classi'ieii, according to the type of service rendered by them, under

the general headings of transoceanic, shorter distance point to |>omt,

shin to shore, aircraft, special mobile services, and military.

12 Transoceanic (long-wave >, long-distance communications were,

prior to 1928, handled almost exclusively on frequencies ranging from

about about 30 ke. Great-circle distances covered on such com-

mercial circuits range from 2.(MK) to 5.000 miles, roughly. I o cover dis-

tance greater than this with commercial reliability requires so much

power to be radiated from the transmitter that it becomes uneconomical.

Approximate values of signal strength to be expected are calculated from

i he \:istiii-i'iihcii transmission formula

0.001 il)
u XiT7

Where /// = effective height times current, for traiismittiun antonua in meter

amperes
X = wave length in kilometers

D = great-circle distance in kilometers
- arc of great circle between transmitter end receiver

B - received field strength in microvolts per meter
or tin- slishtly different expression

MV illHI
a ir

where

_ . fiv mini

0.005/)

gta>h is derived from data taken on the New York to London circuits at

'rcnuciiciea ranging from 17 to 00 kc. 1

13. Field Strength Required (Long Wave). For successful operation

•he received field strength must be suiiiciently above the level or atmos-
pheric disturbances and other local sources of noise to give fully readable

wgnals. Automatic recording requires a signal-noise ratio of at least

2:1
- This is based on the general, or average, noise level. Moderately

1

EarKNHcmED, Anderson, anil Bailev. Proe. I.R.E., February. 1020.
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severe atmospheric disturbances such .is "crashes" mid ''clicks" <M
be from several to perhaps ten times as strong as a normally satisfacto;

signal. Field strengths obtained on transoceanic circuits range fr;

10 or less up to 2;">0 mv per meter. A value of 21) is about the minimi
for satisfactory communication under average conditions. Mode/
high-powered transmitting stations have an antenna input power of fro

40 to 500 k\v with output ratings up to some 130,000 meter-amp.
14. Short Wave. During the last few years "short waves" h

assumed increasing importance in long-distance radio communication
all types. Frequencies used range from about 1,000 to 23,000 kc, depe
ing upon distance, season of yclir, time of day, ami path trave
Proper choice of frequency allows of reliable communication lietw

any two points on the earth with transmitters of modern design. Po
output of the equipment ranges from 1 to 10 kw. Owing to the extre
variations in transmission conditions encountered at these frequenei
it is necessary to have available at least 10 kw output from the trac.

mitters for high-speed automatic operation over the longer dislauc
Even with the maxi m output of present transmitters and with di
live antennas for both transmission and reception, communication
slowed down or even stopped, at times, by severe disturbances in tr

"~

mission conditions. Normal field strengths obtained at the receiv'
antennas range from 0.1 up to 100 jtv per meter or more, depending
transmitter radiation, j>alh and transmission conditions. The minim
signal required for reliable conn via! operation depends partly on t

noise level at the receiving point Atmospheric disturbances' (static
while troublesome at times, are not so serious as in the case of Itt

waves. Fading requires the use of a greater signal-noise ratio on sh
waves. I'tilization of space, frequency, polarization, or time diversity
fading will overcome, to a great extent, the bad effects of static and pe
successful operation on much weaker signals. A very rough estimate
the minimum field strength ordinarily required for code communicatio
with automatic recording, is 5 iiv per meter Slow-speed aural recepti
can be carried on with field strengths of as iow as 0.1 *iv per meter.
Minimum field strength required is determined by (1) directional d"

Iribution of noise at the receiving point, (2< directivity and pickup of t

antenna system, which arc both effective in determining the gain of t

antenna in signal-noise ratio as compared with a standard verti
doublet; (3) the noise equivalent of the receiver itself.

16. Short Waves vermis Long Waves. Advantages of short wav
for transoceanic code communication are (1) lower first cost of equi
mciit and antennas, (2) smaller power consumption, (3: higher keyi
speeds of which the equipment is capable, (4) less trouble from stat*

(5) directive transmission, (6) greater distances covered with a reaso
able and practicable transmitter power. Disadvantages arc (l)int'
ruption of service due to severe magnetic disturbances, (2) effects
fading, (3) necessity of having several frequencies, a separate anten
being required for each, for 2-1-hr. service the year round.

Advantages of long-wave operation are (1) freedom from interrupt
1

of service by magnetic disturbances, (2) comparative reliability"

steadiness of signal strengths. Long-wave arcs, alternators, and tube
are used. Tube transmitters, only, are used for short-wave opcrati

16. Point-to-point communication for distances up to some 2,
miles is carried on at frequencies ranging from approximately 30
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uo to 100 kc. These stations are used for domestic service and also

for the shorter international circuits. Certain bands in the G,000- to

)•: iKm-kc portion of the spectrum arc also used for these shorter circuits.

Tvpes of equipment used for 30- to 100-ke work include spark (obso-

lete), arc, frequency multipliers, and tube transmitters. For short-wave

oner ilion, tube transmitters arc used exclusively.

17. Ship-to-shore and ship-to-ship communication is nn entirely

different class qf service, in all respects, from point to point. Except

.,t ilu larger coastal stations and on a very few ships, transmission is

cntirelv bv hand and copying is by ear. This is because of the nature

of the service; a coast station usually has not more than 10 to 20 messages

for one ship at a time, and vice versa. Automatic transmission and

reception arc used onlv when traffic on hand amounts to some 40 messages

or more. The same "operator generally handles both transmission and

reception, which is not the case in point-to-point work. Owing to the

groat number of ships, and to the intermittent nature of their traffic,

the marine frequency bands must be shared by all ships. This creates

interference and traffic-handling problems that are not encountered in

poinl-to-poiut work. A marine operator must lie located at the receiving

equipment. Remote control is used only on the transmitters of coastal

stations, the transmitting and receiving stations being separated by
distance's of up to 50 miles to permit of simultaneous transmission and

reception.

Frequencies utilized lie within the 100- to 550-kc band; those around

150 kc being used for long-distance work to the .larger ships, while those

from 11)1) to 550 kc are for shorter distance work, mainly to the smaller

dupa, and for distress calls (500 kc). Coastal stations using efficient

.">- in li)-kw transmitters and directive reception can normally work ships

tboul 1,500 miles and up to 3,000 miles under favorable conditions, at

the lower frequencies. Operation in the 400- to 550-kc band is more
variable, a 5-kw transmitter having a normal daytime rnnge of around 500
mile; and a night range of several thousand under favorable conditions.

Spark (obsolete), arc, and tube transmitters are used at the lower

Frequencies. On the higher frequencies tube sets arc replacing the old
spark equipment. These operate either cw or icw as desired.

Short waves have been coming into more and more use for the handling
of ship-iiHshorc telegraph traffic and special services. The chief advan-
tage > i|„. „,.,..,, distances that can be covered with a low-powered trans-

mitter, as compared with conditions existing on the 500-kc and lower

frequency IM; i ri,iC bands.

TRANSMITTING SYSTEMS AND EQUIPMENT
18. The high-frequency alternator is one of the most used types of

transmitter for long-wave transoceanic code communication. The
Al<Tiii„l, rxon nltcrnntny used in this country is a high-speed inductor-type
machine having a large number of poles so that frequencies up lo 30 kc

UJ>'I higher may be obtained directly. These machines have an output of

ku and are driven bv a 000-hp. two-phase induction motor through
a set ,,f „

(
,. lrs tl( ^ vt , th,. desired alternator speed. The stator is built in

*.'' <
'

| i'>iis •,, facilitate dismantling for repairs and maintenance and has
1,1 sep:, rate windings which are connected to separate windings on the
ln,,, ''um-input transformer. One winding is used to supply a tuned
'"'"•nit, the output of which is rectified and used for automatic speed



572 THE RADIO ENGINEERING HANDBOOK lSec.lj

control. Forced lubrication anil water cooling arc used on accountfl
the high speed and relatively high losses as compared with i-omincrcM
power-frequency machinery. Such an alternator intended for operatiojl

at 27,200 cycles is driven at a speed of '2,l>7.') r.p.in., has 1.220 poles, tJ
requires a field current of 2 amp. at about. 120 volts.

To maintain the frequency constant to approximately 0.1 per c

and to have it the same under conditions of full load and practically

load, elaborate compensating means arc provided as shown on
schematic diagram. Primary compensation saturation transform*-""

each have an a-C and a d-e winding so connected that the voltage at t'1*

motor depends upon the impedance of these transformers which, in '"V:
depends upon t lie value of current in the d-e. winding. Connected to tn*
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r riiiEs of the wound rotor are two banks of liquid rheostats, the

» mini" bank being connected at all times and the compensation bank

i

'

thrown on or off bv the contactors. These contactors, and the

1 i. lor in the primacy compensation d-e control circuit, are operated

t i, a master relay which is controlled from the central traffic office.

Cotnu'en-itii'M adjustments are made to maintain the machine at the

L„ ( . speed with the control key open or closed.

19 Method o/ Keying. Keving the output is accomplished by means

nf n 'magnetic modulator which is a special transformer having an a-e

winding and a different iallv connected d-e saturation winding. \\ hen the

rontrol kev is open, a relav closes this d-c circuit, and the resulting drop

in impedance of the a-c winding detunes the antenna anil reduces the

alternator output voltage so that practically no current circulates in

'(!„ antenna circuit. For kev closed, the d-c winding is dcenergized and

the •uiteiina c ircuit now Ik-coiiics resonant to .the alternator frequency, so

that normal antenna current is obtained. Owing to the low frequency of

the-vtcmand the low resistance of the antenna circuit, also on account of

the large enntactors required in the compensation circuits, keying speeds

•ire limited to about 120 words per minute on long-wave transmitters.

20. Goldschmidt Alternator. Another type of h-f machine that has

been used to some extent is the Goldschmidt alternator I he funda-

mental frequence generated is usually one-fourth of that desired, this

is then .hanged'suceessivelv to the second, third, and fourth multiples

hv utilizing the e.m.f. generated in one winding by the rotating field due

to current of l he next lower order frequency winch is flowing m the other

winding The heavv circulating currents are obtained by tuning the

respective windings, t he output circuit being arranged to deliver energy

to the antenna at the desired multiple frequency. The object of this

method of obtaining radio frequencies is to use a comparatively low-speed

machine rather than to attempt direct generation at the desired fre-

quency, which requires the use of a high-speed machine having a large

number of poles.

21. Static Frequency Multipliers. Present practice favors the use of

Ital ic frequency multipliers where it is desired to use an alternator of com-
parativelv low' frequency. Two general methods, both of which depend

upon 1 1>. use of special transformers having d-c saturation windings, are

employed. The first utilizes either two or three transformers connected

m wich :, manner that the second or the third harmonic of the funda-

mental is in phase in the several output windings. The second may
.utilize but a single transformer, with a d-c saturation winding. I he

output winding is tuned to the. desired harmonic frequency and receives

Us energy by ''shock excitation." This is accomplished by so adjusting

the d-c and a-c supply currents that voltage is induced in the secondary
"aiding for „nlv a small portion of a cycle of the supply frequency. In

maimer harmonica of the fifth, and higher, orders may be obtained.
• 22. Arc transmitters are used, to some extent, for long-wave trans-

oceanic work. There have been two main objections, however, to the
Uf* of such equipment Most arc transmitters emit two frequencies,
one for mark and the other for space. As there must he a sufficient

;rcqm.i,,. v difference between these to allow of (heir being separated
in the receiving equipment, one such transmitter really requires two

""•mmiiwation channels for its operation. The other objection has been
fnat i„„s ,

,m . S( ,, s ni iitted strong harmonics. These can, however, be
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prevented from radiating strongly by proper shielding and the use J
properly arranged circuits for feeding tfie antenna. Flimination of tha
space wave or "back wave" is rather diflicult in transmitters of thd
type, especially when the output may he as high its 1,000 kw in larM
installations. The actual power output of the arc cannot he keyed, am
the arc, to he stable, must draw a fairly constant current while iti opera-
tion. Keying is generally accomplished by changing the inductan
of the resonant circuit associated with the arc, thereby changing t"

frequency of the emitted wave. This is dotie by short-circuiting a fc

turns that are coupled to the main tuning inductance.
Methods have been proposed for shifting the output of the arc to

dummy antenna, or absorbing circuit, for keying the actual pow
radiated on but one frequency. Such methods have not come into g
era I use.

The are is operated from a d-e source, usually motor generators, at
voltage of from 300 to 3,500 volts depending upon the power rating
the unit. It burns in an atmosphere rielt in hydrogen, which is suppli

Flu. 3.—Arc transmit tor.

by gas or by tin' vaporization of some such liquid as alcohol which is

into the arc chamber. For the eflicient production of undamped osctT
lions the are must burn in a transverse magnetic Field. This is suppli
by a large electromagnet, t lie poles of which are respectively above a
below the arc chamber and the coils of w hich are energized by passing t

are current through them. The intensity of magnetic field required f

optimum results is inversely proportional to wave length and also depen
upon the material used to furnish the hydrogenous atmosphere in the
chamber. Values normally range from about 2 to 20 kilogausses.
water-cooled copper anode is used with a carbon cathode which is slow
rotated by means of a motor while the arc is in operation. A curren
limiting resistor, normally used while striking the arc, is shorted out wh
the arc is running.

23. Tube transmitters have been used but little ut frequencies bet w
14 and 30 kc for long-distance communication. Tubes to handle the

power required have not been available until quite recently. This
meant that a number of tubes had to be operated in parallel in the pow
amplifier stage. Such transmitters have rated outputs of from 40
500 kw and tire of the usual master-oscillator power-amplifier type.

24. Long-wave antennas of the various familiar types such as the
inverted L, ami umbrella have been used. Masts for these structl!

have, in some cases, been as high as 1,000 ft. Ordinarily they range fro
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ino to S00 ft high. The technical problem is to get a* many amperes

;, ,„ antenna of as great an effective height as possible with a given

nowcr input. Voltages from antennas to ground may easily be 100

Lv or more so that corona and insulation considerations place a linuta-

the design. Of the total power supplied to the antenna, the useful

mirtion is that radiated. The remainder is accounted for by conductor

Uses coil losses, leakage, and corona (if present), and by loss in the

resistance of the ground-return path. In a structure where most of

111,, (••ip-ieitv is from the flat top to earth, and where the dimensions are

considerable less than a wave length, the radiation resistance is given

.nproximat'elv bv the relation R = l.fiCKK/P'V;, where // is the effective

hoiUi of the antenna ami \ the length of the radiated wave. Approxi-

mate calculation of // is possible in simple cases by summing up the

products /// for all sections of the structure and dividing by the total

current This is done bv calculating the capacities to earth of the various

sections, ami bv measurement of the total value, experimental methods

of determining the capacity from small-size models are described by

Lindenblad and Hrown. 1

Flat Tap Supported by Six 7bwere

Fig. 4.— Multiple-tuned antenna.

25. The multiple-tuned antenna, consists of a long, flat top supported

bv n.wrrs and having down-leads at a number of points which pass

through lulling inductances to earth. The total antenna current is

tin' sum of all the currents measured at the base of the tuning coils.

A svslcui of buried wires and overhead conductors connected to them

through current-equalizing coils is laid out to give a uniform distribution

of current in the earth under the antenna. This is approximately the

condition for minimum earth resistance. This uniform distribution is

sometimes altered, bv experiment, to still further reduce the losses.

• Such antenna and ground svstems often have a total resistance of less

than '
-j ohm Total antenna currents of 700 amp. and more arc obtained,

>>> this means, from a transmitter output of 200 kw. For N tuning points

Ine inductance „f cadi down-lead and coil is approximately A times that

Which would resonate with the total antenna capacity at the desired

frcqucnt-v. The phvsieal length of such an antenna for operation at 17

or i hereabouts, inav be 1 or 11 i miles, with as many as six tuning

points.

26. Removal of Ice. In climates where sleet is experienced the

antenna wires should be counterweighted, rather than solidly anchored,
"> order to lessen the chances of breakage. A heavy coating of sleet on
""' wires, with the attendant increase in sag, throws the antenna out
of tune as well as endangering it mechanically. When this become*

, ibiNBasui^D. N unit W. W. BuowM, Main Consideration in Antenna Design. Proc

'"P.- June. 1928.
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prions it is necessary to melt the sleet from the wires in order to get

™r mil antenna current. For this purpose break insulators and by-pan

"Z e U'rs are so arranged in the antenna wires that a series circuit of

« 1 irirl ) "I the " ires is obtained at the low power-supply frequency

.

K transformers supply power at about 2,000 volts for the purm.se

Xil i' sent through the antenna conductors just long enough to heat

them sufficiently to melt oil the sleet or ice.

27 Marine transmitters. For marine work, tube transmitters are

reuhcing fiie older spark and are equipment.
_
The radiated energy is

^ fined more to a single frequency, which is essential for reducing

imrrferenre; and systems for simultaneous transmission and reeeption

for break-in operation, and for remote control are much more easily built

,v he use of tube transmitters. With a well-filtered plate supply

the beat note obtained by use of a heterodyne or aulodyne receiver is

fairlv pure, and its pitch can be

changed at will by the receiving

operator to suit conditions. For

attracting the attention of ships

standing by on a culling wave,

or for working ships not equipped
for heterodyne reception, the

radiated energy can be modu-
lated at an a-t rate.

Transmitters for coastal sta-

tions usually have an output of

from fi to 10 kw. An air-cooled

l-kw tube functions as master
oscillator and drives the 10-kw
power-amplifier lube, which is

of the water-cooled type. Plate
supply is obtained from a full-

wave kcuotron rectifier, the out-

put of which is filtered to some
extent. Bins voltages are nor-

mally obtained from a small rec-

tifier, to eliminate as much
rotating machinery as possible
transformers

. A.C.from
- Oynamotor-

Via. (>.— Essentia! circuit of i-c-w marine

transmitter with u-c plate supply.

Filament supply is a.c. from step-down

'i'osioiiners. Because of the nature of the service, interruptions due

1" equipment trouble must be reduced to a minimum. For this reason

two power-amplifier tubes are mounted so that either one can be used.

Cooling water systems are provided in duplicate ami equipped with pres-

sure- or flow-operated relays which will shut down the transmitter in case

" f water failure In some cases it is advisable to locate the antenna at

" distance from the transmitter proper. A two-wire transmission line

« used mr this purpose, being matched to the power-amplifier and

antenna-circuit impedances at its ends by means of air-core transformers.

To make the transmitter instantly available, the tube filaments are

"permed at reduced voltage, with piate supply off, when not m actual

Usc. The "starting" rcluv operates contactors which apply full voltage
to the filaments and close the low-voltage circuit to the plate-supply

transformers. For remote control, the starting ami keying relays can
be operated fron , ;l single line bv using double-current keying with a
polar "keying" relav and a neutral line relay with weip

lllICOl l\l > nip, «
veighted armature for
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"sttirtiiif!." The 500 ~ source, for production of iew. nniy :ilso bo relaJ
operated. Wave change can be arranged by relay-operated contact*?
which change tap on the tuning inductances, these contactors hoin3

Operated by a polar relay controlled from the operator's table.
28. Transmitters for shipboard use arc generally of smaller power OBT

put than are those for coastal stations. Cost and epace requrn-men"
arc also important factors which must lie kept down. The usual cquipJ
mem is, therefore, more simple and compact than that treated a hovel
The master-oscillator power-amplifier arrangement with <l-r plate supply!
or u.c. at a frequency of 350 cycles, meets the requirements vcrv well in
the intermediate frequency bands. The master oscillator holds the froJ
queney steady regardless of changes in antenna capacity duo to rolling'
of the ship, and the elimination of a separate rectifier saves apace. Wherd
space permits, a high-voltage d-c generator is used for plate supply]

Medium power tubes require about
2,000-volt supply. Change of wa
is accomplished by changing laps
the tuning inductances. Choice
several frequencies in the band
provided by means of a multipa
Switch operated from the front
the panel. The normal power-slip*
ply mains being (I.e., a motor gen-
erator is required to furnish the
plate-supply voltage. Another ma
chine may furnish a.c. for the fila

merits. On small transmitters sat'

factory keying can he effected in tL
low-voltage a-c plate- supply b.
means of a relay controlled from l!:

operator's key.

ToUeii
Siege

Plait Sepplf

Fio. 7.—Tube keyer for trattMnlttei

29. Short-wave Technique. Channel spacing-' resulting from the
greater demand for frequency and channel assignments, in the rangefro
approximately 3,000 to 23,000 kc, require ever greater stability of tf.

frequency of emitted carrier waves. Government regulations, based on
international agreements, are yearly becoming more severe. Tomaintn
a tolerance of plus or minus 0.01 per cent—which is what can be expect
of a good short-wave transmitter—requires the use of either a v
carefully stabilized and compensated lube oscillator or or some cont
device such as a quartz crystal. Crystal control has round most favor
this country to date.

Commercial short-wave code transmitters used for long-distan
communication have an output of from 20 to 40 kw. The crystal »
kept at a constant temperature and operates at one-eighth or one-fourth
of the final frequency desired. The oscillator stage is followed bv »
screen-grid "buffer" stage, to isolate it from feedback and detuning
effects, then by two or three frequencv-doubling stages before the first

amplifier stage operating at the signal frequency. Screen-grid tii |ir*
used in these stages, with proper shielding of tubes and circuits and
filtering of supply leads, eliminate troublesome feedback effects without
the use of neutralization. Water-cooled triodes used in the final power
amplifier must be employed in a balanced stage with proper neutralization
of feedback through the tube capacities. The tank circuit of the power

16 ,
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amplifier is coupled either directly, or through a transmission line, to

""for high-speed telegraphic operation the voltage regulation of all

nlatc and bias supplies must be good. If poor regulation exists, the

envelope shape of the characters will be triangular or irregular, instead

of rectangular. (A small amount of lag may be introduced intentionally,

in some cases, to round off the corners in order to eliminate trouble from

keying cii.-ks in' near-by receivers.) For this reason hot-cathode mcr-

curv-vapor rectifiers are used for supplying the high d-c potentials

required. These tubes, together with the high-voltage transformers,

have verv good voltage regulation at high values of output voltage.

For continued operation at keying speeds up to 2">0 words per minute

(HXI cycles per second) it is inadvisable to use a system o{ keying which

employs elect romechanieal relays. A vacuum-tube keying stage is

therefore used to key one of the low-power stages of the transmitter.

Wlare a plate supply having gooil regulation is not available, the

load on it can bff held constant by using two power amplifiers one of

which supplies the antenna and the other a resistance load. Keying is

accomplished bv shifting tiie load from the main amplifier to the absorb-

ing tube by biasing the amplifier grids below cutoff and bringing the

absorbing tube grid bias up to such a value that the load drawn from

the plate supply is the same as when the amplifier is supplying energy

to the antenna.' For receiving systems which rely partly upon frequency

diversity of fading, it is desirable to modulate the wave radiated from the

transmitter at an a.f. of something under 1,000 cycles per second. To
prevent interference with signals on adjacent channels, this modulation
should be reasonably free of harmonics. Otherwise, the higher order
side l ands will extend over into the adjacent channels and cause
interference.

RECEIVING SYSTEMS AND EQUIPMENT
30. Long-wave Receivers. Long-wave receiving equipment must be

designed to reduce trouble from static to a minimum and to separate
transmitters differing in frequency bv only about 200 cycles, which is the

approximate spacing of assigned channels. The use of four efficient

tuned circuits provides the required selectivity together with moderate
•flinc of handling. For commercial work it has been the practice to

Obtain the h-f selectivity ahead of an aperiodic amplifier, then to go to a

_
letctoilyiii.- detector of either the single-tube or balanced-modulator
type which i. followed by as much a-f amplification as is required. The
anal ni.|,. (

.

t i v itv 111!lV| if' noccssarv, be obtained by the use of narrow
band-pass 'filters. For complete separation of signals on adjacent

channels i|,j s js () f, 1>n tlf, ( .,.ssarv. Owing to the difficulty of obtaining
"|"M'letc shielding at these comparatively low radio frequencies, it is

.Keiiorally advisable to use astatic pairs of coils in all tuned circuits,
jjyp'crs, oscillators, etc., in addition to the use of a reasonable amount of
MCMing. Transformers and couplers are built with electrostatic shields
Prevent capacity coupling, where this is undesirable,

from "i

""u, 'l'lex receiving station, where it may be necessary to receive

liner'
'" 211 s 'Knals from approximately the same direction, a single

iluhV"i
'""'""a system is the most economical and practical. The

n ,.,
" '' receivers are fed bv means of "coupling tubes" operated from

»«non, or from individual, antehna-oulput transformers. All tuning
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is done beyond these coupling tubes so that operation of the imlividt^H
receivers is entirely independent of all others.

31. Directional Antennas. Reduction of static is accomplished by I be

use of directive-antenna systems. Arrays of large loops, or of loop a^H
vertical combinations, arc one means of obtaining directivity. Whe^H
the nature of the soil is such as to produce a considerable tiltot i lie wavfl!
front, the Beverage wave antenna is used to advantage. This allien

consists of one or two wires strung on poles at a height of about 20 ft

and extending in the direction of the desired signal for a distance
approximately one wave length. The antenna is highly direction

and small signal voltages obtained from stations to the rear can
compensated for by feeding into the signal circuit a small voltage

proper amplitude and phase obtained from the damping resistam

connected between antenna and ground, or by setting up reflcctioi

in the antenna itself.

As keying speeds on long-wave transoceanic circuits seldom exe
100 words per minute (10 cycles per second) and signal strengths a

SeflecHcn fljjgtf
Tmat. -» £2S

A B
Fio. 8.— Wave antenna and output, circuits.

steady, such a channel requires only a total band width of ahout U
cycles. Frequency variations of the transmitters can be kept will'

about 0.1 per cent or 20 cycles in 20.000, and heterodyne oscillators US
for reception should have as good stability.

32. Ship-to-shore Receivers. Receiving equipment for ship-to-short

service must cover the frequency range of oOO down to 11 kc in order f

operate in the regular marine bands and also to receive broadcasts a*

tune signals from high-powered long-wave stations. Receivers fa

shipboard use are of the autodyne type embodying a tuned antenna eifjj

cuit coupled to the oscillating detector, which latter has a "tickler coil

for regeneration control and generally two stages of a-f atnplifical ion. IV
means of tapped inductances the receiver may tune from about 1

,000

down to 60 kc. For the lower frequencies a set of loading induct ancBJ
is used. The chief requirements are ease of operation and rapidity of

tuning. Regeneration control allows the receiver to be operated oscillat*

ing for cw reception or non-oscillating for reception of spark, iew, tf

modulated signals. Provision is made for disconnecting the receiver fro*

the antenna when transmitting.
Important coastal stations have separate receivers to cover the low*J

and higher frequency marine bands of approximately 1 15 to 171 kc ai*"

1
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,7- t„ ")00 kc, respectively. Such receivers should have but a single

: t ,'ontrol and, to obtain the required selectivity, should be (if the

' tVemdvne type. An i-f oscillator, which can be used at will by

fhTo, entor, must be provided for cw reception. The over-all selectivity

hoiild be such that a total band width of not more than 1 kc is passed at

'an m »r cent peak response. ,*.._,
! in long-wave reception, reduction of static and interference is

„,.«mit>lishcd hv the use of directive antennas. For the lower frequency

.,„<! th- Beverage wave antenna has the advantage ol relatively large

Lickun good directivity with compensation, and the ability to supply

, number of receivers operating at the same or different frequencies.

Where reception from all directions is required and tor the higher fre-

nucucv ban. Is where the wave antenna is unsuitable for night reception,

antennas of the flat top, inverted L, T, vertical, or loop types are

Etnploved. The loop and vertical com-

binatibn, giving a cardioid directive

diagnim, can be arranged with crossed

loops and a goniometer so that the

operator can rotate his antenna recep-

tion diagram at will.

33. Short-wave receiving equipment,

for the reception of commercial radio-

tclcgraph signals, comprises two general

Classes, viz., (a) point to point and (b)

mobile.

For commercial point-to-point service

the receiving equipment must deliver a

signal which is as nearly perfect as is

potaible. This requires a high degree
of frequency stability, the best practica-

ble over-all selectivity, and means for

reducing the effects of fading to a
minimum. The receiver should have a

total Land width such that it will pro-
vide an attenuation of at least GO db
at the frequencies of the channels adjacent to that on which recep-

tion is !,eing carried on. In calculating selectivity requirements, the

assiirned channel spacing must be reduced by twice the frequency
.tolerance permit ted on each channel. This gives the frequency
spacing between two signals on adjacent channels, when the fre-

quencies of the two transmitters have drifted toward each other.

Protection against all other types of interference, such as those encoun-
'• rc.l superheterodyne receivers, should be not less than 70 db. At

->«< lime, the useful Land width must be sulliciently great so that

undue amount of attention will be required to keep signals fairly well

'''''"'red in the pass band of the receiver. With present-day stability of

transmitter frequencies, and of receivers, this means a useful band width
" r irom I to 4 kc depending upon the carrier frequency.

Prcsenuday receivers, to provide the required performance, are gen-
cr«lly of the multiple-detection, or superheterodyne, type in which one or
two i-f svst(sms are en)ploved. It is onlv by the use of a relatively low

l""
1 I f. that the necessary selectivity and useful band widths can he

'"'taincd. The required i-f characteristics arc obtained by use of either

Fio. 9. —Loop-vertical antenna
for directive reception.
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a band-pass filter or a number of stages of amplification employing on
or more tuned transformers per stage. Choice of more than one b;

width in the i-f system is highly desirable and often necessary.
In C(|uipment used for high-speed automatic operation, the .signnl j

amplified, beat down to a lower frequency, and then rectified,

rectified output, consisting of short and long pulses of d.c, is used
operate a relay of either the electro. .lechatiicn! or vacuum-tube typ
The former operates into a simplex, duplexed, or cpiadruplexed d-e tc

graph line to the central traflic office. The tube relay, or "kcye
controls the signal fed to the tone line from a local a-f source. T
receiving operator is thus supplied with an audio signal of consti
frequency and intensity regardless of any changes in the actual ra
signal which are not great enough to make it drop out of the recciv

By means of a-f filters six or more keyed tones of this sort may he hand
over a single, two-wire tone line.

To minimize the effects of fading, receiving equipment is arra
to take advantage of the diversity of fading existing, at a given install

either on slightly different, frequencies at the same location or on the >

©Audio
thumrnn
Sonne

FlG. 10.—Tone kcycr for receivers.

frequency at pninls separated 10 wave lengths or more apart. Fr\
queue;/ diversity, in practice, is most economically obtained by moduli
iug the carrier with an a.f. of not higher than 1,000 cps, and preferably
of not higher than 500 cps, in order to minimize interferenc • to signals <

adjacent channels. This results in radiation on the carrier and on
upper and a lower frequency. If the band width of the receiver
sufficient to pass these three frequencies and if the normal signal sf reng
on nnv one of these frequencies is sufficient to operate the keying devic
considerable diverse fading on I he several frequencies received can 1

tolerated. In spite, of I he fact that a lesser peak voltage can be obtains
from a modulated signal than from a pure cw signal, considers!)"
improvement is obtained, under practical conditions of fading, by it

use. Where s/mrr tlirr.-xil;/ is utilized, a pure, unmodulaled signal is t<

lie preferred. In this case (wo or three separate receivers arc led from
separate directive antennas spaced 10 wave lengths or more apart. Tl'e

n et died out puts from these receivers are combined and made to operate
the keying device. Confining the radiated energy to a single frequency
means greater signal strength for a given transmitter power, and col*
bination after rectification eliminates the consideration of instantaneous
phase relations which might, be such as to cancel rather than add.

34. Use of Limiting Circuits. Under conditions of high signal-noise
ratio and violent fading, the use of considerable limiting in the receiving
equipment is desirable. This should be done following the final selec-
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. ,„i ln .|<t be in a svstetn having small enough time constants so

ff\\\ ecaving transients occurring after each overload do not occupy
,h

u eci thie portion of the interval hetweeu characters. In order to

To !'! U limiting successfully, it is essential, as stated before, to pass up

I l e fifth harmonic of l he keying frequency. f tins is not done,

leT.iniions in murk space ratio of the final signal wdl occur as the

Li ce 'of limiting varies with the signal strength.

Character formation can be maintained, in some cases of overloaded

steins l'v the' use of a so-called "sliding bins" on the rectifier. 1
he

2Jm l muv be amplified up to some 30 or -40 volts maximum value and

an li d to the grid circuit of a rectifier tube winch begins to take gnd*
at a relatively low applied signal voltage. Hy proper choice of

arid- and plate-circuit resistors, ami the use of a ccndcr.scr across the

« d circuit resistor to give a relatively large time constant, only the tops

of the character envelopes will be effective. In using such a system,

however, reliance must be [.laced upon some form of diversity reception

to prevent drop-outs, and splitting of characters, due to rapid fading.

Recent practice has been to use some system ol automatically con-

trolling the gait, (A.G.C.) of the r-f amplifier stages. 1 he circuits are

similar to those used in broadcast receivers and ate supcnor to those

which operate on the final detectors, because they minimize overloading

r-f and i-f amplifiers and first detectors.

86. Commercial Receiving-center Problems. In a large «'™v>ng

station for long-distance communication there may he frcm Hi to HKJ

individual receivers installed and intended for simiiltaiiccus operation

T.. do this requires that each unit be effectively shielded and that all

batterv-suppK leads be well filtered for the frequencies at which the

respect, >c units operate. High-frequency equipment must also be

protected from 1-f voltages which might he present < n the battery supply

busses, as such voltages mav cause undesirable modulation of signals if

•Bowed togct to the tube circuits. Transmission lines, where used, must

be of tvpe which has negligible stray pickup and radiation Satisfac-

tory Ivpes of line, depending upon the equipment with which if is to he

used, "are («) the balanced four-wire line, (b) the two-wire transposed

line, and (o l he concentric-pipe line. The first consists of four wires

arranged : ,t the corners ol" an imaginary square, diagonally opposite wires

being ennccted together at both ends of the line. I he four-wire and

two-wire l ve. s are used where the system is to be kept balanced with

Wl«pect to earth. Antenna systems which operate against earth generally

use 'he concentric-pipe line in which the outer pipe is grounded. 1 he

two types of systems are sometimes connected together by means ol

Kin i able tuned transformers. . _ . . ,

I'o obtain the full benefits of good shielding; stray feedback through

Hie batterv-siipplv leads must be eliminated by means of properly pro-

Ponioned,' and located, filter circuits. This is or especial importance

.ni short-wave equipment and in medium-wave equipment for marine

-inl station use. , ,

,
36. power supplv for commercial receiving equipment must he abso-

wtely reliable and not subject to interruption. Storage batteries oper-

ated o„ either a floating or a charge and discharge basis are used for this

servi,^.

Charging equipment consists of motor-generator sets ^ 'jj'""':" 1

batteries where relatively heavy currents arc required, and either motor
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generators or rectifiers for batteries of smaller rating such as used f„r

plate and bias supply. Where receiving antennas may bo located fairhf
close to the building that houses the charging equipment, this must b*.
located in a specially shielded room to prevent direct radiation into the
antennas. Equipment used for floating batteries that are in .service mus)
be provided with effective filtering between it and the battery and loaS
bus.

Where the nature of the radio service does not warrant the expense of
installing and maintaining storage batteries, reliance niav have to be

E
laced on the continuity and reliability of a-c power service provided
y the local power company. In such cases the most economical and

flexible arrangement for a small station is to provide each receiver with
its own filament transformer and its own plate and bias supply rectifiers.
An emergency power supply should be provided in all cases of a-e

operated equipment. Where storage batteries arc installed for supplying
the receivers during power failures, additional emergency power suppK
may or may not bo necessary. In some cases the cheapest arraogemenl
may be a battery installation that will take care of normal short-period"
outages and an emergency power plant to care for longer periods of
failure of the public power sen-ice.

CONTROL METHODS AND EQUIPMENT
37. Central Office. In commercial radiotelegraphic systems the trans-

mitters are controlled from a central traffic office, and" received signals
are conveyed to this central office from the receiving station by land
lines. Transmitting and receiving stations are, in some eases, as much
as .>llll miles distant from the central oll.ee. The tendencv, however,
is to keep this distance below 100 miles to reduce initial and maintenance
costs, or rentals, of land lines. Long control and tone lines arc justified
only if a distant location of the transmitter will effect a considerable
saving m the power required to obtain satisfactory service, or if the
distant receiving site is considerably superior to near-by ones in signal-
noise ratio. In long-wave transoceanic and medium-wave marine work
the use of long land lines is often well worth while. In short-wave work
the over-all results are not so dependent upon geographical location.
Suitable sites are generally available within 100 miles of the city to be
served.

38. Automatic Transmitters. In "automatic" operation of code
circuits a tough paper tape is perforated by means of a machine which
has a keyboard similar to that of standard typewriters. This tape wj
then fed through the "automatic transmitter" in which two cam-operated
steel rods come up against the tape at every point where a perioral ion
might exist. Where one is, the rod goes on through, and a contact
operated by a lever on the lower end of the rod is closed. These two.
rods controlling the "make" and "break" contacts alternate in coming
against the tape and are sufficiently offset in the direction of ti

of the tape so that perforations in the upper (make) and lower (break)
rows, when opposite the same center hole, give a dot and when opposite
adjacent center holes give a dash. (Sample tape appears below.)

THIS IS A SAMP LE
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The two contacts supply current, in opposite directions, to a polar

Uv which in turn, kevs the control circuit going to the transmitting

...'km
"

For speeds much above 100 words per minute it is desirable

,

'

|,.-ve 'is few mechanical relays as possible between this main polar

. and the keying circuit of the radio transmitter The time required

tat a relav armature to travel from one contact to the 0%r, while short,

becomes important when the duration of a dot is less than 0.010 sec.
_

Printing telegraph equipment employs a special model of automatic

tape transmitter, which is adapted to the different code used for such

^['n installations of multiplex equipment employing the principle of time

division automatic tape transmitters supplying the several channels are

synchronized and phased to give the required over-all performance of the

multiplex system. ... , ,

39. Tone-control Circuits. Where only a few transmitters are to be

controlled from one point, d-c double-current keying is the most eco-

nomical and satisfactory. A complete metallic circuit is to be preferred

-WIAV3; H Contorts of

*B0V \l20V-

Fiu. 11.—Double-current control circuits,

to a single wire with ground return, although the latter is entirely satis*

petory in many cases.
In a large central-office system the number of control Lines required

can lie <r r( ,

:„lv reduced by tlic use of multiplex loins or "voice-frequency

carrier," control. Bv the use of a number of different frequencies and
hand-pass niters at both ends of the circuit as many as 10 channels can
''<• "Illumed on a two-wire line which will pass frequencies from about
.400 cycles up to 2,500 cycles with approximately equal attenuation.

I such type of equipment the a-f supply is a miiltifrcquency induc-

'"'-'ype alternator having a separate winding and rotor for each
_
fre-

quency. Energy from this machine is keyed by means of either

™ectromechanic;d or vacuum-tube relays which are controlled by t lie

automatic tape transmitter and supply current to the control line.

•Band-pass filters in the individual control channels reduce the harmonic
content of the signal supplied to the line to a low value and also round
^ the corners of the square keying envelopes.

1 hl ' hand width required in filters for tone-control work depends (1)
upon the maximum keying speed which must be handled and (2) upon
«M fidelity of envelope shape required for the particular application,

"here great fidelity is not required or where the over-all transmission
Ram of linP <m \ associated equipment docs not vary more than about
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20 per cent, it is sufficient to pass the second harmonic of the kcvinJ
frequency. This means a total band width of four times the kevinS
frequency. To ohtaiu fairly square envelope shape, with a inark-toS
space ratio of about 00:40, it is necessary to pass up to the third harmoniJ
or a total hand of six limes the keying frequency, at least.

For the lengths of line normally used between central offices anj
outlying stations, ami for present-day code keying speeds, the matter of
phase distortion due to the line is of relatively small importance.

40. Control equipment used at transmitting stations mav be of citl

the d-c or tone-operated type, depending upon the system used at
cent ral office. In a double-current d-c system the conventional polari;
telegraph relay is used a* a main-line relay for speeds up to Minn- hun

'

words per minute. Where normal operating speeds run much abo
100 words per minute, special high-speed relays of the (xdarized t

must be used. Large keying
compensation relays and eontac
used in long-wave transmitters
com rolled by the line relay or a Ilea

icr intermediate relay. In tube
-^espec tally short-wave equipment
higher keying speeds are possible
require the use of a minimum n
her of mechanical relays. For
operate directly into a tube ke

Contacts of
\

RefayOrKty I

To Otner
Equipment

Fm,
R F Filler

12.—Spark ahsorlwr and click
filter.

control the main-line relay mav
incorporated in the transmitter.

In tone-control systems the equipment at tint transmitting stat
comprises band-pass filters and amplifier-rectifier units. The recti
output may he used to operate cither elect romeehanical rehivs or tu
keyera. Where such equipment is used at huge high-powered trans
ling stations, it may have to be protected from strav fields of the tra
millers, transmission lines, and antennas. The amount and disposit
of shielding and filtering required bv control equipment and assocint
wiring depend on numerous factors such as tiie following: (!) low-
frequency railio transmitter installed or contemplated, (2) highest cont
frequency planned, (3) r-f field intensities, and ( I: level of control sign
and voltages. It will he obvious that a high-power long-wave tra
milter operat mg on a frequency ol about 20 kc will create serious problc
where il is desired lo employ control channels ranging in frequency fro
say, I IM) to 20,000 cos or higher.
Tube keyers, while more elaborate than the usual mechanical rela

are capable of operating at practically any speed desired. They a
eliminate relay maintenance and adjustment. In the simpler a mill
ments the control tone is amplified, rectified by either a two-element
a three-element tube rectifier, then passed through a smoothing circuit
or low-pass filter. The d-C pulses thus obtained are applied to t he cont
elements of the keying-stagc tube or lubes.

41. Received Signal Transfer. Systems for transferring signals fro
the receiving station to the central office are similar to the transmitt
control systems. In short-wave work the actual radio signal, after
heterodyne detection, is amplified and notified and applied to a tube
keyer. This may be arranged to supply d.c, or lone, for transfer to th°
traffic office. Audio-frequency filters, of the same tvpe used for lone
control, allow a number of channels to be handled over one line.
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Where tone lines arc long enough to require the use of one or more

„,',,,, ,-are must be taken that the sum of the voltages of all channels

nol high enough to cause any overloading of the repeaters. If tins

",.kcs place intermodulation between channels will be caused, which

ItnU- in mutilated signals at the central office. With repoatered lines.

m,.1 the usual band-pass filters, it is essential that all channels be kept

at approximately the same signal level. A maximum difference of 2:

between any two" channels should not be exceeded. I,argc differences

in channel levels are apt to cause interference on the weaker ones.

In medium-wave and short-wave receiving stations the contacts ot all

telcitr toll kevs and relays must be prevented from sparking, and the wires

to md from the contacts must be properly filtered. If these precautions

are not laken. serious click interference will be experienced in the receiving

Ink FcedloPcn

\ PenArmStops

CottSuspension

Via. 13.—Ink recorder. Paper tape and tiq>e guide not shown,

equipment. The same applies to commutator-type electric motors.

C'lrcuil breakers should preferably be located ill a shielded room.

TRANSCRIBING METHODS AND EQUIPMENT
42. High-speed Reception. As the average operator copies at a rate

°f only about 10 words per minute, aural reception must be replaced by
«omc method in which a record is made of the signal, on the high-speed

circuits, the recorded signal then being copied off at a slower speed by
One or more operators. The older dictaphone and photographic- methods
of recording were not entirely satisfactory. Most systems now use some
form ,,f

••
ii,^ recorder" in which the movement of a pen is controlled

b>' the incoming signal and makes short and long characters on a moving
Paper tape.

ltecepii,,,, by tape has the double advantage of speed and of there

wfag a record to which the operator may refer or which may be looked
"p Inter in case any question arises.

43. ln\ Recorder. One commonly used type of ink recorder consists

"IV'Oidl coil suspended in a strong unidirectional magnetic field si ip-

Pned by an electromagnet. The signal is amplified and rectified and
">c «-c pidses sent through the recorder coil which, in turn, moves the

{*" nil against an upper stop. With no signal current flowing, the
P " is held against the lower stop hv the spring of the pen arm and coil
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suspension. To improve the action of the device at high speeds, the eo
is suspended midway between t ho stops, and current reversals are used,™
plaee of pulsating (I.e., t» operate the coil. This is obtained from a pole,
changing relay operated by the rectified signal, or from a special amplified
rectifier unit which gives an output d.e. in opposite directions for "mark"
and "space."

ruvwuvura n/uuw (u^u^AJinjTLOTAjinto

THIS IS A SAMPLE
44. Printers. Where printing telegraph equipment is employe*

manual transcription of the incoming signal is eliminated. The printed
tape coming from the receiving machine is simply pasted on message
blanks. Krrors may he corrected by obtaining the required correction,
from the distant radio terminal, and pasting it over the original which
contained the error.
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SECTION 17

AIRCRAFT RADIO

By Harry Diamond 1

. 1. Importance of Radio Communication to Aircraft. The success of

any transportation system depends in a large measure upon the rigorous

maintenance of safe) scheduled operation. Probably nothing has con-

tributed more to the safety and reliability of transportation systems

than the associated communication systems. Radiotelegraph, radio-

telephone, the radio beacon, and the radio direction finder have been
important elements to such safety in both sea and air transportation.

Radio serves as a communication means between airplanes and between
airplane and ground. It furnishes the pilot with weather information,
tells !nm when he is on or off his course, helps him to land under conditions
of pour visibility, and is beginning to be of value in preventing collision

with other planes or with fixed objects. It provides the operations office

com iniiotig contact with each aircraft in flight and thereby affords full

control of all flight operations to conform with existing meteorological
conditions and traffic requirements. For the airport traffic manager it

furnishes a rapid and certain means for communicating with arriving or
departing airplanes and directing their landings or take-offs in a safe and
orderly sequence. 'For the weather man it serves as a useful loo! in the
accumulation of upper-air weather data needed in making his forecasts.

2. Organization of Civil Radio Facilities. Aviation radio facilities

may In- broadly classified according to who furnishes the service: (1)
Kovcrumctit systems; (2) transport company systems; (3) airport opera-
tor facilities. As the government system is operated for the benefit
°' all fliers, the transport companies plan their systems so as to incor-
•pornte i|„. service rendered by the government. The airport operators,
ln turn, design their radio facilities to tie in efficiently with both the
Koveniment and the transport company systems.
.

1 77,, gmi rnmrnt, I hrough the agency of the Civil Aeronautics Author-
''>', litis constructed a network of radiotelephone broadcast stations for
the dissemination of weather information to aircraft in flight and a system
01 radii, range beacons supplemented by radio marker beacons for the
jW'diuice of aircraft over the civil airways. The provision of radio-
'"nding nids jjt terminal airporls to facilitate the landing of airplanes
"ider adverse: visibilitv conditions has been begun, C'AA also operates

extensive system of teletype lines for the collection of weather infortua-
Wjn to be used in the radiotelephone broadcasts and for airways traffic.

"'Urol. In collecting weather information this agency has the coonera-
1

Principal Radio Physical. National Bum of Standards.
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tion of the U. S. Weather Bureau which maintains a large number 4tfl
weather stations at the airports and at points off the airways. Praj^l
tically all these stations are on the weather teletype net work. '["he

teletype lines interconnecting the airways traffie-eoni ml offices form a
separate network to facilitate the eontrol of some 20,000 military, CC^H
mereial, and private airplanes flying the airways.
On July 1, 1940, there were approximately 28,000 miles of lighted air- k

ways in the United States, practically all of which were radio equipped.
Some 27,000 miles of teletype were in use in the weal her network and
10,000 miles in the traffic eontrol network. The radio facilities included,
nearly 250 radio range beacons with voice broadcast facilities at. eaehiSfl
these stations, 50 1-f radio marker beacons at strategic points on the
airways, 180 u-h-f cone markers for giving positive indication of
location of the beacon stations, and 115 fan-type marker* for defining
control points along the airways at which arriving airplanes are kept (isj

various altitudes), while awaiting permission to land during advcnS
visibility conditions. Ten radio-landing installations were iti the procts*
of completion to afford service tests under actual airway conditional

2. The air transport companies have adopted and installed two-wayi
communication equipment at approximately 200-mile intervals along tht-
airways of the nation and in all their airplanes. This system permits
continuous contact between the offices of each company anil I heir aircraft
in flight, thereby allowing flight operations to be emit roiled according to

existing weather conditions and traffic requirements. The transports
companies also operate teletype circuits and point-to-point radio station*
which provide the rapid communication between operating offices which
is essential to the successful operation of high-speed passenger, mail, andij

express service. The facilities of the different air transport companies'
are coordinated through Aeronautical Radio Inc., an association organ-
ized for this purpose and having its headquarters in Washington, I). C.
The radio facilities already enumerated are sufficient for air transport
companies operating over the civil airways of the United States. In the
case of international routes, such ns the route to South America, th«
transpacific route, and the transatlantic route, the operating companies
must provide the additional facilities which are necessary for the guidance
of their aircraft.

3. Airport operators provide as standard airpori equipment short-
range two-way communication equipment used in directing from a central

point all take-off and landing maneuvers of transport, military, MM
private airplanes. Voice communication with arriving and departing
airplanes within a 25-mile radius is essential to the safe and efficient

operation of a busy airport.

3. Military Radio Facilities. The communication and navigation*
requirements of military aircraft are naturally considerably different
than for civil aircraft. Here, the emphasis is on mobility and (loxibilitj

of both the ground station and aircraft equipment. Operation is required
over geographical areas rather than along fixed routes. Simplicity "f

radio equipment is paramount whereas I iie Service conditions are gen-

erally more difficult. The research work carried on by the tnilitarj

agencies to secure suitable equipment and methods exerts'greui iiifluenojj

on the state of the art. The military radio developments are of pa n in ;
in-

applicability to civil air transport operation on routes outside the Unites
States, as to South America, or in the transoceanic service.
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Table L- Radio Fkbque.ncies is Civil Aviatiqs

Ba rkt

Rlldiel' I'S'l"""' "CSthcr

b'<m.i.:.-' and raAm

rungc beacon

I'le^'in *c:l|>

200-400 kc (4!) shared, 9 ex-

clusive frequencies)

Airport traffic eontrol 278 ke

Two-way coiumunicglion

between airplnnc mid
ground

National calling anil worli-

• inguud itinera"! service

Instruiuetii landing group:
Runway localizer* bea-

con*
Landing beam*

Radio marker beacon*

Hadin teletype

2,900-3.500 kc (night).

4.IOH li.i'.no ke (day) (SO

frequencies.)

3.10.1. 3,120 kc (night), 0,210

kc (day)

75.000 Me

Proposed u-h-f setup

Avial ton

group
instruction

Transport company
point to point

Miscrllnifons avial iull

aervic*-* group:
Pnhlii' in.'.^;i«c Irallic,

collision prevent inn.
mdiu altimeter, and
olln-rs

2.700 1S.000 kc (23 fre-

quencies)

tS3.000-130.000 Me (31 oc-

clusive frequencies): 12t>.-

00(1 127.00(1 Me (10 shored

fre cies)

129.300, 129.780. 130.300.

180.800, 131.420, 131.480

Me

140.240 143.880 Mc (28 fre-

quencies)

110.100 Mc

100.300. 100.1100, 110.300 Mc
113.500. 93.0(H), 94.300 ile

70.000 Mc

110.180 05.800 Mc (45 fre-

quencies)

33.420 39.000 Mc (4 fre-

quencies)

Frequency requirements at

present unknown

• 400-ke guard bands.

4. Radio Frequencies in Civil Aviation. The radio frequencies used

for l he various radio aids are indicated in Table I. hxcept lor the

instrument landiiiK and radio marker beacon groups, service at the tune

,,f wrii.iu: has been largely in the lower frequency ranges. The rndio-

.toleplioni' weather broadcast stations and the radio range beacons operate

»i lite JOO- t„ tno-kc band. Airpori traffic-control transmitters operate

at 27N i,,, -pi,,. ii-iuisport conipanv communication systems use

'"fluencies from 2,<)00 to fi.fiOO ke. However, it is now planned to move
We different facilities into the u-h-f region, as shown in the table. By
'«'» u-e ol' the lower frequencies will probably be limited only to such
"Cfvice

;, s ,.[„„„,( |„. afforded at ultra-high frequencies. The reasons

UetatinK the move are as follows:
.

Atmospheric, disturbances arising; from electrical storms have con-

Jt't'i n service limitation to reception in tlie '200- to 100-ke band and

•'I
•• mvlml lesser dogn-e in the 3,!M)0- to <>,fi00-kt: l.aiul. Another levin

''I '.Mice, rolled ',„;;•>,lituthm *t»tfc ttml of importance only m nire.ruH

" !•'
'• >. constitutes a second, ami often ov«» more serious, limitation to

""I' 1 wo at I hese rroquoneHW. This form of disturbance has been found

d
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to accompany rail), snow, and even sand storms and appears to l>e caused
by oscillating corona discharge from points on the airplane fuselage to t|,B
surrounding atmosphere. Its intensity is often sufficient to paralyze tM
groiind-to-airplnne services. Accumulated experience indicates that
reception on ultra-high frequencies is practically free from nlmosphorS
disturbances and is to an appreciable extent, less influenced by procipit*3

tion static.

A second advantage of u-h-f propagation is the freedom from depend,
ence upon ionospheric conditions. In the present communication band
such dependence results in severely fluctuating received signal inteiisitMj

and renders these frequencies generally unsuitable for direction doteN
initiation by either transmission or reception. Kvon in the beacon handJ
ionosphere propagation (at night) tends to prove troublesome. It is to

be noted, however, that u-h-f propagation is not entirely free front

variable effects owing to variable tropospheric bending.
A third advantage of (he ultra highs is the greater directivity of trails-'

mission or reception possible. This is important, <*.;/., in the radio range*/

beacon service. At low frequencies the only directive patterns available!

are the figure of eight and the cardiod. In forming a course with suefi

patterns, considerable radiation exists in directions at large angles in the

course. The return of such radiation to the course, i .;/., by reradiatioJ
or by reflection from mountain sides, produces an interference pattern
which results in bent and multiple courses. The possibility of using

more directive patterns at ultra-high frequencies offers means for reducing;

the side radiations and hence the troublesome effects described.
Finally, the rapidly expanding aviation radio facilities require an

increasing number of r-f channels which are not available in the portion,

of the spectrum hitherto utilized.

6. Propagation Characteristics of Aviation Radio Frequencies. He-

cause of the widely different radio frequencies used in aviation, a complete
discussion of their propagation characteristics would require a volume.
A few words on their more general characteristics will, however, be giv
here.

The 1-f services. 2(H) to Mil) kc. rely upon ground-wave propagation. Sky-
wave propagation, at night, sets a limit to the distance separation between
stations ojx'rutiug on the same or adjacent frequencies. Graph 2 of Fig. *
shows the ground wave corresponding to a ground conductivity typical of tbj

plains regions, while graph 'i shows tin- same data corresponding to a ground,
conductivity characteristic of the ! liitainous regions. Graph 1 shows tbt

estimated sky-wave intensity. The various intensities are computed along
the direction of maximum radiation (15 deg. off course). Figure 2 differ*

from Fig. 1 only in the frequency of operation 0171 instead of 200 kc). Based
on a minimum service field intensity of 50 >iv per meter and a uiaxioiufl*

tolerable interfering field intensity of 12.5 gv per meter, two stations of thij

typo operating on the same r.f. may bo spaced within 400 to 500 miles of one*
other at 200 kc. At 100 kc. the minimum allowable spacing increases '"

h'DII iii mhi mill's. The allowable sparing corresponding in operation 9
adjacent frequencies (:5-kc separation) depends on the selectivity of tn*

average receiver used and varies from 200 to 400 miles depending on u*
ground conductivity and the operating frequency.

Radio wave propagation in the h-f communication band depends chiefly

on sky-wave radiation returned to earth from the ionized layers. The ground
wave is generally of negligible import anee beyond distances of about HO mile*
The transmission characteristics are therefore dependent upon highly variaHJ
phenomena and cannot bo definitely specified. An approximate idea of tn*

lt|
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j dme uropagation ut Ihcsc frequencies is given in Figs. 3 to 5, based on data

wiiied bv Hell Telephone Laboratories in l!)20.

I mm ih'esc graphs ii is scon that the higher frequency appears to lie best

ted to daytime operation. This has been borne out in practical operation,

[othnt the daytime working frequencies throughout the country are of this-

"similar graphs for transmission during night, showing field strength as o

function hi distance, are given in Fig. (i. It is even more difficult to generalize

from these graphs than for the case of daytime transmission, the movement ol

the ioniicd layer involved being more erratic. The graphs do show, however,

that ilic lower frequencies are more reliable for nighttime transmission, the

transmission on 5,lii)0 kc being unsatisfactory due to excessivo fading.

300 400

|

Miles
'>'• 1. -Field-intensity attenuation of 500-watt radio range-bencon station

at 200 ko, 125-ft. towers.

1 xperience has shown that the choice of day and night communication

'Y'Y'"'
1 " '».<. shown in 't able 1. was a wise one considering the non-avail-

' "'"V "I ulira-high frequencies at that time.
The Theu-h-f services depend upon ground-wave propagation

* "'in
I wave niav be considered to consist of three components as follows

r,.,.,'
'' lr,M '

1 wave which travels directly between the transmitting and

nsc«'\'"
K an| e»nas, (2) the ground-reflected wave which reaches the

siirf'

V"1K ;ll,tennn only after reflection from the ground surface, (3) the

who T Wnvc which fs the component of the ground wave remaining
en hot h the transmitting and receiving antennas are at zero height—at

Jj-J^K -incidence, the reflect ion coefficient of the ground is — 1 so that the
and ground-reflected waves cancel.
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e(ofOne mi!e)'iatStlOs/iy/infrom '/2km
d transmitter supplying fykw. Z

to towers at 37/ kc.

Curve I,- Jniferyedistance
2. a-to'13

. 3. a '2x10'

. 4. Ionospheric ray

300 400
Miles

Fio. 'X. Field-intensity attenuation of 500-watt radio rango-hcai-on statior

;$7I kc. 125-ft. tuwors.

10 10 M 40 M 60 K) 80 90 KXM10E0
Distancejmiles

Fio. 3.—Average strength of
daytime signals received in an
airplane from 500-watt station
on 1.510 kc. (Airplane at alti-

tudes designated on graphs.)

1000

40
D.stonct,i

Fio. 4.—Reception from
airplane using 50-watt
transmit tor on 1,025 kc.

(Airplane at altitudes des-
ignated on graphs.)
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Distort fromTransTi+t'^SWion^Ies

Fio. 5.— Kffcct of frequency
on attenuation of 600-watt
ground station.
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Fio. 6.—Night transmission phcuoinciia.
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In Fig. 7 liorizont;il polarization is considered, suid average elects
properties of tlie proline) ;ire taken. The graphs take into considera'
the spherical shape of the earth and the average decrease in dielec
eoitstant of the lower atmosphere with altitude (producing hendit
The graphs show the striking dependence of the received .field intnn
Upon the heights of the transmitting and receiving antennas, it iS

feat ore which renders ultra-high frequencies peculiarly adaptable to a
tion use.

GROUND-STATION EQUIPMENT
6. CAA Radio Range-beacon and Weather-broadcast Stations (

to 400 kc). The most modern CAA installation, used at nearly I

locations, employs a transmitter having two independent r-f chant
controlled by two matched A-cut quarts plates 1,021) cps apart. Cq
piete stand-by equipment with an automatic transfer relay for plac

!

Carrier frequencyfc

Fin. 8.— U) Spare radiation pattern of simultaneous radio range-l>cacon
wcathcr-broadiasl slat inn; range-beacon signals produced.

it in service in event of failure of the regular unit is provided,
antenna system comprises five self-supporting base-insulated steel tow
125 ft. high, four of which are placed on the corners of a square 300
500 ft. on a side and the fifth at the geometrical center of the sqll

One of the r-f channels of the transmitter delivers KM) watts of eft

power (which may be modulated 70 per cent by speech) to the een
antenna. The other delivers 275 watts of n idulalcd carrier power
a coupling system which feeds the four corner antennas. In tin- abse_

of speech modulation, the setup forms a single side-band system hav
1,020-cycle modulation; the carrier is radiated non-directionally by
central radiator, whereas the side band has the characl eristic radiat

of the radio range beacon (see Fig. 8«). When special nnalul.it ion

applied, the central tower radiates, in addition, the speech side baK
which are also non-directional.
The system affords means for the simultaneous rndiati-m of wcat,

broadcasts ami directional guidance signals. To svnd Interfere

between the 1,020-cycle beacon signals ami the speech frequencies)

band rejection filter is inserted in the input circuit to the speech mow
tion for eliminating the speech frequencies in the neighborhood of 1>

17]
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wrles rV combination hand-pass band-rejection filter is used in the

iitniit circuit of the aircraft receiver so that one circuit carries only the

lie icon (1,020-c.vcle) signals and the other circuit carries the speech

Smiils Hy means o'f a switch the pilot, may select one or the other

Smvil or he mav obtain reasonably satisfactory reception of. both.

The four corner towers replace the two-loop antenna systems, crossed

nt rigid angles, which are used at older-type radio range-beacon stations.

Thev constitute two directional antenna systems, each formed by two

onrjosite towers on diagonal comers of the square. These arc fed in

opposite phase so that thev correspond to the vertical conductors of the

older loon antennas and give the same figure-of-eight radiation charac-

teristics in the horizontal plane (see Fig. 8l>). In this way radiation is

confined to the vertical antennas, and the transmission of horizontally

polarized electric-field components in the sky wave, such as from the

horizontal wires of the loop antennas, are avoided. With the loop

antennas i hese transverse horizontal components upon reflection from

tin- ionized layers produce serious and erratic errors in the indicated

beacon courses, often called night errors because they occur only at night

in the frequency range used.

The principles of operation of the radio range licacon whereby radio-marked

course" are set up are evident from Kid. Sb. The intensil ies nf the side-hand

emissions formed by the two directional antenna systems, and hence of the

detected signals produced by licnting the side-hand emissions with the non-

direcli a .-ai rier, are equal along the lines OA. OH. OC, ami OD which bisect

i In- a H.i.nn-1 th-' two anicmia-. A" airplane may therefore follow a
com-!' alont the bisectors referred to if means are provided for distinguishing the

radiations from the two directional antennas, l-'nr this purpose an automatic-

kcyina relay, connected in the coupling circuit, from the side-band channel of

the transmitter to the directional antenna system, is used for keying the radio

powei to one of the directional antennas in accordance with the Morse
characteristic JV(— .) and to the second directional antenna in accordance
with the Mm-se characteristic .*!(• ). The coded signals are sent, nut in

CTDUps and arc interlocked su .hat along any one of the four courses they form
a bmii dash, or continuous monotone signal, interrupted every 24 sec. by tho
station identification signal. The course signals are obtained along zones,

2 to :i deg. wide. • Off the course the monotone signals break up into the com-
ponei \ and .1 signals, one or the other being of greater intensity depending
Upon I in- .. s,.

,,|T 'course." The pilot is thus enabled to return to the course
'I the airplane should drifi In one s-ilc nr the other for any reason.

,
The coupling system between the transmit ler and the directional antennas

"ici>rpr,nitcs the link-circuit relay, a goniometer, a course-shifting pad.
artificial line-sections, concentric transmission lines to the tower antennas, and
antenna coupling ami tuning equipment (see Fig. !)). The relay, of the po.ar
'ype. is , ::,-rgized l>v an automatic motor-driven keying device (not shown)
° a- to key the r-f power to the primary windings I', and I'i of tho goniometer
1,1 "•'* lance with the X-A sequence indicated in the foregoing,

the '

Gf>mometer

- _ .^11 Ul W|||CllllgS IS IJ.WO CHOI MN VUIVI . -

Mtonon axis. The angle between the primary and secondary windings
jna.v therefore be varied at will. Kach primarv winding, acting m con-

ic

'"'
T with the two crossed secondary windings and the two crossed

"actional antennas, sets up a system which is electrically equivalent to
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a single directional antenna. The plane of this phantom antenna
dependent upon the relative coupling of the secondary coils to the prim
coil under consideration. Since there arc two primary windings, two r
phantom antennas exist, the angle between their planes being equal
the angle between the primary windings. The two phantom anten
may therefore be rotated in space (thus changing the position of
cquisignal zones or courses formed by their space patterns) hv chan—
the relative position between the primary and secondary' windin
Without the use of the goniometer it would be necessary mechanically
rotate the directional antenna system to secure the same result.

'

practice, the rotation of the beacon space pattern is convenient in
first adjustment of the beacon, the goniometer being locked in positi
after this adjustment. Actually, other conditions (to be disciW

y. Antenna tuning unifs—

Fia. 9.—Schematic diagram of radio rango-in-acon antenna-coupling aye

dictate that the antenna orientation be chosen so that the goniome
may be left, preferably, at its 15-deg. setting.

8. Course Orientation to Coincide with Airways at Arbitrary Angl
The course-shifting pad and the artificial t line sections /I,, A,, Ai, a
A t are used for shifting the range-beacon courses from their <JO-deg. r

tionship in order that they may be aligned with the airways. TJ
course-shifting pad reduces the r-f power fed to goniometer primar|
winding/',, thereby reducing the relative amplitude of the correspond!
figure-of-eight radiation pattern. The resultant effect on the cou.
orientation is shown in Fig. 10n. The artificial line sections all

modification of the IHO-deg. phase relationship between the currents
the two towers forming each directional antenna (1 and 3 or 2 and 4
so that the space pattern corresponding to the A' or A radiation may ~
made to depart from a figure of eight. This provides for a non-reciproc

J

relationship of the normally 180-deg. courses, as shown in Fig. 10/i.

9. Course Stabilization. Special precautions are taken to ens'
maintenance of the space patterns so that shifting of the courses will a
exceed 1 .5 deg., owing to the changes in phase or magnitude of the curren

Sec. i'
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one or more of the towers which may be produced by changes in tower

capacity "u«>r varying weather conditions, etc.

thai the two lowers of each directional antenna may be

sact equality of current amplitude and 180-deg.

scries with the primary windings of the antennamnilc I" maintain ncnriy

uhiise if the condensers in

SouplinK transformers arc adjusted so that

Xi - Zo tan

when? - primary reactance (with the secondary antenna circuit open)

^= characteristic impedance of the transmission line

electrical length of the line to each antenna (including the artifi-

cial line section).

This i« imminent, to tuning the transmission line to resonance. lie

it2>iliiation is affected somewhat if other than a 180-deg. phase relationship

.V,

B

Course
Course

Coarse

Course
Course

Course
Course

Course

(a) (b)
Fio. 10.—Alignment of range-bencon courses with the airways: (a) course

squeezing; (») course bending.

between the two towers is desired. Attenuation in the transmission lines

•viiil resistance in the primary transformer windings also affect the degree of

stabilization.
Willi the goniometer set at icro degree (Si coupled only to I i ana *j to

in Fig. 9) this stabilizing arrangement would still allow the relative

magnitude of one radiation pattern corresponding to one pair of towers to

vary «jth respect to the second pattern corresponding t<> the second pair ol

towers. This is Iwcauso of the possibility of an effective change in the load

impedance offered to the transmitter and is overcome by setting the goniom-
*•» at I r> deg. so that both secondary windings of the goniometer are coupled

•madly u, each primary winding.

10. Ultra-high-frequency Two-course Beacon with Visual Indication

and Sector Identification. The space patterns of a radio range beacon
which is undergoing service tests on the airways for u-h-f operation w
shown in ylf

r \ \ This arrangement incorporates several features which
Present -dav knowledge and advanced flying technique have indicated as
being desirable.

. , . . , „Onlv tWo useful courses arc provided (by the intersection of the tull-

™e patterns), as compared to four courses in the case of the present 1-1

range beacons This simplification materially reduces the orientation

Problems which the pilot is frequently called upon to solve under special

condition*. For example, when near the station during strong winds,
w'th the Four-course beacon, the pilot may drift into an A' or A qP«tont
un<l experience difficulty in determining which N or A quadrant nc is
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in and m which direction lo fly to get on the desired one of (he f
courses. Die orientation problems with tin- two-course beacon
Inrthcr simplified by the sector identification signals produced l>v the
dash-line patterns shown in Fig. 11. Thus, if the main courses
oriented east and west, the criterion for determining whether the east!
west leg of the beacon is being followed consists in ascertaining whet
the 1 J ft or / / M identihcation signal is the stronger (Here /"/' is

:

station identification signal and K or 11' (he sector identification sign*
I he main patterns forming the two-beacon courses arc distingiuY

from each other by modulating signals, 90 and 150 cps, instead of by
!\ and A coded signals in the present 1-f range beacons This -dlows
use of a visual course indicator in the output of the beacon receiver
the airplane and, since the two antenna systems arc excited simul<
ously, renders a-v-c reception feasible. The course indicator consists
an electrical filter and balanced-reef ilier circuit for separating the t
modulating frequencies, rectifying them, and npplving the result
rectified signals in phase opposition through a zero-center pointer-f
microammcter. W hen the airplane is on-courso, the two rectified si

'

Course

Fio. 11.—Visual two-course range beacon with aural sector identiheati

afforded a continuous visual indication of'tho''position of th'e\iimhi
with respect to (he desired course.

1

At predetermined intervals, approximately :j<) Sec, the ident ificati

eh, b
led

th

111

.. usin
a zero-centcr-type course indicator, since an on-course indication mayoDtamed when the received signal iniensitv is zero.

I he patterns shown in Fig. 11 are produced by five-element antenn
arrays; the directivity thereby obtained being helpful in reducing ben
and multiple courses (because of the reduced side radiation) Fa peri
merits have indicated that the use of horizontally polarized waves rathe
llian vertically polarized waves also serves (o reduce such HTcels probabl
bec;:use reradiatton occurs more fre<pien(lv from vertical obstacle*!
Hence present plans call for use in the range-beacon antenna arrays of

,

antenna element which sets up onlv horizontally polarized waves Sue

S«. it'
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clement is shown in Fig. 12 and is equivalent to a horizontal loop

''''n.e'nse of u.h.f. does not reduce the number of frequency channels
-- -'- • r - >•"• as might at iirst appear

Flo. 12.- L'lira-Iiicli-

(rc'tuency loop-antenna
element for use in an-
tenna arrays producing
horizontally polarized
waves.

-».iired for a national network of range beacons, as might at first nppear

[,V tntc.riiou with the l-f network. The reason for this is that the

, , r . nl'„leni air liner living in the substratosphere may use every second,

third or even fourth range beacon and thus will be interfered with by

intermediate stations unless they operate on

different frequencies.

11. Low-frequency Marker Beacons.

Thee •bilious, located at intervals along the

airways, have served two different purposes.

•One is in mark the meeting points of adjacent

radio range-beacon courses or to denote a

particular locality along (he airway, such as an

intermediate landing field or an abrupt change

in the elevation of the topography. For the

former, transmitters capable of transmitting

alternately on the two frequencies of the adja-

cent radio range beacons are employed, while

for the latter only single-frequency transmitters

are used. Kadi marker beacon station has a

characteristic identifying signal. Its range is

limited to ;") to 10 miles so that it may effectively

localize the point desired, .

The second purpose filled bv marker beacons is one of directional

guidance as well as marking of locality. Radio marker beacons of this

type are miniature radio range beacons. These arc located either at

points along the airwavs so as Id fill in gaps between the more powerful

radio range beacons or at intermediate landing fields to enable pilots to

locate i he landing areas during adverse weather conditions. In these

applications they are hardlv to be distinguished from radio range beacons
or runway localizing beacons, respectively, and their number vanes as

the facilities along the airways are modernized.
12. Ultra-high-frequency Cone Markers. There exists approximately

dirc tlv over the l-f type radio range beacon a small zone of zero signal

called the rone of silence. This zone arises from a combination of the
directive properties of the beacon-transmitting antenna system and the

Waiving antenna on the- airplane and has been used extensively by pilots

!"r obtaining a definite "fix over the station. Because of the essentially

negative nature of the indication and because of the possibility of obtain-
ing fabe indications caused bv momentary equipment failures, radio
tran-i:, vagaries, etc., a cone-type marker beacon is now used at

[niigc.l.ea,.,,,, stations lo provide positive identification of the station

'weation.
• Jin- cone marker consists of a 5-watt 75-Me crystal-controlled trans-
"I'Mcr, mo( i„|ateii jqo per cent at 3,000 cps and feeding a directive

Utennn array which produces ft conical lobe of energy radiated upward.
r* .radiation' pattern in the vertical plane is shown in Fig. 13. The
n°"zontal-planc radiation pattern is non-directional, i.e., circular.

p.
1 '11 ' antenna system for obtaining the desired patterns is shown m

!* 14a. It is installed one-fourth wave length above a coarse (3- by
mesh screen which . in turn is erected approximately one-half wave
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length above ground. The screen counterpoise provides an effects'

level reflector for the antenna, yet allows snow to fall through and veg*
tion to grow beneath.
The antenna and counterpoise

located at sufficient distance if
the central beacon tower to av
patten) distortion, r-f power bff
fed from tho transmitter (locited
the station house) by means i

parallel-conductor transmission
The latter consists of two Jfl
seamless copper pipes spaced 1

apart and supported centrally
3- by 3-in. copper shield. A s
matching stub, connected at an
propriate point at the antenna
of the transmission line (not sho

s

eliminates standing waves along
line.

The vertical radiation pattern
obtained by the quarter-wave sep-

lion between the antenna and
counterpoise, coupled with the di
tive properties of a half-wave hi

xuntal receiving antenna running!
and aft along the bellv of the
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Fig. 13.—Vertical-plane radiation
pattern of cone-ty|jc marker.

plane. The non-directional horizontal radiation pattern is obtai"
by fe'eding the cast-west half-wave radiating elements of the

West.

South 'North

Transmission
line

t ^£a>st

''Shorting bar
(o)

J-
-%Antenna --*f»- Downleads

—

-*r*
-
x/zAntenna- -*\

\*~X—-,
I ,

til - O
East

Shortingbar

•Transmission line

lb)

North

Fig. 14.—Details of antenna system for cone-type marker: (a) method
feeding; (6) detail of IO-deg. "phasing.

tenna system 90 deg. out of phase with the north-south radia'
elements (see Fig. 14a). This is accomplished by making the dim
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nan X of the transmission lines connecting antennas north and

east together and south and west together exactly one-fourth wave length

j ..'sjju^iUiR dimension Y so that the currents in the north and east

ntenna.s are in phase quadrature and likewise the currents in the south

and weal antennas. Figure 1 4b, which shows the north and east antennas

n . traight line with their respective down-leads, will clarify the prin-

ciples involved.
_

the transmitter is constructed in duplicate and includes, in addition,

a monitor unit. Tho latter functions to disconnect the regular channel in

evenl of its failure to deliver a predetermined power output and starts

up the sinnd-bv channel, connecting it to the transmission line in place

of the regular channel. •

13. Ultra-high-frequency Fan Marker. The procedure for aviation

traffic control, evolved as the result of many years' experience, calls for

the division of authority over traffic along the airways and in the vicinity

m no too 90 so to eo

Flo. 15,— Vortical-piano radiation patterns of fan-ty».3 marker: (ft) in

P"*e transversa to rante-boneon course: (ft) in plane oa-nllel to ranKo-boncon
course.

'" •' :.ir|nirts, Tho pilot follows a flight plan approved by the air-

!""> "':•(!«• control officer until he reaches ti control point marking the
"' i"iing of the airport control gone. Up to this point, the airways
Control officer has kept track of the pilot's position throughout the flight

••
I
"'Vii m lit! contacts between the airplane ami the ground stations of

f IHI ' I r-in.sport companies, CAA facilities, etc.) and may alter the flight
flan to conform with traffic requirements or meteorological conditions.

lairing good visibility conditions, the pilot reaching this control point
""niinicatcs with the airport control ofTcer for landing instructions and

'offi"

m '' t ' 1"'""V
l
,,lssf 's out °^ ,no pontTOl jurisdiction of the airways control

in H
Ur

'.
n,£ '"'verse visibility conditions, the latter retains cont rol authority

ntl the airplane conies into visual contact with the airport control
*t*w- pepending on traffic conditions, he may order the pilot to circle

,
a specified altitude above the control point until other airplanes effect

**** landings.

d
„" either case there is seen to be a need for a radio aid which may
n,»' the control points, generally about 25 miles from the airport,
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on each of the airways. The fan-type marker beacon serves C
purpose.

The fan marker consists of a 100-watt 75-Mc crystal-controlled tra
mittcr feeding a directive antenna array. The setup produces a nbeet
energy radiated upward and transverse to the range-beacon course. 1

transinitter is in duplicate, as in tin 1 case of the cone marker, with pro,
sioti for pulling the stand-by unit in operation in event of a prcdetermui
change in performance of the regular unit. A modulation frequency
3,000 cps is used with distinctive keying to sen s for identification.

Useful radiation extends up to about 20.0(H) ft. At 7,000 ft. the rad'

tion is about US miles wide and 1 miles thick. Although it appears t"

sullicient precision ok position indication is afforded by considering t

entering point of the radiated field, some consideration ha? been given
increasing the definition by setting up crossed patterns.
The antenna system used for obtaining the pattern shown in Fig. 1

consists of four horizontal half-wave antennas located in line along t°

range-beacon course and fed in phase by a transmission line from t

transmitter house. The antennas are placed one-fourth wave len
ahovc a coarse-mesh screen counterpoise, which, in turn, is approximatt
one-half wave length above ground. The details of the transmissi
line and of the counterpoise are substantially the same as for the con
type marker.

14. Ground-station Equipment for Two-way Communication Syste
To date, two-way communication between ground and airplane as earn
out by the domestic air transport companies has been chiefly in (he ,

band, 2,'Y.Y) to fi,G00 kc. (Experimental use of u.h.f. is in progress
Communication is by voice because of the greater speed of operation; ti

use of mdiotolcgraphy U largely confined to companies operating outsi
the United States. The radio equipment used at. the fixed lormin
of a typical two-way radiotelephone system has reached a remarkabll
degree of refinement to meet the particularly exacting requirouien
encountered in this service.

The transinitter must be capable of operation on any one of a. group
Frequencies, with facilities for rapid change-over to any other frequon
in the group. This is necessary since each transport route has a day a

night frequency for communication with aircraft and also separat

Frequencies for poi nt- to-point communication. Moreover, when I'

ground station is located at. the junction of several routes operated by t

same company, provision must, be made for communication on eit.h

the day or the night frequency corresponding to each route. r'&B'

frequency channel is crystal controlled, the frequency being hold consta
lo within 0.025 per cent. Approximately 400 watts of r-f power on eac

frequency is required in the antenna to effect reliable commnnirati
over the desired distance range; some: ground-station transmitters u
up to 3 kw.
The receiving equipment must be highly selective because of the ma

channels that must be accommodated within the comparatively narro
hand of frequencies allocated to (his service, stations ai the same airpo

operated by different transport lines being frequently less than I per eo

apart. Extremely high sensitivity coupled with excellent a.v.c.

required to provide substantially constant output under the varyii
transmission characteristics which usually obtain in this I'requenC

range and because of the varying distance between the aircraft a

17]
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ind provisions for remote operation must be made since, in order to

l!cU re freedom from man-made interference, the receiving equipment is

freaiieiill.V located as much as 30 miles distant from the operating stuff'.

15. Ground -station Transmitter. Typical of the advanced type of

Uftna'mitting equipment required for this service is the Western Electric

Type 1 I transmitter. This transmitter provides crystal-controlled tele-

phone, continuous wave, or tone telegraph transmission on any one of 10

frequency channels within the range of 2 to 18.1 Mc. It employs a

crystal oscillator; two intermediate buffer-amplifier stages which function

cither as amplifiers or doublers, depending upon the frequency used;

i, modulating amplifier preceded by two audio stages; and a power ampli-

fier. Each frequency has its own quartz plate and a set of interstage and

output coils. The set is so arranged that any one of the frequencies

desired may be selected, by single-digit operation of a telephone dial,

within about 1 see. The transmitter can be operated with push-hutton,

telegraph-key, or voice-operated carrier control. The carrier is sup-

pressed automatically during unwanted periods. Provision is made for

remote frequency selection and starling and stopping of the carrier. A
set of three simple vertical antennas approximately 15, 30, and 60 ft.

high niav be used to cover the entire range, or any combination of

directional and non-directional antennas. The transmitter is a-c oper-

ated, requiring approximately a 4-kva 220-volt three-phase supply. In

a setup of this type of equipment by the Eastern Air Lines, Inc., on the

New York In All mta route, these transmitters provide telephone grouud-

to-airplaue communication, telephone point to point, continuous-wave

telegraph point to point, and RCA facsimile point to point for the

transmission of long weather Sequences and long routine company busi-

ness. On (!(. telephone point lo point, provisions are made for the use

p? Western 1 'lectric speech inverters so that the conversations may be of a
private nature.
One

s i in the de..i;.',;i ..f grou :uU I at ion transmitters lies in the

suppression of overmodulation products which produce adjacent-channel
fflterfe aico. An automatic constant-level speech input amplifier which
operates to prevent momeularv high a-f peaks from reaching the trans-

mitter has been developed Cbl this purpose. Its use in conjunction with

crystal-i'esuiiator preselectors in the receiver input allows successful

reception only 1,000 Ft. Eroui a 400-watt transmitter when tuned to a
earner. only 20 kc off the transinitter frequency.
,

IS. Remote-control Receiver. I "so of remotely located receiving

"WtalliUjoiW controlled. from the radio offices at the airport has become
widespread except for emergency operation. The receiver is generally
" »ult ifrequency superheterodyne with quartz-plate control of the
opterpdyiic oscillator. Conl ml of 1 he remote receiver is accomplished by
"ml impulse-generating equipment and a telephone wire line. Relay
ttrcuitu ;u Hie receiver, which respond to the transmitted impulses,
Provide for frequency change, volume-control settings, etc. The receiver

fed I act over the line and is generally amplified at the operator's
end Tor loud-speaker service.

,

•• l.vjrt. nt remote-controlled receiver incorporate! a Cm lan *' ra-Ker-
'ixa-aiod device, antinoiso" which keeps the receiver silent while in stand-by

{J™
1 !" 111 and feeds the loud-speaker only when a modulated carrier is liemg

i.
,'
1Vl "" preselected frequency. Tins device operates reliably under

'Kli imjao conditions and docs not require adjustments to compensate lor
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variations iti tho noise level. This receiver is arranged for mounting ]i

weatherproof cabinets which may be fastened to the same telephone pole
which supports tho receiving antenna and is provided with an emergency.. J

battery power-supply system which is automatically connected to (lie recoivJ
in tho ovent of failure of tho normal a^o power supply. The set has u scm9
tivity of 1 ftv to give 50-inw output. The a.v.c. will hold the output level
constant within -1 db for a variation in input voltage of KM) dh. Cutoff ol
audio frequencies below 200 and above 3.000 cps is provided tu reduce noiso.l
Its selectivity is such that an interfering modulated carrier 10 ko away GJQ-ij
per cent modulation at 400 opfl) must be 20 di) above the desired carrier lo*^H
to produce an interfering voltage 20 db below the desired signal voltage.

17. Radio Facilities at a Modern Airport. A brief tabulation of all

the various radb aids and facilities available at a modern airport will

serve to emphasize the important pari radio has in aviation. The
facilities at La Guardia Field, Xew York City, are taken for example.

1. CAA Radio Room. Teletype facilities for collecting weather itiform^H
tion. Remote control equipment for operating radio- range beacon and t
telephone transmitters and for making weather broadcasts. Receivers f^H
maintaining watch on national calling frequencies.

2. Air Transport Company Communications Systems. Transmitters andw
remote-controlled receivers operated by each of five air-line companies fo^H
two-way communication with aircraft and for point-to-point communication.J
Direct communication facilities with CAA radio room and with airways and
airport control offices. Private teletype system.

•i. Marker H< aeons. Cone-typo marker beacon at radio rangc-beooSj^H
station. Fan-type marker beacons at control point* on each of the foulH
incoming airways.

4. Radio Landing Aids. Four-way instrument landing facilities providing
for landing in cither direction along the airport's two longest runways. Iiacfl

direction utilizes an u-h-f runway localizing beacon, a landing l«im, ana
two fan-type low-approach marker beacons. (A complete description o|
radio lauding aids is given in Art. 30.)

_
5. Airways Control Office. Teletype facilities for collecting information oi

airways traffic conditions. Direct communication with CAA radio room, ail!

transport company dispatchers, and airport control tower for collecting
information on airway's traffic conditions and for directing traffic (through
CAA, company's and airport radio-facilities).

6. Airport Control Tower. Remote-controlled airport radiotelephone
transmitter (with complete emergency stand-by unit) for directing airpofi
traffic. Remote and direct-controlled receivers for standing watch oft

national calling frequencies, air transport companies' two-way connnunica*
tion frequencies, U. S. Army frequencies, and others. At tho time of writingj
15 remote-controlled receivers arc used, 13 for maintaining a watch on t

following frequencies and 2 in reserve. Three multifrcquency direct-con^
trolled receivers provide stand-by emergency facilities.

Frequency, Kilocycles Service
3,105 Itinerant aircraft
4,495 U. S. Army
3,232.5)
3,257.5(
5,«12.5> American Airlines
5,032.51
5,652.5 )

4,422.5 Eastern Air Lines
2.870
3,OSS
4,937
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of

on

lir

[he

6,572.
3.1G2

Pan American Airways

Transcontinental &. Western Air

United Air Lines

I

AIRPLANE RADIO INSTALLATION

18. Special Requirements and Installation Practice. Because of the

special nature of the installation of radio equipment aboard aircraft,

special mechanical, electrical, and aerodynamic requirements arc imposed.

Reliability and simplicity of operation are essential. The equipment,

musl lie constructed to withstand continued vibration and landing shock

without chauge in performance and must operate under all conditions of

weather encountered in flight. Space and weight must be kept down to a
minimum. The equipment must be capable of quick removal from the

airplane for servicing or replacement. Simple but complete remote
control of the equipment, including frequency change-over, etc., is

essential. An adequate, efficient power supply is required. The
antennas must be of sound aerodynamic design. Special precautions arc
needed in eliminating various electrical disturbances arising on the

airplane.

19. Airplane Antennas. An aircraft antenna must have a good effec-

tive height, must 'be of sound aerodynamic design, and must be con-
venient to use tinder varying air-transport operation conditions. The
trailing wire fulfills the first requirement but fails to meet the second and
third requirements. It is still used- in modified form in some modern
installations for transmission, because of its efficiency and comparatively
greater freedom from ice formation. A typical fixed transmitting
antenna consists of a mast approximately 6-ft. high, mounted above the
fuselage and with flat-top wires extending townrd the wing tips and the
vertical rudder post. In larger ships this form may be modified to
produce a front to rear, wing tip to wing tip, or V antenna. The mast
niav constitute the lead-in, in which case it is insulated from the fuselage.
Lengths of antennas range from 30 to 75 ft. depending upon the antenna
form and the size of the airplane.
A whip antenna extending 4 to 6 ft. vertically above the fuselage has

an effective height of about 1 meter, sufficient for use with sensitive
receivers. Errors in course indication on the radio range beacon are
introduced unless the receiving antenna on the airplane is entirely non-
wectional. This restriction limits the antenna configuration to either
the vertical-pole antennas or to a vertical antenna with flat-top loading,
the Hat -lop elements of which are so arranged that their horizontal effects
n,,'iiialize each other. The symmetrical, longitudinal, or transverse T
.antenna, with vertical lead-in are examples of the latter type. 'Die V
antenna, mounted well forward below the fuselage with its apex leading
and the load-in connected to this point, is another antenna of this type:
'oi,iri,i of the angle of (he V provides for a symmetrical antenna and

• counterpoise system. Considerable use is made in practice of a single

\v"i ""'.''ned backward and upward toward the vertical rudder post.
jV'ta this arrangement the directional errors are utilized to compensate

r the tendency of a pilot to weave about the beacon course.
Antennas for transmitting and receiv ing at tl.h.f. may consist of half-

' ' '''poles, generally horizontal, with conventional transmission-line

Ki"' i'o
K ' ^nc ',(;IlC0n receiving antenna may be of the form shown in

it«
K

r
'"ountcd well ahove the fuselage and forward so that it will retain

' n-0-spacc characteristics,

the i

*.'rcraf' Power Equipment. Five determining factors enter into
8 choice of the power system to be adopted: (1) reliability, (2) weight,
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(3) availability when the main power plant of the airplane is crippled, (4
electrical performance, and (5) maintenance required during sei vic

Several distinct types of power-supply systems are available. T
receiving-set power requirements are satisfactorily provided by the co
bination of the 12-volt battery and dynamotor plate supply. The Iran
rnitting-set plate-supply requirements, being considerably larger, bav
led to the development of a number of different arrangement
These include dynamotors driven from the aircraft storage battery, at'

plane-engine-driven generators, wind-driven generators (now practical!
obsolete), and auxiliary gasoline-engine-d riven generators. In romp
ing these systems, consideration must he given to the cver-increasi
electrical load requirements on a modem transport airplane other th
radio power supply. These, include lighting, motor starters, motors f

operating adjustable pitch propellers, retractable landing gear, flaps, fu
and oil pumps, remote-controlled switches and solenoids, etc.

The most widely applied system utilizes a 14-volt d-e charging gene-

tor, driven from an airplane engine and provided with a voltage regulal
so as to maintain substantially constant generator voltage for all possibl
airplane-engine speeds. The generator charges the 12-volt airplane
storage battery, which in turn drives the necessary dynarnotors fo"

obtaining receiver and transmitter plate power supply. Some of th
larger transport airplanes use a dual battery and generator system, eac'

battery being of nominal Co amp.-hr. capacity and each generator havi
a 50-amp. rating: In one arrangement, provision is made whereby the tw
systems normally operate independently each carrying half the load,

when desired, the full load may be applied to either battery and both
generators may operate in parallel for charging it. In a second arrange-
ment, one system is kept as a stand-by so that a fully charged batlerjj

will be available for emergency operation in event of failure of the airplane
engines. A 21-volt battery and charging-gencrator system has alsoj

1 keen adopted for large transport airplanes.

An alternate system suitable for airplanes having very high eleetri

load requirements, employs an auxiliary gasoline engine driving an a-d

generator. The generator may be 1 15 volts, 800 cycles, single phase, of.

it may be 115 volts, ICO cycles, three phase; the three-phase system W
somewhat more suitable when the electrical load is largely a motor lead

as in military aire raft. The .high generated frequencies "permit, tin u*l

of very lightweight transformers and filter units in obtaining high d-C

voltages for radio plate power supply. A complete complement of radio

transmitting and receiving equipment for use with either dynarnotors <
single-phase 800-eycic supply has been designed by one radio manufaflj

turcr. In one a-e installation, on a DC-4 airplane, two 800-eycle auxiliary
engine-driven alternators were used, mounted in the nacelles of two of tW
airplane's four engines. The rated capacity of each alternator wafl

7.5 kva.
21. Radio Shielding and Bonding in Aircraft. Intense electrics

disturbances are set up in the radio receiving rirciiits by I lie • lectrii*

ignition system of the airplane engine, unless ignition shielding is prw
vided. To obtain effective shielding, it. becomes necessary to enclose the

entire electrical system of the engine ignition in a high-conduc I ivi'-V

metallic shield. This requires the provision of suitable metallic ooven
for the magneto distributing heads, for the booster magneto, for the

ignition distributing wires running from the magnetos to the spark plugs.

. ,,, AIRCRAFT RADIO <)0!)
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for the spark plugs themselves, for the ignition switch, and for the switch

.„<] booster mngncm leads.
'

With I he low-power ground stations in present use, it is necessary to uti-

ij,
e ; nsiiies not appreciably greater than the prevailing static level.

Hence verv careful ignition shielding is essential. The use of u-h-f com-

munical inn imposes additional requirements on the shielding efficiency.

Electrical disturbances may also be set up by any of the numerous

elcclrical devices .used in th'- modern airplane and by the periodic dis-

charge of static voltages accumulated on isolated metallic parts on the

airplane The former is eliminated by direct shielding of the devices,

coupled with filtering of connecting leads. The latter is eliminated by

bonding all metallic cases, parts, and controls to the common ground

formed liv the airplane fuselage.

22. Precipitation Static. Oscillating corona discharge from points on

the airplane to the surrounding atmosphere, occurring when the airplane

flics through electrically turbulent air masses, leads to what is known as

rain, snoir, or iire<i]>it>iti<>u static. Such static is often of sufficient

iiilfoii at the lower frequencies to mar reception even at short distances.

The ii-i of a shielded loop antenna (familiar in marine-radio direction

finding) for receiving reduces this type of static in a material degree,

probably because of the preponderance of electric field components in

the h-f radiation of the static near its source of origin.

A second and more effective expedient for reducing precipitation static

is to provide a discharj'e point well removed from the airplane antennas
and io control the discharge by means of a resistor so that oscillating

corona is minimized. This has been done by attaching a resistance cord

!appiii\ tnatelv 0.5 megohm) and wire to toe fail Of the airplane. The
wire is 11.0 Hi hi. in diameter, thesharp point at its end forming a much more
effective discharge point than the projections on the airplane from which
coron i discharge normally occurs,

23, Aircraft Radio Transmitters. Practically all transport airplanes

tmplo) multifroquency, crystal-controlled transmitters, generally 50
watt - in- higher with 100 per cent modulation. Simple?; operation is used
wherehv transmission and reception is on the same frequency. The
communication receiver is normally in stand-by position. Depressing
the "press-to-talk" microphone button disconnects the receiver from the

communication antenna, connects the transmitter in its place, and starts
• the transmitter dvunmotor. Side tone is automatically provided.

The transmitter incorporates several pretuned crystal-oscillator and
Power-amplifier circuits with remote control means for connecting each
"<••

1 will (o a common set of r-f tubes and an associated modulate*
fysl'-in. The remote control may be by means of a flexible shaft openit-

8*8 9 ganged switch or it may be by electrical telephone-dial selection,

transmitters having up to Ml operating frequencies are in use. Plato

"todulatton is general with a speech-frequency range of 300 to 3,500

P'Hes, Irequeneies below HOI) cycles being suppressed mainly to reduce

SB" audio interference levels setup by the propellers and engine exhausts.

°ynnmotor voltages For plate powersupply are generally 1,250 volts orless.
I ra.ti.sm it ters for private aircraft arc set up for one, two, or three ire-

'08:3,105, 3,120, and 6,210 ke;3, 105 and 6,210 kc: or 3, 105 kc. For
°™ smaller airplane's the transmitter operates on 3,105 kc and, with a

wmpanion range-beacon receiver, uses a dry-battery power supply sys-
tem. The equipment, is generally located to allow direct control.
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With the advent of u-li-f operation, some simplification in ehan'
requirements may be effected because of the elimination of ehange-ov
from day to night frequencies and vice versa.

24. Aircraft Radio Receivers. With the present, setup of radio f

quencics (see Table I), the full complement of receiving equipment on
transport liner includes the following: a 1-f range-beacon receiver: a h
communication receiver; an auxiliary receiver, usually of the all-wa
type, for radio-direction finding and (primarily) for emergency use; and
75-Mc marker-beacon receiver. These are gradually being supplement:
with u-h-f equipment for use of the u-h-f airways facilities, blind-landr
systems, etc. Itinerant aircraft generally carry only a range-beats
receiver which provides for weather-broadcast and range-beacon rcce
tion, for messages from airport traflic-control transmitters, and emergen
messages from CAA 1-f radiotelephone facilities.

All nir-linc receivers used at the present time are of the superhetero
type. The range-beacon receiver has a sensitivity of about 3 «v and
communication receiver of about I jiv for a Bignal noise ratio of 2:1.
marker-beacon and landing-l>cam receivers are of fixed-sensitivity types i

special provision for maintaining constant sensitivity under varying opcr
tional conditions. The u-h-f range-beacon and communication recci
have a sensitivity of approximately 5 pv.
The 1-f range-beacon receiver is of the continuously variable type,

trolled with a rotating flexible shaft which may lie up to 30 ft. in Ion
Manual remote volume control is also provided. The frequency contra
generally through a control crank, operated by the pilot, which is geared 4 1

to the flexible shaft: the latter hag a ratio of 204:1 to the tuning coudens
Gear backlash effect is thus minimized. Provision is made for quick shi

over, generally by means of a relay and pretuned circuits, to 278 kc for use
!

traffic control communication. The receiver is arranged for dual output (

pilot and copilot) and, sometimes, for dual control.
The h-f communication receiver is of the multifrequency type with cr.

control of the heterodyne oscillator in each of the channels. Both mochani
and electrical remote-control switching to preset frequencies arc employ
as in the case of the companion multifrequency communication transmitters'
In some coses tho same control switches l»th the receiver and the transmit
simultaneously. Automntic-volume-control reception is used. Dual con*
and dual output for pilot and copilot are provided; the controls include

]

sion for separate output level adjustment.
The auxiliary receiver is generally of the continuously variable tuning R

but may employ a crystal "lock-in feature" at specific company communi
tion frequencies. Normally the copilot uses this receiver for obtaining j

tion checks when crossing other range-beacon courses or, in conjunction
a loop antenna, for obtaining directional bearings on range-beacon or i

taintnent broadcast frequencies. In emergencies this receiver may
switched by a normally scaled control to an emergency dry-battery po
supply good for 1 lir. of continuous operation.
The marker-beacon receiver is a single-channel crystal-controlled super

heterodyne type and is adjusted and controlled at 1.400-jiv sctisitivit

Three filters in the output are tunod, respectively, to 3.000. 1,300, and
cycles and feed separate, distinctively colored, lights on tho airplane inst

moot panel. Tho first frequency corresponds to the modulating frequenv
used at cone and fan-type marker beacons: the other two correspond to th

outer and inner approach markers of radio landing aids installations.

COURSE NAVIGATION AND POSITION DETERMINATION
26. Guiding Systems. Had in systems for guiding aircraft comprise

two types: (1) aids for aircraft flying the established airways and (2) ai

Stc. iv AIRCRAFT RADIO til I

for aircraft flying over independent routes. The first is the more impor-

tant in the Vnited States. All commercial transport airplanes use fixed

airways. The government aids to air navigation are being provided wit h

the primary view of serving aircraft flying these airways.

An ideal'system suitable for use by aircraft flying either fixed airways

or independent routes, on land or on sea, is such that

1. The system shall give the pilot information to enable him to continue

alotig :l given route between any two points in a given service area when no

landmarks or sky arc visible. If he leaves the course, ii should tell him how
far off he is and to which side, should show him the way back to the course,

and should inform him when he arrives at his destination.

2. The necessary directional service shall be available at all times and
under nil conditions, to all airplnncs equipped to receive tho service and flying

within I lie area service.

3. Tho service shall be easily, positively, and quickly available to the pilot,

with a minimum of effort on his part.

4. The radio equipment required on the airplane shall bo simple, rugged,

of light weight, and relatively inexpensive.
6. The ground equipment shall bo as simple as possible. The radio fre-

quencies, power, tyi>o of emission, and location of ground transmitting stations

shall he such as to serve the needs with maximum efficiency and conserva-
tion of the limited ratio channels available.

26, Direction Finder on Airplane. One system employs a fixed-coil

antenna, the plane of which is perpendicular to the longitudinal axis of

Wind Wind

Radio
Station

I'm. Hi.- KfTcet of cross winds on path followed with direction finder.

the airplane. Zero signal is obtained in the receiving-set output as long
»8 the airplane is pointing to the ground transmitting station. This is

J^sentially a "homing" system and is subject to the limitation that a
circiiit 1M | S p.lt ], j s f{ ,[][}\v<.d if heavy cross winds prevail. This is illus-
trated j„ | (; ,MUj a |)[,|ics on]y when compensating course corrections
~**:!' on the indications of the'magnctie compass arc not periodically

ji'l
1 ':' 1 The um: of the zero-signal bearings is rendered much more

bp,
,

trough the adoption of a rotating loop antenna on the airplane,

,i
""' system still has some defects. It lacks means for giving the pilot

wl' Ti
" so of deviation front the course, the signal increasing from zero

nether the airplane deviates to the left or to the right. Moreover, tho

JS" °/ a zero-signal indication is difficult under conditions of severe atmos-
v eric disturbances or interference from other services.

dovr.'l V' atc those difficulties, tho llolrinson direction-finding system was
doped. In this system, two crosscd-coil antennfs arc used, one cod
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having its plane along the loiinimtiinal nsis of the ;iirpl:iin> :unl ilu- second
having the plane perpendicular to this axis. The signal tliu- tn the second or
auxiliary loop antenna is alternately aclileil to ami subtracted :> r lie -iumi
due to the first- or main-loop antenna. When on the course, since no vi ilium
is then induced in the uuxilinry coil, the two signals are of equal intensiti™
When off course to the left, for a given phase relationship between the tn
loop antennas, the sum of the two signals is greater than tlie difference; wht
off course to the right, their sum is less than their difference. Sharpness

<

course indication is directly dependent upon the ratio of effective height of tl
auxiliary loop antenna to that of the main antenna. A suitable automat)
switching sequence enables the pilot to determine the orientation of his a
plane with respect to the true course or bearing. The system as develop
was of the fixed loop-untenna type.

In modern aircraft radio practice the Robinson direction finder

been replaced by equipment giving visual indication of the airplane he
ing relative to the course directed on the ground transmitting station,

number of commercial units have been introduced and arc successful
employed for flying along independent route's and as adjuncts to the rad

range-beacon system. These are generally modifications of the Robing
direction finder in which the main coil is replaced by a vertical antenn
since no directivity is required of this element and the auxiliary loop it

made rotutable. Switching to the additive and subtract ive positional

accomplished electrically and is performed at it rapid rate. The outjni

signal of the receiving set is switched synchronously with the atitenn

system, so I hat it passes alternately in opposite directions through I

indicating instrument of the zero-renter type, thereby giving right an
left indication of the heading of the airplane with respect to the desirr

course.

A circuit diagram of the earliest published arrangement 1 of this
and one which is similar in most of the essential details to many of the A
rent commercial units is shown in Fig. 17. In this arrangement the tul

Vi and Vt are biased to cutoff by the bias battery (', passing current 01

when successive half-cycles of the switching frequency alternately make)
grids less negative. The r-f voltage passed on from the coil (in the conuw
plate circuit of Vi and Vi) to the coil I.i (connected to the input of a con-

ventional receiving set I is thus alternately reversed. Voltage [rum a vertioaft

antenna is also fed into Li in proper phase relation so that the Inop-antMH^H
voltage alternately adds to and subtracts from it. The amplified sum tut"

difference voltage is detected and amplified ami then pas.-cd through tJjgJ

current coil of an n-c clectrodynatnouieter-lype instrument . The field coil
J"

excited by the switching frequency so that the zero-center pointer is deflect**

to the right, say. corresponding to the additive condition of the loop and v*^H
cal antenna voltages and to the left corresponding to the subiractive t

*•*

tion. The polar diagram indicating the response of the amentia system J
'

the two conditions coriespondiite to varying directions of the airplane
respect to the transmitting station is shown in F'ig. IS. The intersectioni*l

the two cardioid patterns corresponds to the zero-center or "course" position

of the indicator. Whether the airplane is flying toward or away from tn»

ground station is readily determined by noting whether the pointer dcllcfj*

to the right or left or vice versa as the heading of the airplane is altered to tn*

right or left of the course.

This type of direction finder is quite simple and may be used on
typ.- of ground station, such as in the broadcast i a in). The satin

- rf

tuny be used for the reception of weather-broadcast and rnngc-beacO*j
1 See reference to Diockman at eml of section. For a description of coini"Cfc'

equipment, ccc Electronic*, Octobta-, 1935.
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.,,.,]< One important desirable improvement now receiving attention

the elimination of serious and erratic errors in the bearing obtained al

'"i'l., .,lso in davtime on the higher broadcast frequencies). A s md

project on which experimental work is in progress is the connection of

Detector

andAudio
Amplifier,

Amplifier >

Output
Transformer

7o Switching

Frequency

I'm. 17 —Schematic circuit diagram for visnnl-typc airplane radio direction

finder.

the curse indicator to control the steering of the airplane, through use

oT the automatic pilot. .

.

To make full use of the possibilities of a direction finder aboard aircraft,

automatic indication of the direction of the tuned-in station is required.

This has been accomplished in a number of commercial units through
U»e use of a bidirectional motor system which drives the rotating loop

antenna. The motor system replaces the bilateral

pointer-type indicator and is arranged to drive the
loopantenria clockwise corresponding; to one cardioid
patte rn and counterclockwise corresponding to the

JJ*°nd cardioid pattern. A little study will show
that the si stem will be in stable equilibrium for only
pile course, which may be arranged to correspond
j'» the forward direction. A bearing indicator, near

Course

. a nam iirreciion. ;v Hearing limicuioi ,
near

'JJ
pilot, attached to the loop-antenna driving

"haft by means of a flexible drive and indicates the
direct in,,

Ant,
of the station correctly at all times.

Wntatic-volume-control reception is employed
10 rentier the direction-finder operation fully

Wtomatic.
One sys-

t
Coc/rse

Fto. 18.—Crossed
cardioid pal terns fur

visual-type finder.
27. Direction Finder on the Ground.

JT™
1

?
1 navigational aids to aircraft is a direction-hinlmg system, but with

""""'recti,,,, f„„u .
r located on the ground. Kvery airplane utilizing this

ystei,. carries a radiotelephone for radiotelegraph) transmitter and
" -

c.av,.
r p,. r ,naM (. nt direction-finding stations are located at ground

SJJi'ons at strategic [mints. When an airplane desires to learn its pos>

»t tran.- nits a requeU on the airplane transmitting set, whereupon
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two or more of tho ground direction-finding stations each dctrrmigj '

I lie iliri'i'tion liy observations upon tin- radio wan s transmitted from the
airplane. Triangula tion then gives the position of the airplane, which
information is transmitted to the airplane.

Five minutes is normally required between the time the request for*
bearing is transmitted from an airplane and the time (he bearing at
computed by two ground stations, is furnished the airplane. Obviously
the system is best suited to long-distance operation over routes nut too
heavily congested, such as the transoceanic services.

A simple loop antenna may be used in conjunction with (lie receiving

set required with this system, thereby giving the pilot additional dirt*,

tioual or "homing" service to supplement the bearings furnished by the
ground-station network. Even with this additional service, however, the

airplane is. not kepi strictly on a given course at all times mnl I licrcfon

not practicable where airplanes must fly over rigid airway routes. It

has deficit.- value, however, as an adjunct to the range-lieaeon system
and is being used experimentally in the United States on ihe 2, !)(!(>- to

6,600-kc band and at ultra-high frequencies. Completely automa^H
ground-station direction finders have been devised for this experimental
service.

28. Rotating Radio-beacon System. A method of furnishing naviga-

tional aid to a flyer is the rotating radio beacon developed in England.
This method employs a transmitter located at an airport, which has*
loop antenna rotating al a constant speed of t r.p.m. A figure-of-cig^B
pattern is thus rotated in space at a constant rale. A special siun.nl

indicates when the figure-of-eight minimum passes through north and
also when it passes through east. A pilot listening to the beacon signal

in the output of his receiving set can start a stop watch when the north

signal is received and stop it when the figure-of-eight, minimum reaches

him. The number of seconds multiplied by six gives him his true direc-

tion in degrees from north. The stop watch may be calibrated directly

in degrees, so that the position of the second hand, when the minimum
signal is received, gives the bearing directly. The east signal is provided

to overcome the difficulty in receiving the north signal when the airplane

is north or south of the beacon, as on that bearing the signal strength is*

minimum.
The receiving antenna is of a non-directional type. The receiving set

may be used in the reception of wejit her-broadcasf messages and other

communications when not employed in direction determination. 'In*

system is capable of giving simultaneous service to any number of

airplanes in any direction. Drift may be checked by determining po**

tions, periodically, and correction may be employed. In the fuf"

described, the system has several inherent disadvantages. The serviej

is intermittent and somewhat slow, requiring at least 30 sec. fur raj*

bearing. Since the determination of a minimum signal must be mii<|B

the system is particularly subject to interference and atmosphere
disturbances.

Omnidirectional beacons have been developed in the f'niled Slab*

which are based on the general principles of the foregoing system b^B
which overcome its disadvantages. One installation, operating at

1™

Me, employs a five-element antenna system, either vertically or horitto'jj

tally polarized, with four of the elements on the corners of a square atw

the fifth at the geometric center. A 125-Mr carrier, modulated 75 P^P
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^jot l>y a 10-kc modulation which in turn carries 60-cyclc modulation, is

Inched 10 tnc central element; the radiation from this element is non-

Sirectional. Carrier power of the same frequency is fed to a small

goniometer, which in turn feeds the four comer elements forming the

directional antenna system. This will be seen to be quite similar to the

gjniult: 'its range-beacon and weather-broadcast system described in

\rt. I', except that (since the goniometer primary windings are not keyed

alternately) a single figure-of-eight radiation pattern is produced by the

four corner antenna elements.

This figure-of-eight pattern is rotated in space 60 times per second

by mechanical rotation of the small goniometer at this rate, and thus

produces (at any point in space) a 60-cyclc modulation of the non-direc-

tional currier. The power fed to the four corner elements is adjusted so

that the percentage liO-cyrlc modulation is 20 per cent. The phase of

this modulation with respect to the 60-cycle modulation carried by the

10-kc subcarricr on the central radiation will obviously depend upon the

direct ion from the transmitter and will go through 360 dcg. as an airplane

circles the transmitter.
Hence, in order to determine the bearing of the airplane with respect

to the transmitter at any point in space, it is necessary to measure the

phase difference between tnc variable- and fixed-phase 60-cycle modula-
tion. This is done in one arrangement by separating them in the output
of the receiving set (bv 60-cyclc and 10-kc filters) and applying them
respectively to the field and armature windings of an elect rodynamom-
eter-type instrument such as is shown in Fig. 17. The pointer indicator
of this ins) rument will read zero when the phase difference is 90 (leg. A
phase shifter connected between one filter unit and the corresponding
instrument winding is used to adjust the actual phase to this value, its

setting being then a direct measure of the station bearing. The indicat-
ing instrument then becomes a right-left indicator which enables the
pilot to follow this fixed bearing to the station regardless of wind drift.

29. Radio Range-beacon System. Radio range beacons with aural
»nd visual course indication have already been described in previous
articles. Visual indication is more in keeping with airplane instrument
Practice, provides sharper course indication, eliminates the personal
"lenient in ascertaining the position of the airplane with respect to the
B*Ursc, and allows the use of a-v-c reception. The high level of atmos-
pherics prevalent in the 1-f range-beacon band led to the development of
8

I)0('ial t -banieal-reed filter units to make visual course indicators
Practicable.- The change-over to u-h-f operation renders the use of less
selective electrical filters feasible. Several arrangements for obtaining
visual course indication on aural-beacon signals have been tried but

•n"'
imPr«ctical.

.
'he radio range beacon requires only a simple receiver aboard the

'fplaiie lor its reception. The same receiving equipment is useful for
iiier purposes, for example, receiving voice weather bioadcasts, voice
^."""unication, etc. The system is simple to use by the pilot and per-
ts niui it, fly along the established airways where ail other aids to avia-

I

111 afe provided. Errors in course indication such as "night effects,"
and multiple courses, etc., which have been associated with the

'go beacons are present in all other systems but are, in general, not as
SIIV recognized nor eliminated. The' range-beacon system lends itself
0fi

' readily to airways traffic control.
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RADIO AIDS TO BLIND LANDING OF AIRCRAFT
30. Functions of an Instrument Landing System. The primary fun*,

lion of an instrument landing system is to iiruvide continuous, positive"

three-dimensional guidance, when by an airplane flying the airways under
adverse visibility conditions (even zero ceiling, zero visibility) can find the
proper runway on the airport and land safely on it. A secondary and, at
present, more practical function is lo expedite the landing maneuvers du2
ing poor visibility conditions so that more airplanes can land at an airport
in a given time. The present practice of •stacking'' airplanes overt;
control point limits the number of landings at even I lie largest airport to
about I per hour. With the aid of an instrument lauding system, th»
figure is expected to increase to about 10 per hour.

31. National Bureau of Standards System .of Radio Landing Aide
The basic concepts of nearly all present radio landing systems were

Img. 1!). Hadin landing system at Newark airport: (<i) runway lofadiiinl

beacon: (h) landing beam: (V) approach marker: (</) Iximidary marker; W'
spatial landing path followed by landing airplane.

demons! rated by the National Bureau of Standards at College l'ark, Mew
in 1031 and at the Newark, N. .1., municipal airport in 1933.
system included three elements to indicate I ho position of the landinf

airplane as it approached and reached the point of landing. I.atertj

position, given for the purpose of keeping the airplane directed lo

over the desired landing-field runway, was secured by a small 1-1 :'27S-keJ

visual-type radio range beacon. Approximate distance from this, trans*

mitter was given by a distance indicator operating from the automat*
volume control in the beacon receiving set. lixact longitudinal position

was given by two h-f (10-Mc) fan-type marker beacons located l.aw
ft. from the approach boundary of the airport and at the boundary-
Vertical guidance was given by an u-h-f (9l-.Mc) landing beam whi<*

produced ji curved gliding path for the landing airplane.

The runway-beacon course extended some lo miles along the projection

of the runway so that the pilot could orient himself along it from »
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.nvenicnt point on the main range-beacon course or after passing over

',!,. main range-beiieon tower. Two low modulating frequencies were

i" for distinguishing the overlapping radiation patterns of the runway

hMu-on and the airplane course indicator was designed to separate these

frequencies bv reed filters, to rectify them, and lo apply the rectified

voltage- in phase opposition to a zero-center pointer-type inicroammeter.

The marker beacons were of a ty pe somewhat different from the present

fan markers bill produced essentially the same vertical sheet of radiated

energv- ihe approach marker beacon was modulated by a h-f note and

the boundary marker beacon by a 1-f note. These were heard in the

pilot's headphones. _

'

'

32. Fadio Landing Beacon. The method by w hich the suitable indica-

tion of absolute height above ground was obtained will be evident from

BUREAU OF STANDARDS RADIO SYSTEM FOR BLIND LANDING OF AIRCRAFT.

COMBINED LANDING INSTRUMENT INDICATIONS

Airplane to left of Airplane over the Airplane to right of

runwayand above Ihe runway and on the runway and below Ihe

proper landing pnlh proper landing path proper landing path

A- 1 ancfingbeam and runway localizer beacon

flu. 20.—Combined-instrument indications for radio landing system.

'V 2 ). which shows ihe space radiation pattern in the vertical plane of
}hc u-h-f radio landing beam. The polar pattern in the horizontal plane

"' •what lower directivity. The airplane is Ihorcforc readily
'iircn,.,| approximately along the' horizontal axis of the beam by means
W the co, use indications from the runway localizing beacon. It does
nS>l, however, flv along the inclined axis of the beam, but cm a curved

,;'t h «!io.-e curvature diminishes as the ground is approached. This
I'i'Hi is a line of equal intensity of received signal below the inclined axis
V lhe beam. The diminution of intensity as the airplane drops below
ie inclm ,.( |

. lx j s ;s compensated by the increase of intensity due to
|'l"""a< hing the beam transmitter. Thus, by flying the airplane along

• path as to keep constant the received signal intensity, as observed
" " uiicroammcler on the instrument board, the pilot comes down to
Wound on a curved line suitable for landing. If the airplane rises above
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Ibis line of equal intensity of received signal, the microaninioter deficetioft^

increase?, while if it drops below this line the mioroammetor deflectiofl

decreases. . I

The landing-beam antenna system consists of a conventional directive

antenna array. The vertical directive characteristic produced by the

array operating in free space would be symmetrical about the horizontal

plane, maximum radiation occurring in this plane. However, the

presence of the around, which acts as a perfect dielectric id these fre-

quencies (01 Ms), modifies the vertical eharnet.erisl ic. At grazing

incidence, i.e., along the ground surface, the wave reflected from the

ground cancels the direct wave to the receiving point, resulting in zero

radiation. As the angle of elevation of the receiving point increase*

there is an increasing difference in the distance traveled by the direct una

reflected waves to reach the receiving point. The resultant phase differ-

ence produces increasing field intensity with increasing angle of elevation.

When the phase difference is equal to half a period, the angle of maximum
radiation is reached. It thus hecomes evident how the landing beam

shown in I'ig. 20 is obtained.

Actually, there arc a large number of lines of constant field intensity in the

beam. It can be shown that the equation for these lines for the very lo^'

angles of elevation involved during a landing (less than :i dog.) is a parabola.

The particular parabola chosen to fit a given airport is a function of the

transmitter power and the receiver sensitivity. Once chosen, it in essential

that the position of this path ill space does not vary. Horizontally polanMOJ

waves are used for the landing hcam for this reason, since it has boon oeMH
mined that change in the ground constants due to different weather rendi-

tions will have, least effect on the landing path for this type of polarization,

Also both the transmitter and receiver are designed to be of extreme simplic-

ity to preclude the possibility of variation in the power output of I he trans-

mitter or in the receiver sensitivity.

33. Airplane Instrument. To simplify the indications used by the

pilot, a combined instrument, is employed for giving the rn n w ay-beacoB

and glide-path course indications. Two perpendicular reference line*

are provided on the face of ihe combined instrument, the vertical refer-

ence line corresponding to the position of the runway and the horizontal

reference line to the proper landing path. The pointers of the runway-

course indicator and the landing-path indicator are arranged so that they

cross each other, the former moving to the right or left of the vertical

reference line and the latter above or below the horizontal reference 1UW

The position of the point of intersection of the two pointers, thus gives,

through a. single reading, the position of the airplane with respect, to tD«

nmwav and proper lauding path. The instrument indical ions for severs"

arbitrary positions of the airplane are given in Fig. 20. At ! the air]>»»

is to the" left of the runway course and too high. At 2 the airplane is °"

the runway course and on the proper landing path. At, 'A I he airplane v>

to the right of the runway course and too low.

34. Modifications of System. There have been a number of modifica-

tions of this system which utilize the same basic principles. The l; or?~
*y*lem, which* is in extensive use abroad, utilizes a single transmitting

set and antenna system for producing both the runway-beacon sp«
pattern and the landing path. The antenna system comprises a v.

dipole radiator and two vertical reflector dipoles. The reflector ."'I'"'
"

are keved, one to dashes and the second to dots, thereby producing t1
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corresponding space patterns which intersect in the horizontal plane and

produce two beacon courses. The dashes and dots are interlocked pro-

ducing a type of signal which may be converted for visual indication.

Since ultra-high frequencies arc employed, the effect of the ground is

to produce a vertical radiation pattern in which, for low angles of eleva-

tion, the field intensity is directly proportional to the tingle of elevation

jtarting from ssero at 'the ground surface. A series of lines of constant

field intensity having tile shape of parabolas thus exists, as in the case of

the regular landing beam, and may be used as landing paths.

Summarizing:.the pilot follows a line of constant field intensity in the

plane of intersection of the two beacon space patterns, tin (he airplane

a single u-h-f receiv'ng set is sufficient for reception of both the runway-

course anil landing-path indications.

The Bendix system, in this country, also employs a combined runway

beacon and landing beam but with horizontally polarized waves. The
Air Track system, developed by Washington Institute of Technology,

houses the runway-beacon and landing-beam transmitters and antennas

in a trailer and the marker-beacon transmitters on motor cycles so that

the complete system becomes portable and may be moved readily to

provide service upon any airport runway as determined by the existing

wind condition.

36. CAA Indianapolis System. As a result of extensive tests of experi-

ment id installations of the various modifications described, the CAA
through its Radio Technical Committee for Aeronautics set down detailed

specific;! i ions on performance requirements for a radio
_
landing system.

These -i-lii |
{:

I lr> course s'i.:i rj mess of the runway- Iocs' Mains Smwon, free-

ton from bends, marker-Deacon directivity put terns, landing-path
shape, instrumentation, conventions as to instrument pointer deflections

etc., and were based on the combined experience .among the represented
agencies of over ;i,000 blind landings. A four-way installation was setup
M Indianapolis which conformed with these specifications, and 10 similar

installations are now undergoing service tests at 10 principal airports of
the United States.

Figure '21 shows the installation of facilities at Indiimupolis. The ruoway
'"•"iliiiim beacons nrc of the two-course type (without sector identification),
rtescriln,! in An. 10, and operate -on a frequency of 100.9 Mc. The rated
Power output is 300 watts. Because of the sharp radiation patterns used,
tbe eou r9c is very sharp and maintains its direction within 0.1 den. Bends in
the course, which make it difficult for the pilot to maintain his orientation.

reduced to less than 0.15 dcg., of negligible order. The marker beacons"e of 'lie fan type ami operate on 75 Mc, the rated power output of the
"nuke:- lirneon transmitter is 5 watts. The landing-beam transmitters

'" !KJ.O Mc and are of 300 watts rated power output,. A complete
i, ,rhiK system is provided so that an operator in the airport control

wwer ean start up all the cquipmont corresponding to each landing direction

Q,
a

i trotn indicating instruments, may obtain information on the correctness
operation „f the various units.'

th^ t
90ntrol of Shape of Glide Path. An outstanding contribution of

the ,.
(
l
ianaPolis setup consists of the control provided over the shape of

esso
1>:i,n ' I''' (,t experience indicated that the glide path should be

airo
l,v Htra 'Rl>t from an altitude of 1,500 ft. at about "> miles from the

Pathi
1 " p to t,le n'Tort houndarv; from this point it is tlesirahle that the
oecnme slightlv parabolic in shape, intersecting the runway surface
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at approximately I dep. This path allows the use of a constant ratefl
descent during landing but flares oil' toward the end, thereby eliminating'

excessive shock at 1 lie instant of contact.

The method of obtaining the desired path shape is indicated in 1'ig. 22.

I

The landing-beam transmitting antenna is located at a considerable

distance to one side of the runway and forward along the runway (sen

also Fig. 21), and its horizontal directive pattern is so adjusted Hint the

2miles to outermarker
used forNEapproach

* Localizer transmitter station

• Slidepath transmittersfation

» Innermarkerbeaconstation

Station designationsreferh

approach directionsenred

2 miles to outermarker

used forSBapproach

CivilAeronauhcs Authority
experimental station

2miles to outermarker Control 2 miles to outermurker

used forMtVapproach tower used for Wapproach

Fio. 21.— Indianapolis airport and instrument landing layout.

Horizon fatdirectivepattern

Landing beam ,of landing beam
transmitter \ , Intersects

>-projection

ofrunway
at 6 miles

Fit:.

^Airport runway '''•Point ofcontact

22. Method of controlling shape of glide path by horizontal directiv

of landing-beam radiation pattern.

radiation to different points along the runway (and its projection!

of predetermined relative intensities. In this way the lines of eonst^B

field intensity in the vertical plane containing the runway may be m*""'

to have any desired shape. w
37. TheCAA-MIT Microwave System, This system employs ver»

high frequencies, of the order of 750 to 3,000 Mc, for producing,™
runway-beacon, landing-beam, and marker-beacon patterns. Veloci '

modulated transmitting tubes and horn-type radiators are einpW 8 '
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jjy virtue of the highly directive patterns afforded, the glide path is of

die eriuisignal type, being obtained by the overlapping of two patterns

in the vertical plane so that a course making an angle of 3 deg. with the

airport surface is produced.

The indicating.system on the airplane combines the indications of the

airplane bank, climb, and turn instruments with the indications afforded

by the radio landing facilities. The indications are comhined in a

Light-'' Light JtT

.Glide angle of

\
landing airplane

'Center line ofrunway

v \0)

and'"
2
?' f'AA-MIT microwave- landing system: (it) combination of radio

BivL?'" 1 a" e instrument indications; (6) threc-lifdit system on airport whioh
« v<* equivalent visual indications.

1 hi'
'

i

^ iiMi'e ugms on a lamimg mau (iiii'nvuu as sjiimih m x i^. mw«
.
indicating system may be applied to any three-element radio hind i tig

devei
m is "'wilnr in a number of respects to the Sperry "Flightray

oij'T'ed at about I lie same time,

by ?k ,

my Landing System. A system of radio landing aids developed
• ne t

.
S. Army Air Corps utilizes a visual-type radio direction finder
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nway, (wo
sif ive-type
tiu'iit.s for

for lateral guidance of the landing airplane along the airport runway
u-h-f marker beacons for longitudinal guidance, and a sensi"

barometric altimeter in combination with these other elements fori

vertical guidance. The marker heacons now used in the CAA Indian,

apolis system are based on the type developed l>y the Army for its landing

system.

© Diagrammatic radio compass
needle indications appear as
viewed in direction offtight

© Radio transmitting station

®
soon.

<e StationB Inside Station>A^
|* 2 Mites — <l« Ah

lb)

(a)

Fid. 24.—Army Air Corps radio landing aid.

The operation cf this system is best understood by reference to Fig- 2*

A and B are ground transmitting stations located along the projection til in"

center line of the airport runway. They send out tone-modulated 1 r!,r
*fl

missions suitable for use of the radie. compass on the airplane. The po««

latins of these transmitters is approximately 50 watts, and the antci""j

used arc vertical masts approximately 30 ft. high. Station A is P,n"3
approximately 1.500 ft. from the approach end of the landing fielii an»

station It about 2 miles from it. At each of the stations there is also loco 1
.

a low-power marker beacon operating on a frequency of about f>0 Mr 111

"J

using n half-wave transmitting antenna oriented along the direction

approach of the landing airplane. .
th«

Upon reaching the general vicinity of the airport through the use oi
i

>

main radio range beacon, the pilot tunes his radio direction-finder receiver
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station A and, upon reaching it, tunes to station B. He flies back and forth

between these two stations as many times ns is necessary to establish his

course along the projection of the airport runway, setting his directional
gyroscopic compass to the value found for that course. The necessity for

Sus maneuver is apparent from a study of Fig. Hi in Art. 26. To eompen-
gnto for possible departure from the true course due to cross winds, it is

osscnlial that the pilot determine exactly the required angle of crabbing of tho
airplane into the wind. This is particularly important in the case of narrow
approaches to the airport with hazards located alongside of the approaches.
Upon establishing the proper course, the pilot makes a final approach to tho

landing field. The sensitive barometric altimeter is corrected to the baro-

metric pressure obtaining on the ground, as determined by radio information,
and is then relied upon in combination with the other flight instruments to
maintain the airplane in a glide such that the altitude is approximately 800
(t. over station It and 150 ft. over station A. Continuation of this glide
results in contacting the airport surface.

The exact point of contact is not so definite as with the first system
described, depending upon the usual errors in the barometric altimeter, errors
in determining the angle of glide of the airplane under varying load and air
Conditions, and errors in estimating the magnitude of the component of the
existing wind along the runway. For this reason the system is safely appli-
cable only to the larger airports and may be used only as an approach system
at small airports. Advancements in the art have improved the practicability
of this system. A dual automatic direction finder incorporating two loop
antennas tuned to stations A and B, respectively, has been developed by
Lear Developments, Inc., to provide automatic simultaneous indication of
the bearings to the two stations. This simplifies the approach procedure.
The accuracy of the vertical guidance may also lie improved through ilie use
of u radio altimeter indicating absolute height above ground. With these
devices the system becomes quite accurate and easy to follow.

38. Dingley Induction-type Landing System, This is a non-radio
system utilizing the magnetic field surrounding two horizontal multi-
conductor cables to establish in space a path of constant electromagnetic
field intensity which coincides with the desired landing path. The cables
are laid on ( >r below the ground surface on either side of the airport run-
way ami its extension. A large loop formed by grounded cables is excited
by a .lOO-cvcle alternator in given phase, and smaller loops, funned by
cables grounded at other points, are excited by the same alternator iii

"Pposile phase, [n this way it is possible to control the intensity of the
Magnetic field so that up to a point, when approaching the air]>ort, a line
01 t'oiistant intensity is parallel to the ground, while beyond tliis point it

assumes any desired angle contacting the runway surface.

I lie system provides lateral and vertical guidance of the airplane. The
'""iHiicnt required on the airplane includes two collecting coils perpendicular

uiri i"
'!tnt'r n,u' forming angles of 45 dcg. with the horizontal when the

im>'
10

.' 8 normal flight, two tuned 500-cycle amplifiers, and a crosscd-

ilci!'
tr '"-"'.""lent. With this arrangement it is possible for the pilot to

,M
e his lateral position with respect to the runway as well as his vertical

>-wi m„ with respect to the glide path.

mem"'
S

-Vfi,r " 1 ls outstanding in the simplicity of ground and airplane cquip-

invol ,

lt'°>u ' rcd. Its installation at a modem airport, in the form described.

ini(.,
IVI'S such practical considerations as right of way for the cables, cost of

baki I

e,e " 1' 'las o000 tried successfully ut the Naval Air Station,

•bin't-
r

K
,

'i
N"" J" usi,,K " length of cable of 9.000 ft. with a glide path angle of

in tt
'

.
"eg.; the course indications from a radio range beacon were used

Path
lni,la

' orientation of the airplane to enable it to get on to the landing
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ABSOLUTE ALTIMETERS

One of the most important navigational factors in aviation is that!
altitude, liofh in point-to-point flight and during landing, rclianq

upon altitude with reference to'sca level has proved a com imams Imrdeig
Altimeters for indicating the absolute height above ground fall into thro]

classifications; the sonic altimeter, the capacity altimeter, and the reflcd

tion altimeter. Of these only the reflection altimeter has proved sin vcm
fill enough to warrant commercial sale.

40. Sonic Altimeter. In this method the time taken by sound to

reach the ground and return to the airplane is measured. Knowing t ha

velocity of sound, the height of the airplane above ground may bfl

determined. In a model developed by the General klcctrir Co., two
horns are employed: one, driven by an electric trip relay and plunger,

sends down the sound wave, and the other receives it back again after

reflection fr the ground An instrument, which is iiaried In the

emitted wave and slopped by the reflected wave, records all heights ahow
50 ft., while below 50 ft. the pilot uses his headphones. At ">() ft., thj

echo comes back 1

, < (
sec. after the emitted sound is sent out, at 5 ft. it

comes back Jioii see. later. A sound-delay filter is used in the out pin

of the receiving horn so that the whistle and the echo do not blend into

one sound until the airplane is al some point below 5 ft. This indicatior

may be used effectively by the pilot during a landing.

An experimental unit based on this principle and developed by the E
Telephone Laboratories. Inc.. provides visual indication i>( the height alio'

ground down to a few inches. In this system the received signal automa'
cally starts the transmitted signal, so that the frequency of occurrence uf lit

emitted sound increases with decreasing altitude. An arrangement of neoi
lights is used fur obtaining the visual indication.

41. In the capacity altimeter the distance from the ground is measure!
by- detecting the change in the electrical capacity between two plat el

on the airplane as the airplane approaches the ground. In one nrraugM

ment this capacity is made a part of a n'sonant circuit, coupled to dp
extremely stable r-f oscillator. A vacuum-tube voltmeter records t

voltage developed across a portion of the resonant circuit. The c : rc

is adjusted so that the voltmeter-indicating instrument reads zero wh
the iiirplane is at any height above 100 ft. The gradual increase

capacity as the airplane approaches the ground screes to bring t

resonant circuit into closer tune with the oscillator frequency, the vo.

meter indication increasing accordingly. The indicating insl rmiielt

once calibrated, serves to indicate true height above ground. SincJ

the capacity between the two plates is practically unchanged at aliiiucM

greater than of the order of 100 ft., the field of usefulness of the capacity

altimeter is limited to landing operations only.

42. Reflection Altimeter. In the reflection altimeter, altitude nbovo

ground is indicated by sending a radio wave to the ground and timinl

the interval required for it to reach the ground and return to the airplanfl

after it has been reflected from the ground. The equipment used comj
prises a transmitter, a receiver, ami a frequency meter operating J
"terrain-clearance" meter. The transmitter is varied in frequency from

420 to 4-15 Me and return at the r:Ue of (iO times per second by means Ol

a small condenser in the oscillator •ircuit (see Tig. 25). The rate ol

,7 |
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change oi frequency is thus 3 X 10' cps. The transmitter output is

radiated downward by a half-wave horizontal doublet mounted on one

oft he lower surfaces of the airplane, and the receiver is connected to a

second half-wave horizontal antenna similarly mounted and arranged

jor m inii n coupling to the transmitting antenna. The direct and

reflected waves picked up by the receiving antenna are fed to the detector

•iinl the detector output is amplified and fed to an electronic frequency

meter, ii "ill he evident ilia! the frequency of the signal output from

the detector is equal to the instantaneous frequency difference existing

hctwecn I he direct and reflected waves and is directly proportional to the

, 445.0|— -»zv~\ -e

/vN\ frequency ofwave

1 U
u j_— A.

"Frequencyoffransmiffer
osa'/fafor and wave

;
fr&nsmirfed k>ground

Time •

Fio. •>'>. Principles of operation of Western Klectric reflection altimeter.

height above the ground. Thus the frequency meter may be calibrated
directly in feet.

. For any altitude //. the frequency difference }j is given by the expression

-1 ;/

f4 = 3 X 10» X -p

whero C is, the velocity of light in the same units as //. Thus assume that
is 11.,-, ,„ile; ,|u. frequency difference is then 1(1,200 cps. This amounts to

"IM'l'.v: [y (; eyries per foot.
HW upper range of the "terrain-clearance" indicator is arbitrarily limited
5,01)1) (1. although the frequency meter is capable of responding to frc-

quetii-i,.., corresponding to about 15,000 ft. The reason for the upper limit is
" "i>t:iin reasonable sensitivity of indication within the most useful range.

** wared, a rungc-ehnnge switch could lie used to provide indications over

A '"J''
1"' .ranges as to 500, to 1,000, to 5.000, and to 15,000 ft.

thi> -
' f!'dialion toward the ground is directed over a rather large area,

cov j""' 1 ' above ground indicated will he the average of the elevation

will
" - '

:l H 'M>ut deg. Thus buildings and oilier small obstacles

offe i" l,u" ""'dings only at low altitudes. Clouds will have negligible
, '1 '' 1 'he readings since the reflection coefficient of radio waves from

u<ls is only about 0.01 per cent of that from land.

FUTURE DEVELOPMENTS
„j

|' Radio aids of the future will probably include radio controj of

J)v
radio weather teletype, and radio aids for collision prevention.

inj:
ra"!° control of airplanes is meant the harnessing of the various radio

atitt

ll '"-K ' ,,stn,n >erils f 'lc automatic pilot so that the airplane will

corri'"
''' ;'" V lo"",v !1 predetermined course and the pilot's duties will

line'
morc "early to that of the captain of a gyro-rontrollcd oeenu

iln
l

r
;

'he various instrumentalities for accomplishing this arc available
nave already been tested in isolated experiments.
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Radio weather teletype would provide the pilot with printed woatk
reports and other messiigea which would facilitate operations and furnij

reference records. The CAA has demonstrated such a service to

practicable and will probably begin experimental operation in the

future.

Radio aids to furnish the pilot, information on the presence in

vicinity of other airplanes or uf obstacles (such as mountains) woo
be uf inestimable value. Very little has been done toward the provuni
of such aids, partly because of the complexity of the problem.
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SECTION 18

ANTENNAS

By Kdmi-nd A. Lapoht 1

INTRODUCTION
The transmission and reception of electromagnetic, waves used for

communication are accomplished by radiators and collectors expos
space and known as aidcnnas. An antenna is a device composed
system of one or more linear conductors, usually of large elect

dimensions, from a fraction to several wave lengths, which is used
rouple a h-f a-c generator or receiver to spat e. Iietween the transmit
and the receiving antenna there is a combination of earth, water,

and ionospheres which constitute the mediums in which cleetroniagL

waves are propagated. The action of the waves in traversing t

mediums is very complex at best, being dependent upon many kn
and other unknown factors. Prominent among the known factors

the transmitting frequency, the radiation characteristics of the trans
ting antenna, the orientation of the path of transmission in the ca

magnetic field, the time of day and the conditions of daylight and d
ncss along the path, the scfton of the year, solar activity, the elect,

characteristics of soil or water in the immediate vicinity of the ante

as well as along the path of the surface waves, the immediate condit!

of ionization of the atmosphere at various levels, the distance bet

transmitter and receiver, and the characteristics of the. receiving ant
1. Antenna Terminology. The following terms are used in this v

1. Meter-amperes. In general, this mean's Ji ill. where t it) the r-in-s ca
in an elementary length of the antenna. dl. The integration is perfo

over the entire length of the exposed (radiating) partsof the radiator. Via

geometrically, this is the area of a plot- of r-m-s antenna current in am-

against distance along the antenna measured in meters. The diroctio

the currents must be considered.
2. Doublet. A differential of antenna length, short enough to be

sidered to have uniform current throughout its length.

3. Dipeh. A linear conductor with a full half wave of in-phase cu
distributed throughout its length. A half-wave oscillating element.

4. Sclf-imiiedance. The impedance of a single radiating element in

absence of any influences from other radiators, as measured at a cw
antinode. The ratio of (he impressed voltage and the aulinode current.

5. Mutual Impedance. The circuital equivalent of radiation coup
Mathematically expressed, it is the negative ratio of the induced potent!

the base for the current antiuode) of a second radiator to the base c.U

(or antinode current) of the first radiator.

6. Harmonic. Any natural frequency of oscillation of a system exp
as a number which is the multiple of the fundamental frequency. Not
confused with overtones.

» RCA Victor Co. Ltd., Montreal, Quo.
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7 Antenna Tuning. .The act of resonating an antenna system to some

frequency ^)| her than a natural frequency by means of reactive devices.

g A ntenna Loading. Lumped reactances connected in the antenna system

for the purpose of antenna tuning.

Distributed Loading. Units of reactance added at small electrical

intervals along a conductor for the purpose of smoothly modifying the

natural distributed constants of the system. Pujrfnisation.

10. Xiitlr. or Xotlnt Point. In a standing wave system, the points of either

•gro or minimum potential or current.

11. Anlinodt In a standing wave system, the points of maximum potential

°T
YL \ rticitl Polarization. A wave orientation such that all the lines of

electric force lie in planes perpondiculnr to the ground plane.

13. Horizontal Polarization. A wave orientation such that the lines of
_

electric force are parallel to the ground plane.

14. Elliptical Polarization. A field of force having both vertically and
horizontally polarized components.

15. It.jhetor. Conductor or conductors so disposed with respect to a

radiator as to react upon the latter In a manner which transforms the radi-

ation pattern by suppressing radiation in its direction while reinforcing it in

Me opposite direction.
16. Antenna Array. A multiplicity of radiating elements disposed in any

manner whatsoever for the purpose of molding the space characteristic in.

some desired fashion.
17. Space Characteristic. A means for describing the over-all radiation

characteristics of an antenna system. Usually refers to a geometrical solid

in spherical coordinates with distance from the origin proportional to the

radiation intensity in any direction. Radius vectors may be nroportional to

field intensity or to power. Power flow hy radiation in any direction is

proportional to the square of field intensity.
18. Fundamental Frequency. The frequency at which the impedance

of an antenna at a current antinode is minimum. The lowest frequency
of oscillation of an antenna.

10. Fomitmenial Ware. length. The length of the space wave emitted by
n antenna oscillating at its fundamental frequency.

20. Made of Operation. The ratio of the operating wave length to the
fundamental wave length: also, the ratio of the fundamental frequency to the
operating frequency.

21. Electrical Length. The length of a standing wave in any linear system
Wtprcsscd in degrees or radians. The electrical length of a wire is its actual
'engtli ir, ic:m h of wave lengths and fractions thereof multiplied by :iti(t deg.
•nliil ,,„| v Hvstems with sinusoidal current distribution.

22. Effective Height. The height h obtained from the following equation:

id

1.26//

where „ effective height in meters
« » measured field intensity in microvolts per meter
- distance in kilometers from the niitcniin to the point where t is

measured
/ frequency in kilocycles
/ - antenna current at the point where the antenna is energized.

vn?"V" '' " ni!" he small eunuch sn llial the cITect of attenuation is absent. »nd great
10, mii to be bcyund the liuiils of the induct ion field.

.
2.) Antenna Resistance. The total dissipative component of the antenna

".I'J'dvice nsuied at the point where power is introduced.
«•»- Ititdintion Resistance. The ratio of the total power ratliated by

*" "ntenna and the square of the current at some reference point in the
» "em, usually the point where power is introduced, or a current antinode.

h -



630 THE RADIO ENGINEERING IIANDHOOK [Sec. u

25. Qscithitiita Wire. A in • cimdui-ujr containing a standing wave J
oscillatory energy.

2. Radiation from Linear Conductors. The existence of a field

force in either electromagnet tc or electrostatic fonn_ represents a storaj

of energy in space. Faraday originated the descriptive method of pictlt

ing a field in terms of lines of force and lines of equal intensity whicfl

formed the basis for subsequent curvilinear geometry which is now mod
or less familiar to electrical engineers. In ordinary electrical ongineerinJ

it is customary to concentrate a field as much as possible and to prevail

stray lines of force, known n n leakage flux, from reaching any considerable

distance from an electrical device. In antenna design, however, thl

opposite case is desired. Here us much as possible of the energy of IM
field is made to.be stored in space which is far removed from the eon.'

ductor. The linear straight conductor is the must sal is-farlory practical

device for producing distant fields.

In ordinary electrical devices the energy- of the electric or magneti

field is returned to the parent circuit when the charge or current thi

produced it is removed. The field collapses. It takes time for a fie«L
be propagated from one point to another in space, 80 that its format inn

or disappearance at any point is not coincident with the events in the

conductor which produce it. The finite rate of propagation _of elect rid

and magnetic fields, 3 X 10* meters per second, causes events in the fiolJ

of force to lag behind the events in the parent circuit by a time dependent
upon the distance from the circuit. This fact is of no great interest ordl

narily, but in connection with antennas it is of primary importance an'

forms the basis of all radiation phenomena. Assume for simplicity

straight wire which is charged. The electric field has been establish

out to a very great distance. If the charge be removed suddenly, thi

collapse of the field will return the stored energy to the circuit after 1

suitable time interval. If, on the other hand, the charge on the wire |
instantly reversed, a field of (he opposite polarity forms near the m
before the energy stored in spa.ee for the previous charge can return

give up its energy to the wire. The original field becomes detached aiv

manifests itself as a free wave of electric energy traveling in spa©'

When, instead of an instantaneous reversal of the charge on the n
there is n gradual reversal at a rapid rate under the stimulus of a h
generator, some of the energy of the field very near to the wire return

to the circuit before the charge reverses, but a large amount of onerf

in the more distant fields is unable to return before reversal occurs 9M
becomes a detached field of force, an electromagnetic wave. That poi

tion of the field which returns its energy to the circuit is known as tj

induction field and the detached portion as the radiation jield.
_
The enor;

lost by radiation is represent od in the impedance of the circuit by
radiation resistance.

Radiation of energy takes place from linear conductors which a

electrically unbalanced. When it is desired to prevent radiation, twl

parallel conductors are placed very close together electrically and equ
and opposite charges are distributed identically along the conductor
To produce radiation, the spacing between conductors is increased an;

the balance of charges upset more and more. The ultimate in tli

direction is that of the familiar simple antenna, a single straight wi

which is completely unbalanced.

ANTEXXAS

g. Fundamental Radiation Formula. 1 Dailtnoar'a derivation of the
fundamental radiation formula for an antenna ia of the following form:

aJ idl , . J id! , ,

where IT: = instantaneous magnetic field intensity in gilberts per centimeter
ta — 2v times frequency of oscillating current in the wire
i = instantaneous current at any point in the wire
I — length of the wire in centimeters
( = time in seconds
e ="velocity of propagation of light (3 X 10 14 cm per second)
d = distance from the wire in centimeters perpendicular to the wire.

tin first term is known as the radiutiort-lie/d. term, and the second as the
tnSadiim-field term. These two terms are of equal magnitude where d = X/2r.

Aiicr converting the radiation term into the most, practical units for
Mtginocrrag usages, we have

Ei =377—j-j— (for free space transmission)

where Ed = millivolts per meter (field intensity)
I = r-in-s current, in amperes in each elementary length dl
\ — wave length in meters
d = distance from antenna (in normal direction) in kilometers

^ Idl = total meter-amperes of system.

For a half-wave dipolc in free space, with sinusoidal current distribution,

JSi = -y (for free space transmission)

where A*,, = volts per centimeter (field intensity)
I = r-tn-a current at the autiiiode
d — distance in centimeters.

The field intensities in directions other than normal to the wire depend
upon the length of the wire, and the distribution of currents in it.

4. Current and Potential Distribution in Straight Wires. The action
"' ;l[

i oscillating wire as an antenna depends upon the current and
potential distribution in the wire. These distributions in turn arc
"pendent upon the manner in which charges are propagated in the
re under various conditions of excitation by a h-f generator. If an, ..vw* w-. — • v..v.vw*.w.» " ' — • - ........ . • '

actiarged wire be connected to a source of h-f energy, charges move

int
m the generator into the wire, travel along the wire, and, after an

nerval of time depending upon the length of the wire and the velocity
«? Propagation of the charges, arrive at the distant end. If the end of

i n
"' wire is an open circuit, as most antennas are, there will be a trans-

,
P"t1 ion of energy at the end which causes the potential there to double

the
current to become zero. The high potential at the end, due to

tor
aecumu'at 'oa °f ''barges which continue to be supplied by the genera-

I ;,
,,;iuses another wave of energy to be propagated from the open end

Jj* to the generator,

pjj/
^.mechanism of the production of standing waves of current and
entia] on a linear conductor may be studied analytically by referring

A%fiSI^!*o»H> J. 11.. IVin.-iplr-i of Transmission and Reception with Antenna una Coil
,ula

, Bur. Standards Set. P>'-P"r 354, 1H1B,
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to any good text on reflections in transmission linos. A very clonic 4
introduction is given here, however, to establish a physical picture aj

this important phenomenon. Consider Fig. I, which is a wire «!ii<'h

1+ ±j
+ +i

:- n

r-T+j

It-4--
if

IB

II

+P1

+JTJ
+L+i-i

may be conned od to ground through a halt-cry /i hy closing the swiuj
S. At first the switch is open, and the wire is at zero potential. Uj
closing the switch, a current flows from the battery into the wire, and t

wire becomes charged. The charging process is not instantaneo
because time is required for charges to travel the full length of the ui

The current, flow from the battery into the wire persists, not only for I

duration of the movement, of charges to the end of the wire, but until t\M
wave of charges is reflected from the open end 1 nick to the battery. 1 hir-

ing, this interval the battery supplies charges as it would to a- line o§

infinite length. It is only when the reflected wave of charges arrivalM
the battery that the very finite lengfli of the wire is manifest, at w hrd
time the excess charge on the entire length of (lie wire gives it a potent

higher than that of the battery. When the wire is finally charged
.— battery potential, the total energy of the ad

/ O < t ional charges which compose the reflected wa'
~ must be eliminated from the system. Alt

reflection, the wire is positive with respect, tot]

battery, so that it may be said the battery U
negative with respeel id i he wire and that it ncrtl

starts to charge the wire with negative eliargs'

The same process repeats itself until the on
nal positive charges arc neutralized and t

wire is charged negatively. This co n t. i n ui

i+pt-i-i cyclically. Owing to circuit losses, rndiatkj

353 etc., there is a gradual consumption of t

excess energy of the system, and each reflectk

is weaker than the one preceding. When t)

excess energy is consumed completely, the wi

reaches steady slate with a uniform potentjB
throughout its length equal to that of tM
battery.

When an a-c generator is used to energize the wire, the same proo«
lakes place, but, when .the wire is "'tuned" to the generator frequency

1

!

the reflected energy arrives at the generator when it is reversing lt|

polarity, in which ease the energy of the reflected wave is absorbed m
the generator and is not re-reflected. Thus, in the typical antenna proj
lent; the characteristic current and potential distribution is the rcsj
of a simple reflection a wave of charges moving from the generate
toward the end of the wire, and the reflection from the end hack to tl

generator.
In the steady state both potential and current vary harmonically

time, but their maximum values vary with their position in the wire,

the simple straight-Wire antenna the variation of potential and of enrrc

along the wire is very nearly cosinusoidal and sinusoidal, respective!

when measured from the open end of the- wire.

There are important relationships between the potential and cun
distribution, on which the impedance of the antenna" depends. By 9

ing the case of a simple reflection in a wire, for example, a wire one <U

wave length [or I '20 deg.) long, on the assumption that there is no cue!

dissipated in the system during the propagation of the initial wave

J?

Fig. 1.

=BT
T7T77T.

-Charged wire.
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energy imparled to the wire from the generator and during its reflection

from the open end, we obtain the vector relationships between current

r ,] '.ullage for several equidistant points along the wire as shown in

(•ig. 2. H electrical degrees are measured from the open end, it is seen

that, up to a distance of 90 deg., the current vectors are in advance of

the voltage vectors and the impedance of the antenna for lengths less

than one-quarter wave length is a pure capacitive reactance. When
I lie wire is longer than one-quarter wave length, as in the example, the

wire impedance becomes a pure inductive reactance. If this were

<3ofOfe{Tf/Ctl

.urrent
'distribution

*7ns o

to, 2. Vector relations between current and voltage in a wire li^O dog. long,

continued for several quarter-wave lengths, it would he seen that for odd
Vttrter-vvavo lengths I he impedance of the antenna would be capacitive'
eactaiioe, and for even quarter-wTave lengths it would be inductive
"aclance. \l exactly 90 deg. and odd multiples of 90 deg. (potential
/' "' impedance would lie zero, while for even multiples of 90 deg.
I, urrent nodes) the impedance would be infinite. By plotting out the

tw
rn

\nt and potential vectors against their position along the wire, in
"dimensional rectangular coordinates, it is found that the potential

cosinusoidal ly and the current sinusoidally.
v ari

ehar°
W t,,orc cannot exist in nature a dissipationless system. Waves of

:

i

r(
',

1

1

?'
,
' s propagated in a wire, suffer some attenuation. We know there

j-'ouhan losses in the wire as well as loss of energy through radiation,

r.'il
I

]

m 1111 antenna- wire which is an efficient radiator. Working

or
'.

'"!**' of a simple reflection in a 120-deg. antenna wire on the basis

(.,.' •"•MHsitferabln power loss in the wire, we get the vector diagram of

ther
tS antl vo,li'ftcs shown in Fig. 3. Between and 90 deg. of length

current vectors lead those of potential, but there is now a component
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of potential i" phase with the current, so that tire impedance in this rangj

is resistance and eapacitivc reactance. At Of) deg. the potential vector%
in phase with the current vector, at which point the antenna impedance
is put'!.' resistance. Beyond the 90-dcg. (quarter-wave) point the voltage
vectors swing into a leading position, and the antenna impedance becoml
resistance and inductive reactance. This continues up to the half-waif
point (not shown in our example), a t which place. I lie current veeton
come into phase wilh the voltage. Hen: again lint antenna impedand
becomes a finite pure resistance, but of a very high value. In Fig. §

'^Potential

distribution

, / I

I6q Current

j70 disfrthufion

Fig. 3.— .Currents and voltages in n wire of 120 deg. when appreciable pow
loss occurs.

the several vectors are plotted in rectangular coordinates against theB
position along the wire. It can be seen plainly ihat the potential di*|

tribution is not cosmusoidal, especially in the vicinity of the nodf^

Voltage passes through a minimum, accompanied by a rapid change
phase, but does not become zero as in Fig. 2. If the wire were made
half-wave length long, so that the current would pass through its node,
would be seen that the current also passes through a minimum value, b

not zero. The example of Fig. 3 is greatly exaggerated so as to clcarlg

show the problem. In antenna systems the energy lost is so small wit*

respect to the energy stored in them (very low al.l mutation of the travelrnfl

waves in the wire) that the current distribution is very nearly sinusoidal!

.WTESXAS 6SS

The radiating characteristics of an antenna depend upon the current

distribution. \\ I n calculating radiation patterns for simple wire

antennas, the assumption of_ sinusoidal current distribution is fully

justified. The complex circuital impedance of an antenna, however,

jg the result of the true current and potential distributions which are not

ample harmonic functions of distance along the wire.

fj.
Current and Potential Distributions in Linear Conductors with

Attenuation.
1

St = KT\^miihred + cos 2 pi/tan-i (tan pi tanh od)

1, = f- v'sinh 1 al + sin 1 pi /tan" 1 ^
Xa I \tanh al

)

Ei and /; are the voltage and current, respectively, at any point in the
antenna wire which has the distance I from the open end. Er is the
voltage at the open end. od is the attenuation constant in nepers (hyper-
bolic radians) per unit length, and pi is the wave-length constant in

rircular radians per unit length of tl.o wire. Z s is the characteristic
impedance of the wire. In an antenna this factor has no true scientific

significance, but for many practical purposes a value can be placed upon
it which has engineering significance. r

6. Current Distribution in Antennas of Various |\
Practical Forms. Radiation phenomena are usually i

\

Studied in terms of the electromagnetic field, which is \
associated with the antenna currents. In matters
involving spare characteristics, field intensities, etc.,
the basis of reference is usually the current distribution.
« many forms of antennas to be found in practice,
'here are numerous departures from the simple con-
ditions which produce sinusoidal current distribution,
to a single-wire T, current along the vertical portion
'a distributed as a partial sinusoid and can be calculated
*S a real part of the equivalent vertical wire. The E"l0.4.- Our-
S"Ten1 in the flat-top sections is linear, very nearly, rent m s,1,1» lc 1

" paeh branch is less than 30 deg. long. The current
>»' tin top of t he vertical is divided equally between the two branches and
oipers to zero, or nearly zero

t
at the ends of the T branches (see Fig. 4).

,

'he current distribution in a single-wire inverted L has also been
town to be nearly sinusoidal, as was assumed from theory. 2

.Non-sinusoidal 'distributions occur in systems that have non-uniform

of

" ls,a n's.per unit length, such as fan umbrella, and many other forms
""miwire antennas. Irregularities in the distributed L and C of the

tin
"a n

.r
o sources of reflections and lead to very complicated distribu-

ParT .

,^'tn *'>0 gradual disappearance of such systems, however, no
jt'cular attention need be directed to the matter here.
.aruc

j,

j

(ljJ , lt ,(„, ,. IK ] ot- a such as insulator caps, rain shields,

fj:

"n
.

a shields, outriggers, are equivalent, in their effect upon the current
"•'bmion, to an elongation of the wire.

, hi;y
:

;

B1TT, W, L., "Ooaimtiaiofttion Engine*rinK," Chap. VI, McGraw-Hill Hook

1

I

I

I

I

^oinr^r v oniuuuucuuon r.i

,

F( '-1.UTTE, R. M., Distribution of Cur
McCs,'! '

I,-.''U! vm: PiiiiicK. (i. W., "
arrant in Transmit ting An tenons. Jour, I.B.E.

., "Electric Oscillations «ntl Electric Wiiv™,
-toll Hook Company, Inc., Now York, 1920.
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7. Antenna Potential and Potential Distribution. In the design
antenna insulation, potential magnitude and distribution must bo ca

uulatcd. Potential distribution can bo calculated under the same conj
lions that current distribution can bo, which is principally those ca.
where the distribution is very nearly cosinusoidal. The actual voltai

at the feed point is the product, of the antenna current and the anten.
impedance. The potentials at other points in the system are obtaiiu
from the potential distribution with respect to the potential at the fa
point (or a given power input.

X
where X

ij and C

03

G

-Vys cot aly/LC = — Z„ cot G

8. Reactances of Linear Conductors. Tho reactance of a linear conduc
is given by the following formula: 1

fS
c

reactance in ohms, cither positive or negative, depending up(

angle at/LC
microhenries and microfarads per unit length of wire. (Fi

calculating, refer to footnotes. 1 -
5
)

2tt X frequency
characteristic iinpednnce. (Values range from appros. 750 oha
for vertical wire antennas to as low as 200 ohms for uniform croq

section tower radiators.)
electrical length of conductor.

Note: Tbia formula, based on ainUHoidtil current distribution, is unreliable for vain
of G close to 90 dog. and its multiples, and the emir increases as becomes very large.

9. Radiation Resistance. Useful data arc shown in Figs, o, 6, 7, and]

Resistance or STRAionT Vertical Antenna foe Different Val
of Wave Length OBTAINED by Inductance at tot Rase

V\ rj ratio of wave length
to natural wave Leai 1 11

0, dog.
It

t
radiation resistance,

olime

1.00 00 36.57
1.12 «n 4 20.40
1.21 '74.4 21.70
1.31 68.8 17.05
1.43 04 14.28

I.S7 57.3 11.02
1.74 51.

7

9.10
1.07 45.7 fl.92

2.24 40 5.18
2.62 34.4 3.78

3.14 28.7 2.58
3.93 2.1 1.G5
5.2(1 17 i 0.90
7.8:> 11. S 0.30
15.70 .-, 73 0.082
31.42 2.87 0.01

1 Radio Instrument and! Measurement, Bur. Standards Circ- 74-
3 Grover, f<\ W. r Mefehodo, r<iJ ji 1

1 ibis aiitl Tables for Calculation of Afiterina Capaci'
Bur. Standards Paper 568.

Sec. 181
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For tho theory and calculation of radiation resistance, see:

|>nrrnbVKith, A. A . TV Hndlallnn RcxixCiincv of Beam intennas, Ptoc. T.B.Bn Mttrrli.

Bbchm^ns, II., On tho Calculation of Radiation Resistance of Antennas and Antenna
' Combinations, Prvc. l.Il.li., August, 1U31.

jj-IFs W. Vr'.. anil J. (!. I', •
, . : v {.'oiiceriunji New Methods of (.-.ilculamifi Ivaih-

atio" Resistance, Either with or without Ground, FVoc, I.B.E., December, 1936,

zee
-

7 6 9 10 II

Harmonic Order
.I'll:. ."), Radiation resistances referred to a current, nntinode for straight

"ire m froc spare and for straight vertical wire with lower end close to perfect
earth, i

***°ao, A DucutMion of Methods Employed in Calculations of Eleftronmsnelic fteldi

i». °' RadialinK Conductors. EtcctrlCfil Communiertiitm. July. 1930.
'*rce, W\. '•Electrical Oscillations nnd Eleetrie Waves" Chap. IX. McGraw-Hill
-Hook Company. Inc.. New York. 1920.
.^"I^cnofk. S. A.. A General Radiation Furmula. Pmr. I.R.E.. October, 1939.

~L
- l'..,

.1, l.,\ars l-Vldvertoilnng tind KnerKieemission von Kk-hluntennen. Hoch-
fnqutnz Tcrhmk unJ BUJUrwUnutti, Hand 38. Heft 6. 1932.

10. Self-impedance of an Antenna. The impedance of an antenna, as
j~*n from the point where power is introduced, is usually complex. The
raistive component is made up of the radiation resistance referred to

•Strn'^k'-'V S - A. nnd C. J. YoDNO, Field Distribution and Radiation Resistance of'«

M »>\ 19»V
,ico1 tJ " loa(lpt) Ante""a RvdiatinR at One of Its Harmonics, Proc. I.K.E..
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24 ~™

22

20

*
l»
5(4

«io

1
8

s 6

E „

1 23456781I0... n
rio. 6.— Radiation resistance at current antiuodc anrl field intensity al

mile radiated for a vertical array of colinear cophnscd dipoles.

'

4 80 120 160 200 240 280 320 360
A, electrical length, deg.

Fiti. 7.—Radiation resistance and field intensity From simple vortical antcri

over perfect earth. 1

1 Bhows, C H* t A Critical Study uf tbe. Cluiracteri.itit\H uf lirourfciuat Antenna*
Affected by Antenna Current Distribution, Prac. I.R.E.. January, l°3fi.

Sec 1S| ANTENNAS

the feci point, the conductor resistance, and the ground resistance. The
reactive component is determined by the characteristic impedance of

the antenna, the electrical length, and the influence of any top, distributed

nr base loading. Any distributed capacitance due to base insulators,

protective gaps, drain coils, and any olher devices that attach to the

ivstem m ar the feed point transform the true antenna impedance to a

100
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Re.

inf S7/>

ft

" hi

e a
ighf

J

i
0.4 0.8 1.2 1.6 2.0 2.4 2.8

Height above ground,wavelengths
W. 8.— Radiation resistance at current nntinodc for horizontal dipole over

perfectly conducting earth. 1

impedance which is (he load actually seen bv the generator at that
pom,

• We may call this point

nc power input to the system is

% W = Ia'Ha
arul the potential across the load is

E (volts) = l aZa

Aimin*-"?.11, 8., Circuit Relations in Radial ius Systems and Their Application to
u,|nn I'roMems, J'roc. I.R.E., Juno, 1032.
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Spaci nq in Wavelengths

Fio. 9.—Mutual impedance for purnllcl dipoles.

40

<Va
Fio. 10.—Resistive and reactive components of mutual impedance

two quartor-wire vertical radiators.



642 THE RADIO ENGINEERING HANDBOOK |Sec.

11. Mutual Impedance. Whenever two conductors arc disposed
space so that there is appreciable interchange of energy through radiati
coupling, the circuital conception of mutual impedance is introdu
to enable this reaction to be predicted and manipulated by the convent
methods of ordinary network theory. .Mutual impedance is a vec
quantity which may appear in any of the four quadrants. It is deriv
through the Maxwell field equations by an extension of a method
Kliatzkin and Pistolkors where the Poynting vector is integrated over t
surfaces of the radiators. Mutual impedance must be reckoned wi
quantitatively in all directive antennas. There are reproduced in Figs.
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Spacing in Wavelengths

Fia. 12.—Conditions for array of parallel dipnlcs.

to 1
1 the data of most frequent practical value. For further informatio

consult the literature. 1

12. Radiation of Electromagnetic Waves from Antennas. Effect!
application of antennas to practical communication problems makes U
of special radiation characteristics made possible by the disposition
radiators, their length, current distribution, current phase, and umplitu
relations. The radiation characteristics are so intimatelv associat
with the physical and statistical conditions of wave propagation that tl
whole subject of propagation belongs with the subject of antennas. I
all antenna applications maximum effectiveness requires objective cunt
of the distribution of energy radiated into space.

' Cartes, P. S.. Circuit Relations in Radinting Systems and Their Application
Antenna Problems, Proe. I.R.E., June, 1032; Brown, G. H., Directive Antennas. Pr
I.R.E.. Joniinry. 1(137: I'isi oi.kors, A. A., The Railiation Resistance of Heam Antenn
Proe. I.R.E.. March, 182fl.

gee 18] ANTENNAS 643

.Ml radiation control is due to wave interference, and the space charac-

terises of antennas and arrays result from interferences between the

fields produced by all the infinitesimal portions of nil the radiators when

1st, Harmonic 3rd. Harmonic 5 th. Harmonic 7th Harmonic

A/on: All Lobes have a common vertical tangent

2nd. Harmonic 4th. Harmonic 6th Harmonic 8th. Harmonic

wir,.",''
—^°'ar diagrams of relative field strength distribution for straight

sp,,^
'.'."'ciuias in free space with standing waves of current as shown, corre-

of ti.
R to 'he operation at various harmonics of the fundamental frequencyme antenna.

.

^Jtrrcnts flOTy in them. For grounded antennas interferences result from

the pi
re
P*

ct'ona from the ground (image radiations), and for this reason

rnrl; ?ct rical constants of the earth have an important influence on the
ratll,'tKm patterns.
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Tn dealing with radiation patterns it is customary for reasons of prao.

ticality to employ plots of relative or absolute field intensities, in eo
venieiit units, to depict the magnetic field distribution at various poin
on the surface of a hypothetical sphere or hemisphere when the anter
is located at its center. Three dimensions are thus required to spec'

Fig. 14.-

; 102 3 4 5 6 18 9

Length of Wire in Wavelengths

-Angles at which nulls and maxima occur For the various patterns 4

lie 13.

Fundamental

Third Harmonic

Fig. 1G

Secor.d Harmonic

T7777

Seventh HarmonicFifth Harmonic

I'olar patterns of field strength distribution from vertical ground
antennas with current distribution a as shown,

space characteristics except in those cases where (here U axial synmie
when two-dimensional figures suffice. Three-dimensional data are fiho

as paper or plaster models, or as a family of two-dimensional curv
Figures 13 through 18 show various basic forms of radiation patte

which are employed singly or in combination for radiation control.

1 Caster. Hanbkll, and 1.indesi3i>ad t Development of Directive Transmitir
Antennas for RCA Communications, Inc.. Proc. I-R.E., October. 1931.

Sec. 18, ANTENNAS 645

(at id)

Fig. 10. - Polar patterns of the field strength distribution for vertical
antenna over perfect earth when the. currents in successive (lipoid sections are
Wphased. Nolo that, minor lobes never exceed the* horizontal tangent to the
I; aii

1

1- lobe.

Grounded Antennas

Ungrounded Antennas

(t i

f4

V77/////m W7rSSrSfSA WS/Wsm V77777777A V77777777n

A !
Fig. 17.—Electrical images of antennas, 1

TEitMAN, F. E., " Radio Engineering," McGraw-Hill Book Company, Inc.
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13. Calculation of Vertical Radiation Patterns from Vertical Ante
above Perfectly Conducting Ground. A vertical doublet of infinites!

length in free spare produces a field which has a magnitude proportion
to the sine of the angle 6 from the doublet axis. In a vertical quart
wave antenna with sinusoidal current distribution, integration of ?
influences of all the doublets throughout its length gives a distribut?

10 20 70 60 90

Fig. 18.

50 40 50 60
Angle to Horiion.deg.

-Vertical field strength distribution for vertical antennas over
fei-tl.v ( omluciiiiK earth, for various electrical heights (?.'

only slightly flattened with respect to that for a doublet, and it has t

equation

t/g\
cos (90° cos 9)JW

ain 9

For a vertical dipole above perfect earth,

_ cos (90° cos 9) cos (// cos 9)

sin

where IF is the height of the current antinodo in degrees above the refl

ing surface.

For any vertical grounded antenna with sinusoidal current distributi
having a total electrical height O,

/<*> - cos (ff cos ff) — cost?

sin 9(1— cos G)

' 14. Directivity Diagrams in the Horizontal Plane for Two Identi
Vertical Radiators. Two radiators, synchronously excited with eq"
currents, produce interference patterns which vary with the separati
of the radiators and the relative phase of the radiator currents. F^
thermore, owing to the influence of the mutual impedance upon the t

radiators, the field intensities obtained will at some points exceed, and
other points be less than, for the same power input to one radiator alo

BnOWN, G. H., Inc. HI.
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The directivity patterns obtained for spaeings and phnsings over I
values of pract ical importance, drawn to a scale which shows the rel&tfl

field intensity obtained with the same power in a single radiator, arefl

great importance in antenna calculations. Figure 19 shows such dire*

tivity patterns.

IB, Calculation of Directivity Patterns. For two radiators having eq
currents, in terms of parameters A\ and BT, where T — time phase

/(a) = [cos (tA cos d + itB)]

For identical radiators with unco.ua! currents, the resulting pattern in to

to

(6)

Fio. 20a and 6.— Data used in calculating directivity diagrams.

of relative field intensities can be obtained from Fig. 20 and from

/(a) =1 + k cos (f. + 4>) + Jk Bin ((» + <t>)

where a — angle from the axis of the radiators
k m current ratio for identical radiators or the horizontal field rl

for dissimilar radiators
fj = angular difference in path length which

= —S cos a
S m radiator separation in electrical degrees
ij> = phase difference of la with respect to I a.

All such patterns arc symmetrical with respect to the axis of the array.

ANTENNAS 649

Where Ihroi or more radiators are used with arbitrary spacing*, phasing*

and current ratios, the combinations become so great that formulation must
usually he worked out for the particular ease at. hand.

IS. Three-dimensional Radiation Patterns for Array of Two Identical

Radiators. Frequently two-element arrays are employed for directional

transmission, in which case it becomes necessary to know the space
characteristics. A rough preliminary investigation of the three-dimen-

sional distribution of field intensities in the horizontal plane, the vertical

plane through the radiators, and the vertical plane broadside to the

radiators may be quickly made in the following manner: From the

patterns of Fig. 19 select the horizontal pattern corresponding to

ibe separation and phase difference to be used. From this pattern the

Portionof
/femisp/iere

' radios rf

^•u. 21/—Geometry for calculating space characteristic of two-element array.

irT'Ti
1 distribution through the radiators maybe found by multiply-

'? tl »' upper half of the pattern (which lies above the A-axis) bv the

Ihi.

F '""""'tcristie in the vertical plane for one of the antennas. When
g ' radiators are grounded quarter-wave elements, it is merely necessary
ip "I'utiply the radius vector at anv angle by the cosine of the angle,

cnai,
rin ,llis for the entire 180 deg.) Familiarity with this method

insiv,
"M(' to estimate the vertical-plane distribution immediately by

to |

"°" of " ,<; horizontal pattern. For the vertical plane broadside
"<• array, the distribution is the same as for a single antenna. Thus

we h«ve the following:

l?' The
•he'll

distribution in the piano through the radiators is the same n-i for

otio r. r
r llalf of the horizontal patten, multiplied by the characteristic for

a 2?'n tor.

(iiiJ'J.- 1>roadsidc plane distribution is the same as the vertical pattern for
J uuiator.
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-3. Where there is suppression of radiation in line with the radiators in t

horizontal pattern, there will he one or more lobes of high-angle radiation
that direction in the vertical pattern. The shape of the high-angle lobes
depend upon the vcrtieal-plane pattern for one antenna.

4. Where suppression of radiation occurs broadside to the array in
horizontal pattern, there will be proportionate suppression at all verti
angles.

5. Where there is a maximum of rndiatioa in line with the radiators in
horizontal plane, there will lie a flattening of the pattern over that of a sir

radiator, in the vertical plane.
6. When the ratio of currents ia the two radiators is other than unity,

angles of maxima and minima occur at the same place, but the. nulls and p
are less pronounced. As the current ratio approaches zero, the pa'
approaches that of a single antenna.

To determine the entire space characteristic, it is best first to calcul
the horizontal pattern as described above and then to calculate a series]

vertical-plane patterns at various angles to the array axis. As
horizontal pattern is symmetrical with respect to the axis x-x', so J
space characteristic is symmetrical with respect to the A' /plane throw
tnc radiators. Furthermore, the space characteristic in the half sf~
above the X-Y plane is symmetrical with that in the half space lief

the -Y >' plane. The geometry for use with the following formula for
space characteristic in the upper half space, for grounded antennas
perfectly conducting ground, is given in Fig. 21.

ffrt = [1 + k cos ft + «) + jk sin (i, +"*)].

„ , r cos (90° sin ») -i

|1 + cos(, -t-jsm (,)•)_
J

(Multiply only the scalar values of each factor.)
In this equation H = field intensity in arbitrary units nt an angle

measured horizontally with respect to the
"

through the radiators ami the angle {)>) above
horizon

k = current ratio (equal to or less than unity)
tt = total phase difference, in degrees, between radioti

From A and li in the direction (a) (6)
.' »

|
(S' cos a cos ft)[

and (s' is the spacing between radiators in electii
degrees)

ti — — 2h sin 6, where h is the height of the current a
J

node' above ground, iti electrical degrees
= initial phase dilTorenco between Ik with respect to

Note. Whpn the radiators arc exact qnartcr-wave clement)*, the ssoond fa
becomes constant unil can be ignored. When the radiators lire considerably leas t
one-quarter wove length in height, tho second factor can be ignored and the t

factor simplified to cos b.

The above equation is restricted to 'those cases where the physical length
the radiators dues not exceed one-half wave length, though the height
radiators above ground is not restricted.
To obtain the vertical distribution pattern for one radiator, ignore

first factor and use only the second and third.

17. General Solution for the Space Characteristics for Any Array
Antennas Disposed in Any Manner in Three Dimensions. In view
the special nature of the general solution for extended antenna arrays,
shall not attempt to condense this important subject in this work but s

Sec- 18 '
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merelv refer the interested reader to the references below. 1 Extended
antenna arrays are extensively applied in h-f directive transmission and

arc of great engineering importance at the present day.

BROADCAST ANTENNAS, 550 TO 2,000 KC
18. Prevailing Types of Broadcast Antennas. The. old-fashioned

forms of antenna construction, familiar for many years, are stil! largely

used ]>ui deserve no particular attention from prcsent-dav engineers

localise I hey arc rapidly being replaced by more efficient radiators.

Broadcast antennas may be classified as follows:

J. The high vcrtica^einglc-wire antenna, suspended from a triatic between
self-supporting steel ftowcrs (widely spaced), and having a fundamental
frequency lower thaii tho operating frequency.

2. The high single-wire T antenna, being similar to A, but with a relatively

short T flat top, and operating above its fundamental frequency.
3. The guyed cantilever steel tower, having a height somewhat greater

than one-half wave length, the tower itself forming the antenna conductor.
4. The self-supporting (slender) steel tower, having a height from one-

qiiarter to more than one-half wave length, the tower itself being tho antenna
conductor.

5. The single-wire vertical antenna suspended along the axis of a self-

supporting trcntcd-wood tower, and operating, in general, at a frequency
much higher than its fundamental. 1

6. Directive antenna arrays of two or more vertical elements, designed
either to get more advantageous coverage where population distribution is

irrogulnr, or to reduce interference in the directions of other stations that may
be on the same channel.

18. Progress in Antenna Improvements. The low mill liwire with a
large L or T flat top was the ordinary form of radio antenna for many
years and was used until recently for broadcasting. Since 1927 there has
been a rapid development in broadcast antennas, and their form has been
Weatly modified. 3 The results sought are reduction of high-angle,
radiation for the reduction of biding and greater efficiency giving^ larger
service areas for a given power input. The present commercial impor-
tance of broadcasting justifies a considerable investment in an improved
radiator.

In terms of their characteristic current distributions and relative linear
'""cusinris several types of broadcast antennas arc represented in Fig. 22.
*> the height of the antenna increases, (he position of the current nnti-

;- raised above ground, which causes the high-angle radiation to

he'
r
|

'

l,w-» MP'e radiation to increase. The effect of antenna
.jcight

(in t orn)s f electrical degrees') on the relative distribution of field

wh
IS" V 'lvo different antenna lengths is demonstrated in Fig. IS,

"t'te
i liese data are plotted in rectangular instead of the more usual polar

Apr /i ^TX.^**" Directive Diagram* for Antenna Arrays. Bttl Si/stcm Teeh. Jour.,
lenn„\, Si kiiel, K., ami .1. I, .Mies. IVMvertciluiig and Eiicrgicemiwioii von ltichlan-

(J. v ;,"'""';/'"/"'•"" Trtkaik unit EUktnmkuMik. Ilaiul 38, Heft t>. 1932; Soutrwohtk.
Sir ii»fV

r

i

,*' n '' actora Affecting tho Gain of Directive Antennas, I'rac. I.R.E., Seniem-

'^•it* V'
Ar%,,.r.it. M.. K. Kiev;™. II. I'KNin.. ami W. IVitzkh. Radiation Meatturc-

Pro* , h short-wave, Directive Antenna at the Niuieu High-power Radio Station,

"EpeVi i.-

Moy
'
1931

' JV
»i'ii<r,., ,"

•
- and A. (ioTllK. I bcr die Schwandvcrminderndc. Antennu des Rumifunk-

b'BsLu "'"i
1." 1, ^ 'V.r., Hand 10. Ileft 4. 1933.

BWad, '* and H- I"-- tJuiaiNO. General Consideration* of Tower Antennas for

J'li,. ,,;"•< ' - . !',<.<. I. U.K.. April. liMS: ( •iiami.khi.ms. A. li.. and W. H. I.oixik.

Snr,Vi r Antenna. Prnc. Radio Club Amer., November, 1934; l-APonr. li. A..
c" l-.lRcienry with Tower Antennas, Electronic), August, 1934.
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coordinates. The portions of the curves shown as negative field int«f

sities indicate radiations in a secondary (high-angle) lobe in which

direction of the electric field is reversed, l-'or a straight vertical ante

it is seen that, when the height of the current anttnode exceeds 01

quarter wave length above ground, the high-angle lobe forms rapidly a

soon assumes a value unsatisfactory for broadcasting use because of fa«J

ing. For this type of antenna the 190-dcg. length is about the maxunj

permissible.
Since the previous edition of this handbook, lower radiators have I

thoroughly proved in, but this involved a change from the orig|

cantilever guyed structures, through the trial of broad-based self-sup]

ing towers, and finally to the uniform eross-seel ion guyed or self-stipL

ing radiators. The latter have reached the stage of optimum electi

performance, reliable mechanical design, and moderate- cost.

this period most stations have constructed modern radiators and hfl
retired the supported-wire antennas, and many have installed dircctfl

arrays of two to three radiators for minimizing interference ami hctfj

covering of local areas. Where airline routes have limited antcna

/IT

ft

/IT

ft
v

It
ft

0.53A
(t

JTT7771 7777?

I

%A

7777777779.

10)

ttiWffA 777777777. 777777^77,

(b) (c) (d) (c) (f)

Fio. 22.—Types of broadcast, antennas.

heights, top-loaded and sectionalizcd antennas have been employed
attain high efficiency and lading reduction. 1 _

In the United States and Canada antenna heights have been spn-ifie*

by regulations, I he heights being worked out in harmony with the genefl

objectives of allocation and ellicient utilization of facilities.

20. Ground Systems for Antennas. The Importance of the groin

terminal for a radiating system cannot be overemphasized, if thJ
existed such a thing as a perfectly conducting earth, any sort of a
connection to the earth would suffice for a terminal. Soils, and evg

salt-water marsh, at best are ]K)or conductors at radio frequencies.

ground system used with an antenna must make the best possihlc'confl

with existing ground substances sis found at a station site. A few y
ago it was thought that a ground system had only to extend outwai

far as the limits of the induction field of the antenna. The majors
tion of the ground system as a reflecting surface for the down-cor
waves from the antenna is now generally recognized, and for this purl

aground system must extend outward fora considerable distance. Ti

I Batumi, (j. H.. A Critical Study of the Characteristics of Broadcast Antem
Affected by Current Distribution. I H E.. .!: :try. tlWIi; IIhi.m \ ami l.KITCB.

Fading Characteristics of t Ik- Top-loaded WCAIT Antenna, Prat. I.R.E.. May. *

Bkown. G. II.. A Consideration of the Kadio-frequency Voltages Encountered am
Ituiilatinit Material of Broadcast Tower Antennas, Proe. I.R.E.. September. 1
Morkison and Smith. The Shunt-Excited Antenna. l*r»r. I.R.E.. .In oe. 1937;

R. F., Notes on Broadcast Antenna Developments. RCA Rrr., April. 1937; Frrr«|
Dctteha. Measurement of Broadcast Coverage and Antenna Performance. RCA >

April and July. 1038, and April. 103(1.
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have been many temporary theories and practices regarding the con-
figuration of the conductors in the ground system, but there is now,
broadly speaking, a convergence of preference for the radial system with

an effect ive earth termination for each wire. Recent studies have further

proved the need for a large number of very long radials. The more
nearly a --vstem of wires approaches a continuous metallic sheet of great
extent, the better it is as a ground system.
The «ork of Hrown 1 on the theoretical and experimental study of

Kroiind systems has established definite criteria for their design. Broadly
Hiimmnrized, a radial system of 120 ratlial wires approximately one-half
wave length long approaches very nearly the characteristics of an ideal
ground terminal, us shown by Figs. 23 and 21.

240 r

20 30 40 SO 60 70
Antenna height, cjeg." 23. Variation of field intensity with antenna height and number of

0.412 wave length radials.

nmf Counterpoise. Where a buried ground system cannot be

ml,,,.,
" r wood, and thus decrease losses. Where ground systems of

svsteii
'''"^h are impractical, such as in 1-f radio range antenna

tcriuj,,' j

n ' :

!
, 'veiy small radial counterpoises provide a stable ground

itnd consequently stable radio range courses, ltoof antenna

Cruirad Systems as a Factor in Antenna Efficiency. Proc. I.R.E..

"'Ill .|

1037!
'
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installations which employ counterpoises of adequate area and ..

clear other small structures usually found on the roofs of such buildf
have shown good performance.

For certain u-h-f antennas elevated counterpoises employing a sur
of 4-in. mesh wire screen on a metallic framework have been cxtensi

used. Typical applications arc for fan. marker, cone-of-silence raa^

and u-h-f four-course radio range antennas for use on the airwaygj
22. Antenna Measurements. Antenna measurements are then

cally simple, but skill and experience are required, together with
instruments, to attain accurate results. It is for this reason that

Fio. 24.-

JO AO 50 60
Antenna height, deg.

-Variation of field intensity with antenna height and length of r

in a 113-wirc ground system.

FCC specifies that such measurements, to be submitted to it for appi
must be made by a qualified person with approved instruments of k
accuracy. The practical difficulties of measurement increase with
frequency.

Resistance. Approved methods of measuring antenna resist ancoj
described in liadio Instruments and Measurements, Hull. 74, of the tJ

Hurcau of Standards. (This may bo obtained from the Snperinten
of Documents, Government Printing Office, Washington, 1). C.)
low-impedance antennas ordinary precautions may sullice, but fori
impedance antennas of the order of several hundred ohms extreme
and occasionally special met boils are employed for reliable results,

is well to repeat measurements two or three times with new setups b
certifying the accuracy of the data.

See. JS ANTK.Vf/AS 655

Hadio-frcqucncy bridges are now available and, with proper manipula-

tion, lend themselves well to antenna measurements. Resistance and
reactance can both be measured directly. For low- impedance antennas,
rtraigln bridge methods are useful. 1 or moderately high impedances a
mbstitutiiin method, where the unknown impedance is connected in

parallel with one arm of a balanced bridge, is required. One serious
drawback to bridge measurements in :inteniia circuits is the susceptibility

to inaccurate balances when static levels arc high and when there is

interference from other stations in the locality. In the latter ease power
methods of asurement are essential.

A simple method for measuring antenna resistance and reactance of a
very high-impedance antenna is the following: I 'sing an ordinary wave-
mcicr of the precision-absorption type equipped with a thermoammcter
and it calibrated condenser, adjust the wavetneler to the desired freqtioncv
|ad bring the oscillator into tune at this same frequenev. Couple the
wavemeter to the oscillator until full scale deflection of the ammeter
Hwlta. One side of the wave-
meter (the shield side) should be
grounded to the regular atitcnna
ground system. Note the setting
of die variable condenser and the
exact meter reading at resonance.
I'licn connect I he antenna down-
lead to the ungrounded side of the
wavcniclcr as shown' in Fig. 25
and retime the wavemeter for
Maximum current. Note the
condenser setting and the new
nieter r>in\\r.» u, r this condition.

J High Impedance
Antenna

Absorption Precision

£_ Wai/enwhir

f> Calibrated
"' Condenser

I'm.

Hbyemeter -i
Resistance

£5.—Antenna measuring circuit.
- ...... ...^ iu| | ui.t 1 1 Me 1 I I 11 HI .

iv it i

>r ;, " tt"
1"111 resistance, the lower will be (he ammeter reading

J~ ,
antenna attached. Also, if the antenna has an inductive

will |

,m
!
particular frequency, the capacitance of the wavemeter

ii 'j
'". '"' increased to restore resonance, and vice versa,

in «e

>
'

' known standard values of resistance anil reactance

win

>

n<V> •"
'

'. < ""."' ,
'

,l! *' parallel with the wavemeter to reproduce the

iiiH '

M
T"'"

l!! adjustments and readings as observed, first with the wave-

react
' w ' 1 ' 1 !l!ltr" n" attached to it. The resistance and

toil,,
'"' ^ :l;:i 's whieii reproduce the antenna values prccUelv are equal

«>f the antenna.

"•eaiat'
,r, '' l ' ll 'n ''s !,t! ollifervc< ' using this met bed areas follows: The

letted i'V"!'*'
l>r "f sufiieient power output and regulation as to be unnf

axe,}
f

l "o presence of the wavemeter; the standards of impedance

"rraiusc
\

U
f

s| 1,111 must be essentially free from stray capacitance when
''"liirb tl

"f " sl '' f" r s,Ilil " Vl»bies of stray capacitance can seriously

•nd nfi'
'"' '"'euraey of the results; the readings and adjustments before

ubsoi-v, .,V
'lie shunt impedance must exactly duplicate those

'f tin.
."' Process of measuring the antenna.

",1

J"'<lai,

i

.!'V.'"!
etcr resistance is accurately known, the unknown antenna

"ii'ii.*

t is .

trrrns
.

' resistance and reactance, can be calculated.

•*ure>7
l>l"nmr

-
v

> v 'ew certain difficulties in making antenna

'"'"'iiiireii","!
8

'
10 cnsllr<! greater accuracy by making a scries of such

Ptr
'»rs jij-,."

'
ovr>r a considerable range of frequencies. Individual

averaged out by drawing a smooth curve through the values
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as plotted out in graphical form. Antenna rcsiwiatwc :ir;d tviieitim

measurements over a wide band of frequencies sire often invaluabl^r
analyzing the action of an antenna, as well as for predetermining J
proper circuit constants to he used fortuning it or matching its imperial
to a given transmission line.

Reactance. When not measured directly wit h an r-f impedance bri«
antenna reactance can In- measured by resonating the antenna at^
desired frequency, using a calibrated inductor or capacitor. At rn]
nance, the antenna reactance is equal and opposite in sign to that of

tuning device.
Fundamental Freqitenetj, Connect the antenna directly to grotf

through an r-f current instrument of adequate sensitivity, and coupj
variable-frequency oscillator lightly to the system by proximity onl
Search for the lowest frequency at which resonance is indicated bjl
maximum current..

Direct Power Input Measurement. This measurement is depends
upon an accurate measurement of antenna resistance and the use offl

mi

® ®
Zsf Zm —

'

RadiatorA

o i

Radiator

3

open

Q

zn zm
RadiahrA

Z,

RadiatorB,
grounded

Fig. 26.—Equivalent circuit of two radiators coupled by radiation.

ammeter of suitable accuracy located at the point where resistance

measured. The power is the product of the antenna resistance am"
square of the entering current. In all probability direct-read hi

wattmeters will be commercially available during 1941.

Mutual Impettantv. Mutual impedance can lie measured only l

roctly. Where conditions permit, the method is to measure the Si
impedance Z n of one radiator (assuming both radiators to be identic
with the second radiator first open-circuited, and again Zi when
latter has been grounded. From these two impedance measure
the mutual impedance is calculated. Where more than two radial

are employed, such a measurement is required for every combinatiot
radiators taken two at a time, with the other radiators open-circUl

so that they do not affect the pair under measurement by reradiatiol

The equivalent, circuit of two radiators coupled by radiation if show*
Fig. 20. From this figure

IS ANTENNA* ti67

23. Vertical Radiator Self-impedances. Resistance and reactance
peaaurements on a 400- ft. vertical uniform cross-section tower having a

I

insulator capacitance of 30 «if are shown in Fig. 27. The resistance

gad reactance of a slender tubular steel mast are shown in Fig. 28.

Zm <= V%
The accuracy of this method is enhanced by tuning out the self-reautanj
each radiator before measuring 'At in terms of Hi + jXi. When this ia

0.7.0 0.25 0,30 0.35 0.40 045 0.50 0.55 0.60 0.65 0.70 0.75

Antenna height ^.wavelengths
"Resistance, reactance, and characteristic impedance for WWJ uni-

form cross-section 400-ft. tower.

^84, Coupling and Feeder Circuits Used for Broadcasting. Antennas
l tl„

'«> directly from the transmitter, or at a distance from the

The ff ii
- -

US '"K sonM! form of radio-frequencv transmission line.

nuinhZ
nvm

f£ types of Imcs are used, listed roughlv in order of their,wrs in service:

«-vri™ i- . ,. . .
Type mat* X

' "lion line with 2 opposite wirus grounded 235^oncentno tubuliir lines 70
3

open bnliuieed' line '

(soo-lire c,pPn balanced toe (middle wire grounded) , , (son
•

re balanced line 315

y
a °Pen "ne with ground return ,V „,,..

'.

.300

" f tran«f
miSS

-
on Vme* rec

!
uirc equipment, suitably adjusted, to be capable

liri,. '•'rming flic a una impedance to the characteristic impedance
Wdi,

ln" tr-'" ;"""" 1 ;~ :i- -u ?-

A p proxi-
mo tfl Za

Zi = Ri + JXt =
Ru J -R^r ^ terminated in its characteristic impedance Z„, provides an

With ftu, Ri, and A" t measured, the two terms above pan lie solved siniul^

nusiy for R„ and Xm.

lossi!°j of
l>owpr fronl the transmitter to the antenna without

tr,,
"siiii««- v

t0 rpneetions of energy in the svstem. For single-end
h"ps, simple 7', Pi, or, more usuallv, L networks of reactive
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elements are used to match the antenna impedance to (lie line impcdJWhere balanced lines are used, the balanced to single-end imped]
matching transformation is usually accomplished by inductivitv cofl
circuits. In any case the adjustment of the terminal network forimunition of the line is another case « here skill and proper itistritinJ
are needed. ' ^9

Figure 29 shows the simplest coupling circuits, their theory for feel
single radiators, and where the phase shift t hiougli the network isimnl
rial. In directive antennas where a (riven impedance matc h „„„.made with a specified phase shift, a three-clement network is requ3
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Fio. 28.—Measured resistance and reactance of 150-ft. vertical inlmlar m
antenna having n base insulator capacitance of S5 mii.

The values of the circuit elements are calculated after the anJ
impedance and the characteristic impedance of the line have been m4
tired. The required reactances are then set to specified values, andlfl
corrective adjustments arc made to obtain a perfect match. A|
impedance bridge is very convenient for this purpose.

For the balanced line, an impedance bridge, being a grounded doj
for one of the unknown terminals, is less useful. The following meM
of adjusting terminal impedances for balanced lines is simple, accilrti
and rapid and requires a minimum of equipment.

Calculate or measure Z . Calculate the line current for any H
power from I„ m y/W/Zo, and the voltage across the termination unj
this same condition from = y/WZ*. If a tank-circuit terrain*
is used, with inductive coupling to the antenna circuit, choose a vtj
of capacitance across the line which has a reactance of the order ofI

Sec. Ml
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I,.,!
of the value of Z„ (arbitrary) at the operating frequency. This

o'nacilame must be accurately known so that its reactance can de

jjlprini i and used to find the proper current through this condenser at

Mpnance when the termination is correct. Ic — EjXc .

Knowing now the values of / and we can take their ratio, le /l„.

Soiv. by inserting matched ammeters in series with the line at the

Hitrancc to the termination and in series with the capacitance leg of the

-TSoTP _J

E
T.L.Z =-j^(resistive)

E
Ant ZA - -j*- (usually complex)

® Where

R

A <ZQ

Ant. ZA = -y^ (usually complex)
*A

© Where

R

A >Z
Fig. 29.—Coupling circuits and vector relations.

"ehed"
1
!)'"' W

-
c know tMnt

i
wnon t,]c proper termination has been

^inii't
H' r

f
tl° previously calculated, must prevail. To obtain a

'"
in,

"" >lH uni,v power factor, the tank circuit must he close

f**Owii i r'
ll( 'i"!itm<

'

,lt - -xft(,r inserting the ammeters in circuit

i^tlai. i!"
lR

:
30

' "PP'V po«er (the amount is unimportant at this stage,

""lucta,
r 'Ul

i"
is independent of power) and adjust the primary

'•oiiil /" " ,ll<! ,mt' <
,urrent /„ is minimum, at which time the values

"
' o lM r

'"' '.''w°ryed and the ratio calculated. If the ratio is too high,
f "g is too loose or the impedance of the antenna circuit is too
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30.—Antenna
justtnent.

high. If the former, add more coupling turns or otherwise tigf
coupling between tank and antenna circuits; if the latter, decreai
reactance of the antenna circuit by increasing inductance for a caps
antenna or decreasing capacitance for an inductive antenna (both a
ing that the antenna is not resonant). Hctune the tank cireui.

again measure the ratio of currents. If the ratio of current!- is too
the opposite procedure is followed, i.e., the coupling is reduced
antenna impedance increased, or both. By discrete steps and by o

adjustments, the exact ratio Irfl a is qi

attained. The final test of correctness
measure simultaneously the current in

ends of the line. These currents shout
equal.

25. Adjustment of a Directive An'
Array for Broadcasting. The proper deej
a directive array includes the calculat
the derived radiation pattern in terms of
izable held intensities, which in turn del

,

upon the amplitude and phase rclationlj

tween the radiator currents, the self-

mutual impedances, and the power input,
input impedance to each radiator mus'
be calculated from the operating com

of the array, which permits the division of power between the rai

to be found.
The next step is the design of the transmission lines and their co

networks which effect the energy transfer at each radiator and
match the radiator input impedance to that of the line with the
phase shift which, with that due to the time of propagation over tb
will bring each radiator current to its precise amplitude and phase,
is done as a preliminary step only.
The adjustment of such a system to realize a specified perfor

requires that, the above sequence of conditions be reproduced physi
Thus the first step is to measure the self- and mutual impedances aftt

radiators are constructed from the design data and to recalcula
input impedances to the radiators from these data. Then the
coupling networks are synthesized and constructed, 1 and adjust
made to the previously calculated values instrumentally, with q
accuracy. The performance of the system is then verified by- meat
the currents and their phases5 and finally by measurement of the rad
which consists usually of a plot of a number of field-intensity me
ments made on the mile circle. Here is a fascinating problem rcq
the finest technique of theoretical calculation and physical measure))

MARINE TRANSMITTING ANTENNAS
26. Limitations to Shipboard Antennas. There has been little el

in the design and construction of shipboard antennas for the reason]
there is little choice available. The limited space and the prescn
stacks, derricks, etc., place severe limitations on the mechanical arri

1 I.afokt, E. A.. Grnjiliii-ul Network Synthesis, BraadcaH Netrs, January. June,
Hhown. 0. H.. Directive Antennas. Proe. I.R.B., Jannnrv, 1937.

Morrison, J. F„ Simple Method of Observinji (lie Current Amplitude «nd I

Relations in Antenna, Arrays, Proe. I.R.E.. October, 11)37.

1>]
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„.i,i nf i he anie nna. For that reason, shipboard antennas have been but

lightly mollified in many years. The outstanding change is the gradual
Kndotimcnt "f multiwire forms for the single wire.

Larue vr-M'ls in the passenger business now have several transmitters

in their radio rooms. For long-wave ship traffic at moderately high

powers the ship's antenna has a very short electrical length, which gives
', nearly uniform distribution of voltage throughout its length. Such
antenna? must be insulated equally at all points.

Por intermediate-wave operation, ship antennas have fairly good char-
acteristics and efficiency. The antennas on the larger ships have funda-
mental wave lengths somewhere near the intermediate marine band, so
that I hey operate essentially as quarter-wave systems. For h-f telegraph

^_ To

tfohmaf

'

250'

Main (AFferSecfion)

170'

Miin(Forward)

_j. To

Foranasf

CZ\[mergcney

J ZOOV/. IF HF IF
Iffw.

4.

"0. 31.- Marine antennas (SS.

Individual Break-In

RefofsineQCh
Tronsmirferftictpt HF)

'Washington" and SS. "Manhattan").

'mht
'!'"" " ' s "l,w 'I'lite tne usual practice to use the main ship antenna,

f**u,lK H at or near one of its harmonics,

in pji^'.'"
1

'M
1 ''.' s"nw of the best-known American ships is that shown

nmrii,
' " <l1 °iil.v permits utilizing the main antenna for all the

unor-.,'-
'"''I'leneies but provides a convenient means for simultaneous! v

WOfrw•
short-wave and intermediate-wave transmitters. For

•Siiii
'

i'

"I"' 1
''

1 ''"' 1 both halves of the antenna arc connected in parallel,

tof-wr.
i

" l|£
' """"crcial telephone services usually employ separate

e dipnle antennas fed bv terminated transmission lines.

27 «

,>ver (
.M

I

J

t

,

enna Characteristics. Shipboard-antenna characteristics vary
ireiucly wide ranges because of differences in mechanical forms
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and dimensions, (lie effects of other conductors in the field on the nntoa
the nearness of stacks, etc. For example, antenna resistances in

intermed into- and long-wave hands range from 3 to 10 ohms. S-
capacitanees range from 100 to 1,200 M"f- Fundamental wave len
range Horn *2!)!l In 500 meters. It is dillictllt to specify typical ant
characteristics beyond these figures.

28. Construction of Snip Antennas. The essential mechanical rcq
incuts for an antenna dcsigit arc extreme rugged ncss and reliability u
nil the severe weather conditions met at sea. Heavy phosphor-b
stranded cable is employed for the triafie, preferably for the en
antenna. The use of an inverted I, or a T is principally determined)
the layout of the ship and the location of the radio room with r

to the antenna. Regular shi[>-rigging construction is employed,
antenna must lie easily lowered and raised. On some ships tile ant
must be lowered to permit operating the derricks.

The essential electrical requirements arc as follows:

1. A maximum of antenna size for a given available space.
2. Maximum possible clearance of ship's rigging, bridge, stacks, etc.,

reduce Iksm>s by jn< I u«-t ion

.

3. Liberal Iiigh-voltngu insulation throughout the length of the ante
including the (leek insulator.

4. Avoidance of sharp [loiuls, broken Strands, or Y-hcmls whiuh V
become corona discharge points.

5. Positive firm electrical connections lwtweeu different sections of
antenna and at the entrance bushings.

0. The use of a single-wire system.
7. The avoidance of the use of hemp guys and slays at points of hi

potential gradients near the antenna wire and insulators where rapid del

ration due to burning would result.

29. Shipboard Receiving Antennas. A separate W ire receivmgantc
is now common practice on shipboard for short-wave reception,

intermediate- ami long-wave reception the main transmitting anten
iptite generally used, connection of the receiver to the antenna V

made through a break-in keving relay when the transmitter is not aetl;

t ransuiittiug, and In grouiuj when the transmitter is exciting the ante;

The sense antenna used in conjunction with the direction finder

separate wire and used only for that pur|wse.
Broadcast receiving antennas may occupy any remaining space a

able on the ship.

NON-DIRECTIVE ANTENNAS FOR H-F TRANSMISSION
30. Types of Antennas in Current Use. Antennas for the circ

diffusion of energy at high frequencies approach very nearly the fun.

meiital ideal forms. For a given form of antenna for a given performaH
i he mechanical size is proportional to the transmitting wave lenm
and when this becomes comparatively short, the mechanical aspects
the problem become very simple.

1. A fundamental and widely applied form of h-f transmitting autcun
the half-wave dipole. It. can be employed in a variety of ways by ehan
its orientation in space and its position with respect to ground. When loca

in hypothetical free space, its electrical values are constant; hut, when loed

within a few wave lengths of rcid earth, as in practice, they arc influcneoo,

orientation and position.

Sec. 18|
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When placed vertically with respect to the surface of the earth, a half-wave

i i.. transmits vertically polarized fields in every direction. When mounted
M y i he radiated lielrl is horizontally polarized in any direction per-

iumdjrular'to the antenna wire, while it is vertically polarized in the directions

'f die wire. In intermediate directions the fields will have both vertically
"

,| horizontally polarized components, a state called dliiAicnl polarization.

These renditions have a bearing upon the propagation characteristics of

-dial in different directions.
•> \ second fundamental type of h-f transmitting antenna is a straight wire

ooeratcd at one of its harmonics. Where one antenna is used for both 1-f and

|,.f transmission, as on shipboard, we have a case where, at high frequencies,

i hi- antenna may be several times the length of a half wave. If such an

intcnna is vertical, the radiation is uniform in all horizontal directions but of

rapidly varying intensity in tho vertical plane. The general characteristics

were discussed and descr bed in a preceding section.

;t, A lliird important type of non-directional antenna for h-f transmission is

A* vertical wire with the current in adjacent dipole sections cophased.

Instead of the currcnt-distrihution characteristic of the antenna operating

ill :i iiainral harmonic, where the current in each successive half-wave section

is reversed in direction, this antenna has currents all flowing in the some
direction. This is achieved by using antiresoiiunt coils or networks at each

current node in the system except the oxtreme ends. A vertical antenna of

this type produces a high degree of radiation concent rat ion at angles close

to tho horizontal, a characteristic of great value in efficient long-distance

transmission.

31. Feed Methods for H-f Antennas. I. Pure Current Feed. A
balanced current-feed system for energizing a divided half-wave dipole

I !

(at (b)
Nqtc: Dof/ed linesreprtjenf

currtnt distributionon

antenna and feed lines.

Fin. 3'.'.— Current feed for half-wave dipole. (a) For balanced line; Q>) for

balanced terminated line.

shown in Fig. 32 in two forms, where (a) is for the use of n balanced
oscillntinu transmission line throughout and (b) is for a balanced ter-
minated

t rau.-niissioii-line system, the termination being made by means

J? connections to proper points on a balanced quarter-wave transforma-
»<m section.

2. I'ttre Voltage-feed System. Three forms of the pure voltage-feed
^sicni ,m , smm. M ;„ pjK 33 „-]„.re (a) is the balanced system using

r~^" 1:"" line feeder, (>>) t he unbalanced system using resonant line feeder,

H
'

''" a balanced system with balanced terminated transmission line,
u * antenna impedance being matched to that of the line by means of a

(

'*""
: "it line transformer. In the ease (h) the feed line can be a eonccn-

" fibular system, the antenna being connected to the inner conductor,

rnet'l
' oltagv Feed from Terminated Concentric Transmixnion Line. A

trie »
°f v

.
mtaPe feeding a half-wave dipole from a terminated eonccn-

thc |' ansm '>*'oii lino is represented schematically in Fig. 34. Here

to ,t"
,lu,<-"trie line is made lo have a characteristic impedance equal

l|w radiation resistance of the antenna at the current antinode (73.2
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ohms, if the antenna is several wave lengths above ground) \
• 1 lc"Kth long, projects hevomi the cud of |). t . „.,

conductor parallel and close to the extension of l he inner conductor whcontinues on to become the antenna. If there is essenliallv zero-radial
resistance due to the opposed quarter-wave sections, these act as a tdformer to transfer the radiation resistance at the current, antinode oft

fo)
Nort : Doffed lints represent
Potential distribution on
antenna and feeders.

Fiu. 33.—Voltagc-fecd systems (see text p. 063).

antenna to across the end of the concentric line, thus effectively tcrmimg the latter.
J

.

4 Terminated Transmission Feed. At high frequencies it is possil
to obtain a satisfactory termination of an open-balanced Iransmis

'

line by connecting the cNtn l n,ti<.><,iih,- line directly to the antenna*,
as shown in fig. 3.i. The conned ions are made sv'mmet ricallv to tho
points- on the antenna which show an impedance as nearly as pr.ssit
like that of the characteristic impedance of the transmission line.

1

—j- spreading the wires of the feed to bridge v-
proper impedance in the antenna, there results!
change m the characteristic impedance of the lit

V 111 tnat portion which makes a perfect terminal/

Antenna-*

\ i T7
Concentric

Transmission

Line

Flo. 35. -Method of con-
necting line to radiator.

Fio. 34.—Use of
quarter-wave wire as
matching trans-
former.

&2fe£t*°£
imP°s

.

si,,Ic
'
tl«>ugh satisfactory practical adjustments

obtained. I-or optimum line balance, exact symmetry of connection
required. I he location of the connection points is critical. The adjudment is dependent upon the location of the antenna with respect

'

ground ami other conductors, the effects of insulaior caps. etc.

A% J? ,

Mc
,
t

r
hoils °J Icnmnaliug Open-win- Transmit,, Lines

Antennas by Means of Networks. There remain several methods 1
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rniitriting a balnnccd transmission line in an antenna by means of

.tworks of inductance and capacitance. The antenna has a certain

"minlcN impedance when viewed from any given feed point. To match

<bU impedance to tho line impedance; a suitable transforming network is

designed.

DIRECTIVE H-F TRANSMITTING ANTENNAS

In this branch of engineering we find the antenna art at its best,

rnhampcred bv serious mechanical obstacles, full advantage may be

taken of electrically long radiators, and extended arrays of many such

ladiators, for obtaining a very high degree of radiation concentration in

a desired direction. Present-day h-f directive antennas project a beam

of elect nmiagneiic. energy which is analogous in fact to the beam of a

searchlight. ....... . . u
^)ui of the unlimited variety of possible forms of antenna arrays which

arc suitable for use in directive radio transmission, experience has brought

about a .selection of a few typos which have exceptional electrical per-

formance and which at the same lime have other advantages such as

low initial and maintenance costs, ease and stability of adjustment, and
physical ningedncss. It seems that each of the major commercial radio

engineering organizations of the world has evolved a system of its own.

We find such distinctive svsteins as the Marconi-Franklin beam, the

Tclefunkou •pine-tree" antenna, the SFR-Chireix-Mcsny diamond-grid

radiator, ihe A.T. fc T. Co.-Sterba antenna curtain, and the RCA broad-

side, and harmonic-wire end-fire projectors.

The principles of modern directive antenna arrays are easily grasped,

once the mechanics of wave interference are understood. However,
the detailed design of any one of these systems is an engineering task of

formidable proportions. Final adjustments and corrections after ercc-

ttpo must bo kept to a minimum, because of the great dilhculties of mak-
ing even minor changes once the rigging is complete. In design work of
this sort experience plavs a prominent part. The theoretical aspects
'if design have been discussed in a number of papers, of which some are
listed in l he bibliography.

.32. Gain of Directive Antennas. When the radiant energy (which,
with a simple antenna, would lie widely diffused in space in every diro.c-

c .lleetod and focused into a narrow unidirectional beam by a,

directive array, there is a gain in effective power of transmission in the

JJJ
"'d direction. Gain is usually reckoned in comparison with tho

"eld intensity from a single hall-wave dipole located at the mean height
"'.'he array. On this basis some present-day directive arrays have
pins as high as 22 db or a power gain of 158. Increases in gain result
jfoin increases in the radiation area of a broadside array, and with the
rnK"i of a harmonic wire array. ... ,«. Typical H-f Directive Antennas. The following description of
vPic.il directional antennas docs not exhaust the various types but is

t(Tros,.m utive:
•
' The f(CA Model A ttroadsitle Antenna. 1 The schematic electrical

'"''!"•' are shown in Fig. 30. The system consists of a large number of

fpS
1?' 1

i>;, ' rs " r eotinear wires arranged in a plane and energized from a
W1

transmission line) running through the middle. The feed bus

Ao'lT.,V
iT,:l

<' Han-bell, and Lindenhlad. Development of Directive Trnnsmittins
Wl"ia.i for RCA CoiiimuniciUio™. Inc.. Prm. I.R.E.. October. 1931.
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has il"' inductance and flic parallel capacitance ncui ralized soi
ta have tin? eharaeterisi ies of infinite phase velocity. All the radiaf
arc thus energized in this same phase, and the direction of maxfc
transmission is normal to the plane "I the radiators. In this system

i

over-all length of the radiators is 0.225 wave length, the spacing bett

T
.ror I'

Fig. 30.—RCA model A broadside antenna.

radiators is 0.125 wave length, the maximum length of bus on eaeh ail
of a feed point is 1.5 wave length, and the volt-ampere ratio betWfl
bus and radiators is 5. .Such a system can have any desired length v/M
progressive improvements in gain and directivity. Another identic!

(a)-Wircs in Vertical Plane
0./3//A

(b) -Wires in Horizontal Plane
Fia. 37.—RCA model B mid C harmonic wire nntennas.

array in a second plane can be used as the reflector for unidirecttil
transmission. Gain with one bay with directly energized reflcctol
approximately 10 db.

2. RCA Models Ii and C Harmonic Wire Antennas. The geomctr,
these nntennas is shown in Fig. 37. It was seen in Fig. 14 how the i

Sec 18| .-n '/7-;.v,y,iN 067

mde and direction of the major radiation lobe changed as the length of

lj„»
wiic was increased. In this system, where each radiating wire is

S wave lengths long, the major lobe has an angle of 17.5 deg. to the wire,

and all secondary lobes are of relatively low amplitude. By'using another
radiator parallel to it, spaced 0.S72 wave length and energized in opposite

38.—RCA model D antenna.

Rj*. one side of the forward and one side of the backward radiation
!«'bc an- eliminated. My adding two more such wires as reflectors (mak-
ing now lour parallel rndiators spaced 0.43f> wave length atid staggered
" Ml wave length), the backward lobe is eliminated and the radiation

in one

).—Pattern of Fig

very sharp forward lobe. In the model B the wires
ue vertical with respect to the ground and transmit vertically

fsduitoK
n'

avcs - ' n the model C the wires lie in a horizontal plane and
a sh'ibi

J'

Jri '- 'itally polarized waves. With these antennas the gains over
- Half-wave dipole are approximately 12 and 12.4 db. respectively.

Pols

,n .n pU
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3. RCA Model D Antenna. 1 The layout of the model I) projtT
(one bay) is shown in Fig. 39. In this system, two major radiation 1

J

(one from each side of the V) have a rommon direction and reinf;

each other while the other two lohes are canceled, as in Fig. 39. liy

ing another V to the rear as a reflector
(
the backward lobe of Fig.

removed. Riving a very sharp unidirectional beam of radiation. W
a gain of 16 db for one bay. With two sections the gain inereasd
approximately 19, with three to nearly 21, and with 4 to approximi(
22 db. The last figure is a power ratio of 156 over that for a single

*

wave dipole. In practice the point of the beam is focused at app-

mately 14 deg. above the horizon.

The reference 1 contains a complete engineering and theoretical t

ment of the development of these antennas.

Fio. 40. Tclofuiiketi directional antenna.

4. The Telefunken Directional Antenna. The arrangement of

antenna is shown in Fig. 40. 5 It consists of 64 horizontal dipolcs ill

vertical planes of 32 each. In each of the two planes there are four!

of eight dipoles end to end. The two planes are separated one-qf
wave length, and the second (reflector) is energized by radiation from

first. The dipoles are voltage fed from the potential anlinodefl

balanced resonant transmission lines, uuiphasing being obtains
attaching each successive pair of dipoles to alternate wires of the t"

mission line. As with all horizontally polarized wave systems, tha
zero electric intensity along the ground, but the beam peaks in the vici

of 10 deg. above the horizontal, with a secondary lobe of 25 pr-r cent

,

intensity maximum at 45 deg. The horizontal pattern as measufl
shown in Fig. 41.

5. T. Walmsiey Antenna of the British Post Office. Tn Fig. 4

shown the elements of the Walmsiey beam antenna. The rad
?

Ibid.
* Bauuleh. KncoER. Pcndl. inii Ppitzeh, Proe. I.R.B.. May, 1931.
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rranged as shown produce a bidirectional beam broadside to the array,

Zkjch usuallv consists of 48 energized vertical pairs. As a reflector

! curtain of insulated half-wave dipoles is placed one-quarter wave length

behind arrav, excited by the backward radiation. A unidirectional

hen in obtained in this manner. Owing to the lower current amplitudes

in the reflectors as compared with those in the directly energized radiators,

North South

1

1-0

4|M
-g|o.6

U
an ?'

°£

fi
Ml 7' n iln •> ji it n vm Xi

\
in 7 n an 6(1 «

/
K V i n m

Azimuth ,deg.

Fio. 41.—Horizontal pattern of Fig. 40.

there is not a complete suppression of backward radiation, and there is a
backward lobe with an intensity 22 per cent of that of the forward
baam.

6. Marconi-Franklin Beam Antenna. This antenna system, one of the
first employed for high-speed short-wave point-to-point communication,
<<in.si.sts of a front curtain of vertical radiators, each consisting of several

Fio. 42.— Walmsiey beam antenna of British Post Office.

Num.'
1 * '' c ''' ln 'PS 1,1 series, and another curtain of reflecting wires of the

a t< . |

t>

.

onstruction situated one-quarter wave length to the rear. There

f'x.
i t(

W
|

( " M '"any reflectors as radiators. The reflectors arc radiation

uf In plan' view, two reflectors and one radiator form the points

cfl»tei!w!
u
['at*m' triangle. Cophasing of successive radiating dipolcs is

"'<1 oy winding the intermediate half-wave sections (wherein the
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currents are reversed) into a small non-radiating coil or web. Reflect*
arc energized by radiation from the front radiator curtain. A two-|
array has a gain of approximately 18 db.

7. Chireix-Mesny (French) Beam. Another early typo of direct!
antenna for short waves is that used in 1'ranee, shown schematically

Fig. 43. Each dipole secti

Parasitic Radialor forms one side of a square. T
currents in all the diagoni
have cophased vertical ai

horizontal components. A si

ilar reflecting sheet, is plae
one-quarter wave length behii
the radiator sheet and is ene
gizod by radiation to give
essentially unidirectional

pj
tern broadside to the plane
the radiators.

8. Hell Systent~Sterba Din
live Anlenna Array. J his system, used for some time in the trai
atlantic telephone service on short waves, is a barrage antenj
employing a front curtain of several vertical radiators spaced on
half wave length, with uniphased currents, and a similar reflec
curtain directly excited by transmission lines. One arrangement
an antenna of this type is shown in Fig. 44, together with trail

Refigctor Curtain- Radiator Curtain^

Primary Radiator

Parasitic Radiator

To Transmitter

43.—Chireix-Mesny beam.

~Beam Deflector

'Parallel WaveSuppressor

5 To Radio Transmitter

Pig. 44.—Barrage antenna of vertical radiators.

mission lines, phasing devices, protective items, and glent-melting circiiM
the unit element in this array, as shown, is a panel 1.5 wave lengths h»
and O.o wave length wide. The current distribution for one tvpo of pal
is shown m Fig. 45. The crossovers constitute balanced non-radiatf
hues, while currents in all the verticals arc uniphased. Radiation fr
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,|,e unbalanced horizontal wires at top and bottom is reduced to negligible
proportions by having equal and reversed current areas, the current nodes
Securing in the middle of these horizontals

bays supported by three steel towers),

gains of approximately 20 to 23 db are

:
chiei ed.

34. Loop-type Directive Transmitting
Antennas. The principal use of loop-
transmitting antennas has been in con-
ned ion with radio beacons for guiding
ships and aircraft. Some applications
;uv described in Section 17 of this
handbook. 1

36. Mechanical Design of Directive An-
tenna Arrays. The mechanical design of a
directive array for high gains is as remark-
able as the electrical design. Dimensions
of electrical portions must be rigorously
correct and must remain so, even under
rmiditions of severe wind and ice loading.
High-gain broadside projectors are eom-
p! sated webs of conductors and supporting
wires, and rigging them is a specialty
cultivated only by experience. The long-
wire projectors are simpler, mechanically,
nail therefore cost less for a given gain.
Self-supporting steel towers and also

K'lyed wood masts are used for support,
."'"cral practice is to locate the active por-
pas of the antenna at a mean height of
'lit' order of 1 wave length or more,
""eiwafi employing vertical radiators eom-
j*»ed of several eohnear half-wave sections

I
Jl".

lro towers sometimes approaching in
H those used for broadcasting applica-

Tower designs often include a cross

tli'"

turns,

ma of sufficient length to permit hanging
' fadiator curtain from one end and the
5S™w curtain from the other.

In the typical design (twi i

H i H
r z 3

i

The

•purporting wires being bn

ilm ( .

(l^trical lenStha h>'

. • 1
1
ney have negligible elect

'•IIII Miii,,r,_t ;,,„ ,..:..„ „| FlU.
but ion
panel.

To Transmitter

45.—Current distri-

ba barrage antenna

Wggmg is always made up of wires,

broken into very
insulators so

electrical influence,

of ,..

sllpporting wires, usually in the form

nre
'' nrlr|es, are under great tension and

,f
"'amtained by counterweights and

i

tpof
'•

^

Means for equalizing tensions in all parts of the rigging are

SU> TrnSH?
1
'' H/' aml F - Kbab, A Twi'lvo-roilrsc Radio RanRe (or Guiding Aircraft,

pwrtrti Visual Indication, Prat. I.R.E., June, 1930; Pratt, it.. Field-intensity
•>'«v. ioi2

s,Ics of Double-modulation Type of Directive Radio Bcncon, Prat. I.R.E..
\.. A Radio Range Beacon Free from Night EITecta. Prot. I.R.E..
II., On the Solution of the Problem of Nishl Effect? vrilh the
litem, Proc- I.R.E.. June, 1!)33.
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Insulation of the radiators with tension-type low-capacity insulati
Without metallic caps is prmilieid with modern ceramic material. Coi,
pression-type insulators assembled in strings have been used widely J
this purpose also. Breakup insulators in the rigging arr usually of t]

compression type. The voltage at the potential niitinodes of the raj
tors depends upon the power transmitted, and the number of radiate-
depends upon the power transmitted and the number of radiators
the array. Liberal insulation tolerances are necessary.

Ice accumulation on the array is minimized by" sleet-melting pm
visions, whereby large currents at commercial freqtiencv are circulate;
through the conductors whenever there are ice-forming "conditions. 1^
pass Seating currents through the wires when the antenna is in servJ
requires by-pass circuits of very high impedance to the high frequeues
and very low impedance to 60 cycles. Antirosonant networks or toe
equivalent transmission-line stub circuit fulfill this requirement.

U—c

Pro. 46.-

4

From Transmitter

-Transformer marie up of transmission-line section.

The orientation of an antenna of high directivity is a matter of prcelfl
surveying. The peak of the beam is pointed along a great circle to thj
reception point. By adjusting the relative phases of various bavs of
array, the direction of the beam can be controlled within a few elegit.

Transmission lines for transferring powrer to the antennas are of bo!
concentric and open-wire typos. The latter are cheaper and are extel
sively used. Transmission-line sections are also employed as tra
formers for obtaining proper relative phases and amplitudes of currents
the various conductors. An exam pie of such a transformer circuit
shown in Fig. 46.' With the several types of antennas, switching mcaj
are ol ten prov ided whereby the reflector and radiator screens inav
interchanged electrically, thus reversing the beam 180 deg.

36. Horizontal Rhombic Antenna Used for Transmission. Thj
rhombic antenna (see Art. 46} has been successfully applied for transinj
sion. As a bidirective radiator, with its distant 'end open, it perfornj
much m the manner of the RCA Model D (V) antenna. When t''

1

"

1 Cahthu, IIamsell, and T.indknulad, op. cil,

j-jnated in its characteristic impedance, the terminal resistance absorbs

the energy of one directional lobe (50 per cent of antenna power), making
the svstem unidirectional with broad frequency response, hence desirable

for many applications. Its low cost is a further advantage. 1

ULTRA-HIGH-FREQUENCY ANTENNAS
Antenna design technique for u-h-f applications is an art of its own.

The dimensions involved are such as to permit the construction of rigid

}I80° x—

F

-270" 4
i—

I

t~
;

Tuning

bars

'

Radiators^

Feeders 90"

*

From
trotnsmitie,

4-Element horizontal

turnstile antenna

Fia. 47.

Line impedano
matching stubs-.

K

T

. X, -r4
3-E!ement vertical

turnstile antenna

Fig. 48.

f r
,„,"' *7- "Arrangement of the horizontal turnstile sntennu for ulrru-liigb

Irpr.!^" Arrangement of the vertical turnstile antenna for ultra-tush

fadSat
Urf!S

'
an^ one ^n(^s m^ and EfP* used instead of wires for the

•Sea f

a"d 'tu
l
('<!rs ' The multitudinous and rapidly growing applica-

•Qclud
u'tra"high frequencies to communication and broadcasting,

and i i

le
!
f!v 'si° 11

i have proved a fertile -field for ingenious electrical

'he frpn
a"'Ca' dos'Kns for radiating systems. In this field we also find

to obt.
(
'UPnt ne(>9»S'ty to employ the principles of directive antenna design

t'onm
m non~dh"e<;tivc transmission from a number of radiators, func-

^
g cooperatively. In general u-h-f antennas are located at points

08tes. D„ Hndintion from Rhombic Antennas, Proc. I.H.E., October, 1037.
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of maximum accessible height, such as the top of a tower, high building, J

inounttiin, ami many design problems arc imposed by the situation.

37. Turnstile Antenna. The turnstile antenna of Brown 1 is one wid
used for non-direetive transmission with relatively high gains due
low-angle concentration of energy. Arrangements of this type an ten
for both horizontally and vertically polarized transmission are shown
Figs. 47 and IS. A mechanical advantage offered hy the turnstile an ten

is its all-metallic construction. Conductor potentials and radiated
intensities are nil at the vertical axis which permits the use of a metal

j

/ Verticalsection

ofthe radiation \

pattern

Horizontal

section of
radiation
pattern

4
Via. 49.—Schematic

rangemont of wide-band tele-

vision antenna developed for

the Empire State Building.

'J6'x30'

counferpoist

'

\ \ cotic-nf-silencc mark
anlonna system.

as a central .supporting member. A circular field is produced by cxciL
opposite radiators in opposite phase and the quadrature coiuluetort|

quarter phase. The phasing is done by the feeders which form a pari^

the system design.
3S. Horizontal Turnstile Antenna Using Ellipsoidal Radiators

Wide-band Television Transmission. A single-stage horizontal tul

stile antenna employing ellipsoidal radiators of proper proportions *|
developed for high-definition television transmission from the Kmv
State; Building in New York City. 2 This requires the essentially unifo

transmission of side frequencies having a band width of more thanj

1 Brown, O. H.. TIic Turnstile Antenna. Electronic*. April. 11)30.

> Lisdkniilad. N". I-;.. Tin- TVl<-vi>ion Truii.siiiilliiiK Antenna for Ihnpire State Iliiin

RCA Ret.. April. 1030.
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*grcenl w ' ln respect to the carrier frequency. Of still greater impor-

Cncc was the requirement that the input impedance to the antenna
transmission line be substantially constant at all the frequencies within

the video spectrum of the transmitter. The basic arrangement for this

topose is shown in Fig. 49.

39, Cone-of-silence Marker Antenna. For the purpose of providing

a positive indication when an airplane passes over a radio range station

instead of the negative one obtained by the cone-of-silencc of the four-

rourse 1-f radio range antenna, there was developed another application

nf a single-stage horizontal turnstile antenna for the transmission of a
vertical bean] of energy at 75 Mc. The antenna is located one-quarter

wave length above a horizontal metal counterpoise composed of 4-in.

Verticalradiationpattern
across the course

Verticalradiation^

pattern in \

"on-course"direction

\

Vz II Va Vs y V* -a/4

Stub ~20 rx452
counterpoise

T.L.

Fio. 51.—CAA fiui-marker antenna system.

»J?
arr n"'sh wire on a structural steel framework. The counterpoise,

tB iI!?
R :l>

'' reflecting screen of ])erinauent electrical characteristics

|,:
lll"'rcc,

I he vertical transmission of energy from the antenna system,
(aire 5(1 *|imvs I he arrangement of the cone-of-silence marker antennas

bei,
1,rr

'
! " lv " SI,<I <"' airways in the United States. 1 This is already

40
p'l"' rs,"ded by improveddesigns giving greater vertical directivity.

|0( .
j. -marker Antenna. For use in determining fixed points of

and course identification in conjunction with navigation with

thinfo^
w,

f
lrs<

; radio ranges, directive antennas are used to transmit a
'trough which a plane flies and identi-

currently used in the United Slates
— lum Kuijuascu ui|juies are disposed horizontally in the

i j
11 the radio range course on which it is located, over a eountcr-

HuB f
Ur"coursc radio ranges, directive

E r .s I
;

" "
: r ;'dio en.-rgv at 7-"> Mc, tin.

»nd (V"si,il>n
' 1,1 t,lifi system as ct

diri>,.t:
!mut

Ja, four cophased dipoles

K°5 Men, Development. Adjnstmoiit anil Application of the Z-Markcr.
°' 'htreau of Air Commerce. July. 1038.
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poise similar to that used for the eone-of-silence marker beacon antejB

This svstem is shown in Fig. 51. 1

„ ., _ „, I

41 Ultra-high-frequency Four-course Radio Range Antennas. TjJ

application of four-course u-h-f radio ranges to the airways contmj
under development in 1940 and is classed as one of the most imports

projects for the immediate future for airways use. Improved eaM
stability and very much lower cost for antenna and equipment arfl
principal game expected. I

Inteilocked figure-of-eight pal terns produce live four courses by tfl

familiar A-X keying. The eaw of orienting the antenna makes the ad

of a goniometer unnecessary for course alignment. Course squedj

and bending, however, are not vet achieved at (his writing (ml an: capaM

or development as the need arises. Waves of one polarization onbjflj

essential for this purpose. Current developments employ pure horaoMJ

polarization, so that horizontal loop radiators are employed withA
cl'fort ma.de' to avoid niiv leakage radial inn whirl, w vpi i ically polanza

The trend is also toward the development of two-course u-h-i »
ranges with aural course identification.

ANTENNAS FOR RECEPTION OF ELECTRIC WAVES I
42. Non-directional General -purpose Receiving Antennas. TH

ordinary receiving antenna for general purposes is a single wire, of len«

more of less proportional to the wave lengths to be received but UMB
only a small fraction of these wave lengths m physical length. UH
all the convent ional forms, invert ed L, T, or verl ical. In some pomM
antenna is resonated for reception of a particular wave length, bul rag

commonly it is aperiodic bv being terminated at the point where rceeflH

apparatus is located it) a resistance. One or more receivers of high-ijj

impedance arc bridged across the terminating resistance, and selects

is obtained in the receiving apparatus. M
For optimum reception for waves arriving iron) some prc:errcii i »

lion, account must be taken of the wave tilt and the wire must l*»

oriented as to bridge the greatest potential difference in space which gm
n maximum voltage across the terminating resistance. It is well kiioj

that, any antenna that is not a .simple vertical has some inherent d«H
ity though it may be very small. Where absolute nnn-directiVM

unessential, advantage should be taken of the various s mple means!

obtaining optimum response to waves coming from preferred direflfH

Of these, one is to incline the wire at an angle normal to the wave J
the vicinity of the receiving site, and another is to locate the wire am
any other wiret or metallic structures in the vicinity. Field- in trow

measurements have shown that the field intensity under or near overiw

wires and metallic structures Falls to a small fraction of its free-spj

value when these conductors form apertures which are smaller tin •

wave length in dimensions. However, local electrical muse is nol
-J

larlv influenced. To obtain a favorable signal noise ratio, it neMJ
important to have the antenna high above any other parasitic conduce

in the vicinity. . ,„ g
43. Directive Receiving Antennas. Except for mobile stalions«j

home-broadcast reception, there are few eases where some degree

directive discrimination at the receiver is not desirable or even noecss

i Development ot an Improved OHF Radio Foil Marker, Report 14, Bureau

Comim-rt'C July, 1!)3S.

gee- 111

, feeil point-to-point services, highly directive receiving antennas

.-ed for both long- and short-wave reception.

"There are four main types of relatively high directivity receiving

jatennas, as follows:

, The loop (frame) antenna which can be rotated, or the fixed t-rossed-loop

Lm will rotating radio goniometer. With these the direct mty ,s adjust.

SSfErTh" operator. They arc usually employed as direct,™ finders.'

"''!
Ti, i

*
live antenna array which is the same as that used for directive

T'sed for the fixed services, on high frequencies.

TrETlon* WdedStoS types of which the Bell System-Bruce.rhombic

Jinna is an example. Used for high frequencies m the fixed services.

"TBo onK-wfr" transmission-line type of antenna known as the Beverage,

*m Dioeona. Used for l-f and h-f reception m the fixed services.

44 Loon Antennas. This form of antenna is well known to the art

Hid is described and explained in almost every publication on elementary

h Its response is of a very low order, requiring a very high gam

reiver. Its small mechanical dimensions make .t a useful device tor

-nine portable applications, such as military held sets and held-intens.ty

meters Its constant electrical characteristics and its independence- of

ground have special value in the latter application.
.

However, its prin-

cipal application is in direction-finding apparatus, winch is discussed else-

where in this handbook. , , , .

The response in I he maximum directions is very broad, but the minim,

lire vcrv d.aip When used in direction finders, I he signal is adjusted

for a minimum which can be determined with great accuracy, especially

when the loop is balanced to ground. A loop, in conjunction with a

> viral wire antenna., produces a unidirectional response which enables

to determine the exact, direction of the arriving waves. Yl ltnout t.nis

auxiliary vertical "sense" antenna, the loop has two responsive directions

ISO deg", apart and can therefore give errors of this order in cases where

there might he some doubt concerning the relative geographical positions

of transmit I er arid receiver, as with ships at sea.

45. Directive Transmitting Antennas Used for Reception. In certain

Wmnunication systems, such as the Telcfuuken, Marconi and boeietc

Undio 1'rancaise, the receiving antenna is a duplicate of that, used tor

''ttasmissimi' With extended arrays there results a directional dis-

WUnination comparable with that at the transmitter. Thus static and

ering signals or disturbances originating in unfavored directions are

;
"lial'.v eliir.iimted from the receiver. Intended nrra.vH also five a

SS*ted in, asure of diversity effect (discussed more fully under its proper
I'tle) which tends to level out fading variations. Any of the directive

;

,r,!t >-* already described could be used for reception, provided they are
plHP»ly oriented and polartjsed. . , ,

2»e of the special problems in connection with reception may be

"**r outlined as follows:

ANTENNAS 677

llUVi
om the same transmitter, which

wl^lj? wival of a multiplicity of waves fro i.. .

.;• •;?,•"»• tc time differences as well as different angles of arrival.
_

»iiv a,

1 th,e components of a wave croup have individual variations m inten-
y aa<l relative phase, so that their Rioup influence is highly variable. ln„

t&
?i

It- L„ Radio Direction I'indinK by Trammiaaion and R^«<B<^*
»*Li. Th

r >"Wi^raphy
, Ptoc. I.K.E.. Mart*,. 1% Palme* E-S **A}t£; *"
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result is familiarly known ws fading, which may be uniform for a small

mSTCCf1! SB* f OWPOSilljg a modulated signal), or no,EE*
signals

selective fading, produces serious distortion „f (9
til".

U ,KlS bc<?n discovered signals which Hide do not fade in ej

t 1? "tk- 'TIT
°r ut e

,

xar,ly a*9 ,"",m'^ at different graphical
RPA iivIfl

1H "T k, '"w".'» »!« *Wl, tfrrf, has been nit li zedRCA system of diversity reception, to be described i

-„ ."h
°9I>1Tlt! disturhoricos, as well as interfering signals are redJm the Same degree as the directivity is increased m a favored diraSh,w impiwywl - ,-MUm. Tins :„ ; ,-

'

. h 1 .
,

,

;.:;X
r

'

1 diStUrbanMB i— te in direction of the"<£]
6. High gain is often required to override receiver noise.

It is plain that these problems are peculiar to the reception endcommunication circuit. Adapting a transmitting array to recentmay partially satisfy problem 1 if its horizontal and vert L] iSircclivlarc high enough to give a sensible reduction of those minor eoinponl
of the wave group which are more harmful than useful V trms.mtlharrav .seldom is of sufficient geographical extent to give much siequalization of signal by diversity. kirthemiorc phase difi 'e, 3tunic to exist between the currents in the system due to the various w]components so that comparatively lit tic improvement in fadin

"

Obtained in tins manner. Kmt» the standpoint of gain, the i mnsmi

hm n ' S pcrhttP*-n,,,ml !" th0 special developed for 1tionpui poses, lranstmtttng an lamias, being generally of the resoi

n£ tioif
TC

'

SUffer rather ]"& radiation losses when usdl

46. PoIded
:
wire Receiving Antennas.' A very simple ami cllectype or receiving antenna has been developed by firuco and his cowor!

ot the Hell System, known as (he rhombic antenna. This antenna
several useful intermediate forms between an electrically long vc

Jil'.nV"^
,h(

-;.
horl20n

.

ti,I

1

rhomboid or diamond. Among these are
ratted ttire, the vertical inverted \. and the vertical diamond J
application of any one oi these forms musl take into account the polaruwi
lion of the incoming waves, the direction and the wave lilt, t he frcejucllrange to be covered with one anlemia, ami l he avaih.lwV spare

J hrec. forms of this antenna are shown in Fig. 52. In (a) is a vc.

.

S ,

\ whl
,

ch }r bidirectional response. In (6) is the same ani e,
equipped to absorb completely in a terminating resistance all end

h/'v ' o
backward d.rwtion, giving umdireri i.mal response

fl e K ieiver Roth (a) and (b) are vertically polarized. In (<), for lr

'I'"
:

' liv r-»l-mzed waves, lennm.lerl (o give nniilirerf.ional respnthere are m effect two opposed V sections of the type of (a) and (fci

rtspouM This occurs when the wire length is one-half wave lemgreater t han its projection upon the line representing the wave directm the plane of the antenna. The horizontal rhombic antenna (c) !zero response along the ground, and the peak of the direelivc patfc

wTve dfc^K* th
Vi

(

7
tiMl ™*¥ which

1

corresponds to the incofflwave direction by suitably proportioning the antenna dimensions.

l»3?"ia?cr
E
E
n
\
V8
r
P
S?"K ^

h
1

u, '

t

fi
wi(™ Antenna,, Pm. I.H.K.. Au|

JHnurlr^'i'iWo. '

f! '' R
'
Lows?

' HpriwaW H.ho.nbig Antennas, 1
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]n the design of a horizontal rhombic antenna l hen' are, three variables,

the length of a side I, I he angle tf>, and the height above ground //. The

,-AA-.,

Incoming Hbve

DirectionfflacJt)

~7\-Receiver

t«)

AA.

Incoming tf&tve

Direction (Front)

Receiver-

incoming itinrs

Direction

77777777}7Trr*77777777777*777777777777T77777777r.

lb)

„. ... Horizontal

..flan View Component
Si:. of'Jf-ive Direction

Vertical

Component
;

j
ofKtove Direction

Side Elevation i<

|_ _^___~tL_

CO
Pm. 1j2. It.liombie anteiinns nf Hruee,

**St practical height is when

W =
\ sin A

Tim Value of the angle <t> is obtained when

sin c£ = cos A
°f "^"Hira gain the value of I is found from the equation

I =
With thj

'i sin' -\

8 value of I the peak of the major directivity lobe may not fall
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at the desired angle corresponding to the wave direction. Whore
received wave direction is unstable or where maximum signal to r
discrimination is sought, the length is adjusted to focus the point of
beam in the wave direction. This occurs when the length is shortened

l = 0.371

sin 1 A

The greater the length, the greater the range of frequencies which,
be efficiently received on one antenna.
The main axis of this antenna is oriented in the great-circle

of the associated transmitting station.
The proper value of the terminating resistance for hack-wave sup

sion is determined experimentally. Impedance measurements oil
antenna are made at the receiver end with trial values of rcsistanff
the termination. The proper termination is that which gives the flat

impedance-frcqueney characteristic. One might make a prelim?
determination of the order of the terminal resistance by making a rd
calculation of the characteristic impedance of the antenna as a tranr
sion line of parallel wires.

Finally the output terminals of the antenna are connected throu
termination network to a transmission line running to the receivers. 1
terminal impedance is matched to that of the transmission line. J?

rate balance to ground must be maintained in the antenna syste
well as in the transmission line, if it be of the open-wire type.

47. Multiple-unit Steerable Antenna. 1 The receiving rho
antenna can be made directive in the vertical plane by altering its leu
width proportions. The angle of arrival of waves changes from timj
time; and there are groirpsof waves arriving simultaneously with diffe
angles of incidence, any one of which may be of dominant magnit"
To take advantage of selecting the dominant wave group for opti
reception, experiments were carried out with rhombic antennas w
were mechanically adjustable in length and width so as to obtain a "s
able" antenna, responsive to various angles of arrival as desired.
The same ends were later obtained by electrical steering in the mult}

unit steerable antenna system. The multiple-unit steerable ante
(known as Ml'SA) is part of the multiple-unit steerable antenna sys'
of short-wave reception, an elaborate and highly developed moth
selecting and combining in proper phase the ever-changing multiple
groups arriving at the receiving location. The antenna oompc
multiplicity of rhombic antennas, arranged in line on the great
bearing to the transmitting station. Ivarh antenna is a directi'
responsive device which feeds its energy into a concentric transnr
line where it is brought back to the receivers. A long line of
antennas provides extreme space diversity, and the cumulative en
collected over a continuous expanse of as much as 2 mil
antennas, properly phased out, reaches large values. In this sy
the dominant wave group is selected and the others rejected,
virtue of space diversity, sharp directional characteristics due toM
antennas, together with the selective phasing of the multiple tfl

1 Friib and Keldmav. A Multiplo Unit Steerable Antenna tor Short-wave Iteccp'fl
Proc. I.R.E.. July, 1937.
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mups in the receivers, unusual signal noise ratios arc obtained, and

Fjing >* effectively equalized.

In this system the receiver plays as important a part as the antenna

arniv in obtaining the desired performance. It is through the medium

of the phasing of the various individual lines from the antenna elements

I ;l£:M ii through the phasing of the branches of the receiver that the

Brrav is given its continuously variable cont nil of the two or more vertical

directional lobes. In ils commercial form this phasing is accomplished

automatically. The entire vertical plane is explored continuously, and

automatic phasing causes the antenna response pattern to follow that

nf the angle of arrival of the dominant wave groups from moment to

moment. It is the complete receiving system, then, and not the antenna

nlonc, which achieves directional steering.

48. The Beverage (Wave) Antenna. 1 This type of antenna, one of

the earliest effective directive receiving systems to be used commercially,

is it long transmission line. It is named after its inventor, H. H. Bever-

age but is also called the icuic anhnna. A long open-wire transmission

line pointed in the direction of a down-coming wave, has a high degree

of exposure to the horizontal component of the wave front, which induces
in the line a continuous series of c.m.fs. that are propagated along the
wires in the form of a traveling wove. A wave front sets up a wave in

the wire which starts at the distant extremity (in the direction of the

arrival of the space wave) which is propagated toward the home end
where a receiver is situated. In addition, the entire wire receives energy
from the down-coming wave, so that the effects are cumulative at the
receiver and a relatively large amount of energy is extracted from the
pace wave, for energizing the receiver. The antenna functions only
where there is an angular difference between the direction of the wire and
the incidental direction of the space wave. This condition is suitably
net in practice due to natural conditions, since finite earth conductivity
causes a wave traveling in space near the surface to be tilted forward
»t a considerable angle. Thus a long transmission line parallel to the
surface of t he ground has a workable inclination with respect to the wave
front. 'I'll i ~i applies to vertical polarization.

The Beverage antenna has many useful forms which are specially
Mapted to long-wave reception, to short-wave reception, to bidirectional
*"d unidirectional selectivity, for vertical and horizontal polarization, etc.
a thorough treatment of these is impossible here, and detailed data mustW obtained from the original and subsequent papers on the subject.

''»r lonK waves the antenna construction is very similar to ordinary
pfii-wirc telephone lines. The antennas may be located at a considera-

.!'p disi ;,,„.,. (-mm tnc station and coupled to the receivers by transmission

"'I

s
:

The Beverage antenna is directive in the line of its orientation
is made unidirectional by terminating the distant cud in a resistance

!nual i<»
1 1„. characteristic impedance of the line. Thus energy collected

nn")
;i U:lV0 hi the backward direction is completely dissipated without

[jv
D<llu 'mK any influence in the receiver. Directivity may be sharpened

g
- two or more antennas in an array. This has been done in the
"Cm shown in Fig. 53 which is used for transatlantic telephone rceep-

A /'J.^V^SAaE, II. H., C. W. Rice, and E. W. Kellooci. The Wave Antenna, TVon*.

Sy,;!."'' ', '•'ebninry, 1023: Beveiiack, II. II., and 11. O. I'etkkrox. Diversity Receiving
s*iLr> '

.
UCA Cummunicationa. Inc.. lor Radio Telegraphy, Proc. I.R.B., April, 1981

;

. ,
Aen-riN. S. W. Dean, mid W. T. Wisthisoham, Receiving [System lor Lonn-

• lransal!antic Radio Telephony, Proc.J.R.B.. December. 1928.



082 THE RADIO EXGIXEEIttXG ItAXDIIOOK IS

lion on long waves. One of tho several forms of t lie antenna whicj

used in this application is that which couples the receiver to the ea
the antenna that IB nearest the transmitting station. A two-wire
used to achieve this in the following manner: Waves arriving frojj

|

preferred direction act upon the two wires in parallel to ground, an
induced wave of energy in the wire travels to the distant end whed

i0.8

-OA

E 0.4

\02

So/idCurve
Computed DirtctionalCharacteristic

• Averaae Observed WuesW-lSO )
° Average Observed ValuesddO -360")

Lenaih•*»hn. llmhtMtm(SmmMUXmV

\
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M

^Q.Stdb.perKm.
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Arfenuafior

Velocity Ratio --0.880

Quasi- TiltAngle = 0.0428Radians
Compensated tora NullPointat161.4*

\
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• *

20 4-3 60 80 100 R0 140

360 MO 320 300 J80 260 240 220
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Fig. 53. Directivity of Beverape antenna.
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200
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180

Direction ofSignal
Propagation

Receiver

Fio. 54.-—High-frequency Beverage arrtenna.

encounters a reactive network called a rrjl/rlion transformer. This del
reverses the phase of the wave in one of the wires and reflects the enej
from the end back to the receiver, the reflected wave of energy 1
traveling in the two wires balanced to ground. The receiver coufjl
network terminates (he line and absorbs all the wave energy in actuatf

the receiver. A wave entering the system from the reverse direct!

I ravels along tho two wires in parallel against ground, producing]
potential difference across the balanced termination and therefore!

Sit- 18 l

AXTEXXA.S lis:;

influence on the receiver. Instead, the circuit to ground is terminated

'"'the characteristic impedance of the parallel-grounded system, and

the unwanted wave is completely dissipated in a. resistor.

In its very simplest form the I leverage antenna, is a. single straight

horizontal wire a lew feet above, grade level, the length being anywhere
,.,'„„" „ih> I" several wave lengths. The characteristic impedance of this

wrre unbalanced to ground is roughly calculable by using the image as

the second conductor in a parallel wire system. The receiver is coupled

,,: at one end of the line, and the other end is terminated in a resistance

equal to the characteristic impedance. Stable ground systems are neces-

sary tit both ends.

A form of the Beverage antenna used at high frequencies (horizontally

nelarized exposure; is shown in Fig. 54. This is a plan view of the con-

[factors. The side wires extract from the traveling waves energy which

b eouplcd-into the central transmission line which is balanced to ground.

Direction of Propagation

J
FlG, 55.—Double broadside Beverage antenna.

Joeaide wires act fis distributed loading of the transmission line, modify-
•rj"(reducing) its phase velocity of propagation and its characteristic
wpedaiice. The- branches with their coupling condensers have a capaci-
vp ''feet on the line within the desired frequency range, and they

<'!:«• enough together to produce the effect of eon tin nous loadings

f

**'mi| ni separation three-eighths wave length at the shortest wave
"phiobn rereived).

Wh Pra
1

"t '''"l form of tho antenna, where two are used in broadside for

nfWj .d'reetivity, is shown in Fig. .">.">. This also indicates the method

tham^ ' '"''ntion of insulators, etc. With antennas of this type

a*v;
a sll|Kle dipole, when the static directions are not in the line of

V'tllltn rr,^.,

slKn«l noise ratio is reduced from 24 to 39 db over that obtained

49.
res, 'ons0

l M
• jJtversity Reception. The fading of h-f radio signals has always

Wt>
.

u
, major problem. Antenna design, in the phases treated in this
Is "I best only moderately effective in reducing it. Diversity

I it-
011 has proved a lonti step forward in combating signal fading.

L 'ilS
SVfil

intend9
s>J

f

HtPm three separate receiving equipments are employed, the

distantk°r thcni heing located at different geographical points. The
between antennas is arbitrary, being in practice sometimes a
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mile or more. For obvious reasons the three antennas are not inj

straight line hut disponed somewhat as shown in Fig. 56. DivtJ
of fading with geographical separations of this sort produces an avt
cumulutivc effect which is quite constant. To eliminate the offe

phase relations when the outputs from the three systems are mj
this function is achieved
detection.
Any type of receiving ant

may he employed, but in

RCA Diversity Receiving f

tern, the iievoragc-Petersoi
tenna. shown in Fig. 56 is uses
the unit.

BROADCAST RECEIVING
ANTENNAS'

60. All-wave Receiving
tennas. The all-wave
is now more or less standard
and contains usually three^
quenev bands: the bi'mul

band of 550 to 1,600 kef
"police" band, from I, 1

6,000 ke; and the "short-*
baud from 6 to 22 Mc.

'

limits sometimes are
changed, and one of the

higher frequency bands is i

tod in some sets.

In general, an ordinary
coni open-wire antenna a! inn

to 100 ft. in length gives

factory signal voltage, bit

account of "man-made staH
or interference produc<
electrical apparatus goncralj

transient currents having components in the hands above mentionedr
simple open-wire antenna is not satisfactory, particularly in metropoM
areas.

With the advent of television and u-h-f broadcasting it is nece

more than ever to provide special types of antennas, having very dir

characteristics, and transmission lines between the antenna propt

the receiver, incapable of picking up interference.

51. Types of Antennas. All the antenna structures commonly usfl

broadcast reception may be classified into doublet- and Marc'oOM
antennas according to whether they act by virtue of phase differfltj

within the antenna wire, or as elevated capacities with respect
surrounding medium, called ground, which may be the metallic strutj

of a building, the piping, or even the power line. The choice of p*^

ground makes a lot of difference in the signal /noise ratio.

The doublets consist of two arms, usually of nearly equal length

•37), and called simple doublets; or they may contain several pairs of

'

1 By J. G. A coves, Amy, Actives & King,

-Antennas arranged for

vcrsity reeepi inn.

di-

. ii ,cc ted at the common gap (Fig. 58). Each pair of arms is made

nroximately of one-half wave length tor the mean frequency of the

t d 'iiitefdcd to be covered, although with a transmission line that

Inches the impedance of the doublet, either directly or through a

Etching device, the resonance is not critical.

_

For television work it is necessary to receive signals from only one

lirectiou to avoid the formation of secondary images called ghosts, which

originate from reflected waves arriving with a certain phase retardation.

This requires the use of reflectors to make the doublet unidirectional as

< JiA—

v

coo

Transmission
line

Fig. 57.—Simple doublet antenna. Fio. 58.—Doublet antennas for

noise reduction.

Tir as possible. In some cases a double doublet of the same length for

the two units and with a double reflector may help considerably in boost-

ing the pickup of the structure in the desired direction. Figure 50 shows
atypical television antenna.
The Marconi-type antennas act, as stated above, as capacitative

generators below their natural period. This is normally the case in the
l aniard broadcast band. However, they may be used for frequencies

considerably higher, in fact sometimes so high that several wave lengths
amy be developed in the long-wire structure. In such cases they present
alternately capacitive reaction and then
'Wstive, inductive resistive and again
eapacitivc react ion; and the cycle will
repeat itself indefinitely, according to the
number of one-quarter wave lengths.
1 his fci true j„ general, but, when the
wMtsuussion line in (reduces directly or
trough a coupling device a large resist.

-

j'liccrc^r ii,,!
. I lie long wires begin to show

J5*nd less peaks in their voltage versus
"WQOency characteristics.

<'ha .H,
'm'"ni antennas can be easily

^•'aged into very directive structures,

|j_

e
.
n " ev are several wave lengths long,

ri ,

'''initiating them in a suitable rosist-

jjgj*
a

>. the far end, and by proper selec-

i
oi the reflected impedance at the

<^^on-lino end.

Fig. 59.- Television receiving
antenna and reflection.

rn ,
""'.'"nation f two such structures may become a "diamond" or

aa<l n ail1(,nnn with very directive properties, but structures of this

"re "\
,

''"niplicated tvpes, including arrays of doublets or half doublets

Moi-,'?
,

n used for broadcast purposes, except for demonstration in

ai„) ??ml w localities far awav from the stations (mostly for television),

truct
' a llu'uber of receivers arc to be operated from one antenna

tiUmi-jg
r(!

"
.

r,w'iKn reception by largo commercial companies uses a
r °f these highly directive structures.
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52. Elimination of Interference. The vast majority of radio rccej
have enough sensitivity to permit reception with a very poor
energy pickup, as rati Ik: readily seen in 1 he typical example of autoral
radios. Therefore the main problem is not so much to increase!

signal energy pickup by means of an antenna system very well desk
as it is to reduce the amount of interference which is inevitably pn
even in isolated houses where other electrical apparatus contaii

current interrupters of one kind or another arc always found. H
it is very important in passing judgment on the merits of a given anb
to examine it first of all from the advantage secured by its use in sil

noise ratio. Of course, in "dead" spots, signal energy requirements^
be of paramount importance.

Tor interference waves to assert themselves, they must contain
I

poncnts within the band to be received. If follows that it is possihlj

reduce the interference by broadcasting in the region where those i

ponents are a minimum or not present at all. It is well known that a|
-10 Me these components arc usually very weak and "natural" Stan
practically absent. For this reason the sound channels of telcvj

stations are remarkably free from noise.

An additional step in noise reduction is obtained by the use
instead of a.m., thereby permitting the use of a liniiter (see Sea]
which forms part of special receivers for frequency modulated brou*
signals.

In television reception the elimination of interference is still

necessarv, and, although there are comparatively weak componen
the neighborhood of 50 Mc, they are sufficiently strong to make
selves obnoxious in visual reception. They originate mostly
diathermy apparatus and internal-combustion engine ignition sys

53. Noise-reduction Methods. Interference enters n radio ree

1. Through the antenna.
2. By down-load or transmission line pickup.
3. By direct pickup of the receiver.

4. By common coupling between the signal pickup circuit and the :

producing circuits.

The fourth mode of entry gives the greatest amount of t rouble |

will be treated more at length.

1. Antenna jne.kvp can be reduced only by placing the antenna!
field which is strong for the signals but weak for the interference.

With a low-loss transmission line it is possible to place the nntcnnjB
very great distance from the receiver. For example, this was donoj
a very powerful hydroelectric plant in the West where the line wast
Vl mile long. From almost impossible broadcast reception it he

possible to listen to distant stations after the installation of the :

reducing system and after moving the antenna far away from the ou^
power network into the side of a hill.

2. The down-lead pickap is eliminated simply by eliminating the]
down-lead and replacing it by a transmission line, which may be
balanced type or of the concentric or shielded type. A well-ball
shielded line seldom gives the expected increase in signal 'noise

over the open type, provided the terminating couplers arc of the cd

design.

See- »1 ANTENNAS 687

3. Direct Pickup. Modern receivers arc fairly well shielded, especially

(hose for use in motor vehicles. Only the inexpensive household radio

lets arc likely to pick up much interference by themselves when provided
with :> H"" 1 ' noise-reducing antenna system.

The exception is the loop set. which can overcome interference only
by turning the loop to a minimum pickup direction with respect to the
BUM, whenever this is possible without also eliminating the signal.
When then' is more than one source of interference, this expedient fails.

Loop sets have the advantage that they are considerably less affected bv
BMBO currents via the power-line connection.
The internal noise of radio receivers due to shot effect and thermal

agitation has not been mentioned because the signal level is usually much
higher than 30 or It) db below the standard 1 mv input voltage," but in

Fio. oo. Xoiac circuits in
radio receiver.

e.m.f.

i
Orouna f

WW///;//////////////,
Fig. (11. Circuit im-

mune from power-line
interference.

* wind
'"sdo»s not hold as a rule, particularly if the receiver is not near

4
or other free space unshadowed bv metallic structures.

Mu8trati"'"""i
CmPlin9 nelween Signal and Noise Circuits. Figure 60

•lice i

M '

l,"
,"iatically the principle involved in this type of interfer-

•"''luiect i - V
:l s""m ' of interference in series with the lamp-cord

of the « •'" ""' 11 ,vi11 f"m ' :l current through the chassis

"imiigl, ',1
' ' ' '''"'Ugh I he primary /i of the input transformer, and

Un "Uid rii

(1!'""- 1,
'

| i' i antenna » and il> equivalent capacity V to

^thcii,, t

y '' s( '<0" <1;ny voltage will be developed and applied
thing

is ,|
""' tube of the receiver. Now consider Fig. til. Kvcrv-

»• same except the input-circuit connections of the receiver.
'

H,

iS^forc ,'" l
' IS il "dead end" at the chassis of the radio receiver and

«f the recciv"r

'

iipable °f deli 'livering an o.m.f. to the input of the first tube
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Antenna
transformer

While the antenna and down-lead, in the above illustration-, are
to attack from radiated interference, the system of Fin. (51 is immud

power-line interference, The capacity betweS
windings of the input transformer should be gr*

This_is essential to keep in mind when desi

a noise-reducing antenna or radio-set transfoii'

Otherwise appreciable current will flow through]
capacity and reach the antenna.
To eliminate radiated interference, as w

''conductive" due to common pat lis of noi
signal currents, a complete system, such
illustrated in Fig. 02, will increase the signal
ratio by as much as 20 to 30 db. The sirnpl"

teni shown in Fig. 62 may be extended to a plur
1

of bands |>y t he use of a. number of Irunaforn i

ering the various selections. Kunirc (53 illustll

a complete antenna system for the broadcast
short-wave band, and television or f-m recepP
with foil noise-reduction design io all I he hands,
this particular illustration the antenna struo"

acts as a Marconi antenna for the broadcast

!

and as a doublet for the higher Frequency baa
Master Antenna Systems. The receiving system of Fig. 6i

Set trans f.

Fig. 02.—Simple
aystein for improv-
ing aignal/noiuo
ratio.

54.

suitable for the operation of a number of radio receivers, by uaafl

SW.andUHF
iransf.—vSMj

Broadcast

bona'transf.

Radio receiver

>i jUitra high

\

!

frequency
input

} Standardand
European(SW)
broadcast

1 bands input

Fig. 63.—System for operating several broadcast receivers.

plurality of receiver couplers across a line terminated in its surge
anee, provided that the receiver couplers have a suitable ratio of

Sec. is A UTENtfAti ' 689

tarnation that will prevent not only excessive attenuation by overloading
,!„. i

ran-missiou line but likewise undue reactions between the various
reivers themselves.

[j this ca.se the maximum of noise reduction is to be sought and full
.

1

1

1 i< ui used, i.e., nothing but inductive couplings ami complete separa-
tion from power-line interference circuits and the signal channels. When
the signal strength is too weak to operate an unduly large number of

rs, an amplifier between the antenna and (ho transmission-line
njtworks is sometimes employed to increase the signal voltage available
ut the mil lets without amplifying interference except that which the
antenna itself picks up.

In places when; noise is not severe and the cost of installation is a prime
OOwiaenition, it is satisfactory to provide an isolation transformer at the
I una and some form of conductive receiver couplers. For example,

+S0

+40

+30

c,+20

o

a -10

-20

-30
-40

1 u
r.-A-R Advailtd9e

'
-

* 'Signer
SB

\
VJA it's? s
zf

*

1.2 1.4 1.6 1.8 2.0

Fio. 64.-

Wuplers
rt'jiiKtors

Heavers

Megacycles
A, signal as received with ordinary antenna equipment; V, advan-

tage secured by noise-reducing equipment.

consisting of series condensers and resistors may be used or
or a combination thereof, mostly to minimize reactions between
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SECTION 19

TELEVISION

By Doxald G. Fink 1

1. Definition. Television is the electrical transmission of transient
visual Minifies. Cathode-ray television makes use of electron beams or
klm-tron images in the camera tube (pickup device) and in the picture
jiibe (reproducing device). A television system is considered to possess
facilities fur transmit ting sound synchronously with visual images.

2. Elements of a Television System. The" elements of a typical teic-
sion system are shown in Fig. 1. The sound system consists of a

picture PitiW- SOUND
RGOEMMG
antewm

•{^j LOUDSPEAKER

TTER RECEI
1.—Elements of a television system.

i t|1P
transmitter and receiver operating on a carrier frequency

tour,,,,
r:,,|Ke and is separate from the picture system, except that

oitnor!
:, "."'" llas 1,0 employed at the transmitter and receiver and a

Kb t

:"ll
l"

ificr and first detector may be used in the receiver. The
'id) ; "f

m,tter includes the camera and synchronization circuits,

Plifiecf" i

Kl '11oriltor )> vid«> amplifiers, u-h-f

id rr
,."' modulator, a filter for suppressing

,

eivCr *y "s m the carrier output, and the radiator.

Plifie r7'/T
S
V
S °f r"f lln.'P''fier or antenna circuits, first detector and i-f

1 Xj
latter two in superheterodyne receivers), a second detector,

\**fie ^jri'-ditor, fnefifrflnics: author, " Principles of Television Enginccrine,,"

^qoerit-v 11"
,

1 *'e
,

v '»i°n System Committee has reeomtnenderi (in 1944J t.lie use
nt od illation, with 75 ko maximum deviation, for television sound

carrier source and r-f

part of one of the side-

The picture

Jlcrie
""'si on.

fifll
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one or more video amplifiers, pict ure tube, synchronising signal sepanj

circuits, scanning generators, and power supplies.

SCANNING AND IMAGE ANALYSIS

3. Linear Scanning. The method of analyzing and synthesizing visgj

images employed in modern television systems! is known as /incur

ning. As applied to the transmission of images, linear scanning mvoH
I lie exploration of the imago to be transmitted by an elemental sprjM

small area, known an the scanning agent, which traverses the ami <il til

image in a series of liorinont.a.1 lines, moving over every oonil in Mie

at constant speed and discovering the degree of brightness at each pcM
in succession. The camera tube, which includes the scanning adH
generates a succession of electrical impulses which correspond with

successive values of Brightness discovered by the scanning agent.

At the receiver the scanning process involves setting up an .'rnientd

luminous spot of small area which moves synchronously with the scaunB

agent in the camera tube. The brightness of this luminous spot is CM
trolled bv the electrical impulses transmitted from the camera luheB

the receiver. The values of brightness present in the original imageJ
thereby reproduced in their proper positions. The scanning pro«B

musi be rapid enough so that all the elements of the received image nil

perceived simultaneously by the eye. Tins requirement is met, ll M
scanning of the image is completed within the duration of persistent

vision, so that the f'irsl element of brightness persists in the eye dufl
the production of all the succeeding elements in the image.

4. Aspect Ratio. The ratio of width f» to the height (ft) of the m
tangle actively employed in reproducing the image is known as the rt^J

ratio. In accordance' with the standard adopted for motion picture**

the I'nited States this ratio is given the value

w 4 /|l

li
~ 3 I

Note: Those relationships murk™! with an asterisk /*> arc recommended jtiniit*

ot the Radio ManufaetOTera Aaootetfoa (R.M.A.), which were used ui 1940 I'JB
television transmission in the United States. In UHl ho National Television ^>*j

( miltee (N.T.S.C.) recommended standards identical to those of tlie K..M. \. •»
(1) froriucncv modulation for sound transmissions. (2) minor differences in < I " ,

|
JB

ihroiiiiatioirwsve form. (3) a higher modulation raimhilily in the picture iranMM
!•") an increase in the number of lines from 411 to 525, nnd (o) the i>o.«sihle use dm
(Hieuey modulation for synchronization.

These standards were adopted by F.C.G. for commercial loloviB

effective July L, 1941. , M
5. Total Number of Lines per Frame. 1 lie lolai numlicT oi I sues

"JI

which the scanning agent passes from the beginning of one eoliW
image to the beginning of the next is known as the total number of

per frame, n. .

The number of lines determines the degree ot detail winch man
accommodated in the reproduced picture, in the vertical dimonj
Ihmcc this number sets an upper limit to the amount of pictorial <9M

which may be accommodated in that direction. The number m \nom

Sec. Wj TELEVISION

According to the

(2)

wgtems is set usually between 400 and 600 lines.

N.T.S.C. standards, n has the value

n = 525

The reason for the exact number ">2."> Nee Arts. 6 and 31 of this section)

js that it is an odd number composed of simple odd factors

(52o = 3 X 5 X 5 X 7).

6. Interlaced Scanning. To reduce dicker in the reproduced image,

a scanning technique known as interlacing is customarily employed,
whereby the image is scanned in two or more groups of lines. The scan-

ning motion in "two-to-one odd-line" interlaced scanning (the method
now universally adopted) is shown' in Fig. 2. The scanning agent
traverses the area in two series of Hues, alternately, passing downward
(al left in Fig. 2) front point A ti> point. in the light solid line, following

the back-and-forth motions shown by the arrows. The scanning spot

then moves upward from point if to point.C (at right), thence downward
ugain from point C to point D on the heavy line, finally upward again
from point 1) to the starting point A, where the motion repeats itself.

D
Active fields

(downwa rd 1

D
Inactive fields

(upward)

I'm. 'I.—Scanning pattern for two-to-one odd-line interlaced scanning.

scanning agent is active in discovering or reproducing the picture
information while traveling over the lines shown solid and is inactive
while traveling over the lines shown dashed. The total number of back-
^iiu-hii'tli motions made in traversing both series of lines is n. The total
number in" active lines (shown solid) is n°. The inactive lines (n — Raj
Jje tlmse made by the scanning agent, in traveling from the bottom .to

.. .

I;
'P of the picture area (the motions shown at the right). Practical

Wuen of the number of active lines, n,„ fur a 525-line image lie between
•«? "'Hits 483 and 488, representing 42 and 37 inactive lines, respectively.

111 genera) expression for the number of active lines is

na = -Xr ®
+1

ntii''' V ^c verl,e"l retrace ratio, is the ratio between the upward scan-

on +i
Ve""eitv and the downward scantling velocity, as defined in Art. 7.

the next page.
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7. Scanning Velocities and Retrace Ratios. The scanning agent 1

caused to traverse the picture area, in the interlaced pattern (Fig. 2)

imparting to it horizontal and vertical motions. The spot is displace

hmrixanlaUv (mm lefl l.o riftht til si n, I xiniiiUnncousIy it is

displaced vertically downward at a slower speed »„. The two motioj

causa the spot to move slightly downward and l.o the right, until it reacfl

the right-hand edge of the area. Then the spot is reversed rapidly audi
tnoijed to the left at a faster speed $k toes as fast as it moves toM
right), forming the retrace motion to the left-hand edge of the area

The downward velocity persists at the value », during I he succession 1
baek-and-forth motions until the spot reaches ihe bottom of the area.

Thereupon the downward motion is reversed, and the spot is iuov«

upward at a faster velocity Aviv (/.'. times as fast as it moved downward
until it reaches the top of the pattern. During the upward mot*

several back-and-forth motions are executed, since (ho horizontal velf

ties vit and tnii* are maintained.
The horizontal retrace ratio is the ratio of the backward (to the lej|

scanning velocity to the forward (to the right) scanning velocity. Pr<

tical values of kl range from about 6 upward to 15. The X.T.S.C. star

ards set a lower limit to this ratio of 6.3. The vertical retrace ratio

between the upward and downward velocities, ranges from about If

15 times. The X.T.S.C. standards sot a lower limit to this ratio of 1

8. Interlaced Fields. One set. of the two sets of lines in the interlao

pattern is known as an interlace! t'tcUL Since the total number ot hues

in the complete frame is an odd number (525), the ::-.u:i:<.t »i hues wf

field is a. whole number plus one-half (262' 2). This accounts lor tM

fact that at the end of the first field (1'ig, 2) the spot, at point C, hfl

formed but one-half of the horizon <al motion. Tin- hall -hue displacj

merit causes the lines in the second field to be displaced vertically frm
those in the first field by the width of one line. Consequently the li«

of one field fall directly' between the lines of the preceding held. If t|

scanning motion is not accurately timed and if the amplitudes of tM

vortical and horizontal motions are not constant, this interlaced relation 1

ship is not maintained, anil the hues of one field tend l.o overlap the ha«

of the preceding field. This defect is known as pairing of the fields. «
effect is to reduce the detail of the reproduced picture in the vertJB

dimension.
9. Vertical Resolution. The vertical resolution » of the scannw

pattern is measured hv the number of pictorial details or philtre elemtM

which may be accommodated in the vertical height of the picture aref

Kach active scanning line is callable of reproducing one such pidig
element in the vertical direction, but, since the picture elements 111 »|
image to be transmitted may not fall directly on the scanning lines,

actual number of picture elements which may be accommodated verB

callv is less than the number of active scanning lines. The vertjej

resolution rr is accordingly the number of active scanning lines multiply

by a factor less than one, here called the utilization ratio fc. The vert*
resolution is accordingly

r«. = kn„ elements per picture height

Practical values of utilization ratio, depending on the method of measCB
merit and the perfection of interlacing, range from about 0.6 to 0.

With na
= 485, r„ accordingly varies from 290 to 440 elements per pietuf

S<*. 191
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height The value r» 400 is commonly reached in properly operated

^'tto. Horizontal Resolution, The horizontal resolution r\ of the scan-

ni-iir pattern is measured by the number of picture elements which may be,

i)f(
.

t) ml a 01 1 a Led in the. horizontal direction, measured in a width equal to

the picture height. The picture height is used as the basis to make the

horizontal resolution directly comparable with the vertical resolution.

The totti! number of picture elements accommodated in the picture width

.. ,|,,. 1 j gonial resolution multiplied by the aspect ratio.

The value of n does not depend on the dimensions of the scanning

pattern bill rather on Ihe elect rical performance of the television system

in reproducing rapid changes of voltage whereby the reproducing scanning

agent is changed in brilliance as it moves across each line. In terms of

the inaxinium frequency /„,»* in the video range (see Art. 16), the horizon-

tal resolution is approximately

r» = 84/„i« elements per picture height (5)

where fnmx is expressed in megacycles. This expression assumes trans-

mission at a rate of 30 frames per second and 525 lines. At 441 lines the

expression is r» = 100/',,,,,,.

Fig. 3,.

3? -
10 2.0 3.D 4.0 5.0 6.0

Maximum video frequency. Mc

-Relationship !>ctweon horizontal resolution and maximum video
frmiiioiicy (141-line image).

U. Resolution Ratio. The ratio of the horizontal resolution to the
"leal resolution is the resolution ratio mi

m = — = 81/„
(6)

ij^'
V' p solution ratio (equal resolution i

1 w not essential for good reproduct
m vertical and horizontal direc-

tion, inasmuch as the resolution
one direction may exceed that in the other by 50 per cent or more

Pre
Ut ,V!la(-i»S the detail in the direction of higher resolution. In

"ont practice tho resolution ratio approaches 0.95, depending on the
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maximum frequency in the video range. For values of f„mi = j» a = -IS,-) lines, mid A- - 0.7.->, Tilt- resolution ratio is 0.92.") times
12. Total R umber of Reproducible Picture Elements. \ significiBnin of merit of the television system is the lolitl number '.V of nictr

elements which may he accommodated in t he piet ore area, i <• t lie prod
of the luimhor of elements vertically r,, times the number horizont

Y =
(J)**.

= (^)(84/aH,)Cfett.)

Star vuh.es of- (w/k) = ^,/ln« = 4.0 Mc, n„ m 485 lines, and k = 0i(m = 0.92.j) the total number is JV = 105,000 picture elements. Asm?
tag unity utilization ratio (k = 1.0;, we obtain the maximum num*
available with a 4.0 Mc video range, viz., S - 220.000 picture demon
Performance above 200,000 picture elements is exceptional in the nrese
slate ol the art. ^%

13. Viewing-distance Relationships. The desirable viewing distan
of n television limine depends on the resolution available. If we assur

.Number active scanning lines =na
. .Number active picture elements
in picture height ~ kn.n

^os = I minute Observer

6876h.
Screen «<r ^

r* Critical viewingdistance,dc — *|
Fio. 4.— Critical viewing distance in terms of the dimensions of the scanni

pattern.

a visual acuity of 1 minute of are (typical of most normal eyes), two d*
picture dements separated by a bright element (Fig. 4) may be bare
resolved by the eye at a distance d...

, _ 0,870fc

KJla

and the corresponding ratio of critical viewing 'distance to picture her

dc = 6J876
h kna

For a ycrtica) resolution. r r - kn. of 400 dements per picture height,
foregoing ratio is 17 times. This is the maximum viewing distance
tunes the pcturc heurht), beyond which the eye is unable to resolve
detail actually present in a stationary image.
The minimum viewing distance is*determined by the tolerance of I

viewer toward the structure of the picture, which' becomes inereasin

Set. 19
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rati"

Viewing distances shorter
A

of 6: 1 Mens to be typical of viewer habits. Figure 5 shows Fq. (9)

videni as the viewing distance is decreased.

£gp :i nines the picture height are seldom considered satisfactory.

for various numbers of scan-

ning lines.
,

14. Frame-repetition Rate.

The rate at which the frames

IK repeated (frame-repetition

r;l lfl depends (1) upon the

duration of the persistence of

vision ol i he eye and (2) upon

the necessity of reproducing

unition in i he image in a smooth
manner. In motion pictures

the standard rate is 21 frame-;

|ht second, with each frame

projected twice, making 48 pro-

jection intervals per second.

Similar \ allies serve for tele-

vision. However, since the
power-supply frequency for
most areas in this country is 60

20

> X

JJk,
U Ci

II s

\
.Ben

V
edon

Basedon -Jr"

erptnmenial
findings
_ J

200 WO MO 800 COO 1200

na ,Number active scanning lines

Fin. 5.—Relationship of viewing dis-

tance to number of scanning lines, in

terms of the picture height. (Experi-

mi nlni fi luting* afl< r Kngslrom.)

ens, it is desirable to use a frame-repetition rate/ which is a suhmultiplc

of the power frequency, e.g., 30 per second (field repetition rate/' of 00

The N.T.S.C. recommended standards for these items are

1

the power frequency,
per second

:

accordingly

/ = 30 frames per second (10)*

(ID*lit) fields per second

16. Rate of Scanning Picture Elements. The maximum rate of scan-
ning picture dements along each line depends on the number of elements
in tin- line and t he speed with which the line is scanned. These quantities
m turn depend on the horizontal resolution (Art. 10) and on the number
of lines per frame (Art. 5) and the rate of frame repetition (Art. 14).

Die general expression for the maximum rate of scanning picture elements
ft is

l{ = Swrffa**;? ^'¥hT\ elements per second (12)
A (1 + l/ fc r)

"here Mm- quantities have been defined ill the preceding sections. For
""P™'! rutin w/h = resolution ratio m = 0.t)2.

r
>, frame-repetition rale

i
'
" 30 p,. r second, utilization ratio /; = O.T.'i, number of lines per frame

? a 525, horizontal retrace ratio h = 7 limes, and vertical retrace ratio

9 " 15 times, the rate of scanning picture elements is approximately
? T *.3I)(),000 elements per second, which is approximately the upper
'mi hi performance of present-day equipment.

f

l6
- Maximum Frequency in Video Range. The maximum video

*W"icncy generated by the television camera is directly proportional

dc i

'ale at which the ])icture elements are scanned along each line. In

•'V'ng a relationship between the scanning rate it (Art. 15) and the

t)i'"""
: >"< video frequency (v.f.), it is customary to assume that the

jj'^'in elements arc arranged as alternate black and white squares along
Tanning line. An ideal scanning agent, scanning such a line, will



698 THE RADIO ENGINEERING HANDBOOK

produce a square wave, as shown in Fig. 6. The upper nor+ion of Jksquare wave represents a black element the Inwo"pKn an^ adjaj

, _ (w/h)mf/en* (1 + l/kk)/mux — — • A — i

—

11
2 (1 I /h„)

f i

e conditions cited m Art. 1 5, /,„„ is 4. 1 5 Mo . Table I rives otJ
nZ \ 7

l

V°
S

-
Itshould be noted H»«it this frequenrv is tl?e fundimental of the square wave. The reproduein,.

, ,„„,,„ al ,t ^
Direction ofscanning .One row of

I checkerboard
J paffern

J L

5 s

Corresponding sine-wave signal

Time—>
Km. It.- -Wave taw resulting fro,„ 8WinnliiR a checkerboard i„»si. This I

duce a so uarc wave of this frequency. ImUmX a sine-wave d btributiJof tight w reproduced. This sine, wave (Fig. fi) establishes^ tl }v cstructure of the reproduced image.
esiamisnes the kwc

Table I. Maximum Video FjuoquE.wiEa fob Dikfehknt ScannJ
Pattehxk

Number of
scanning lines n

Niimher of
frames per
second /

Maximum v.f. fur
equal venieiil and

horizontal resolution
' (m - 1.00), ops

. Maximum v.f. foB
for horizontal resflj

Union =- 0-0 X J
vertical resolution
(m = 0.0). eps 1

20 IS 3.360CO
120

10 30.200
3.020

24 81, .500
27,250

180
248

24 410,000
163,000

24 727,000
360,000

343 (7X7X7) 30
1 .800,000

OSS, 000
•I'll (3X3X7X7) 30 3,060,000

1 ,670,000 ';

525 (5 X 5 X 7 X 3) 30 4, .MO, 000
2,800,000

1029 (3 X 7 X 7 X 7)

Mm'MW rill Irn-il n + 3 .-v.. 1

30 10,050,000
3.020,000
11,800,000 1

Noth: Calculation baaed on »/A - %. *, - 7, *„ - 12, * . 0,76.

Sec. 191
TELEVISION

17, Scanning Wave Forms. The deflecting forces necessary to pro-

duce the linear scanning motions shown in Fig. 2 are saw-tooth waves, as

shown plotted against time in Fig. 7. The forward motion in the hori-

zontal direction is produced by a deflecting force linear with time, and
retrace motion by a force which need not be linear but which must

2

Active Incfctt've

Scanning retrace

Tine >

ip 'Period ofcompkfe cycle

tp 2J0
se<: - ĉrh°"2!>nfofscanning

-^QSecJor verticalinterlacedscanning

Kit.- 7. £aw-tooth waves of deflecting force used to produce the scanning
pattern (441-line image).

have a rale of change high compared with that of the forward force.
The ratio of the slopes is equal to the horizontal retrace ratio kk (Art. 7).

I !> same conditions apply to the deflecting force in the vertical direc-
tion, and the ratio of the retrace slope to the forwtird slope of this wave
equals I In- vertical retrace ratio, k r .

The scanning wave forms have fundamental frequencies determined by
the number of fields per second and by the nutnberof lines per second. In

15Harmonics

^Slhrmonics

lime —

*

*"
IG

' Ideal saw-tooth wave = 6.66) and approximations resulting from
inclusion of 5 and 15 harmonics.

fen ^r''1'"' direction the scanning force must repeat itself at the field

fo£f
on riltc

>
/' ~ 60 eps. In the horizontal direction the deflecting

Wn'
I

^
ust rcPeit itself at the line-scanning frequency (525 lines per

p
> JO frames per second), which is the product

nf - 525 X 30 = 15,750 eps

frequency are the fund
armonics should be present if the wave form

Th
toofi'**

1 ' V:l 'nes of scanning frequency are (he fundamentals of the saw-
^thwavo. From 5 to 20 hf
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is to approximate the saw-tooth shape sufficiently accurately for soft
purposes, Figure 8 shows the degree of approximation for a B&m
wave, having a slope ratio of 8.66 times (retrace ratio) when 5 an
harmonics are included. The fifteenth harmonic extends I he rung
to !MK) eps for the vertical scanning system, ami up to 250,000 rug
the horizontal scanning system. Practical sea inline generators
discussed in Art, 1)7.
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THE VIDEO-SIGNAL WAVE FORM
18. Video Signal. The video signal (or "composite video sigl

is the succession of electrical impulses transmitted through the telev
3

system to convey the information from the scanning agent in the ea-
tn '"<' "'"'lining iigeril in the receiver. Three ilinri functions are ea
out through the video signal: (1 ) f he transmission of impulses enrres
ing to the brightnesses of the scanned picture elements, conveyed hv
camera signal; (2) the blanking of the scanning agent at the receiver'
mft the retrace motions, by the Mm, kino /.«/ or -prthxlal: and (3)
synchronization of the scanning agents, by the vertical and horiz
tynckrouuatum mgnak. The firs* item of the video signal is generate
the camera, the second two in the synchronization signal generator
three items are combined in the vi<ho mixing amplifier.

19. Envelope of the Modulated Picture-carrier Signal. When
video signal is imposed on a carrier wave, the envelope of the modul
carrier wave constitutes the video-signal Brave form. Such n modul
picture earner and the details of the envelope are shown in Fig f)

particular form of video signal slum n is that recommended in the 1
ants of the lt.M.A. (practically identical to the N.T.S.C. proposals

In the R.M.A standard video signal (Fig. 9> the carrier amplitu
ilivuleit by the black level (blanking level or pedestal) at a value

"

to In SO per ceni i7."> - 2.5 per cenl according tn the X.T.S.C. re"
rnendation) of the maximum amplitude. The amplitude region a
the black level is called the infra-Ma* region and is occupied bv
synchronizing signals. Signal levels in this region do not pro
light in the received image. The synchronizing signals are of two ty
horizontal signals (Fig. <), for initiating the motion of the scanning a
along each horizontal line and vertical signals (Fig. 12) for initialing

jnotioii

Tin' l"-

and thi

broadc:
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of the scanning agent vertically a I I lie beginning of each field.

,.k amplitude of the wave, the height of the synchronizing pulses,

? black-level amplitude are maintained constant throughout each

t at the values shown in Fig. 9.

Sync pulse Camera signal

•Maximum carrier level (fixed)

- Blanking level (fixed)

Averageofcamera signal (vcnablel

Maximum
; level

(tOOpercenf)

Infra-black

region

. Black level

'(ElodOpercenl)

Camera signalregion

Maximum while level

MSper cent or less)

0.2 0.-1 0.6 OS [JO 1.2 1.4 16 1.8 ZD 22 2.4 2.6 ?& 3.0

t/H a- !/ 13,730 th second

Flo. 9.—Top, modulated television carrier signal.

T i me '

Bottom, details of

Modulation envelope, according to R.M.A. recommended standard. Accord-
t" the N.T.S.C. recommendations the black level is 75 ± 2.5 per cent

and the maximum white level 15 per cent or lens.

20. Camera Signal. The portion of the carrier envelope extending
Mow tl K . hluck level is called I he camera signal. The polarity of trans-

"•ussion in the X.T.S.C. standards is negative, i.e., an increase in the light
on the camera plate results in ti decrease in the carrier amplitude, as
"hewn in Fig, (). The maximum white level is 25 per cent or less (L."> per
*W or less according to the N.T.S.C. recommendation) of the maximum
''"Tier amplitude. Intermediate gray tones exist, between the maximum
White level and the black level.
The camera signal has two components (Fig. 10.!: an a-e component,

whici, describes the variations in brightness from the average brightness;

?!"' 'he i]-c coiu])onent, averaged over the frame-scanning interval

J

.
" which represents the average or background brightness of the

ictiiix.. The a.-(; and fl-c components must be capable of being varied

Vj 'Twiirlenttv of each other, so thai, the same detail may be presented

J''"'!' on a dark background or on a bright background. Variation of
Jne d-c component also permits the screen brightness to be "bided in"

Hided out " at the will of the studio operator. In order that the d-c
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component he independent of the a-c component, regardless of tl

changes in wave form, it is necessary that the black levcTbe constant
the carrier envelope, and furthermore that the Mack level l>c maintain!
constant at the control grid of the picture tube (sec Art. 61).

3O

Bhck level (fixedreference)

D-c componentofsignal
Y^h—Average ofcamera signal

£'--/4dded d-c component-

\>" Camera signal with
added d-c component

Time

—

*-

'.9'

—

Bot '1 ""^ components of the modulation envelope. T
dashed lino represents an increase in the background brightness withd
chango in detail.

21. Frequency Range in the Video Signal. The maximum frcqueq
in the video range (Art. 16) results from scanning the finest detail
the image, i.e., from the scanning of ndjaeent picture elements. tM
value of fnM [Eq. (13)1 depends on the rate at which adjacent pietufl
elements are scanned; values up to 4 or 5 Me are commonly employ*
in present equipment.

If tf I

-*hoo

0.2fn 0.44 0.6fo 0Sfo
Frequency

1.04 \lfa

l"io. n.

0.4/i 0.6/-o 0-8fo 1.0£> \.2f

Frequency

-Ideal amplitude and phase transmission characteristics.

The lowest frequency in the video range, („,,„, depends on the rate*
which the background brightness of the scone changes. UrightnB
changes which take longer than the duration of a single frame lo compel
themselves are usually introduced by changes in the d-c component 4
the signal. Changes that take less than the duration of a single frameM
accommodated by video frequencies extending downward to 30 cps (coll
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sjinnding In Id. t'rnine-ropetition rate of 30 ,„ T second . ConsequcntM
tie npuficanj frequency range in the video signal, based on tin- X.T.N nl
standards, is from 30 eps to ! or 5 Me.

Degrees of picture detail intermediate between the whole frame area
and the area of a single picture element are reproduced l.v frcqucncieS
intermediate between 30 eps and 1 or 5 Mc Since such 'intermedial
decrees of detail may he present in any seene, the video-signal Hans in i--ioii
Sy

««
ln
T»
"" ISt

'"'I 1111 ".*' responsive to all frequencies within these limits!
22. Requirements for Transmission of the Video Wave Form. Fourier

analysis of wave forms reveals that any wave form encountered in pracl
lice is composed of a numher of sine-wave components having speeinej
relative amplitudes and -specified relative phases. If the wave form istfl
lie reprodil'-.id accurately, the transmission system must lie capable of
transmitting all such sine-wave components, throughout the v-f range!
without altering (he relative amplitudes and phases of the components!
1 his requirement is met if the ainplitude-m\v/s-l"requenev response curvj
of the transmission system is a horizontal straight line over the v-f range!
and if the pliase-cr;x;w-froqucucy curve of the transmission svstetn is aid
oblique straight line passing through the zero-froquencv ' point and
extending over the v-f range. The ideal characteristics are shown in
I'.g. I I.

If the amplitude transmission characteristic is not ideal, the wave!
form is distorted symmetrically about a vertical axis. If the phase I
transmission characteristic is not ideal, the wave form is distortcdl
asymmetrically about a vertical axis. Inadequate h-f response produces!
improper reproduction of steep vertical changes in the wave fona.l
Inadcfptate 1-f response produces improper reproduction of the fiat topi

Demodulated
Portions of the wave which exJ

wtpuf u 'n" nvtLr intervals eomnarnbM
n-itli the peri <id of the \»vm
frequencies.

23. Dimensions of Synchro-
nizing Pulses. The dimensions!
of the syne pulses in the H. M.A.I
recommended standard wave!
form are shown in Fig. 12. Therol
are three distinet types of syne!
pulse. The horizontal xi/nc. pulseW
exists on the blanking pulsej
between the scanning of each
line and occupies a duration of

S per cent of the duration of thai
line-scanning interval. Tin- irr-B
tiral xi/nr pulse exists on thai
blanking impulse between the!
scanning of successive fields, and I
the line-scanning interval. ThtU

5 JLJL IL Jij&'PP'n9
" l n n f level

Moduhied r-fmpuf

Fio. 13. Demodulation of ihe modu-
lated picture carrier by a diode detector,
showing clipping level which separates
the cameru signal from the synchro-
nizing pulses.

extends for 3 times the duration of
tqualuing nynr. p<ilse* exist immediatclv before ami aft er"the vertical svnoB
j)U se in two groups of six |)ulses each. The frequencv of the equalising 1
pulses is twice that of the horizontal svnc pulses.
The horizontal scanning generators at transmitter and receiver arc 1

usually synchronized by the leading edge or the horizontal pulses Since |
the synchronizing action must bo precise, the leading edge must be sharp. I

sec 15
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fjM . n [ ,1,1a edge must complete itself in one-half of 1 per cent of the

''"^r'vert'w'v'r scanning generators at transmitter and receiver are

,'
. ,„».<! bv the integrated elTee, of the equalizing and vcr-

S „',:
, ses which are used to charge a condenser. he leading edge

'^he n lenscr charge curve : Fig. h\ acts as the synchronizing agent

Thi lc' g edge must have precisely the same shape for each vertical

l „ | he ei | m. 1 i z i ng pulses are inserted to ensure that this condition is

Efequally for fS ending on a half line and for fields ending on a

whole line.

GENERATION OF THE VIDEO-SIGNAL WAVE FORM

24 Video-signal Generator. The video-signal generator consists of

,1,7*: ,s cntial Rrts: (1) the camera ami its auxiliaries, which generate

e men. signal component ; (2) the synchronizing signal generator,

whic n.es and shapes the vertical and horizontal svnchron.z.ng signals

he blanking signals; and (3). the cm. nil amplifier w «

camera signals with the synchronizing signals and the blanking signals,

forming the composite video signal. .. ,

26. Television Cameras. The television camera coiisis s of a light-

tight I .using fitted with an adjustable camera lens which focuses he

cciic „., the photosensitive plate of the camera tub,, enclosed ,y,
>,n the

housin- \lso enclosed in ihe'housing is a preamplifier which raises

the level oT the camera signal (usually to about 0.1 >;?\^°}"^
so thai it can be transmitted over coaxial cable without interfcreii.

.
.

One or more scanning generators or scanning amplifiers may a so b

included u, the camera housing. The camera is ordmnr.ly mounted on a

Bexible standard so that il may be moved readily, and a universal mo .
i

-

ingis provided so that the camera may be directed at any angle. S u e

form oi auxiliary optical system is also provided to enable the operator

to keep the image in focus. . ...i™.
At present, there are four important types „, elect rome camera b s

(1) the iconoscope; (2) the orth.conoscope for hicon ); (3) the I
t
ag;t.

i«n op,, (iconotron or s. re.n.tron); ami (1) the image <l sse U

i

The lirst three eniplov the storage principle whereby the effect ot t t

incidcl light is stored as charge across a capacitance element. 11
'mage dissector is an instantaneous device, using only hat Hgbt pr.scnt,

"im,,,|, pietnre element at the instant il is scanned he storage devices

i»plav a luminous sensitivity from 10.000 to 100,000 tunes hat of the

"islam nneous devices, depending on the storage and photoelectrical

tncka ami the number of reproducible picture elements (Art. Uh
26. The Iconoscope. A t vnical iconoscope is shown in V ig. 1 1 toget u

With ils optical and elect rica auxiliaries. The image is focused on the

mosaic ph e 1 eh is a mica sheet coated with seven, million glob., cs

°f Photos,.ns tizeil silver, insulated from each other ami from a graphite

Wnting on the revere side of .he plate. The optical linage releases clcc-

from the mosaic .hereby charging the plate positively with a charge,

^tribntion corresponding point for point with the distribution of light

* the image The insulation prevents redistribution of this charge and

gjrmits the charge image to increase in magnitude for as long as the light

'i h',''m!'.'Vie

>

\tscanii(>(l bv a beau, of electrons generated in the electron

Ku» in the side' arm of the tube. The beam, impinging on the mosaic
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Is ec. n

from that p i„t.
( Picvious photoelectric emissjJ

mosaic, It gencratosT™.V rv'™" ? 8Canl,l,,« a^nt P8*** Ov^J
ary em™ fa small for brightly flKatef^oTof SSSl

Electron
scanningbeam

,

Photosensitive

mosaicplafe
~~-

Image of
object tbcossed
On mosaic

Signal terminals

Optica! fens Object fobs
televised

Horizontal scanning coils

Ver/tca/ scanning coils

Electron gun

Collector electrode

(wall coating)

Secondary electrons

burning to mosaic
,. Colkzhr anode

Secondary electron

collected by
Co/lector anode

Scanning beam

Amplified

(accelerating

SiS^^'in;;;-^ » "negative" with respect to J.

on the back of
"

i , Z"^,™ '
tT^

to
.

rl " ! .K'-^itc signal plate

the electron current m,^ is i^^- 1
sorlcs e

!

rcuit tbrwinh win.*

capacitance between tl t B jSftl' h""'"'*
»'*'*«'»<*. ™« the
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ohototube which Integra Inn the ligh t on the scene, A d-c voltage derived

from ii manual control (or from the phototube in the second ease} is

inserted in series with the output of the iconoscope.

Since the mosaic is insulated, the current flowing toward or away from

it nuist be zero, when averaged over any extended period of time. The
average d-c value of the collected secondary emission must accordingly

l,r replaced by electrons from the scanning beam.

Only a part of the secondary emission is collected from the mosaic.

The remainder, falling back on the mosaic, sets up & distribution of charge

winch, when scanned, produces a spurious signal whose effect is to pro-

duce an unevennoss in the background shading of the reproduced picture.

This spurious signal ("dark-spot signal") must be compensated by a

shading-correction signal generator (Art. 35).

The color response of the typical iconoscope mosaic (when the mosaic

hiis been silver sensitized) is very similar to that of the visual panchroma-
tic negative-film emulsion used in motion pictures.

The sensitivity of modern iconoscopes under optimum renditions varies

from about 1 mv per millilumen per square centimeter illumination on

, Coilproducing

; axial magnetic Field

Collecto

electrode

Transparent
•' two-sidedmosaic

Lens

/
Horiionlaldelfeeling^

plates

Object

'Image on mosaic

'Scanning beam hits

mosaic perpendicuhrlf

^Signal

output

Fig. 15.-

Vertical defieding

coils.

Structure of the orthinonosoope ("orthicon").

l
u »aic surface (low values of illumination) to about 0,25 my (at

ngher illumination). The curve between input illumination and output
voltage- of the typical iconoscope is character is t i^ed by a gamma (Art. 72)
°f about 0.7, i.e., the curve is of the saturating variety. The output
y°hages may be increased by increasing the current used in the scanning
Pfam.'as well as by illuminating the interior of the tube envelope by a
oias light.

.
27. The Orthiconoscope. The orthiconoscope (Fig. 15) operates

p'cilarly to the iconoscope except that low-velocity electrons are used
" r scaiming. (Consequently no observable secondary emission effects

e£
e

'
aiul "° sPurious "dark-spot" signal is generated. The scanning

'wtrons themselves are collected and passed through the coupling
™jstor back to the mosaic, A two-sided mosaic is used,

s l hc photoelectric emission from the mosaic is saturated in the ort.h-

JjJr?
03Cope; consequently the relationship between input illumination

•» oirtput voltage is linear (the gamma is unity). The sensitivity of

1^
r(, 'u models is about 2 mv per millilumen per square centimeter on

c mosaic, although t heorctical sensitivities as high as 10 mv are possible.
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To use low-velocity elect runs for scanning without incurring defocuad
<if the beam, it it necessary that the scanning beam impinge perpendiei
larly on the mosaic at all points in the scanning pattern. This reipiij
men! is met hy a rather unorthodox deflection technique which employs
combination of axial magnetic field and transverse electric field" f

horizontal scanning ami a transverse magnetic Held for vertical scnnnuL
The high sensitivity, freedom from dark-spot signal, and convcuieq
optical arrangement of the orth iconoscope have made it a serious eon
petitor of the iconoscope in current broadcasting practice.

Translucent

photocathode

Object

Optical image
on photocathode

Electron image
on mosaic surface

Signal

output

Electron gun

'

Fig. 1(3.-—Structure of the image iconoscope.

28. Image Iconoscope. The image iconoscope has not found w»
use in this country but has been used in ('.real Britain. An Americ.
version is shown in Fig. 16. The scene is focused on a photocatho
which releases an electron image of the scene. The electron image
conveyed down the tube and brought to focus at the surface of a seeom
ary emission surface that acts also as a storage mosaic The. hi
secondary emission ratio of this surface produces a correspondingly hi,
value of charge stored on its surface, and the charge increases t hroiighoi
the frame-scanning interval. A conventional scanning beam is usi
which induces further secondary emission in a manner exactly analagw

to that in the iconoscope. T

Cathode.

Multiplier

fusing

Anode (Ni waft cocxting)

Fig. 1 7.—Structure of
dissector.

/4////// ft^-Segmenis
P / / / / / s f 1

ittlr
the

init ial secondary emission, resti

ing from the arrival of the elc

tron image, produces a highe
value of stored charge than in tlu

iconoscope and the sensitivity I

proportionately increased. Val*J

lies of sensitivity as high as
n iv per inillilumen jier squa
centimeter have been found
typical tubes.

29. Image Dissector. The image dissector (Fig. 17: is used principal!
for the televising of motion-picture film, where the light source may t
brilliant and highly concentrated. For general pickup work, tin I"

sensitivity of the device is a disadvantage when compared with Mum
pickup tubes.

The image dissector consists of a cylindrical envelope with an optic
window at one end through which the imago is admitted to the plmtoeathod*
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. .1... opposite end. Here an electron imaRe is generated and drawn to the

,,' rh.l of the tulic whore ii is focused in the plane of the scanning
°P n ic 1 11-' aperture is fixed on the end of a [ingcr support. The imago
B

w.vc.i nasi the scanning aperture by transverse magnetic fields applied

? „, roils external lo the tube. Inside the finger an electron imiltipher

L, tr.v N employed to increase the sensitivity of the device before the signal

,,-r ..u (composed of the electrons entering the aperture) is applied to the
™

,„|, rsistor. With this amplification, the signal /noise ratio of the out-

™, , irient is 10:1 when the mosaic illumination is 1!U0 foot-eandles. The

Emiiivity. when used with a 11-stage multiplier is about. oO fiv per railli-

hin'icn nor square centimeter on the photocathodc, at a signal noise ratio of

V No secondary emission effects are observed. The output-input -curve

b linear (gamma unity). Also the output current contains a d-c component

Which i- directly proportional to the average brightness of the scene. Hem e

no mxiliary evaluation of the d-e component is necessary.

/ QQQBB0fl9 -WA-

QS/tf

aj ~f input

Shield

Mt'.ar modmqon
l&Slmhrm (Slams --,

_«1

Flo. ig__ Circuit, diagram of an iconoscope preaiiiplilicr. (ji/tcr Barco.)

. 30. Preamplifier. A typical preamplifier for use with an iconoscope
is shown in Fig IS To preserve o high signal /noise ratio in the first

"'fiBc (in effective value of about 300,000 ohms is used as the coupling

distance, with a shunt capacitance of about 8 wif. The poor h-f

'"'"']"
incident to lids combination is compensated in the third stage,

w] " h employs a hifilar winding (JW to remove the effect of the imped-

hi the power supply. The second and fourth stages are conventional
V|,L " amplifier stages (Art. oH'l with flat response lo o Me. The output

'

:i cathode-coupled .-lane having loss than unity gam and present-
l

/)
K !l " output impedance which matches the characteristic impedance

w> ohms) of the coaxial cable. The camera signal is sent oyer this catue

10 the control amplifier for mixing with the synchronization impulses.
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Thn output of the shading-correction generator (Art, 35) is inserted

Hiroctlv in series with the signal plate of tl.o mosaic.
' « Synchronization Signal Generator. Timing I The sync

i.™ (Fin 12, Art. 23) must be properly timed and properly shaped.

K timing function is carried out m a timing unit, a typical example of

,. Is shown in Fie. 19. The unit produces two outputs at 60 cps and

I? 3 320
'

ps for the R.M.A. standard video signal). The 60 cps output

hderived from the basic 13,230 cps oscillation by frequency multip ica-

, n im« division; multiplication to 20,460 cps and division in four steps

f 7 t„ 3,780 cps), 7 (to 5 10 cps), 3 (to 180 cps), and S (to 60 cps) Fre-

mien. v multiplication is carried out in a frequency converter tube, the

divisions in multivibrators isolated by buffer stages.

The locallv generated 60 cps signal is then compared with the 60 cps

voltage nf the power system by feeding the two sources to a discriminator

diode which develops a <l-c voltage proportional to the amount and

direction of the phase difference between the two sources. This *0 is

1W | i, ,n a-f-c circuit to correel the frequency of the basic lrf.AJU cps

oscillator from which the locally generated 60 cps is derived. In this

wbv the 13,230 and fiO cps outputs arc maintained m synchronous rela-

tionship with each other and with the frequency of the power system.

• Id *xne$eo(Xdnviflg

— '•'

1 li

'

tot i'7affnm
~Vbim/tmit

bbcHmMtbaUia
mvllOirnbTvinelA)

gipr
teyinq signal

keying signal

I
1 1

;

.

< 20. -Typical horizontal shaping unit of a synchronization signal gener-

ator ,(441-1irre image) . {After Deal.)

32- Synchronization Signal Generator. Horizontal Shaping Unit.

Wre 20 shows one portion of tin: shaping unit of Uic synchronising

«S!ii:,l ,..,,,.,.;,,,„. ,|„, Uoriitontal shaping unit. This unit accepts the.

!
8.230 cps (mtput of the timing unit and produces from it

;
the several

Xfve t«MWH required for the R.M.A. standard signal (Fig. 12, Art.TO).
'he up [)(., ,.)min (,f tut >es produces the horizontal sync pulses at 13,230,

T*. 1 he successive tubes being employed to obtain the required duration,

.\
>,l
V'\ and steepness of front required for these pulses, ihe middle

"f tubes produces the serrated vertical syne, pulses
M 26,460 cps.

20 shows one portion of the shaping unit of the synchronising

N'Kiinl ti.iH-viiU.r the horaontal shaping unit. This unit accepts the

13,2?"

produces the serrated vertical syne." pulses continuously

The bottom chain produces equalizing pulses at Zo.aou
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cps. All throe typos of pulse are produced continuouslv in this pnrtjl
of the generator. They are interspersed in the proper order (Fin H
by the action ol keymg signals in the 6F7 tubes at the riidn ,,|' t-.uh .'km?The interspersed signal (composite synchronizing signal) is then un'S
fied bv (he stages at the extreme right and is applied 10 ih.- ,;,utZ
amplifier for mixing with the camera signal.

33. Synchronization Signal Generator. Virtual Hluipim/ I ',,11 Tk,
vertical shaping unit (typical example shown in Fig. 21) has the f tint

output/Gnus sistutsA 33. .%s

from f^fjrunff/

S

tio. 21.—Typical vertical shaping unit of a synclironizniioii signal gciu-ruMB
(441-line image;. (Afltr Deal.)

of producing so-called keying signals at a frequency of <j() cps ThcJ
keying signals are applied to the screen grids of the keving tubes in lb*
horizontal shaping unit. The action of ihe keving signals is to allow t*J
pass, or to block, the synchronizing signals passing through the kevio«
lubes t hus a negative keying signal is required to block the passaglo nie horizontal synchronizing signals during the vertical blanking perio*

i.™ i
'
a P"s,tlV0 Keying signal is required to allow the serrated vertical-;

sync pulse to pass at the proper time during the ficM blanking interval!
an I a two-part positive keving signal is needed to allow the equalizing
pulses to pass immediately before and after the vertical svnc pulses ThSl
shape of the keying signals and the synthesis of the composite >vnchrontt|

TELEVISION 713
sec 1»

; Lrnnl arc shown in Fig. 22. The vertical shaping unit accepts the

"J? .clout of the liming unit and forms the required keying signals

f, iweral chains of shaping tubes which introduce the necessary wave

SLniiig and delaying actions.
, i i

T c vertical shaping unit also provides blanking signals which arc

niied t<> the control amplifier to introduce the black level during the

W",
ln .

I M)l |s Two sets of blanking signals are generated: one for the

«,nno<iie video signal and another, of somewhat shorter duration, for

',
. control of the scanning beam in the camera tube. Kach group of

blinking signals consists of horizontal and vertical square waves recurring

at 13,230 and 60 cps, respectively.

The i imera-tube scanning generators are controlled by vertical ami

horizontal driving impulses, which are somewhat narrower and sharper

Swn the corresponding sync pulses in the composite video signal. 1 hese

. Horizon/a/ sync signals

^£ '-'Keyoufregion •

tKeyin ,

- Equalitmg signals

JLI^JULIIJJUIX^
•Key out L-rs ' Key Out —T—1 ' Keying signal

Keym •Keym

Ii u li u y g 3 S 3 I

, \ferlical syncpulses

L, ! 1 Key out ^Keying signal
Keym

juuuLMJiiJiJinnnn^
Composite sync signal

Time—*
Flu. 22.- Function ol the keying signals in interspersing the components of

the composite synchronization signal.

driving pulses are formed from 13,230 and 60 cps signals derived from

Hie horizontal and vertical shaping units, respectively.

34. Mixing Amplifier. The mixing ampli6cr (Fig. 23) has three input

terminals which accept the camera signal from the camera preamplifier,

"ie blanking signals from the synchronizing generator, and the composite

"ynclironizing signals from the synchronizing generator. 1 he camera

and blanking signals are first combined by means ol two amplifier

tubes feeding a common load resistor, across which the "scmicomposite
sl K''a! appears The d-c component of the video signal is controlled by
v»r>'itig i be bias on the blanking signal amplifier tube, thus controlling

""' amplitude relationship between the average of the camera-signal

component and the blanking level.
r«e composite synchronizing signal is similarly added to the camera

atl,i blanking components in two amplifier stages feeding a common load

resistor, across which the composite video signal appears. Hins controls

"{•"f's-
i hose tubes control the relative amplitude of the camera and syn-

^fU'iizing signal amplitudes, thus allow the establishment of the 7n-m
P*-r cent relationship demanded by the standard signal.
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36. Shading-correction Generator. The shading-correction generaiB
is a device for producing wave shapes of saw-loot li, sine, and paral'ioS

Blanking Sync
input- j 5 input

SS+S5*2S0
-2S0

Fiq. 23. - Typical raising video amplifier for combining camera signal UtuM
ing signals, and composite sym-liroiiization signals. {After Barco.)

Sync
contra/

i

I nfl i i-.

Fio. 24. -Typical ahadiog-correotion siKnal generator. (After Bedford.)
shape at vertical scanning and horizontal scanning rates (60 and 13 230
cps, respectively) in synchronism with the scanning motion These
wave shapes, controlled as to amplitude, phase, and polarity, arc infro-

S*c. I9i TELEVISION 715

Huccil in the preamplifier (Fig. 18) to compensate the spurious shading

iktiul generated in the iconoscope. A form of shading-correction

generator is shown in Fig. 24. The horizontal saw-tooth generator used
vi 1 he beam in the iconoscope tube is used directly to produce saw

tooths of controlled amplitude and polarity, as well as 13,230 and 2(i,4fi0

cps sine waves of controllable amplitude, phase, and polarity. Similarly

i he output of the vertical saw-tooth generators is used to produce similar

signals. Reversal of polarity is provided by an amplifier stage. The
twitches control the polarity, resistors /tV lit, fit,, lit, fis, and fin, control

amplitude, and resistors fi 2 , lit, K~, and «t control the phase. Methods
of piMilui-itic, saw-tooth waves of controllable phase are also available,

using "flipped-ofi*" portions; of I he basic saw-tooth waves. The shad-
ing-correction generator controls are manipulated manually to correct for

llie observed defects of shading in the image as viewed on the monitor
picture t ube.
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VIDEO AMPLIFICATION

*Uat
,^ etlllir

,

emettts ror Video Amplification, '['he transmission system

''ps i

ransmit all sine-wave eoinponenta within the video range {e.g., 30
" t \fc) without amplitude discrimination and without phase
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discrimination. The gain of n pentode amplifier stage (plate resist a
large compared will) the load resistance) is

= g„Z

where g„ is the grid-plate Ira nsconrlue lance of the tube, and is
output impedance of the coupling connection between the stage anH
following transducer. Over the video range gm is independent of (M
ouency; hence the amplitude and phiwis response* of (he amplifier am
determined solely by J? n .

Tn video amplifiers, Z a consists of li, L, and C components so prop
tioned as In display a constant magnitude of impedance and a pfi|
angle proportional to frequency over the video range. The lower

'

quency limit over which these conditions inav be met is determine;
the series impedance of the coupling capacitor, whereas the h-f limit
determined by the shunt impedance of the capacitance existing in slut
across the coupling connection. The value of gain within these limiti
depends on gm and on the value of the load resistor, since this is tht
principal component of X„ wilhin the video range.

37. High-frequency Compensation. To minimize the eftVri of tbt
shunt capacitance, it is usual in video amplifiers to insert a -mall inducS

1 q — nncc either in series with the load resi»|

/Hi)
I n , {^\ (or ( tfhllnt peaking), in series with

I >^ 1 feij! i iVc/ Coupling connect ion (series pen king!, Of

i *«Tf»y*» il (
'onll,ill »ti f'" of the two (shunt-aeiB

. Lijii i|i|iu_f T.Li peaking). The inductance is uhS
ijwt, —9*^ form a resonant circuit with the shlfl

capacitance ill a. frequency nbove the

upper limit of the required v-f rmige, rind

1 Ue rising resonance cliaraclerist in in iuM
to counteract the falling off of the
value at. the upper frequency !imM
The load resistor must, similarly
chosen in terms of the total shunt eapsjf
itance, so that the gain in the mi*

frequency range (where reactive effe
are not prominent) will be the mantel
at the upper limit (where reactive effe
are predominant).

In all cases of h-f compensation ll*
basic factor is the total shunt capacitance C, associated with the roll-

phng connection

C m C„k + Cpk + C„(G + .1) + C.trav (U

where GLj = output tube capacitance
C„t = input capacitance of the following tube
c*p = grid-plate e:iii:iril;nice of the following tube
G ~ stage gain of the following stage

Ceu *y = total shunt capacitance due to -wiring, tube sockets, ter-

minals, etc.
In pentode amplifiers C„ may ordinarily be neglected,

38. Shunt-peaking Compensation. The most widely ,lrM h-f ,,iei>*
tion scheme dig. 2o) is known as shunt peaking, because the rcsitiinti'tl

cn+c,
-

Jit:
High frequencies Low frequencies

B C
Fig. 25. High-frequency

compensation by the shunt-
peaking method, with equiva-
lent circuits for high and low
frequencies.
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(Makinc) inductance fa is in shunt across the shunt capacitance CV The
dettiga values of fa and Rt, (the load resistor) are based on the shunt capaci-

Hiice ' "" maximum required frequency in the video range and on
,,tl , ,lesi DttStante h and fa which relate the impedance of i and Ra,

Mpselively, to the impedance of (,', at, the maximum frequency /mi*.

fa

fa =

li'r,

1 1 (2jr/nmx( ',)

i/(2w/mils f:,)

(lu)

(17)

Tin' values of fa range from 0.8 to 1.0; most designs arc based.on fa = 1, i.e.,

the load resistance is made equal to the impedance of fr at the maximum v.f.

The values of fa range from 0.3 to 0,7, but most designs are based on fa = 0.5,
i.e.. iinpei la ace of the inductance fa is made one-half as great as the impedance

, ' 1 ,'nu. This is equivalent to making Jhe resonant frequcnev between
*"
«"} '

: equal to 1.41 times Jam*.

001 0,1

f/frmu. Relative frequency

l'lo. 20.—Gain of a shunt-compensated video amplifier.

tn2° assumption that fa- 1.0, the expression for the gain of the shunl-
npensate.l video amplifier is

g.foll - filc'V + (1 - h.)(f/f*^)])

wh
C/ /m.,)M- [faf///™,) 1 l) 1 U8)

I'll,, ,

l''

's 'he gain at frequency/, and the other quantities have been defined,

"'ijil,.' ;

"'' '"asniuide of this equation is plotted in Fig. 20. and its phase^™ in *ig. 27, for several values of fa.

•n "JinpUfied design enuai inns for shunt peaking (fa = 1 and fa = 0.5)
1' i law*

Ro -

U -
l2?r/ijiiiM^j

(19)

(20)

^"'values of R, are 2,000 to 4,000 ohms and of Lo ar&50 to 100 fdi.
l

V
lv«!iH«.

f

f'*"
pe,kin* Compensatior

.
The compensation in Fig. 28 has an

* affect^ °f
er t,'le anunt-peaking system in that, the inductance L„ isolates

8 oi the rutput and input capacitances f.'n and C<; whereas in the
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shunt-peaking systems, Co and Ci arc directly additive. Since Co Is lew IC, for a given h-f limit Rn may be made correspondingly larger; henW
90 r

1.0 1.2 1.4 J.S 1.8 2.0
0.2 0.4 0.6 0.8

f/(max. Relative frequency

Fio. 27.—Phase angle introduced by a sbttnt-OOmpen I , . 1 video amplifiaf!
gain of the stage is increased. On the assumption thru I . r, o (iisudt

T „ r- assumed condition), the dej^-
(kc /^N equations for ffo and L,

'

follows:

£« - O.tWC/fc,* (221

With these values the gain isflfl
form up to /m„ and its value
per ,vii) jiriiiiii'r than 1 going

j.i,„ , , „ . „ ... WW shunt-compensated stage wi»the same values of C6 , Ci, und Ci, provided Ci/G> - 2
40. Shunt- series-peaking Compensation. The combination of shunt

«

series peaking (shown in tig. 20) allows s-ill JlW „.r !;;! ir, I,.,. i,i „ \if

Lc Cc

Ln id

Fir. 28.- The series-peaking system of
high-frequency compensation.

Fio. 29.—Combined shunt- and series-peaking system of hlgh-frcQUM
compensation.

virtues of both connections. Assuming C/ft. => 2, the design equations
1.8

" " ''M n
La = O.VZCBo 1

L. = o.52c,nV

I*.
151
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ataf(l . displays up tn/,„„» uniform gain, which is SO per cent, greater than

Ha of I lie simple shunt-peaking stage. The relative merits and design

Sttorsof the three methods of h-f compensation are shown in Table II.

Table II.

—

JIigh-fheoukx-cy Compensation Systems

I'ypi'

|'i,r penciled
Stuml • •

Shunt -m : i

(£Vtt> - 2)..

2)...

Be

1/(21/^0
1/<2x/m»Ci) 0.5C,«o=
1.5/(2r/nl«C,)

l.8/(2r/u,«iC,> 0.12r,ff^ O.oSCflo1

Rela- Variation in

tive time delay.
gain seconds up

at /r,iax to fata, cps

0.707 0.035//nuu
1.0 0.023//„,«
1.6 0.0113//W

IS 0.01iV/i.uui

41. low-frequency Compensation. The amplitude response of con-

vention,!! n'sistancf-capacitanee-cotipled tutiplifier stages at low fre-

Wia. 3u, Uesistance-capacitance method of low-frequency compensation.

L2r

1.0 100 100010

f, cps
.J,l,_ Amplitude response of low-frequency compensation system.

i,," is usually satisfactory, but the phase response at the low
|l,(,|

'<'ie;s is trout iksomc.

'"am'
1> ' lllsp angle introduced by the coupling connection C. and the grid

,,r "> "f the following stage is sufficient to prevent proper reproduction ol
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square waves of 30 or 60 eps fundanicntal.frequcncy. unless very large vaM
iif C- and It, are emplovcd. Law values of C. introduce shuin eupneilanceH

ground, and large values of R, introduce wid-current. iliffindttaf ii: the folio*
•

jnK stage. Law values of CM, may induce relaxation oscillations. AcoS

KJOO

I"io. 8%— Phase response of low-frequency compensation system.

1

iplitude and phase of Kq. (27) are shown in Figs. 31 and 32 VaM
rotn 0.15 to 0.5 should he used to keep the point of zero-phasew

ingly it is Usual to compensate the offset of the time constant CMi 1

introduction nf u (ilter HpCf shown in fig. 30. t

The design equation is

^^=CM,
Ro + Rr

When this condition is met, the gain at low frequencies is

* " P? -/)

where 8 = the gain ill frequency/
- l/(2WV/f»

j mV -1
The am

of RrCr froti.

below 30 cps. as indicated in Fig. 3

42. Cathode -coupled Stage. For many purposes a vidco-amplj|

stage displaying low outpul impedance is nee

(to ma.tcli t'liii impedance of coaxial cables I

permit the stage to feed many high inipe

sources tit once). The cathode-coupled stag!

33) is commonly used for thin purpose, Th
of this stage is less than unity, and its i

impedance can he designed readily for values

as 50 ohms. The amplifier. I .cum .Icgciicni"

has lower values of input capacitance, is freer»
amplitude distortion, and is leSB affected by t' 1,l,1"5|

in supply voltages than is the conventional atom

fier stage.

r —Si

—

s

-lit

id]
Inn

III'"
1

i
Jo*

Fig. 33. Funda-
mental cathode-
coupled stage.

The gain of tho cathode-coupled stage is

uRi,
O =

r, + Rt(n + 1)

TELEVISION 721

(there it
- amplification factor of the lube
= its internal plate resistance

p'
k
- value of tho cathode resjHtor.

r*e effective output impedance Z* is

fi-tr,./

Zo = + 1)
(20)

Rt + T,/<Jl + 1)

i„ Jmnnrfu t practical advantage of the cathode-coupled stage is that it may

ta«nmled to ihe following transducer without the intervention of a coupling

i!,at the d-c. as well as a-c components of the video signal are

JSismiiVcd N<> tKiins need lie taken to preserve the h-f response, since the

|„'»: value ..f impedance makes the shunting effect of the output capacitance

r.egligibl.v small.

43 Transient Response of Video Amplifiers. The response of a video

Hoplifier to (ho Henviside unit pulse of voltage is a general criterion of

.K'3J2
«ZCC- //K--UI

f.
:

•' ////Kj/.OO

e izc

% sc-

l 40-

*

to

A

240-

I '60-

fi 120-

t 80

0.2 0.4

7i'me in sees.

-2irftC

RC/VLC

16 Stages

K-1.41-^
K> /.Si-

ft- 1.6!

0.6

t/ta

3? Stages
..-K=I.4I

64 Stages

5 6 7 8 9 10

t/to

B
Transient response of single and multistage compensated video

am pli tiers. (Ajltr Hcdford and Fredeiihull.)

r'lilicr response. The response to a single unit pulse is difficult

»olt
asun ' ''xperiincntallv, but a square wave may be used as the exciting

ilii
|lrm "'at the period of the wave is long compared with Ihe

tinh
'°n r)f tnc transient response. Responses calculated on this assump-

«^
n

," re shown
'

fin. 34.-

^'j^'utplilier response.

in Fig. 34, "for a single stage and for several multistage
' sun pi,, shunt peaking is assumed, for %'arious values ot ihe

g^nieter K = RC/y/LC, i.e., the ratio of the load resistor fl c to the

C ,™ln ' of (he shunt capacitance C, at the frequency at which La and

*j» Jyesu,uint. The ease for K = 1.4 1 is equivalent to the cases of

and ki. = BUS (Art. 38)
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44. Noise Limitations to Video Amplification. One of the prnr"
limitations to proper video amplification is inadequate signal

TO 1000 10,000 100,000

Z.ohms
Fio. 35.—Thermal agitation voltage generated in wide-band eireui

Plate current, J, ma.
Fui. 36.—Shot-effect noise generated in wide-band circuits.

ratio. The two sources of circuit noise, thermal agitation and
fffect, are evaluated in Pigs. 35 and 36 for a transmission system re*

.191
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„ to the video range. Values of 50 to 100 arc common. For a

,,«l m> -<• ratio of 10: 1, commonly assumed as the minimum acceptable

entertainment purposes, the desired signal must accordingly have an

,m.s amplitude of from 0.5 to 1.0 rav.
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OI)TILATION, R-F AND I-F AMPLIFICATION, DETECTION

*.r!,^'
deo Modulation. Video modulation is based on the same con-

ii lot,.. ;ls ,nujj modulation, with certain specialized requirements.

,lv |

"•' limitations is the small amount of video-signal voltage which

Ptcit
generated in etirrentlv available tubes and circuits. The high

,
>"nn t,, |rr(>ll ], (| of large water-cooled tubes requires the use of

Be "^ru
"'"08 of load resistance to maintain response over the v-f

Pcn',1
voltage which can be developed across the load resistance

'
:

i difficult to generate

over the video range

PPtid wnicn can ne uevciopcu across
nl* <\

"" ' emission current. At present it is difficult to generate
'nan the 1,500 or 2,000 volts, pcak-to-peak o
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from 30 eps to 4.0 .Mr. When high-level modulation is use!, ihcrcrJ
is usually considered expedient to use grid-circuit modulation
than plate-circuit modulation, since the voltage requirements \n
modulation are less by the amplification factor of the modulated
Low-level modulation is not similarly restricted hut has not ypopular because of the very low efficiency of the modulated r-f umn
which follow the modulator andalso because of the difficulty of maa
nig the characteristics of vestigial side-hand transmission (Art. -16,

i

ther-f amplifiers are highly linear.
The second unusual requirement in video modulation is the ncu

for maintaining two levels in the modulation envelope at con
amplitudes. These levels are (I) the tips of the svne pulses, 73
maximum amplitude of the envelope; and (2) the blanking Ic
pedestal. Since these levels must remain constant regardless oi
changes in the wave form of the camera-signal component, it is neea
to couple the modulating amplifier conductivelv to the modulated al
nor. This makes necessary a separate power supply for each sta^

Modulating video

amplifier
Modulated

r-famplifier

CTo sideband i

filler

R-fexcitation

'

(carriersource)
Flo. 37.- -Fundamental circuit of video modulator.

typical arrangement is shown in Fig. 37. Here the modulating
amplified is coupled conductivelv to the grids of the r-f amplifier.
U supply for the modulating amplifier is in series with the cathodal
At the grid of the modulating amplifier, it is necessary that the blar

level and sync-pulse tip level be constant. The latter levels are O
to assume fixed values by passing the video wave form through at
rectifier whose cathode is connected to the modulating video-ami
grid. The load circuit values arc chosen so that the rectified d-c p
tial across the diode assumes a level at the tips of the sync pulse-
just below the tips (the difference being required to supply the
current). The voltage across the diode forms a part of the fisedr
of the modulating amplifier. The composite wave form, ext«
more positively than (he tips of the sync pulses, causes the modul'
amplifier output voltage to extend more negatively than the svnc p.
This output voltage, applied to control the amplitude of the 'modul,
r-f amplifier, causes the svnc-pulse lips to assume the peak posit ionm
envelope, while the blanking level and camera-signal component* eM
to lower levels in the envelope. The svnc pulses and blanking;
maintain constant, amplitudes, whereas the average on the camera-

.191
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inoncnt changes with the background illumination of the scene (see

"vestigial Side-band Transmission. The side bands of the inodu-

i n.,1 r-f signal, assuming a maximum video- modulating. frequency of

,
-

\tc extend over a total region of 9 Me. To conserve space in the

Yhc'r Miid at the same time to secure greater efficiency from r-f and i-r

'

uiHicr* the N.T.S.C. recommended standards specify vestigial side-

h'.ml f- emission (sesqui-sidc-hnnd, selective side-band, or "single"

Ea-baiul transmission). In this system a part of the lower frequency

,idc baud is completely attenuated. My this means the upper side band

|„- transmitted completely with 1.0 to 4.5 Mc width, within the

fl-Mr channel assigned by the FCC. A portion of the lower side band,

irithin I.2.1 Mc of the carrier frequency, is also transmitted.

'[lie channel composition for vestigial side-band transmission is shown in

Kin. 88, at the top. The lower figure shows the corresponding characteristic

1.0 F

%

^0.5

1.0

I

* - 4.5Mc — -

Upper sideband

« Approximately 4.0Uc.— *

t
.--Picture

signal

Carrier

51 52 SJ 54 55

Frequency Mc.

/Sound
signal

carrier

56

jo
I _
en

50

Linear attenuation

region

SOpercent response
at carrier frequency

"Picture carrier

61 55 56

"I the
v„l,

57 Si 54

Frequency Mc.

Top, output characteristic of television transmitter. Bottom,

corresponding input response characteristic of receiver.

civer. In the receiver characteristic the picture signal-carrier

> ai (counted to 50 per cent of its original level, anil the curve of
.'!,"••••'••• « la linear ovor a range of 2.5 Mc. This arrangement develops

Si'"- 'vnt modulation in those portions of the carrier which receive douhle-
™<M,:e„] .,,.,„,„,.,„ (within 1.25 Mc of the carrier). I he modulation of the

","'I"> i, :i,.s funher removed from the carrier in the np|ier side band are

ErXfinly 50 per cent modulated, so all portions of the signal, when presented
"the d,'-i,, -tor. pro. luce an cipial amplitude in the detector output.

.-V' ; "r:,, n transmitted signal of the character shown at the top in rig. 38,

u . in;; aim, J, CUUIII 11IQI UL >Vi ir.ii' a 14 . . ...... - --c.---

UnS ''and is passed through a enpneitor to the antenna, whereas the

J".1"""-
i lower side hand is passed through an inductance to an absorbing

trc.T'," l''ilter st rue lures for this purpose, when employed for high-level

"""Ulatiou, arc customarily formed from sections of coaxial transmission
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I...,

linos In addition to the filter shown, a, sharply timed "notching filtc
usually used to provide additional attenuation at the sound-carrier frcou
of ibs adjacent channel.

47. Allocation of Television Channels. Figure 40 shows the alloeati
Otlb Slx-iiie#wydc channels for television in the re-ion between II ;iJ
300 Mc ttltowitc<i by the FCC. The five channels lowest in frequency ,2
omrenuy considered moat useful for public service, because of the grcafltransmitter and receiver efficiencies in the lower frequencies. $9

queneies from 1 50 to 500 Mc 1

/ry>t// /ro/w

Transmitter

\7Anfennct been employed for relaying tdBI
sion signals between stations,

j

48. Wide-band R-f Amplification,
The gain of a wide-baud r-f pen.
tode amplifier is equal lo the proS
uct of the tube Iransconductauecjd
by the load impedance Z«, ¥m
maximum gain perstnKoboth gnaM
the absolute value of %„ must™
as large as possible. To maiivUfl

XAbsorphon & T^' ^"S*8
?

ch
?

I

?
<lS

i r^ S. tlc>> /j
-

ln "st be designed to had
esisror

ils nnariy constant amplitude andJ
nearly linear phase us possibleol

vestigial
t,le dosin '

l-! opera tine; rauae anil nf

have nearly zero impedance ouUflJ
these limits. The design ol I hi'

optimum /iu to meet these conditions is best attacked from thcstandpo«
ol band-pass filter theory, as indicated in Sec. 6 of this handbook.

*inrt«LfflT,
a] ^""i^Hon* ^ revealed simply in the analysis of M

,\[] I,

c"'-euit
- !
how» 1,1 41 At. the resonant, frequency/*

(tie impcdauec ol the circuit :s equal to t.he value of the shunting resistor
" 1

I'm. ;{:). Klcmcnts of e

uidc-band filter.

+SS0

Vw. -10.-

175 200
Frequency, Mc

Allocation of frequencies from 30 to 300 Mc, according to rcgulat
of Iho federal Communications Commission

.

frequencies removed from resonance, the impedance is less by the anionshown, and the degree of attenuation depends on the ratio of the resistant
l lie impedance of the inductance at the resonant frequency The gem'
relationships between the impedance and resistance are shown in 1'ig.
1 lie corresponding phase relai ionships are shown in I'ig 4-'

nw.M '

"' UlC Sintde loaded tunetl drcuit is hasc* °" the necessity
tl) obtaining lesonance at or near the carrier frequency and (2) loading t*i
circuit to present nearly uniform response over he shle-han I r-Km i spar icuhir. .f ,t is desired that the circuit display an impedance at the <M
Sl&ir *h " <! L' t|"a

' i°
°-707 timos ,he ^Hs. ™ at resouanc!

value of the resistance required is

pun*

3

Sue I9 :
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\ i- (30)

where {, resonant frequency
total frequency width of the region within which the response is

desired within unity and 0.707
- maximum value of impedance which the timed circuit impedance

Za may have.
,

Kximum gain the L/C ratio should be as high as possible. It is usual to

,..,,,.], , as C only the stray and distributed capacitance present in the circuit

and to bring this" capacitance to resonance by employing a variable value of L.

The loath-az is determined from Eq. (30).

1.0

! 0.8

S
K

16

c-'0.4

0.2

1 1 1
1
"i

0.B0 0.65 OHO 0.95 1.00 1.05 1.10 1.15 1.20

f/fr , Relative frequency

Kin, 41,- .impedance characteristics (absolute magnitude) of the single

loaded tuned circuit, (inset).

Since the single-tuned circuit cannot, display a uniform Impedance over an
JJrtended hand width, it. is usually desirable to employ coupled circuits

:,' I'M fiijiacitivclv, sell-inductively, or mutually inductively) to obtain a
[""-top response curve. In coupled circuits the impedance is a complicated

•'•••». but in general its value is independent of the currier frequency,
•aversely proportional to the band width, anil direct >

., proportional to the L/C
"S ' the tuned circuits.

Ine phase response of a wide-band r-f amplifier should be as linear as
•""Bible over the band-pass region. Such linearity is associated with symme-
try in the amplitude characteristic; hence it is unwise to allow an amplifier

r
,

,>,
' 'in.-yuimetrical in one stage and to compensate with an an tisym metrical

aaract..
,„ tnc next stage." since poor phase response will usually result.

1

*9
-. Picture I-f Amplification. The design of i-f amplifier circuits for

!*1si»n i-f signals is similar to the design of wide-band r-f circuits,

Kiti''-'
,ower carrier frequencies are used. Also, since most of the

'if I' }

n a television receiver resides in the i-f amplifier stages, the problem

w, -J'tivitv against interference from adjacent channels must be con-
tn'M with*.

t'u, oaml-paaa characteristic of an ideal picture i-f amplifier is shown in

fiie values of carrier frequencies are those recommended by the
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A C .Mcc rclcvision. ».e.. 8.25 Mc for the sound currierL12./ 5 Mr for the picture. The adjacent carrier .re.,u«.ries ;„v 1 I
>, \ tJ%the adjacent sound channel, and 0.75 Mc for the picture carrier of tlieoSi£tdy adjacent channel. Ordinarily the picture iif eircui. need he e,2"o display selectivity against the two sound channel? only at S '5 M,.the associated sound channel and at 11.25 Mc againsi t he adjacent -eh*

GOdb aT 14*26 Mc * "' '" K'm,;lti"" ! '"' 10 '"' «• Mr *

— 1

1

* c-
I J—

-

--

5*
?

"

-
:i? /_- -r

...
ri? ft /II

fr f)

! 1

r//)., Relative frequency
Pro. 42.—Phase angle of impedance of single loaded tuned circuit-

Associated
soundcarrier
8.2SMc

Picture Adjacent
carrier round carrier
IZlSMc M.FSMc

LSMc
t 4.ZSMc

10.0 11.0 12.0

Frequency, Mc
Flu. 4.1.—Response curve of typical television intermediate frequency amp

tier, according to R.M.A. recommended practice.

To produce the recommended standard i.f. of S.25 and 12 75 Mo.Ircqueiu-y of the local oscillator must be 8 Me higher in r-, , ... U
the upper frequency limit, of the channel under considcral ion, (H llfi 1

the oO- to 50-Me channel.
The gain per stage in picture i-f amplifiers depends directlv on th. 1

width pasaed. Stage gains of 10 arc possible when accepting I he full \>#
width of 4 Mc shown m Fig. 43. For a band width of 2.5 Me tvpieivl

!

receivers using a 5->n, cathode-ray tube, the gain per stage, mav rise io 15 f
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A total i-f gain of 10.000 is usually considered sufficient. The effec-

Rnbe and circuit noise at the input, to the first i-f stage is usually 100 M \

PICTURE
i.r.

ISM
t.K

IS53 ssor
t.F OCT.

ratiomuG exttPTtoNs:

C2S-QO?fJtf

at-souT

44 —Connection diagram of typical picture i-f amplifier.

1

—
vf

!

\ 8

"IS

$
W

fl

I
\\

\

*rm
J

Pic

:

ft"-Sen

6.0 7.0 8.0 9.0 10.0 1 1.0 12.0 13.0 MS 15.0

Frequency, Mc
15. -Response curve of picture i-f amplifier shown in Fig. 44.

With a gain of 10,000 the, noise voltage applied to the detector
l ...... P- . i as.: 4. ' '— " -<-:-'-• — *l"nil a gam i.l 111,000 the, noise voltage applied to trie detector

volt, which ia sufficient to make it plainly visible m the cathode

<hUvil.y greater than this is clearly not necessary, total i-l gam
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60. Video Detection. The diode detector is used almost univjfor vidro demodulation ln current receiver* The imiiorHnt ™^
tions are (I; the amplitude ,,,1 phase resp,,,,^„VXC ciSSthe detector over the video range, (2) the discrimination of his 1
en-cm, onXiTt Sr*™?^^'(^ '™dmg exerted

, - I f i

coupl'nn circuit which feeds the detector, and ({]point itj m the detected voltage output.

From j-f

amplifier

t)efacta

circuits

Video

amplifier-

Detector

toad

Pig. 46.—Typical video detector circuit with filter load circuit.

In designing the detector load circuit., the tmDortant factors »™ rl, n «tancc to ground of the detector output, and fflSSS^JSd&S •

peaking cih uit (Art. ,«)), and the cxprtwuimm for /,',. and L c IKg« PI) and (can hMWBd, under the assumption it,:,: ,',;<!. -2. The v due's of
~

determined usually range from 2,000 to 5.000 ohms
carrierT^t^VT^'^^T* PS88*** «"®™>M discrimination «earner-frequency components when the detection occurs at. radio froqij

f-Finput

..Video output
(increased

postfix

milage as

carrier

onp.'iiude

increases)

f-finput

Fta. 47.
A

Video output

(increased

negative

vothge as
carrier

amplitude

increases)

-Detector polarities: .4, cathode-above-ground connection;
anode-above-ground connection.

(ahovc 40 Up). Hut when i-f detection is considered (carrier fruoue

fcZ ttV™ M
^

)

,V

it Pr
.

cf*™ble to design IhrE orS oXform of a low-pass filter having a sharp cutoff above the v-f limit « Mettypical conataut-fc filter scctron of this 'type is shown in Fig 46
(

calTuratedton,"' ^ drCuit °" « <!

*n = B
where fln„ = cllective load resistance on the i-f amplifier« - actual value of the detector load rcni-itrir

v - detection efficiency (very close to unity in most practical ca(

.191
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The polarity of the detected voltage output is important, because it, deter-

ge* the number of video-amplifier stages required between the detector

"nil dic p;'' ,,:re tu ',L" eon t ml grid to produce a picture having positive tone

JJhK*. Tl-e two possible detector polarities arc shown in 'Fig. 47. The
_,lhtKle-:diove-ground connection produces an increased voltage output as

,j„. aiitial light in the studio decreases (assuming negative modulation, see
Consequently one phase reversal is necessary between the detector

IbA the picture tube. Any odd number of video-amplifier stages suffices

Uisuully one stage is used). In the anode-above-ground connection the
ae polarity exists aird an oven number (usually two) of stages is required

iv, ecu the detector and picture tube. The same polarity considerations
(nverti The number of amplifier stages required between (he detector and the
gMhronizing input terminals of the scanning generator's. With scanning
pan rators synchronized by positive pulses (usual type) the cathode-above-
jrmind cui nection shown a' A requires an even number of intervening stages,

whereas the anode-ahove-ground connection B requires an odd number of

It is usual to operate video detectors with a maximum peak-lo-pcak input
i-f voltage of 10 volts. Assuming full modulation, the penk-to-penk output
voltage (wiili detector internal resistance and load resistance values equal)
will bo 5 volts, three-quarters of which constitutes the camera signal. A
angle video stage having a gain of 12 is consequently capable of delivering

1.75 X 12 = 45 volts, peak to peak, in the picture tube grid. This
rulue is sufficient to operate the usual picture tube over its entire control
tanjtc
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SEpA.RATION OF THE SYNCHRONIZING SIGNALS

''King .""P'itude Separation, The separation of the oomposite svnehro-
!Rlial E'l froni file camera signal is performed after the composite video
"KBal rp >I-'(

'

11 developed by the second detector. The composite video
' ir

nlj JK; 48) is applied to a "dipper" tube, which is a tube that cuts
Urreut beyond n certain negative amplitude limit. A t.riode
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dipper tube and characteristic are shown in Fig. 48. In Fig. 49 „.
clipper arrangement is shown in conjunction with the second detectoJ
is necessary, of course, tha^ the clipping level be maintained continu

Clipper

characteristic.

i-f

n--K--K^ Sync input-

pulses
Sync j'sj

<t>°sitiv% 1

po/ar/fyi I

V/cfeo

output

Composite
video signal

Fits, 48.—Clipper circuit and char-
acteristic, need to separate composite
sync signals from camera signals.

Time conilanr

-0.1'second

Flo. 49.—Combined secon.
lector and gync amplitude sepd
(clipper).

at the Nanking level, to ensure tins I I lie camera, signal does not M
synchronization, on the one hand, and to ensure that the imixW
amplitude of syne pulses is developed, nn the other.

62. Wave-form Separation. After the composite synchronizing4
C

i—IH
e

Syncimpube
voHage

t

t]

E\

has been separated from the video sigwlli jl_

necessary to develop the horizon I :d .sync puj

independently of the vertical syne pulses. I
latter separation is carried out by a rnlfl

known as wave-form separation, since tin
sets of pulses cannot be dLs; ingnished by tm
tudti means. Essentially wave-form separM
iii

'I
ii nds on circuits which respond to tlieH

t:\<' fro) irni \ con;e:'i1 of I In iwn sen- |«*

The horizontal sync, pukes that are o9
duration occur 13,230 tin i'e per sreono
have a predominance c f h- f cc m por.ontH, * I

m the verlica! pulses that are of long diir?

and occur (iO times per Ecctrd have a
inance of l-f components. The rntii

frequencies of the two sets of pulses 13,2
22{) \-i is the index of the degree of freqj

difference on which the separator circuit'

operate.
53. Differentiator Circuit forHorizontal

Pulses. The differentiator circuit she'

Fig. 50 is used to develop theh-f compon 1

the composite synchronizing signal, i.e., the horizontal sync pulses,

series capacitance passes the high frequencies associated"with the
edge of the sync pulse, while retarding all lower frequency coroJM

A JrVrV
Fio. SO.—Differenti-

ator circuit (top) and
action on sync pulses
(bottom).

of"

:( i
\$
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RC oroduct (time constant) of the combination is made short com-

™Ll with the frame-repetition interval (Mo sec.) and long compared

ESTthe line scanning interval (1/13,230 sec). The leading edge or

? differentiated wave forms is applied, in the proper polarity, to the

chroni7.ing terminal of the horizontal scanning generator.

Sync impulse

current

R

CP CTi

_OJlXILJUinrTl!Tl^^

Time -

rSync control level

i m. si,

T i me -5"

-Integrator circuit (top) and action on vertical syne pulse (bottom).

Differentiator
•• circuits -,

Mixed
frequency
input

High frequency
output

s Integrator'

circuits

52.- -Comhined differentiator and integrator circuits for wave-form

separation.

l. ^ Integrator Circuit for Vertical Sync Pulses. The integrator

'""'H shown in Fie. 51 develops a syne pulse from the serrated vertical

P" 1--* and equalizing pulses. The wave forms of input and output are

u wiU be noleli t |m t the initial portion of the integrated output^ ie not so shavplv rising as that of the differentiated horizontal
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pulse, and consequently the intersection with the iynchronizing ctJ
level ik not so precisely marked. This fact makes 'il necessary to j.z"
the wave shape of each successive integrated pu lse precisely theJ
J he function of the equalizing in this respect, has been pointed ofl
Art, 26. In addition it is necessary (hat ail (races of (he bori/otK-il m
pulses bo completely removed from the integrating circuit

Several differentiating and integrating circuits may lie used in ea^cnA
to improve the degree of separation. The cascaded circuits mtrilconnected directly together (usually done with integrator circuits! ]they may occur in the grid and plate circuits of a svnrWpartm.r au.iilifis
tube. A typical synchronizing amplifier circuit is shown in I'ig.

PICTURE TUBES AND ASSOCIATED CIRCUITS
66. Picture Tubes. The conventional cathode-ray picture tube

tunuel-shapcd evacuated structure containing an electron gun whflforms an electron beam, and a fluorescent screen on which the hea

Horiwptal Vertical Electron
scanning coil scanning coil ;Scanningbeam

Luminous
spot

Picture area

"f" Luminescent

screen an
inner surface

oftube

Electron

9un Beam
deflected j

Vertical-'

scanning coil

''•rhrizonhl

scanning coil

Wall coating

Fio. 53.— Structure of a typical picture tube.

nTKl™8
V IPm**? ? deflect®d by the application of transverse elector magnetic fields which cause the end of the beam to trace on I 1 1

, . ,

-

need scanning pattern over the fluorescent, screen. The current in U
hnwwy";,

' : ° 01 vanatl°n f™m ™™ (cutoff) to a maximum of seven
mcro.mperes, under the control of the signal potential applbetween the cathode and the control electrode of the electron gun.Hie beam is deflected synchronously with flic scanning agent in i

camera tube, and the beam current is controlled by the camera sign
i ho variations in the beam current produce corresponding variutio

rcp!-,»ducc!f
fluorescent spot, and the picture is thcr

1

*lJ
h<
( °l

K:nitin» characteristics of picture tubes depend on the design Ithe electron gun and on the physical and chemical properties of i

fluorescent screen The electron gun requires a power supply to form I

electron beam. Finally the deflection fields must be provided by sclnine generators, and these generators must operate under the colli
of the synchronizing signals of the video signal ^1

Picture tubes are classified according to (1) the type of fm-usMemployed (electrostatic or magnetostatic) in the electron gun (2 il'

type of deflection (electric or magnetic), (3) the tvpe of phosphor (P

Sec. 10\
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phidc and non-sulphide), and (4) the color of the light produced (usually

*

'm Characteristics of Electron Guns. Electrostatically focused elec-

(nin'fjiius are characterized (I) by the ratio of I he voltages applied to

llR. second anode and the first anode. In present designs this ratio

iv H i -1 to 0. In addition the guns are characterized (2) by the

control electrode characteristic which specifies the relation between

control electrode voltage and beam current (second-anode current) for

differ?)! i values of second-anode

voltage. A typical con trol char- ™r
aetertstic of an electrostatically

focused gun employed in the

I2A1M tube is shown in Fig. 64.

Curves of t his shape arc typical

of all types of electron guns,

whether elect t ost at ically or mag-
nctnstiiiically focused.

An important characteristic of
electron gun is the degree of fine-

ness of focus, i.e., the size of the
fluorescent spot formed on the
screen. Guns of good design are
capable of forming a fluorescent
spot about 0.005 in. in diameter,
hut production tubes usually
bare spot- from 0.01 to 0.015 in.
iii diameter. The hitter spot
<&e permits a picture resolution
9f 360 lines ivhen the picture
heighl is (i in, or more (picture
* 1 d t li s in, or more). For
wmllcr tubes the spot sine sets
M upper limit of picture resolu-

at a figure lower than 350timi

™>es. In y-in. tubes, for exam-
P*8

;

resolution of 200 to 250 lines

!

K
yPit'al performance of cur-

[*nl tubes.

pan
7

'
c

,

h
,

aracteristics of Phos-
'

or s. 'the important operating

(

J
: "'

:ict«rktic of the phosphors
" ' M materials) employed

-30 -20 -10

Control electrode (q rid no, 1), volts

Fig. 54.—Kleetron-gim control char-
acteristic A, 7.000-volt; II. 0,000-volt
seeond anode vijIi ;w.

"1 pic|

), and the second-anode potential, f igure
8 ;i typical familv of such curves, taken for tlw

*5Pla.r employed in the 5AP4, 5BP4, 7AP4, 9AP4, and 12AM tubes.

, ;
Transfer Characteristic of Picture Tube. The transfer eharacter-

i'iif
tubes is the relationship between the light, produced, the beam

-,- - Cond-anode current), and the second-anode potential. Figure
,'^1'-" :i typical family of such curves, taken for the "P4" white-light

the s "r
' tr;insducer in a television system is the relationship between

"'K'ufic.'int variational input quantity and the significant variational

'''fi Vr,'.
/'"'"'f'ty. In picture tubes the significant input is the control-

led ...

*>*n in Fig. 56

.rode voltage, and'the significant output is the corresponding light
*>ccd on the screen. The transfer characteristic of the 12AP4 ttibc

Note that the relationship is not linear but has the
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"antisaturation " shape, corresponding to a gamma greater than unfa
This characteristic (ends to enhance the apparent contrast of the uicM
(see Art. 72).

v^

0.C3S

; 0.030

Eg

r 0.015

50.010

O.0O5

;

1 /M
;f-#

8/

1
/z

_«•<:
I*

1
1

Fig. 55,

High-voltage electrode (anode no.?),micnxiaipen5s persq.cm,

Phosphor li^ht-output charact eriatic (type P4 phosphor).

69. Contrast in Picture Tubes. The ratio of the u
brightest portion of an imago to the brightness of the

inghtli

darke:

0,0150

0.0125

00100

0.0075

if called the liightness-cmilmsl rati*

Owing to the effects of light spreadini
(halation ; within ihe glass envelop!
of the tube the maximum eoiitrij
ratio of current picture lubes is abafl
50: 1. Between closely adjacent pOf"

tions of the image, halation rediic*

Ihe maximum obtainable contrast*
about 10:1.

60. Dynamic Action of Picturt
-

tube Control Circuit. The dyMjfl
action of the picture-tube circuit *
represented by applying the vwB
signal wave form to (he transfer chflfi

ucterislic (Fig. 57). The video
form is applied so that the hlanMH
level corresponds to the zero |H
(cutoff) point on the transfer cbj
acteristie as shown. This bias^B
must remain fixed at all times. I '1?
the camera, signal extending to

right of the blanking level prod
light on the screen in accords^
with the camera signal, whereas >B

synchronizing signals to the left of the blanking level are in the hif,r

0.0050 g"

-30 -20 -B
Corrtro] electrode volts

Fig. 56.—Typical transfer char-
acteristic of a picture tube, derived
from Figs. 54 and 55

. Wl
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l -oion (bevond cutoff) and do not produce light. The total excur-
bl9f Ml e camera signal should be litnited so that the control-electrode

*5 L never becomes positive; usually the control electrode does not go
vein* '

Qr _, volts nmrk . '['he average of the picture signal

^^eut taken over the frame interval, establishes the background
CU™\,,1 « of the scene, provided the blanking level remains faxed at the

''"si

1

nVrect-current Restoration Circuits. Two typical circuits used to

J^tiiin the blanking level constant, at the picture-tube control electrode

Picture tube

transfer

characteristic

Maximum wforfe

Black

-40 -30 -20 10

^Xontrol grid vofe
Time

level

flu. 57 - -Dynamic action of video signal in picture-tube control circuit.

">wn in Fig. 58. The proportions of Cc and Rs are chosen to have

constant long compared with the line-scanning interval but short

""Pared to the duration of the changes in background light, In the
UhiT A\. .. . t 'I .1.1.1. I.. I 1,„ ,rl,l.-Lr> onuiillfinr tllVw
'"pared to the duration of the changes in background ngni, in me
Hl»r diagram the grid and eathode of the video-amplifier lube art ;is a

!!""', whereas in the lower case a. separate diode is employed. The
"* «. acting in conjunction with CJt,„ develops a bias equal to the peak

a
l
?e video signal. This peak value remains fixed (assuming no change
••Whil strength), consequently the remainder of the video signal (the

k: '"'-'Signal components! act in series with a fixed bias. This fixed

i,;'"
18 coupled conductive.lv (either through the amplifier tube, at the

l.j,

1,
"- ' •tlv. iii ihe ln.lir.tii! and forms a pari of the control-electrode

, % this means the blanking level remains fixed, and, if the total
lw<Jk'leetrode bias is fixed so that the blanking level coincides with
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Hit! light cutoff point, the background brightness of the seen.. ,!„„o,0y on tho average of the camera-signal clmp^ent LlSrS"62 Picture-tube Power Supplies. The
i idnre-tube „

consists of (t) a scarce ,,f lugh voltage for the firs I

' J .
,

whjch act to draw the electrcl fromlhe gun and inThe as 1statically focused tubes) bring the beam to focus; (2) a source of I

Cbmposik

video R,
signal

Compost

video
signal

V ' V
" ^vu^Zi^r\? r

T"
n &wil* : tot>

-
the video amp]grm current foi rectification; bottom, using a separate diode.

current for thy cathode of the electron gun; and (3) a source of footco.l current (in the case of magnetosiatieally focused tyf.es).

.tJ^fS&u ,li«h-v°! tflge P"wer supply is ahowu in Fig. 69 1 1, noariM

nSitniuw f.
the desired output, d-e voItaRe; two capacitors of rnuJL0, ).! to

( .
J

, series filter ,-csisr.o,- of roujrfilv KM) DOM .„ ",i]0 (if , „ . %
» tapped Wonder reatotor of about 5 nw<>h ,W A i™,,,,,'

i t i'Xmei with the second-anode output tap to limit the totaTou^utTurre^tl

ZV3Q
SQOOOn I MSOQQa SQOOO.'i

2nd.Anode

-o 1st. Anode

Screen Grid

C&fhock

^CorrtrotGrid

Fio. 59.—Typical anode voltage supply for a picture tube.
safe value in case of accidental contact by the operator

T^i^i^\^tilL UVh f-™sini
5

coil
-

of
.

a "»«™toBUticaliy foe

sacrinci of25 volt tJ?- lhc ™™nt of the receiver proper e«
The Jientc? c.?rr™?» I.

low-v°ltage Power supply for the receiver.

2.1 lltTsT^^'l^ °ne of ™° «-<= valuee: 2.5 vol*

ft. »]
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DEFLECTION OF ELECTRON BEAMS

68. Electron-beam Velocity. The amount of deflection suffered by
rlwl-rrm scanning beam depends on the velocity with which the elec-

tions in the beam move. This velocity v is expressed by

v = 3 X 10">>/l -
(2 x \0~*E + [

)' em pel' socond (32)

where A' is the accelerating voltage in volts (approximately equal to the

aeoond-iinnde voltage). This expression Lakes into account the change

in electron mass with velocitv. The values of V varv from 2.66 X 10' em
per second at 2,000 volts to 4.93 X 10 s cm per seconds at 7,000 volts.

64. Electric Deflection. The deflection <l, in rent i meters, of (he scan-

ning beam across the screen of a picture tube caused by passage between
parallel deflecting plates is given by

. 1.77 X 10"gJ(D +m „ ,wa = , cm (33)
SB1

where Ej - voltage in volts applied to the deflection plates

v = electron heam velocity in centimeters per second
I
= length of the deflection plates in centimeters

•s- = separation between them in centimeters
D = distance from the screen end of the deflect i»n plates to the

center of the screen measured along the axis of the tube in

centimeters.
Typical electrically deflected tubes have deflection sensitivities of from

0,15 to 0.3o inni deflection per volt applied to the deflecting plates, when
•ipcrnlPtl «t maximum rated second-anode voltage,

66. Magnetic Deflection. The defied ion <l, in centimeters, across the
11 of a picture tube, caused by passage through a uniform magnetic

Held is giVen ijy
.

. L.77 XlWto ^d = cm (34)

where B = flux density of the field in gauss
' - its length in centimeters

fj = field-to-screen distance in centimeters
-„ '' -' electron-beam velocity in centimeters per second,

it'ii
' 0tl SPot - Negative ions liberated from the cathode of the electron

In
.'i'

rf ^"'"sed and deflected in much the same manner as the electrons.
eli-etrj,. deflection the deflection is independent of the charge mass

Iti m l'artielcs; hence the ions and electrons are equally deflected.

lOot ?
IUl 't' ''cnection, however, the deflection depends on the square

'hou-° i''

f
-'

rhange.-'mass ratio. Since the ions have masses several

defle^?-'
'''lies that of (lie electron, they suffer correspondingly small

to (•(
"" The lack of deflection subjects the center of the scanned area

Ifcefo' bombardment by the ions, and this evwitually results in

"f the
1"™'' " °^ a black or yellowish spot. The ion spot is characteristic

Bpecj .'"'"bination of electrostatic focusing and magnetic deflection,

intfrjlp :

f ''' electrode structures have been devised, however, which
I" the ions before thev reach the screen.
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When nmgnetostatic focusing is employed, tlio heavy ions arc n,
up lit, to focus by the same value of magnetic field as are the elec^H

consequently the bombardment by ions is spread over a turgor tatM
I lie surface. Accordingly the combination of magnetoatatlc foi

and magnetic deflection is comparatively free from the ion-spot diffi

SCANNING AND SYNCHRONIZATION
67. Saw-tooth Generators. The saw-tooth wave form i

generated for scanning purposes by the periodic charging and <

of a capacitor. The charge-time curve is used to produce
scanning motion, and the discharge curve forms the retrace.

8l0^ „ Discharge
oscillator. R iutm

*
*~"

n
'-'r''

r

Sawtooth
voltage ovtput

ults,

I'm. 66.—Blocking-oscillator type of impulse generator.

tain a linear charge curve, it is customary to restrict the charge 1

about 0.4 time the RC product of the circuit, or less, and also to !

use of I he non-linear dynamic characteristic of the following amplifi
introduce a compensating non-linearity. Certain forms of multivibri
circuits may be used to produce saw-tooth waves directly.

I sun II v a separate discharge tube is used to discharge the capacM
The discharge current is passed through a high-vacuum triode whosem
ciitil mis the liming of the discharge. The impulses applied to theJ
of the discharge tube are usually derived from an impulse gcnetflH

„ although they may consist

i|| . the synchronizing signal it*J

properly amplified.
Impulse generators used I

control the discharge tube]

scanning generators lakeM
two forms, the itiultivibratj^L

the blocking oscillator. 19
blocking oscillator (Fig. 60) i' ?
sists of a grid-plate coupled<W

lator whose grid is driven negative by the passage of grid cu]|B
l litis blocking (he oscillations suddenly. As the charge leaks ofl

grid through the grid resistor, the oscillations reeoiuiuence, to'

followed by the sudden hlocking of the grid circuit. The sharp inipuj

appearing between the grid and ground are used to control the discD^
tunc as shown.
A multivibrator type of saw-tooth generator is shown in Fifj-

This circuit operates by virtue of I lie connection between the plate ci

of the output tube and the grid circuit of the input tube. The altel,

charge and discharge of the coupling capacitor can he used to proj
cither impulses or saw-tooth waves, depending on the circuit const

Sync
control

Vl<3. Sly—Multivibrator type of impulse
generator.

S«e. 19.
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flR Production of Current Saw-tooth Waves. Saw-tooth waves of

uJ nroduced bv saw-tooth generators suffice to deflect, the beam of

'

1 " :V

|
1 1

deflected tube, which is a voltage-operated device, provided

,
,i nt ihr peak-to-peak value of the saw-tooth wave is great enough

' r, ;i deflection. In magnetically deflect cd tubes the deflection
'•'

:,.„'„•• a! to the current in the deflection coils; hence saw-tooth

i „i current, are required. The voltage wave form required to
'

'Tire i-iw-tooth waves of current depends on the inductance and

^Kicc present in the scanning-coil windings. An "impulse voltage

; n-'mired for coils exhibiting a large inductanee-resistance ratio.

For lower I It ratios the voltage wave form is a combination nf impulse

»wl saw-tooth waves. The several voltage and current wave forms for

these case- ire shown in Fig. t>2.

Series inductance(LI

Resistance(R) inductance (L) andresistance(R)

VIR

IwitTTT *YYY\

AAA, 'U/\A 'VSAV\
t-> *-*•

A B C
*>- -tooth waves of current, and corrcspomiiiiK volttwc WOVpforuiH

in circuits of R, L, and L-2S.

, The part-impulse part-saw-tooth wave form may be produced simply

"inlying a saw-tooth wave to a series RC combination. The saw-

T'] '• imiient develops across the resistance, wdiile the impulse portion
'

ii 'fuss the capacitance.

^ •ne presence of distributed capacitance in the scannmg-coil windings
"'

!
,|s '' ,!

> resonance oscillations when the impulse voltage wave tOTXQ

',

'

:;|
'

1 '
1 These residual oscillations may be damped out by conned mg

• be nail a shunt RC circuit in series across the seatming-COil

Bo"
1"1 "'

^'.Amplification of Scanning Wave Forms. The preservation of the

"!6 Wave form in I he amplifier subsequent to the scanning generator

t„ J"*
1 »'i :

! nsiderations for video amplifiers, i suaUy ii ib dmraXfe^P the fundamental and 20 harmonies, which makes the range 60 to

U', t ,l
C
P* ri >f the vertical scanning amplifier and lo,750 to 315,000 eps

""a* h v
rii!0Iltal amplifier. The phase and amplitude characteristics

% •Woi
m'" r ovcr these ranges.

dinnT''
1 ri( '"'flection it is essential that the scanning-generator output

*«»rrii svm metrically with respect to the deflection plates, and this

of the n
,,v employing push-pull amplification. The center point

P»>sh-pu]l output I.; connected through a high resistance to the
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second-anode terminal of the picture tube. Care must be taken to i

the necessary peak-to-peak voltage to develop across the amplifier oil
without breakdown ol insulation and excessive stress in the tutu .-]

tures. The necessity for high w » voltages has limited applied
of electric deflection to tubes opera Hug below 3,000 or 4,000 volts sea
anode voltage.

In magnetic deflection
, heavy current rather than high vultai

required to secure full deflection. To secure the current, it is cusfJT
to employ a voltage step-down transformer iti the output of the seal,
amplifier. This transformer must meet, the amplitude- and pin*,,
quency eh araeieri sties of the amplifier itself. High voltage del
across the primary of this I ransi'ormer as a result of the rapid chaM
current in the secondary. The amplifier tubes and other compoS
must be capable of withstanding these voltage peaks, winch often ail
several thousand volls amplitude.

Iron shell

Vertical

coil

Horizontal

coil

Paper
,

tube

Fiu. 63.—Construction of a typical scanning yoke (magnetic-deflectioai
system).

70. Scanning Yokes. The set of deflection coils required for mag
deflection is called a scanning yoke. It consists of two sets of coils
arranged about a vertical axis transverse to the tube axis, pr-ln.
horizontal deflection, and another set of coils, arranged on a horizOB
axis transversely to the tube axis, produces the vertical deflectionAmong the factors on winch the yoke design depends are (1) the «§
01 deflection required (which determines thy required number of amp*
turns as well us the allowable physical length of the voke); (2i the lie*
sity of providing a uniform field, to avoid defocusing the spot !

distorting the orthogonal shape of the scanning pattern; and 3H
proportioning of the L/B ratio to secure linear deflection with a
deflection amplifier and output transformer.

CONTRAST AND GRADATION OF TELEVISION IMAGES ,

71. Over-all Brightness Transfer Characteristic. The abilitv of <*j 1

television system to reproduce brightness contrasts and tonal gradati"*

743

64).

image
original

• Brnressed by the over-all brigldncss transfer characteristic (Fig

?he oniina'cs give the range of brightness in the reproduced i

I,™ brightness) corresponding to the range of brightness in the or

inject (object brightnessj plotted in the abscissas.

I
In. actual shape of this curve depends on the transfer charaeterist ic

(Input-output, relationship) of each item of equipment, in the transmission

VBtiaa. 1" general the actual characteristics cannot be expressed in simple

afiulyt

i

[- r«a"><. However, if an idealization is made, the curves may bo

flpreusi>d in the following form:

lit - hBo"1 " (36)

„|...ii. if, i-i i lie image brightness corresponding to the object briKhtness Ha,

h is the proportionality factor relating the image brightness scale to the
object brightness scale, and the exponent yn (gamma) determines the extent,

and direction of the curvature of the characteristics. For unity gamma

BOO
! /

:

e}
BrkBS

y

;

3.5

3.0

2.5

?2.0

i 1.5

1.0

0.5

hgB
l

ogk

/

f

Bo ,0t>jecf brightness,candles persq.ff

.

0.5 1.0 1.5 2.0

Loo Ba
2.5 3.0

Flu. 64.- Brightness transfer characteristics of a television system.

Ill,:,,, ,,"•» "«-- ™n*u
iIJ die curve has

hi- the ohse

jj*
^ I) the relationship between Hi and Bo is linear. For gamma greater
tmv i he curve has an *' aulisatnratiou " shape; for gamma values below

has a "saturation" shape.
_ Liinma determines the subjective contrast of the image as

- ~v hil- observer, since the sensation of light in the mind is approxi-

H&nJl Proportional to the logarithm of the brightness. When Eq. (35) is
"reused

[„ logarithmic form

log Bi - log ko + ya log Bo (88)

J'yh>
> itnwhips between log Bi and log Bt become linear and the slope

''

"I
l* directly proportional to the gamma value. In consequence

72
h
e"T li ^'.' ¥ produced by correspondingly high values of gamma.

:
|

' ill c" i

1<iiary Transfer Characteristic's.' The input-output charade ris-

j]

'9eh subsidiary item of equipment in the system can be expressed by a
al relationship

^ (Output) - k (input)"1,

piirinia^
relates the scales of the input, and output quantities and y is the

"B ea^v>"
>nent describing the curvature of the characteristics. By coin-

en curve in the transmission system successively, equating the out-
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put of one device to the input of the succeeding device, it can be shown
the over-all namma of the system is equal to the product of all the sul^rf
gammas. In consequence, the effect of one item of equipment whose

j
is lower than unity may lie compensated by thai of another whose I

is the inverse of the first. The Kumtna of iconoRCopo tubes, for ei
lies at about 0.7. whereas that of picture tubes is about 2.0. Assuming!
the subsidiary amplifiers, modulators, and demodulators arc linear (j
unity), the ovcr-ali gamma is then 0.7 X 2.0 - 1.4. i.e.. the gamma uii
what above unity. The orthicon camera, on the other hand, has a Kan
unity, and the over-all gumma in this case would be 2.0, producing a c
ably more contrasty reproduced image. The desirable value of
gamma, following motion-picture practice, is between 1.2 and 1.7.

^TK'-Modufotoc

input vortoge output voltage 4

—

/;,,- Picture tub* I

Control voKoq? -"^M
I'lG. (jo.— Transfer of object brightness to image brightness through L

sidiary transfer charncleristics of the elements of a television systSH

value of gamma aids in restoring color contrasts lost through the monodB
inatic nature of the reprorluetioii. It should be noted that high contrast*
limited by picture tube jierformnncc.

The values of the aubsidary gumma.* also bear on the signal/
ratio of i ho system. If n transmitter gumma less than unit v is empk
most of tlift picture information consists of signal excursions iiav

amplitudes high on the dynamic characteristic, above the noisej
compensating higher value of gamma in the receiver may be
produce an over-all value within the desirable range of 1.2 to 1.7.
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SKCTION 20

FACSIMILE

The elemental anas

By R. ]•;. Mathks, 1 B.S.

1. General Considerations. The term facsimile litis been applied to

lliut branch of 1 lie science of graphic electrieal communication which
endeavors to convey the physical form, and even the light shadings of the
nrijdnal subject matter. Such information cannot be instantaneously
or simultaneously transmitted, anil it is thus necessary to do so bit by bit

quenlinlly. The manner of fining this is to divide effectively the
original into a large number of elemental areas and to transmit signals
to indicate the relative light shades of these areas. Such shades are then
reproduced more or less accurately at the receiver,
an; recorded in the same sequence, thus
building up i he record similar to the
bunding of a brick wall.
Hie accuracy of reproduction depends

"pon the number of these elemental
•was in the picture. It makes no dif-
'•reticc as to the size of the finished rec-
ord; the resolving power is entirely a
"intler of the number of elemental areas

"act. u ily transmitted. It takes just
•many tiny areas to represent a face

:i postage stamp as il dues to

lr?Jr
ao'" :i !al '° Wl'" m linger areas on a

«Mt. enlargement.

,mi
°
( |

tr," 1> '"' 1 set|uenti;dly and to rec-

h ,

'

[

're; is with necessary fidelity

"Vnel^ J'.'Khly accurate mechanisms,

eirci.:«

r""' l/ ' n
'S
moarls

i
communication

»htVr"
H

'
:ll "l>liiier circuits, and scanning

Jj/^pnrdiiig devices. Such means have

S3 a?1/ snorts U>r many vcars
of intensive dovolop- Iiu. 1.—Alcs:tti[.lcT Bain's origi-

nal picture apparatus.

I

tndli,"
'" '"'

1 1'« ''lose similarity of reqiiircineii Ls and equipment for both
',' ruilio facsimile transmission*, it has seemed best to treat the

2 VI 1 '
1 ';;esiinile in all its phases,

r] |,|^

.

lstorical. In 1842 Alexander Bain proposed a facsimile system

''"riv-ir"
'" ;'" " M5 pertinent functions included in the most modern

Irw>
- Figure I, n copy of his original system, shows these clearly.

L'eiv

'*CA C

*eeivB1?
ll

i'
,l!i !lp tioit was afforded by the pendulums at transmitter and

>
hno advance by moving the message plates upward a short
omtnuniaatione, If"!'

747
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distance at the end of each swing of the pendulum, and elemental
scanning by the contact of the metal brushes. Caselli product
improved system in I860, Korn another in 1902, Helm in 1920.

American Telephone and Telegraph Company opened a public servio,

the United States in 1925, and the Madia Corporation of America intra

rated public service with London in 1926. An excellent bibliograf

covering this growth is given by ). L. Callahan."
3. Transmission. The functions necessary to transmit a. fatal

record are as follows:

Pctfh ofscanning spot

Light spot focussed
on subject matter

mounted on drum

''Pickup
lens

* f CD

Condenser
fens

lamp

Objective tens

Aperture-- ->

Phototube

Or>ort

Fio. 2.—Depicting necessary elements for scanning,

1. A scanning system to explore the. elemental areas of the subject

identity their individual light shadings in terms of an electrical current,

2, A modulation circuit to provide this (lurlimtiriK current in si form 11

able for transmission over the communication system available.

3. A mechanism to prnvii

Light spot
Subjectmatte

—Motion of spot

l)'ut, S.—Distorting effect of finite width
of i ll e acn nu i lit; light spot or aperture, (a)

and (ft) spot width = three-fourths width
of narrowest line to be scanned, (c) and
[d) spot width = one-fourth width of

narrowest line to be scanned.

light source and the solid angle subtended by the objective lens a*

surface of the subject.

1 Callahan', J. L.. A Narrative HiblioRraiihy of Radio Facsimile,"Kadio t'nesi

IIC.\ Institutes Technical Press. 1038.

orderly exploration of 1 I

l.y the scanning system.
4. An electrical drive SJT

to ntn the mechanism at

form, predetertnined rate, i

doM tolerances.

4. Scanning. Modern
utls invariably use an clem:
area of intense light,

transmitted through o(
fleeted from 1 liedrigin:i I

sub

and picked up by aphotot
The diaphragm is sometj

planed at point. X-X aftej

pickup lens rather thi |
condenser lens. The el

light of the scanning s}
-•'<•

proportional to the produ<!>

the intrinsic intensity 01
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Ideallv I he elemental area will be of infinitesimal width. This cannot

realized praeticaliv, and therefore all scanners have an effective light

t „f finite witlth. 'This gives rise to a distortion known as the aperture

,,,,,, which modifies the electrical signals so they are not a true

JJpJesciitatinn of the instantaneous changes of the shadings or tonal

[Lines of the subject.
t

.

Z fjg 3 a light spot of a width nearly as great as that of tin- finest

Mrtical liars is shown at a and the resultant electrical response at ft.

Jueb relatively great finite width

of tlic spot produces a trapezoidal

I
form whieh becomes tri-

angular us the spot width becomes

fojt equal to that of the vertical

lines of the subject. On t he other

htod, t narrower spot, such as c,

will produce a wave form (/, which,

altliuiigh si ill trapezoidal, ap-

proaches a true rectangular or
f
'square" wave shape as the spot
width approaches zero.

The narrow spot will permit the

Interpret al ion of more detail of the

-.ibjn-t hut will result in an elec-

trical wave form whieh has perti-

nent and necessary component.
in juencies (harmonics) eonsider-
'•"•>• higher than those produced
B9 the wider spot. In other
wurtls, the aperture distortion has

g action approximately equiva-

f
H to that of a kiw-pasf fi! Icr

^Relative value of
'-{fundamentalcomponents

_L1J_.LJ
• *~Peak value ofwaveshapes

1 n is

in ving :i perfect phase ebaracter-

3 S 7 9 II 13 IS

Harmonic numbers

1<"ig. 4.—Relative value of harmonic
roil lent of signal produced by various

width apertures: (a) for square wuve
shape from aperture of infinitesimal

width; (ft) for trapezoidal wave shape
from aperture two-thirds width of

narrowest line; (c) for triangular
wave shape from aperture width equal

to narrowest line. Also note relative

value of fundamental component for

each

.

Figure 1 shows the manner
Which the amplitude of the

Urmonir com]Hincnts decreases
«t three different apertures. 1 The
prve for the rectangle corresponds

' "ii ripevtun; of infinitesimal
," "! 1 but for the trapezoid cor-

\';l*'"<h ' • an aperture whose width is two-thirds that of the veil mil line

led 3); I hat for ! be t.riaiigk- corresponds to an n.perl lire

i"
--villi h is "c-oVuil to tliut of the vertical line. It will he soon thai

lithe
is equal

' triangle and trapezoid components drop to i negligible value very
• » icreax the value of reel angular components does BOt drop to 2
1)1 until about the twenty-ninth harmonic. The peak amplitude

-'!>"«: shapes were all taken as 1.0,

Usj.
c practical determination of the detail required depends upon the

t~ J°
l,<- made of the record. However, commercial experience to date

""es that, For an ultimate enlargement of the recording by not more
' ll > 1 over the original, a texture of 100 to 120 scanning lines per

ample.

* 1928.

than

"*li i.; One system in extensive operation uses a texture ol

W., " Atleriiiitiliu Current Rectification," John Wiley & Son*. Inc.,
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lines per inch and tins, of course, permits of still greater enlargem*
the recording. If detail is set as equal in both dimensions, a niin
width of vertical lines is indicated as about 0.008 in. It is i), c
necessary merely to produce a sufficiently accurate representation
line of this width on the record. Practically, considerable ii

,.„..'

™v be permitted because the minimum detail the aveniRO mi
differentiate is that area which .siiblcrids an angle at the rye of (")

(

in 0.00070 radian ^approximately 2 minutes). It is found thai » m
*

gular aperture 0,006 in. wide is a practical compromise, which Jk
the pertinent frequency components as much as is permissible
preserving a sufficient detail in the record.

Red-violet

Violet

Violet-blue

Blue

Blue-green

Green

Green-yi

Yellow

Yellow-or

Orange

Orange- reef

Red

Red -violet

A sttn

be

~! hoi itube

vis

fh,

am
i at
fih

<!;v,

,:r

th

\ /

\/

oitohais. However, the intcreleef rode capacitance of the tube

<
(
nous when shunted across such high value, even though these

- are of the order of 1 to 2.5«if. The effect is that, of a low-past

S^to limit the higher frequency components and thus limit the possible

nning *p>'rd ot facsimile equipment.

"Y^p i!f lower phototube load resistance !- 3 to 1 megohm—to permit

f iifiiciently high frequency response for higher speed operation makes it

|t to amplify the weak output. The simplest way would bo to use

L
|, reaisl ance-coupled amplifiers. However, the variations in voltages,

piuiMsinii, and contact, potential are of the same order of magnitude (is I he

,..[ agnal and in such amplifiers arc superposed on the signal. One

rLamp

> TV uu ou iuu
Response to white, per cent

Pig. 5.—-Showing spectra] characteristic of standard caesium oxi^Htmamm phototubes. Curve of Wcstou cell with visual filter si. '

comparison is very close to the si iiuulus of various colors on the normal^
Another phase of scanning is the spectral distribution of the

reflected from the surface of the subject, as referred to the distri
1

of the phototube sensitivity. Figure 5 shows curves of such distribl
It will be seen that the curve for the rubidium tube fairly closely g
that of the eye, viz., it is about equally panchromatic. Use of this
tube will give a black and white recording in which the various colol
well as the tonal values, arc given a weighting clnsclv approximating
assigned by the eye and results in a more effective reproduction, i

though the original was in color, This is of importance for flic*
service because the system should he capable of handling any tysl
subject matter that may be submitted. Unfortunately, the scnsH
of rubidium is low, and this type tube can be used only where, there I
excess of light available to the phototube. Therefore the caesium
laced phototube is the type more generally used.
The scanning system usually includes the phototube and its in

ately associated amplifiers. The light intensity available at the
tube is very low—on the order of 0.001 to 0.005 lumen- and the
output of this tube is likewise low. It can be increased by incr
the load resistance, and this has sometimes been made as high as

Modukfsd
output

Modulated
output

ilh'i'' V'
1 v l"eal scanner amplifier circuits: (above) a-c amplifier for use

»ul I
'''"ipper in (lie optical system; (hclow) modulator amplifier for use

** output of phototube. "
.

^"tion fur
i r,i s difficulty is to modulate the light beam at an a.f. and
Sonal a-c amplification. The modulation can be applied

i,

,'„;>' <>• I lie lamp in the case of a gaseous light source, such as neon,
'i "'' mercury vapor, or it may be accomplished by cutting the beam

Hu,|„'!
ce™»'>H:<il chopper, such as a string galvanometer, vibrating reed,

,
i oi^k. etc

4tor - 7 s:i
' iu

' 0n is to apply the phototube output to a sensitive modu-

"""tli'ilto' i

;ls a balanced Dridge circuit, etc., and to amplify the resulting
'•

•

,'' 1 '«>ne. Figure (above) shows a typical i

I,
:l -'d Fig. (below: that of I he second type.

/'''M lone. Figure 6 (above) shows a typical arrangement of the

cit'l
" 'below

i that of (lie second type,

•the'
r
.
f,f these types it is essential that the audio tone which acts

'tat tli,!"T"
r for 1,10 facsimile modulation be of a high enough frequency

"
'"otiefi

rtest signal to be sent {e.g., a line 0.008 in. wide) be composed
° lone cycles to form a sufficiently accurate envelope.
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5. Modulation. The signals produced by the scanner may he «
mitted over different typos of communication systems, and thcrel

numerous ways in which the signals may he applied as mudulatioj

these systems. Those of present commercial importance will be outlj

briefly.

1. For Radio Circuit*;

a. "CFVD" type of time modulation.

b. Subearriei' f.m.

c. Amplitude modulation on u-h-f circuits.

2. Fur LamUinea:
a. Double skin-band a. in,

h. Sin gin side-band a.m.
3. Far Oceanic Cablet:

a. Direct-current transmission.

For radio circuits the CFVD (constant frequency variable dot) a;

has been extensively used since 1931 on long-distance short-wave <

and at centers such us New York, San Francisco, Buenos Aires, [.<

Confrotiedby
frequency
shndard

Subject

Csnfrolled_y^—| Doffed fines indicate component
frequency standard parfs offhc CFVD conveHer

Fig. 7—Block diagram of CI'VD system for radiotclcgraphic transio^

of half tones.

Berlin, Melbourne, etc. The system comprises synthesizing thai

values of the subjccl bv means of dotssenl at a constant frequency (J

100 evelos) hut of varying length. These are transmitted tolcgrHpB

bv means of full 100 per rent keying of the r-r carrier and are rei

directlv as dots. The recorded copy then has very much the appc*

of a screened half-tone picture in a newspaper. To obtain the scf

is necessary to choose the screen frequency such that

li. - n
N 2

where f, = screen frequency in cycles per second

N — number of complete lines scanned per second

ii = any odd integer.

Such limitation of the screen frequency may be avoided by P^m
a cam and contacts at the scunner to reverse the phase of the screen »j
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,l„. modulator at the end of each line scanned. However, it is also

•

"choose the frequency such that the number of dots per inch of

'I 11£ -line equals one-half the number o! scanning lines per inch;

pHpnulicularly to the direction of sermr.itig. Figure 7 is a

..,.,...!„ J Lite functioning of this scheme, and log. 8 is the funda-

'„('.,] ,V igrum of the OFVD converter.
W * iVtions for improvement over this system have been elicited by

i
diking in the recordings caused by fading and multipath variations

1

";.!,,, 'long-distance radio circuits. One llwuRht udvanred is to

,
, he murk and space intervals on different radio .

requeneics, using

Ki n of each new signal to trigger off I he. recorder. Another thought

I

'

.; r . ii.il verv short pulses [<A to 2 in.lhsec.) for the start of each

,;,,rk interval and to utilize interspersed locally generated pulses at the

recording office to start the spacing intervals.

Triangularshaped
"screen'frequency

Modulated tone

from scanner
Carrier tone

input

Fi,j. K.—Schematic diagram of transmitting converter for CFVD.

Recently some of the long-distance commercial.

circuits have adopted

*"W,„ , (r,qut ticy modulation' in lieu of the CFVD sysiem. I he input

f""n the scanner is rectified and applied to a push-pull mode, which in

l«m acts as a variable resistance in series with balanced trimmer co.)-

*««ers c iccted across the tank circuit of an i-f ^"f^- ^
»»nat a resistance of the triode varies the effectiveness

;

of the trimmer

"•denser on the natural period of the lank circuit, and thus provides

r

:
n>- in ueeordance with the light variations of the scanned subject matter

Another i-f oscillator of fixed frequency is beat against the first one and

difference frequencv taken to the output as m the '""v^.t.onal

2Wm,uencv oscillator/ The result is an audio output which is re-

^"•y-na.duiaied over a relatively large perceu age of the audio mid-

-v. ThiK output is applied to a radio telephonic transmitter as

„'!'•• >J»mcipte of f.m. can, of course, be applied directly
lK,(::

"l "f through the medium of a subcarner, but this requires speual-

R. K
'

»„H I. N. Whitakhb. llmlio KMsimlta by Bubeariwt Frequent

""nation, rca ««., October, 1939, pp. 131-164,



751 THE RADIO ENGINEERING HANDBOOK JO!
FACSIMILE 755

ued equipment at both the radio transmitter and radio receiver M
is not required in the above scheme. Furthermore, it does not ovo
any variations in the audio equipment or on the control lines as d<L
subcamer method. Phase modulation can also be used if the
propagation conditions permit.
For lanillines the standard procedure is to transmit the amrjj

modulated subearner tone, viz., the signal output of the scunner,
sary amplifiers are used to provide the desired level, and imn«
matches to the telephone lines which are used as the transmission cir
Most systems now couple to the lines directlv through standard
coils.

Both double and single side-band transmission is extensively

ruv?
PasPS C!iTt!

'
s takpn »ot ,r> utilize the frequencies below ai

1,000 cycles because of the inherent poor phase characteristic of

inl)lc i» various mechanisms

Mixer

=

|1

Similar oscillators <
Tank trimmer condensers*

triable impedance

Output

['it:.. !)

'Modulated ~ „
tone from scanner
—Schematic diagram of transmitting converter for aubcarrier

method.

lines at the low frequencies. In the case of single side hand it is n.-uaBj
the upper side band that is suppressed*. The frequency of the rani*
tone used varies in different, systems from about 1,800 to 5,000 evek*
The exact value chosen is usually dependent upon the h-f characteflH
of the line or channel to be used. It. is marie as high as is missiblv «*
sistent, therewith.

For Oceanic Cable. A new method for the transmission of picturfl
the transoceanic cables was put into service in 1939. This system 'wM
only practical system which transmits the picture signals ,

i rer
i

1 >, w if ""I
1

any intermediary modulation or carrier. The phototube current '

boat up by d-e amplifiers and applied to the cable in that form.
.
* Mechanisms. In order that the elemental areas be scanned seq^

faaJly, it is necessary that mechanical means be provided to move
scanning | iRht spot relative to the subject matter in such a. manner
Die cut lie urea to lie lrn.nsniit.ted is covered in a pivdel en t

•
I

Many different sequences have been proposed in the past, e.g., seaoj
alternate lines, diagonal and crisscross patterns, etc, However, 1

simple uniform scanning across Hie width of the wihioct, with line-hV---,
advance along the length of the subject is the easiest and the most ron*

The relative motion may be obtained

vim! either the light spot or the subject, or both. The latter is

"'L r ,, usual, in which the light spot is moved along one dimension

ifceBubjecl and the subject itself is moved along its other dimension.

Fimirc U> shows the most popular scheme, in which the subject is

I Moped around a drum which re-

ives rclativelv rapidly in front of

optical and' phototube pickup
lenihlv- This assembly is carried

na track and caused by a lead screw

> move along parallel to the axis of

b» drum ai a relatively slow rate.

I ihi* rate i- so chosen by proper gear

I miostliai it will travel axially exactly

|lhi' width of one scanning line for

Irarh revolution of the drum. In

Imtic designs the optical and pickup ytG ]rj.—Drum type of machine.

Iintem is mounted in a fixed position.
_ ,

I ami the drum is slowly advanced along its axis as well as being

1 revolved rapidly. . . ,

figure 1 1 indicates a different arrangement in which the optical system

liieompriscd of two, three, or four identical lens systems for projecting the

liw\l spot on to the subject matter and for picking up the reflected light

I Three arc mounted concentrically like spokes of a wheel and are revolved

|
rapidly. The subject matter is applied face down to a one-half, one-

Feeding strap -

(message face down
on '/a

cylinder^

Slitin '4cylinder

fbrscanni,

Quarter
cylinder

Drive for
message
feedbelt

Flo

£& or

P»centrii

Phototube

Trajectory of
light spots

4 Optical systems

rotating at '/4 scanning

line rate

11.—CJuartcr-cylinder type of continuous feed machine,

one-fourth section of cylindrical tubing which is mounted
gnc with the optical system. The subject is moved slowly along

' 'Winder |,v a belt or other device. This scheme has the great advan-
I il can handle a.nv sine or thickness of subject matter so long as

, ,
dimension does not exceed the peripheral length of the cylindrical

, Also successive subjects can be fed to the machine without

i|
ril ,

'or stopping the machine or, alternatively, providing removable

,.,'T rather complicated clutch mechanisms to prevent loss of

.''"'Usui. However, it has the severe handicap—yet to be fully

1
1 . nf reouiriug an ultrafinc degree of mechanical precision

.

"
,T "11 the optical systems must be exactly equal in optical efficiency
UL as track perfectly.
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, Paper

Figure 12 illustrates a scheme of reciprocating motion in which a
optical system is swept; across the inner face of a cylindrical section
then swept hack in the reverse direction. Again high precision i s re,jj
so that the alternate sweeps will line up exactly at each point. T
has boon overcome iti some systems for home recording by using:

one direction of sweep, with thej
being idle. This, of course, m (

inefficient and can he consideiSM
for certain limited applicatiS
where simpl ieity and cost areffl
mating factors.

The precision of the mechi
must be of high order in ang
facsimile system, hut the
requirement is practically dep
upon the definition of which tbc

cording system is ca pa 1 >1e . The

tographie method is (he best
this standpoint, and in this cm
instantaneous hunting, as bm
successive lines, of more than
deg. ofdrum rotation is a scriotSH
Likewise, inaccuracies in the.

screw, such as spacing vt^h
between successive lines of 0.00!

are quite noticeable in tin; rpcoi

particularly If the variations
a periodic nature occurring evflB

10 or so lines. Gear ripples, dynamic unbalance of the drum or moil

minute eccentricities, voltage fluctuations, all must, be carefully ftUH
against.

Often earn and contact devices are applied and line
interval on the drum between the trailing and leading edge

hothedwheel D-CMofor
generator

)

Control

frequency
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, ,y» subicct matter may be anywhere at any time. Several designs

J Ic-equipment have been produced for mounting small, compara-
-A : — ~>.™ However, it is most difficult to get

Star/stop

pawl

_ "Motor

Fro. 12.—One typo of
stop recorder used for
reception.

start-
home

up
.111

with

nl'.'

TolZOv.b-C
Fig. 13.—Schematic diagram of "Hammond brake" speed control

motors.

or "phasing line." These arc used for special functions such as send

synchronizing or level-control signal or for reversing polaritv «» *8
CFVD system. They are usually carried on either the drum or
shaft.

Many commercial or military applications require a portable
mitter. Particularly is this true for news picture work where tbc

'

"
'"iTiicht unite in currying cases.

ys
\ „i„ the same precision as in equipment permanently installed.

1 '
'

wlflc rical-drive Systems. The mechanism may be variously dn ven

^ rolled d-c motors, 60-cvelc svnchronoiis motors, low-speed phome
h
l

''',
.,.,( ' 1-itclv bv the Al'nico tvpe of toothed wheel which operates

£ sorne 75 r.p.m, from GO cycles, 120 volts a.e or they may be
1 '

'

:,
(]

"
operate at a speed such as 100 r.p.m. from a. drive frequency of

,.|es These may be driven from ordinary vacuum-tube powerK Some use one large motor to drive both the transmitting

l ,m .,n uid a local monitor recorder, and others use two small motors,

«Vfor the drum and the other for the lead screw. One scheme of con-

trolling a d-c motor which has been used for years is the Hammond brake

Tunedh
output

frequency

B
1 11 14—Schematic diagram of controlled thyratron inverter for driving

synchronous motors.

{fame, shown in Fig. 13, and a scheme for driving a standard traction al-

1 • epower synchronous motor is a push-pull thyratron inverter circuit,

Won us shown in Fig. 14.

RECEPTION
f« purposes of reception there must, be the following:

1. A recording system which will translate the signals into visual markings.

f A sensitive surface to receive such markings.
•j. A mechanism to provide an orderly relative motion of the record surface.

\ Necessary filters, amplifiers, rectifiors, etc.

J>i Synchronizing means to maintain the mechanism in instantaneous phase
nn 'he transmitter.

8. pw , . ~ ^ . __ jne svstPm niost used records photo-

e advantages of giving the best detail and

„ readilv provides a negative from which

iuch as newspaper reproduction, can best lie accom-

u to emplov a thin base him that can be easily handled

sensitive emulsion should be chosen for linearity of

. It shoukt develop rapidly,

, he developed, fixed, and dried

™ picture can be used as soon after reception as possible.

h,j '"'-orders take many forms. Glow tubes of neon, argon, helium, or a
tUtc of gases are formed so the glow takes place m a crater, thus

„J*',
pk°tographic Recorders.

SSh ,eall
-
v on film. 11 h»s th

"irt
'" 'ler, nition and also

l*»hed
pr
V^!SS",g

'
su

°i
ii I

H 18 usual *<

Kirtrt
ni! 'l. The sensiuvir emuiaiuii o>M«»

Wiij .

resP°nse rather than extreme con: raal

..

','." ,
'

iMl hlras have been made which can

u„ J' so the picture can be used as soon i
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confining the glow and giving essentially a point source of light ofl
intrinsic brilliance. In this tube the light intensity follows dinfl

the modulation of the signal.

Other schemes use a local light source of fixed amplitude, w.ich
i

filament, or art; lamps of various types. The light is then passed Ihw
a modulating device before it strikes the film. _ Otteincthod soimP
used in Europe is the Kerr cell coupled with Nicol prisms to polarij|

light.

Light funnel

1h

gnefk

poles

Aperture
Ughtspot
on drum

throughpokpieoes --4

£ens ^Signal
carrying ribbon

FiO. 15.—Schematic of optical system using thelhtht valve.

,- Limiting
aperfure-A

/Recording
•spot

/fimageofC)/

-S~Y-Penumbra
N( mask-B

Mirror y
_^

galvanometer,^^

image ofA
withpenumbra\
shadowsuperposed

Fine slit of
recording
Aperfure-C

Fig. 16.—Elements of optical system with mirror galvanometer and ™
penumbra mask.

Another scheme is the light valve depicted in Fig. 15, in which »<

ducting ribbon is suspended in a strong magnetic field. Signal
~

through it caliscs the ribbon to move at right angles to the field,

ribbon is placet! in the path of the light, and its movement acta,'

shutter to widen Or narrow the slit of light passed through,
ribbon is mounted parallel to the axis of the drum, this rcsulls in

able-density" recording. If mounted perpendicular to tlx; axis, it i

in "variable-width" recording. Both methods are similar to the
in recording .sound on film in the motion-picture field. For fit

the former is by far the better.

_
A fourth scheme utilizes a D'Arsonval galvanometer or some in"

tioti. In this case a small mirror is mounted on the signal-carryit
or coil set in I lie niagiii't.ic. field. The signal causes an angular move
of the mirror and so changes the orientation of the reflected light
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T j. { —Typical Dimensions ok Hw-m.-i.s-k-. koh Facsimile
lM

' But)adcast Reception

System A System 11 System C

i
Typn of scanning .

.
.

iSinmi'K a" c3 Per

i 1 ..BEth of aoan-

4. BcsniiNiK axes Ppr

1
gj i

rliriM,i^i::B

(. Tom rier Ire-

Reciprocating

GO

ion
Transmission of o
separate subcarrier

2,000 cycles

Rotating tlnini

7r>

8H &
125

Connection to com-
mon power system

3,000 cycles

ftcciproe.it >»K

100

6 in.

100
Connection to com-
mon power system

3,21X1 cycles

fixed aperture. This is diagramed in Fig. Ifi, which also shows a linear

penumbra which permits of variable-density recording without critical

idittstinents of the galvanometer or signal level.

8 "nij-ct" Recording. Various schemes have, been worked out for

methods of "direct" recording in which the record appears almost

iastantaikoiisly and need not be developed and fixed as with a photo-

xniiiltic (ilm. . , .

Hot nir l.as been used to discolor a piesonuiluscd paper, or to evaporate

at[ue coating to permit the color of live paper basse to show through.

I''..-!, ii «>:-, n was keved or triggered by the signal. An alcohol ink has

been vapnrinod and blown on a glossy paper on the drum. It was keyed

by a shutter on a signal relay. This lias been used considerably for

"""
i "Hug 0FVD transmissions.

Loud speaker
unfit actuating,
recording bar.

Carbon paper
takeup reel

, Recorded
message

.While
paper

• 17.-

Spiral ifire on
drum underneath
papers Carbon paper

ha,

J? 1* Rroup f commercial equipment now uses a stylus of small contact

Tl"
1

' ocarins (jn a coated drv paper. The signal eurreut tiasses through

,r Paper from the stvlus to' the drum, and the heat generated vaporizes

innH-r
011 '

1 ^, permitting the black paper base to show through. A
^totion which mav be developed in the future is the use oi a spark

at a stylus or point. Heat, ultraviolet radiation, or direct

,
" •• arli.m mwhl accomplish the art mil rerun hug.

, .

«c
thcr important field of direct recording is that of electrochemical
" Certain groups of molybdenum and other salts will change color

Elements of bar-and-spiral type recorder with carbon recording.
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when current passes, as will also the organic azo dyes. The prooeffl
sensitive and very rapid, but difficulty is experienced in obtainiJB
stable reaction that will hold its color for a matter of years. SatisfanM
recordings are being made at a speed in excess of 1,500 ft. persB
linear spot, travel. The definition at present is much less than 3
plmlngruphir nvtmlinp Inn. is simple for certain services) ;-.iu 1 1 u* IMW||

J

handling and home recording.
Much work has also been done to utilize carbon recording, hi U4

process ordinary cheap carbon paper is laid with its face against p3
white paper and the combination advanced slowly between a rapuilj

rotating drum carrying a raised spiral of wire and an axinily (wrs'lli I in

The bar is driven by loud-speaker-type magnets to vary the projH
between it and t he spiral, in accordance with the signal. The mecha9
is indicated in Fig, 17. This method is best adapted to black and w"
recording but can be used to record linearly half-tone pictures in

amplifiers are carefully compensated for the non-linear pressure-densitj

characteristic of the carbon paper.
10. Recording Sheets. Some slight use is made of photogrdl

recording of a positive directly on paper for delivery, but the majority 4
the work is negative recording on film stock which is itself delive:

from which a delivery print is made. The emulsion is chosen to in

nearly as possible the spectral distribution of the recording lamp,
[his requirement il is also desirable thai the emulsion have a good
region, that the gamma be fairly high to require a lesser intensity

of the recording spot, and that it be relatively color blind, if possil

permit working in the darkroom under safelights. For black and
recording, as with the CFV1J system, a highly contrasty anil setiaiti'

film is desired and a commercial process him is used. For linear record

ing a less contrasty and more sensitive film is best, and special emulsion*

have been made available which lie approximately between an ortto"

chromatic and a panchromatic as regards color response.
The paper used for carbon recording is a cheap grade that meWW

has a fine enough grain not. to cause undue loss of the definition inlir'rr"'

in the method. The paper for opaque coatings is a jet black of imI
coarse grain and of only nominal mechanical strength; whereas tjfl

for impregnating baths must, have proper absorption properties, as WflW
mechanical strength. This is because most of these systems use W
paper in a damp condition or else pass it through a liquid bath just

to recording. In either event it mast be tough enough to withstand^
feeding and rolling stresses while wet.

11. Recording Mechanisms. The recording system utilizes

nisms of the same general type as for transmission, some of which
already been indicated, e.g., in Figs. 10, 12, and 17. In this case,

ever, the mechanisms must he held to even closer tolerances than j j
transmit tors in order that deviations be not apparent in the 'JjJM
Because of its greater inherent definition the photographic
requires I he most precise mechanisms. Specific tolerances are italic1

in Table II. ^
In particular, the lead screw must be very accurate in order

J^jj
irregul ii rd liei ... • adjaci nt lines '

>t result 'in light or dark gtrwfl
the recording. Also the drum or equivalent must travel smoothly^^
without hunt within the stroke or from stroke to stroke. This '

complete lack of gear ripple and a drive motor which has a uD>

tana

OA.
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instantaneous rate of rotation. These may usuallv bo minimis
reducing the mass and inertia of the drum system or hv use of fl

coupling and flywheel action to filter out these quick-speed varia
Many receiving machines are fitted with cams for the purpose of

quasi- or full-automatic synchronizing or phasing. This is parti
necessary in home recorders or in a large net .vork receiving a r

simultaneously in several offices. Most of these utilize the in

between the end of one. scanning line and the beginning of the
such a phasing signal. One variation is in the start-stop tvpe of i

rating machine, in which the travel of I he stylus is arrested al the
each complete stroke cycle and is then released for the next e
receipt of the phasing signal.
Many appliances have been developed, such as sheet fold

cutters, recordings on both sides of the record sheet, automatic
loaders and discharge schemes, automatic hold circuits to permit
if needed, ete. Some, notably in the international field, are c
with gear shifts to permit meeting various conditions and stan
other countries.

Machines have often been designed so they mav readily be
either transmitters or recorders. Others have'boen designed for m
service in conjunction with transmitters.

12. Receiving Circuits. Most of the facsimile systems, either
line or radio, record the signals in essentially the same general for

3 Diversify
receivers

Via. IS.—Block diagram of receiving system for subcarricr f-m mcthflL

thev are received. For these the received signal is amplified, u-
and applied to the recorder either directly or through some typtj
vacuum-lube kover. Invariably the frequencv band is limited to
just necessary to pass the pertinent signal components. This is inf
accomplished by the use of filter networks; the process is carried
more or less high degree in the variously designed systems. Its pi"

is primarily to increase the effective signal noise ratio, but on lon|
lines or extensive networks it also eliminates those lower frequency .

components whose phase would be sufficiently distorted to have »J
terious effect on the recorded copy.
Some few systems use special 'circuits at the recorder. One sti.

the carbon recorder method when used for half tones. In order thW
recorded densities of the copy have a satisfactorily linear rclntio*
the densities of the original subject, it is necessarv'that the umpjl
characteristic of the amplifier be predistorted in a curve eonjugaf
that of the recorder characteristic. Of course, this can, and is, oftetq
at the transmitting end instead of at the receiver.
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i wcond svstcm which requires special "signal shaping" is the method

to tnui-inissinii by submarine cable. This is more fully treated in

Ar
\ third such system is the suhcarrier f-m method. The heart of this

lies in the special treatment accorded the signal at the recording

Kritioii in »'>'•* si«" ;l1 is amplified to a usable value, say zero

Lw'l rid then applied to a very rigid amplitude liiniter (e.g., one which

tu.ivViio change in output level for a variation of the input on the order

«T71) db> The output is then applied to a frequency-discriminatine

nptwork <.</., cutoff slope of a low-pass filter). This reinserts at-

.mnlinide variation which is proportional only to the variation of he

weney of t he received audio subcarrier. Thereafter the signal is handled

as an ordinary a.m.

SYNCHRONIZING
In order that the recording be properly built up to appear to be the

equivalent of the original, it is necessary that the elemental areas be

leconied in i he same geometric relai ion with the others as are the clemen-

fil ureas Manned at the transmitter. This demands that the transmit-

ting mul recording mechanisms operate in practically perfect synchronism

and phase (or frame) with each other. It is now customary to drive the

mechanisms bv synchronous motors or by accurately speed-controlled

i<- motors. The inherent accuracy of the frequency at transmitter and

receiver is usuallv depended upon for equal driving speeds. The phasing

isamitiq.lidicd bv manually or automatically causing the recorder to

"tart a M anning 'line simultaneously with the start, of a scanning line

"i the transmitter. This is clone either at the start of a subject or

periodically throughout the recept ion.

13. Drive Motors. For home recordings ordinary 60-cycle syn-

chronous motors are often used. These arc satisfactory if the transmitter

and recorder are connected to the same power network or to networks

Ihitt are inlcreouucctcd or synchronized with each other. However, this

: ' considerable limitation', and the trend appears to be to transmit a

«>ntml frequency to the recording station and to use that to control or

"five the motor.'
, . ,

Hie sthenics for driving or controlling the speed of the motors on the

!*c»r<leis are identical to those used on the transmitters, as mentioned
111 Art. 7. All of them require a source of standard frequency for con-

!«illiiin i!„, driving circuits. The great majority of present systems use

"wpcndeni timing forks at the transmitter and recorders, or else they

*«ncct directly to a-e power lines which are interlocked as to frequency.

However, several designs have in the past—and there are signs of revival
*" 'he id,.a -actually transmitted a control tone derived from the fre-

Hfr Btandard at the sending station.
,

.
«. Speed Controls. All commercial systems obtain their speed con-

l '\ fri" 1 ' tuning-fork oscillators. The frequency may ho between 1)0

W>i«0 cycles
w^'.'ic take elaborate precautions to enclose the forks in heated and
,•?-»>-• Matt*) chambers, with the temperature variations held to 0.01 U
i,.,,

SK The drive circuits are carefully engineered to minimize or elimi-

2*?. variations in the drive due to supply voltage, tube emission, load, or

^Er5 variations. Recently it has been realized that changes in almos-
'"ic prcssvlrc navc a considerable effect on the frequency stability of forks.
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Other systems utilize a fork which is compensated for temperttifltherefore does not require careful temperature control. Such forflmade of a bimetallic layer structure in which the two metals have onH
rtXnt 'f?

c^ ffi"er
;
ls

- % Proportioning the ( v. I

, prop, t?°Sresultant for the fork can be made to within 0.05 p p m „' &2centigrade. However, its frequency is susceptible to variations iMand atmospheric pressure.
16. Phasing Methods. In start-stop systems the recording JM

is chosen so the scanning-line cycle is traversed faster than at the tn3mitter, and the motion is arrested at the end of each cvelc The ^mitter then sends a release or start signal at the commencement fZnew seanmng-hne cycle, which releases the drive at the recorder Ththe recorder is m step with the transmitter at the commencement of tjj

T" °f
h? ?>'stems • phasing signal is sent at. the start of carl, tranJsion schedule, and this cooperates with a cam on the recorder I o slew dmor speed up the drive until the two machines arc accurately phtttfThis circuit is then disabled, and the relative equality of the fork Iquencies at the two stations is depended upon to retain the phasing |still others a special signal is sent which releases a clutch a! the reconfcand thus starts It in phase with the transmitter. This is cssci.l iallv U>W LPJ°CCt |!

re
fi

15 Ufl in thc ^^lop system except ||,al i. isdwbut once rather than at the start of each line.

PROPAGATION

hJ™ ^TT*—

?

n medium to be utilized has a great hearing<Mdesign of the facsimile system. There are essentially three mediums
at present, viz,, m

1. Radio.
2. Submarine cable.
3. landline telephone circuits.

Each has its special problems of propagation

m ;=Z Circuits. The radio circuit is affoelc] bv mullipulh Iran'
miss ons resulting in both genera] and seiective fading, in fading aMby thc ionosphere variations of short-time, diurnal, seasonal, andMphenomena It is also affected by the .signal /..owe r;l ,io that «"! I"

realised with the equipment available, as well ns bv urn rlVn-inr trot

natural and man-made sources.
Amplitude modulation of the r-f carrier cannot be received in aMeiently stable manner for use in facsimile transmission, and until reoMthe only practical system was to utilize a complete telegraphic on-aSkeying of the r-t carrier The intelligence is conveyed as a "time moM

IZrl ,\
at

*£
e a,1,

I,htudtt of the signal could be rigi.llv limited at*
receiver thus eliminating such variations caused by biding floweven with this limiting, serious distortion occurred in the form °f

ai rval over the various multipaths from the ionosphere. Although

llUnlT»n*^tStoHion
- * » »ot of the same type £S&^<>

C?n
M-

b° C01
?
1™ted b -v P»»*<> «pmli«U. as kirn* n £that purpose. In this method of keying there is no way of minim**
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• nr interference other than narrowing the audio band by means of

T' as much as is possible, consistent with maintaining a sufficiently

*Vwflve -shnpo of thc signals for recording purposes.
1

TheiU of f m. greatlv minimizes these difficulties. So long as the

'"Id signal amplitude is greater than the peak noise, the noise has

fifkminor effect. If the signal is two or more times the peak noise, the

Si he iefil of the "noise-improvement threshold" is realized and essen-

ZnTm noise appears in the recording. The same is true of mterferuig

ShI= Further, the onlv effect of the multipath phenomena occurs

ai ho edges of sudden changes in the picture tona value, and this appears

S,™lv as a raggedness in the recording of such edges—no effect of multi-

„,h is to be seen in areas of constant or slowly changing tonal values.

Some work has been done with facsimile transmissions at high speed—

540 r n in. and better-on u-h-f radio circuits. Here the difficulties

with fading and multipath signal variations are not of importance, and

available band width is ample. In this case the propagation is affected

onlv bv the constancy of the received signal and by the audio pha.se and

amplitude characteristics of the radio and terminal office equipment

17 Submarine Cable. The attenuation characteristics of even the

loaded submarine telegraph cables precludes the useful
.

transmission of

frequencies much higher than 100 cycles. For facsimile transmissions

the d-c v ariations in the phototube are d-c amplified and applied dircctlj

to Hie cable rather than as a modulation on a subcarncr as is done in

other systems. Therefore the signals are subject to earth currents pro-

faced i.v magnetic variations and are greatly affected by magnetic

•tonus. 'Correction must be applied to offset the 'zero wander
;
this

: in hn done successfully for slow variations hut becomes more difficult

I he rate of these variations approaches the pertinent frequencies

of the facsimile signals, as may happen. Earth currents of 9 or 10 volts

Wring at a rate of 10 cycles, or currents of 50 volts varying at a much
•tower Vale can be compensated. The transatlantic cable is comprised

°f two sections each of which has an attenuation droop of M to 90 db

M the higher frequencies. These sections must be individually equalized

°y "Bignal-shaping" networks. It is also essential carefully to correct a

considerable phase distortion existing on the cables. Operations are

*5fectcii successfully when the total noise and earth currents are o per cent
"r to* »! ilii' signal swing from black to white.

,.
U. Wire -line Telephone Circuits. Extensive networks utilizing wire

*»" are in operation in the United States and throughout Europe, as

'V
11 as in other parts of the world. These all use existing. telephone

" ds and systems and rely on transmitting an a-f suhcamer ampli-

Wto modulated bv thc picture' signals. Both double and single side-band

methods are used" In the latter the upper side band is suppressed, the

I;""
1',* sel near 'the top of the telephone channel, (say 2,400 cycles) and

5*. tower side band, extending down to approximately 1,200 or 1,000

y9es « to transmitted.
. , . . . . . . ,•

u
F?r circuits of any considerable length it is important to equalize
"

' " s
i 'until lor amplitude and for phase distortions.

.
It is essentia

K*
1 «u> ever-all phase characteristic for the pertinent frequency band

I
' ^arly linear. Relatively small deviations will delay certain tre-

Z'"** with respect to others and may produce all sorts of weird eflccts

^ th
? recording.
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The over-nil gain must also be held within extremely close limits,
variation of 0.1 clh can be perceived by the eye and variations 2
than 1 db cannot be tolerated in high-class commercial service.
Some systems are equipped with networks comprised of special <r

which have been carefully equalized and adjusted ami are usee
for facsimile work. These may be extended by using ordinary tel-
lines to interconnect them with other locations, usually on an' erne
basis, for a sudden news event. Other systems ut ilizc ordinary tele
toll facilities and take their chances on I he quality and stability !

circuit. Some connect their equipment directly "to the lines thr
repeat coils, and others connect by inductance coils coupled to the i

box and coil of the ordinary telephone subscriber's station. M
these networks are set up primarily for the handling of news picture*
are therefore designed for the utmost of flexibility so as to meet
emergency of news occurrences.

TAPE-FACSIMILE SYSTEM
Tape equipment is designed solely for message communication

opposed to picture or news matter. It produces a record on a ns
tape, much as do the better known telegraph primers. The mc
recording use 1 to date is that of a rapidly rotating spiral and a,

bar moved by a loud-speaker magnet, in accordance with the
This is exactly smiila. to the action shown in Fig. 17. The

Tape feed roller

Double spiral

Paper tape/

C ^jrlovdspeaker

Fiu. 19.—Elements of facsimile tape rocorder with double spiral.

has been done cither with a carbon paper tape, also similar to Fig. 1*
by applying ink to the surface of the spiral through the medium of

»

roller saturated with the ink. The scanning lines are crosswise of
tape and are made at a rate of about 00 per second. The tape is at
advanced lengthwise so the texture of the lines arc about 60 to 11)0

inch.

Two distinct methods of transmission have been developed. I"
United States much work has been done to develop a phototube sc
along the general principles outlined in Art. 4. This method ett<

transmits a facsimile copy of written or printed messages placed on o
at the scanner. It is being developed for mobile services, such as

,

and aircraft.

The second method utilizes a special instrument which comp
large number of cams, one for each character (figure, letter, or pu
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virk > to be sent. The cut of the cam is such that a contact operated

"""!,; will send out telegraphic type mark and space signals, which

in rcn>rded as above described, will form the shape of the desired

Exeter Two designs of this instrument have been developed. In

ili,- iie-::ge is perforated in paper tape as though it were to be sent

standard printing telegraph circuit. The permutations of the

in this tape consecutively select and release the proper cams, as

Koe is fed through the instrument. In the other type a typewriter

iWl oird i< manually operated and the striking of a type key will release

5unr.'„.cr cam. This tvpe of scanning is used extensively in huropc, and

the Tinted States rights have been acquired by one of the large com-

uiies in 'his country.
.

The synchronizing problem is just as pertinent as in the other systems

hut is possibly slightiv easier. This is because the scanning line is so

«hort ami be rate so high that the discontinuity between the end of one

line and the commencement of the next readily provides a frequency

component that may be used for automatic framing and synchronizing.

OPERATING STANDARDS

To date the only effective attempt toward standardization in the

facsimile field has been in the adoption of International Standards under

the aegis of the C.C.l.T. and the O.C.I. II. The former, in its Opinion

HI, as amended at Warsaw in 1936, established PUee for drum size, line

Idviinci'. speed of operation, frequencies for syn. hroinzing and carrier,

M'tliiie up nt" circuits on the international telephi.no circuits, tariffs,

refunds and rebates, etc. The C.C.I. H. is endeavoring to modify or

applv these rules to the needs of the. radiophoto service.

.
Atypical proposal to the C.C.I. H. which covers the technical spccitica-

hnns, is cited herewith to indicate the trend:

1. Drum diameter—88.00 mm (3.404 in.).

2. Drum circumference '270.40 mm 00.88 in.).

•1. Ciripping (framing) loss- 15.111) linn (0.5!) in.).

4. 1'liasing loss—5.00 mm (0.106 in.).

6. Maximum skew or hunt -0.08°.

»• Drum length- 310.00 mm (12.2 in.).
,

7 - Picture size, maximum— 250 X 290 mm (0.8 X 11.4 in.).

?• Drum speed—20, 00 r.p.m. _ _ ,« I. advance—4. 5 per mm (101.6. 127 L.P.I.)

J
- Index of reoperation 352, 440.

II. S|,e,.,l s , „bility—0.001 per cent.
«. Screen frequencies -100, 150. 200 cycles.

I?.- Rtnndnrd frequency 300 cycles, nr multiples
•T>e International Index of Cooperation is defined by the formula

.U m £ - OF.

*'"M"

e _ diameter of the drum
V " pace of the scanning lino or helix
* = fineness of scanning expressed in the number of lines per unit

If ,, length of the drum axis. , .

*.,,*'> 'midlines have different dimensions but the same index, the picture
' l between them will lw enlarged or reduced hut will not be distorted in its

"Portions,



768 THE RADIO ENGINEERING HANDBOOK

APPLICATIONS OF FACSIMILE
Radio Circuits:
Short Wave—at relatively low speeds of 20 to 60 r.p.m. for lonft-distgi

transmission.
U.H.F.—at hifih speeds of 240 to 600 r.p.m. for point to point work.
Medium Wave—at medium speeds 75 to 120 r.p.m. for I;road oris ting

homes.
Marine Service—broadcast of weather maps, etc., to ships at 20 r.p.m
Wireline :

Point to Point.—for news di.saeini nn lion or public service, 5)0 to 120 r.tj.m.
for message pickup and delivery (customers' machines or "lettor-bmi
machines) at ISO r.p.m.; for message ser\ ice „:, trunk lino* at LSI) r.p.m.
Submarine Cable at 20 r.p.m.
Photoengraving—used for preparation of printing plates, either black ami

white or four-color separation plates for color printing.
Military—for both Army and Navy use in handling maps and document*
Tape Facsimile or "Hellschreiber"—used extensively throughout

tinenta) Kurope for news dissemination to agencies, by radio on 60 to lad kc->
also proposed for aircraft and police-car use.
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SECTION 21

RADIO BROADCASTING

By Carl, G. Dietsch, B, Sc. 1

1. Principal Elements of a Broadcasting System. All the equip-

ment of a broadcasting system extending from the microphone to the

radiating antenna of the "radio transmitting station will be considered

as part of the system. A general circuit layout of typical facilities of

liir kind used in the larger broadcasting centers for supplying a net-

work of stations with program service is represented by the simplified

diagram. Fig. 1. Equipment of a single studio is represented; that of

other studios of the usual group would be similar and would be at the

point marked on the program bus. Inasmuch as many programs, such
>• the broadcasting of special event*, originate at remote points, in

.ilium e; ureal distance from 1 In tl ndto. I he layout of the facilities

•»r i emote pickups, sometimes termed "nemo" programs, has been
ticludcil to illustrate the use of telephone lines as well as point-to-point

niiUu-1f It-phone coinrmiiiUail ion to complete tin- circuits necessary.

A list, of the essential elements of the system is as follows:

1,. Microphones:
«. Studio.
b. Remote pickups.

2. Apparatus for controlling and conveying microphone output:
u. Studio control booth:

(1) Preliminary amplifier.

(2) Microphone mixers.
(3) Studio amplifier.

(4) Volume control or faders.

(5) Volume indicator.

(6) Monitoring speaker,
o. Remote pickups:

(1) Preliminary amplifier.

(2) Volume controls or faders.

(3) Volume indicator.
(4) Monitoring equipment.

3 , (5) Radio telephone or wire-lino faeilities for intercommunication,
' Miwier control-room apparatus:
? volume controls.

Studio amplifiers.
* ltelajr3 [lri(3 switching apparatus.

Network channel amplifiers,
7 ;"hinio indicator.

4. V .Monitoring facilities.

T^Phone-line faeilities to local radio transmitting stations and to chs-

i

Ka
ant '"adio transmitters connected to networkB.^*neerinE Department, National Broadcasting Company.

70!)
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5. Radio transmitter:
a. Line amplifier or limiting amplifier.
b. Volume controls.
c. Volume indicator.
d. Rudio transmitter.
e. Monitoring equipment :

(£> Monitoring rectifier and speaker.

).,?
Moaullltlon-PCrce(itaKe indicator.

M) Carrier-frequency monitor.
/, Antenna,

miH,.d
U
f!

!0 "frTenCy
,

Range
" Perfeet ^Production of a sound |™M

.
"«« % elcctroacou^o system requires that vSrJM

: lll
j
e frequencies <>l the sound in , heir rcbliv(, ,

'

Under these conditions of reproduction, the listener would boTS
acousl.c.U y from bis oud-speakor to a point near the^ t 1 Sou

*
A eoiTelated acoustic chart of (he frequency range of various ,, usualSSSl^i^ °re,,e

l
tral W^Kl 'the different vo^.

g

constitute the vocal range is shown in Fig. 2. The shaded keys 'ire ntnuiehidod n a standard piano keyboard. The extreme organ ran
' S

f ranges necessary' to produce pe*naturalness of speech and orchestral music are shown j, Tig 3 T *

tonef Tt, „
90 ""'^'"'r 1' 1 additional to the fuiutaaS

,rf nit,.,.

1™ °
U1

'ves
!
eoured 88 « ««">U of listening tests by a group

SnhZd ^flT !Ti*S,HU
Ei

,ttad throu*h an electroacouetlc svsleieqW£ped with electrical filters by means of which frequencies above9below any desired cutoff could be suppressed. Extensive3made dtlruig recent years indicates tlmt for perfect reproduction rf

XXnM "
a t fre

l

tluen°y raifi«' between 30 to 15X100 cycled
(itsiraplc in order that (he average ear may appreciate fullv all (he flfr
quencies produced by the sound sources * 1
rrf

8h
°,
Wn

.'
n

.

Fig
- * arf! a" inflica<'0" of the relative qualiti*of reproduced orchestral music the frequency range of which was limit*

tLltW i ,

11 * ?PP™<' 1
'»>"

1 tbt^se curve, tl>al, where*
""!SI " s

-
v

.

s,cn
3 "«s « toHcd frequency ranSe, such as that xrtMarats „i broadcasting technique, an acceptable reproduction of «W cvHes™

sccured witWn a hand width of between 30 »

The enamsering and economic limitations ni the frequency range u*4

ELSE^?* r m "*tric(ioiiS of the wo of the upper audi.. fre-
quencies (hie argcly to a limited band width - t the modulation spectrin*
contained between the presently assigned carrier frequencies of 10*

An overlapping of the modulation frequencies of a <• wanted" *iatio»
ov those ot an 'unwanted" station of lO.OiJO-evcle separation restrict*

below'ir. '

V^'"'"™*/? a broadcast l.s.ener usually consider*!*below that which is passed by the broadcast mg system itself The

«n£L ,11

Pm^a,"S available from broadcasting facilities whichan over-all uniform frequency response from the microphone to

tt. 195.
Minimum *«<iuci«>y Hc|»m,lion, five, I.R.E., February, 1
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[See. I

ACOUSTIC CHART
WIND INSTRUMENTS

\ PICCOLO

.LARINET

BASS TUBA

|
PERCUSSION INSTRUMENTS

STK'.NS. INSTRUMENTS
'

VIOLIN

EE CL

1
-J

"-
ibid

— — — — — —— H(JirJ(Sln rO ^-IJlniliifl^^

Fte. 2.- -Correlated acoustic chart showing tho scientific or philosopb^B
scale generally used by physicists, the international equally tempered«
iwisijd on A = 4,i,

r
> complete vibrations per second. This scale ivas foiW* 1

!
led by musicians. Thn current nri-hoafm «i. i. u...,«rl 0*

iMM.ii vu ii = t,i,> complete vibrations per second. This scale was foul""
:

used by musicians. Tho, current orchestra or sympbonv scale based
°"

A - 440 complete vibrations per second is at present jzenerallv used w
musicians. '

i
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FREQUENCY IN CVCLES PER SECOND

. m 3fl 50 100 JW 500 1000 .

SCM 100O0 16000

1610 30
OC0O 16000

100 200 500 I0OO

FREQUENCY IN CYCLES PER SECOND

fia, 3, -Frequency range required for the reproduction of musical instru-

ments, voice, and noise without noticeable distortion.

Table I,—Peak Power or Musical Instruments
(Fortissimo Playing) d ^

Instrument lo""
3

Heavy orchestra
JarRc bass drum
' ipe organ i%
snare drum i«
Cymbals
Trombone »« g

ft* M
"ass saxophone g'S
5»» tub. s*f*g**™i • 2«3H
fjeeolo
Find O.0B

tS^";::::::::::::::::::::::. :::::::::::::::::::::::: SSI



20 200 500 1000 fflOO

Cut -Off Frequency, cycles per sec
5000 io,aooloi

Note Cycles pf
seco:iri

33 .-4S8

Ct 1(5.744
15,000

i n nri/i1U f ulHJ

j, win

Ci 8,372
Cj -1 . ISIl

Gi 3,130
E. 2,637.2

3,000

C, 2,0!I3
2,(100
1.50O

A 4 880
soo
050,3

A, 1 1!)

6» 201.0
200

Ci 130.8 I

10O

Ei 82.4 1

C,
B,

BS.4
01.7

Ci 32.7 1 1

30

A 27, n 1

o 24,5 1

]ft

Re k:i

% in.

8 ft

llnyond limit of audibility fur averago pcrsonT

Coirsidercd ideal upper limit for perfeel i riiiismissiwlspeech and music.
Considered a» upper limit for liigh-qiiality transmiJ
of speech and music.

Couriered ,w satisfactory upper limit for hieh-quafl
ruriMiuMion of speech and music,
jdhest note on fifteenth stop.

ItiRhe.st n<Jto of pianoforte.

Approximate resonant frequency- of ear cavity
"ii.-ider«i :.h mtixfaetory upper limit for (ransrnj^B
oi speech for ordinary communication.

Maximum sensitivity of human ear
-Mean speech frequency from articulation standpoint*

Etopresentotive frequency of telephone currents.

Orchestral tuning (sec note below).

Considered as satisfactory lower limit for Rood-qu.
transmission of speech.

Considered as satisfactory lower limit of hiEh-auaHSW tinsmi ssion of speech ami music,

Lowest note of cello.

Lowest note of average church organ.
l.oii«tdered idea! lower limit (nr perfect transmission"
speech and music.
Lowest note of pianoforte.

Lowest andill If sound. 1 ,o u Kffljt pipe of largest olM
Notes of the Gamut" r n r Z 7T ~~nA ihratuu, frequencies proportic.nui ,„;

;

1

, i' A *. <
,
A ,B

InS'^Mn successive note, t>J l" 1«( ,b i*cX^^rX^^L ^second

°

A ^
Eta, 5.—Frequencies to be transmitted on n high-quality system.
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m -

i; i
within 2 «lb from 30 to 9,000 cycles and above cannot therefore

fl! .uuirn-uitetl by the average listctii'f because tit" limitations in the

b.-oadenstiug-receiver frequency response and restrictions in

it sound bniadcasl itig band width which can be received free

„«) talk and ''monkey chatter,"

Table 1 (page 773) gives the peak power of various

A violin playing very softly

pierage

the
prese;

nun cross talk and

3. Volume Range,

musical instruments playing triple forte.

his tin iuitp-.it of about 4 mw, whereas that of a full orchestra has a

peak value of 70 watts. The intensity range of the sound sources in

[liis casr is about -13 d:>. Owing to limitations in broadcasting circuits,

^Hbund noise, and the modulation capabilities of the transitu 1 tcr,

this volume range must be in most cases compressed within the limits

which etui be handled by I he wire lines and their associated equipment, as

well as l lie transmitter where serious amplitude distortion results if

modulation peaks, except those of extremely short time duration, exceed

i hi'
- k:l:tUon capabilities of the transmitter.

STANDARD REFERENCE LEVELS
1 VU and Decibels. The electrical signal intensity or level of an

audio signal passing through each particular circuit of the broadcasting

rottcni. including the studio equipment, wire-line facilities, and the

Use with curve A and fl

lOmilliwatt

lomvtits

!0
2

0:31

Use with curve C and D

I0'7. volts

iMwa'rs"

—Relation between decibels and wntta or per cent volts.

1 milliwatt across liOO oliins.

Zero level =

Kiting station,
Eminent must be

must at all times be carefully adjusted. The
. ,ie such that the transmitted program signals will

*itj?
m "'thin the limits which every part of the system can transmit

n0|n objectionable distortion due to overloading or from interference
by noise, such as the interference produced by cross talk, indtlc-

'Oil

fire'
|-
rt '

t:t 'fier ripple, etc., inherent in equipment as well as. associated

% A convenient and consistently accurate method of measuring
an'plitude of the signals is required, as well as u reference level com-



\

776 THE RADIO ENGINEERING HANDBOOK

mon to the mi tiro system. From this reference level, termed i)„.

reference point or zero VU, is based the amplitude of the progratni^B
throughout the system. It also serves as a reference level from yfiM
the amplitude of interference or noise may be measured.

For broadcasting technique together with the interconnecting wj,
hues between studios and broadcasting stations there has been ogj^
lished a standard energy reference level of 1 mw. For the standaw li^

impedance or pure resistance of GOO ohms at the terminals of n ^
of apparatus in the system the zero reference level in VU would eorres^B

to -\/QJb r-m-s volts of 1,000-cycle sine-wave electrical energy as mJ
tired by a standard a-c voltmeter across the terminals.

Since program signals have wave shapes that are very complex aat
because peaks of these complex waves are liable to cause overload™
there was developed and standardized a new standard volume inq^H
for the purpose of measuring program levels at all parts of a hroadca^H
system so that the correct signal level can be maintained without O^H
tionablo overloading. This instrument (see Volume Indicator!) i
calibrated to read VU on a logarithmic scale. It has electrical <-liurad»

istics approximately equivalent to those of an r-m-s instrument. F«
signals having sinusoidal wave shape, the VTJ readings on this siMiilani

instrument should follow the decibel-voltage curve shown in fig. I

However, since the instrument is designed and used for measurems^M
complex program waves, the VlT level of a particular program wave is*

indieated by this standard volume indicator because of ils particular

characteristics. The term VU is therefore associated with the n .uli -

of this meter whereas the term decibel follows steady-state conditio*

and mathematical laws.
Simultaneous with the establishment of the new reference level ofj

mw the db level of 12.5 mw was abandoned and the value for sl.undan

apparatus and telephone-lino termination impedances for broadens tin*

was changed from the previous value of 500 ohms to the present standaw
600 ohms.

AUDIO FACILITIES

6, Microphone Requirements. By means of the mierophtw'
acoustic energy of sound waves produced for broadcasting purpMjH
converted into those of electric energy, the wave shape of one confornuSI

to that of the other. The principal requirements of a microphone
will produce high-quality conversion are as follows: a relatively
sensitivity with respect to its inherent noise level, a uniform

**J*
response over the frequency range desired, a substantially niiifoj*

frequency response over the angles included by its directivity charac^i
istic, and mechanical and electrical ruggedness.

With some reservation, one may say that all forms of annus r»e1<**E
transducers require the introduction o"f an obstacle into the path <"

•Jjsound waves. To be effective, the active element of a microphone?™
either partake of, or otherwise influence, the motion of the air

'"'

1 Chink H. A., D, K. Gannett, and E. M. Morbis, A New Standard Volum"^
cator and Reference Level, Proc. I.R.E., January. 1040.
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lenient which responds to vibration from the sound waves must
1 „

(
Uatc some of the energy exciting it. An instrument of high sensi-

Tj, ..'.„., I eliitaencv must, therefore, absorb a. considerable proportion

r V tut-
sound energy reaching it and convert it into electric energy,

faithful reproduction, therefore, is dependent upon the physical size

id shape of a microphone. These features enter into the distortion of

a'

1

! (Viic sound field, as well as the characteristics of the elements used to

mnvcrt the sound into electric energy with a minimum of wave distortion.
"

hnsmuch as the quality of reproduction of speech and music is depend-

ent upon the acoustic properties of the room 1 containing the sound

sources and the placement of the microphone with respect to them,

^Klctory results while using even the best instruments require a

knowledge of the technique of microphone placement.

10' Q° 10'

'•».. 7.—Directional characteristics of RCA velocity microphone.

.
B - The Velocity Microphone. This instrument gets its name from

.movement of a metallic ribbon under the motion of air particles

*>PUiging upon it, thus setting up by electromagnetic induction an e.m.f.

Sj-spondmg to the amplitude variations of an incident sound wave.

ri

, ' "<* commercial form of the RCA type 44BX1 consists of a thin metallic

fitk
Sll*pended between the poles of powerful permanent magnets

'•n the rihbon length perpendicular to, and its width m the plane of, the

JJ^ctic lines of foTce. It is moved from its position of equihbrium by

I

' difference of pressure between its two sides. This pressure difference

•on j
611 the ^ront and ^ack of t,,c riuDon is ttle 6ttme 88 that Produced in a

lno field between two points in space separated by this distance.

i'v.r"j s;os, O. B., and it. M. Morris, Design and Construction of Broadcast Studios.

'6lb
/i " 19 . January. 1931.

" 3
< 5a, 1931.

a
}our

y
Soc. Mot. Pict. Snort., IS, 89S, 1931; Jew. Acoustical Soe.
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I Set.

The "pressure difference between
proportion:! 1 to frequency.

the Front and back of the ribbon '

Since (be acoustic impedance of tin- xvstn!
is also proportional to frequency and the velocity in a mechanical s»21
is the ratio of the pressure to the acoustic impedance, the velocity of
ribbon is independent of frequency.
With a ribbon constructed lo have a natural period below the atidjfl

range, the frequency response is free from severe irregularities promin«i
in some pressure-operated types because ol cavity and diaphragm to?
nanco and from pressure-doubling effects produced at the higher frs
quencies. The ribbon is made light enough so that its moi .'

conform with the motion of air particles even at very high frnqucm-j,
with 11 result that the response of the velocity microphone is uniform oypi
a wide range of frequencies.
The velocity-typo microphone is markedly directional. With a pfl

progressive wave the response in front and back of the hvun nt vara
with the cosine of the angle between the direction of the sound w;iveu4
the normal to '!:.• ribbon. Since these directional properties are fH
ticallv independent of frequency, they become useful in discrimi
against unilesired sounds and for obtaining a desired relation betw
sounds from different sources and from reverberant sound in a

2-

4

H

Z

4

1?

Frequency, cy; let per sec

-Vclocity-m

i

crophone charac tcri s ti cs.

Its response 1 to reverberant or reflected sound is one-third that lU
non-directive system, with the result that it can be used at a distance
a sound source of 1.7 times the distance of a non-directive tvpe and ««
give the same results with respect to iindesircd reverberant soundtVJ

Because of the directional properties of the instrument, its sensitft
is at ft maximum in directions in front and back perpendicular IK
plane of the ribbon. With an input sound pressure of 1 dvne per -'!' :

'

centimeter the unit will normally deliver open circuit across the 28f
'

tap ut output level of -74 db compared to a zero level of I volt*
7. Moving -coil or Dynamic Microphone. This type of inslmn

(such as the Western Electric 630A) utilises a. light' movable coil •

tained in a magnetic field to produce an cm, f, which conforms with'
sound waves impinging upon the dome-shaped diaphragm.

The assembly is composed of a coil of line aluminum ribbon eds
wound and attached rigidly to a duralumin diaphragm of low mcch»<
stiffness which supports the coil in a radial magnetic field of a pertna"
magnet made from high-grade magnet steel. The diaphragm lias I

'

dome-shaped center and a tangentially corrugated annulus. Ii hits *'}

area /stiffness ratio. The diaphragm is cemented to a raised annuli '

.

outer pole piece. The outer at id ;

i pule pieces arc of soft iron in' 1

J

welded directly to the magnet. The diaphragm is damped by an aOt|
resistance which is supported below the coil by a brass ring, which in f

is held in place by rubber gaskets.

'Ol,wiN, It. !'., Jour,
Amer., 3, 51). 1331,

Mat. Pint, Eii am.. 16, 896, 1331; Jour. Acouti
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when the diaphragm vibrates in response to the sound waves impinging

j ts surface, the coil vibrates in a like manner and cuts the magnetic

-80 1—

r

i . iij 1 :—]—J i j J l l

Odeabel-lvottperbarfopen circuit, volhge
across outputimpedance of20ohms)

Angle ofincidence
h degrees.

500 1000 5000 10,000 20,000

Frequency, cycles per second

IV-
.

!1.—Field calibration of dynamic microphone showing effect of angle of

incidence of the sound wave.

iw* of force. The e.m.f, generated in the coil is substantially proportional
lathe, sound vibrations which cause the diaphragm movement.
The spherical shape of the microphone housing and its sisa arc such that the

raising fits closely over the diaphragm and thus produces very Uttlo more
wiffraetive effecr. than the diaphragm
itwlf. To prevent resonance within

spherical cas.) an acoustic resist-
*«* haflle is provided to divide the
"pace in two parts. A tube with its
""let at i he back of the housing

Pressure ribbon

h

U
? double purpose of equalize
the inside, and atmospheric pres-

sures
"i the

. p res-
HU of i no re using iho response

-.7 instrument at low frequencies.

JriK-'T
" lI «f»photm was designed to

u, i'i''';.^

'''liiorni frequency response

a k/
''u-ections IIU ,\ j,. lfl been termed

Hi?"
"'directional microphone.' For^ reason the small spherical shape

'"Wii't-
''
U'

fi 85 wetl ns ,he "K't,lod of

lot,,
a'l

i

* tnt; dinphrngm in a hori-

PmV j!i
!,l:ll>c- A protective grid is

In,] X™ over the diaphragm to eon-
hw -

resonance of the cavity in

<•
v,;.'

: *he diaphragm. This grid
lke [r

l,se| nl in the improvement of

*>»nt

''' !I
"'"'V response of the inatru-

«,0on frequencies from 8,01)0 to
i.v "yclea.

.. wave

Magnet

Flo, 10.— Unidirectionalribbon micro
pi ione clcnicnls.

response calibration curves of this type of instrument indicate that
tijluency charactoriatics are influenced to some extent at the higher

*S*B4Ll, R, N„ nnd V. P. ItoxAxow, Bell Si/stcm Tech. Jour., July, 193G, p. 405,
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frequencies by the angle of incidence from which the sound waves approach
the diaphragm. Since (lie diaphragm is mounted horizontal, the inslnuqB
is entirely non-directional with respect to the- vertical axis.

In spite of the small physical size necessary to provide the non-direct in^j
characteristics, the sensitivity is about —88 db where (I db equivalent tol
volt per bar' (open-circuit} voltage across the microphone output inipedanJ
of approximately 'i0 ohms.
The non-directional characteristics of this microphone make k useful ai|

pickup for large orchestras and choruses where in most cases the sound hi rivn
at the microphone from all directions. Unless the microphone respi

uniform in all directions, there is a form of distortion due to diserimiu^M
against certain frequencies with directivity.

8. The Unidirectional Ribbon Microphone. In curtain forms of studk
technique it is desirable to eliminate the pickup of unwanted sound in ihe

rear of the microphone, such as audience noise, room echo, etc. HcretiM

Fiti, IIGA 77B unidirectional microphone characteristics.

unidirectional microphone is very useful. The unidirectional instriuiiM>

utilizes a light corrugated ribbon suspended in a magnetic field in flOjtfl

what the same mntitier as the bidirectional velocity microphone, <jflH
that the ribbuu is divided into two individual sections one of wluc"

pressure operated and the other velocity operated.

The field response of the pressure-operated section is very nearly unif

i all directions and may be expressed as K = Et>, whereas the response olloose

s d.

> equ

greatest sensitivity of the bidirectional or velocity section,jhe combinuCM™

velocity section is bidirectional and is equivalent to E - Et> cos 9-

...ibinedP«5|

^(1 f
r

the sensitivity of the non-directional pressure section is made to equal

field response characteristic of the two is equivalent to IC = nju;-
In three-dimensional space this is very nearly equivalent to a card! old ol PfjB
lution. The point of maximum sensitivity is directly to the front 01

instrument, while directly to the rear of it the sensitivity approaches S«
1 A bar is 1 dyne per square centimeter.
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. „niform frequency response in all directions for the pressure-operated

reaction is approached by allowing the operating face to be freely

hie to the atmosphere while (lie other side is terminated in an acoustic

f^-ii 'e very nearly equivalent to that of a very long pipe. Since a long

i« too cumbersome for practical purposes, a short pipe of correct cross

P
'Vmi provided in coiled form, and loaded throughout, its length with

^orbing material, such as tufts of felt, exhibits a suitable acoustic resistance

*r i frequency range covering all but the lowest frequencies.

The operating properties of the velocity-actuated ribbon section are quite

He same as were described previously for the bidirectional velocity micro-

Suae. The ribbon is driven from its

Muilibrium position by a difference of

measure between the two sides; the pres-

sure difference being duo to Ihe difference

in phase hctween the two sides. The
ritjration of the ribbon caused by the

hootid waves impinging upon it causes an

induced c.m.f . to be generated In the rib-

bon. The directional characteristics of

the ribbon section are practically inde-

ptBdent of frequency.
The RCA 77-B unidirectional micro-

phone has an open-circuit output level of

sovirtwimiitely —SI db based on 1-volt

rcro reference level for a sound pressure
'if I liar at 250 ohms out imt impedance.
The Western Electric 688-A A cardioid

i! tioriaS microphone' utilizes a ribbon
•toroent of special design in combination
"ill! „ (.propact pressure type nun-direc-
tional element to secure a. field response
•ring a directional characteristic similar
to a cardioid.
The pressure element is of the dynamic

fpe having a dome-shaped diaphragm
"id constructed in some respects similar
to the Western Klectric (i:«)A microphone
PWviously described. Commercial in-
•truments of this general type have
•witches which enable the directional

1

'""'iwtcriatics to be changed at will.

Fio. 12,—Simplified cross-sec-

tional view of die i-ardiod direc-

tional microphone.

.*• Crystal Microphone. This microphone utilizes I lie piezoelectric

!

' "omenon produced in plates cut from piezoactive crystals. Thin

«lemi
• cut from Roehelle-Hii.lt crystals are used almost entirely for the

TmeiHs of ervstal microphones,
••'•trie materials, such as t

mmthr-

In comparison to other crystalline

quartz, Rochelle salt exhibits greater

Jg^Uyity for this purpose and it responds quite readily to mechanical

Crystal
if.., microphones may be classified under two individual groups: (1)

EJ" utilizing multiple sound cells in free space and (U) those utilizing

'liai'k
1111 "ystal elements each excited mechanically by an associated

J>nragm Iq the firat of tJl(,3e typps utilizing the Bnish Development Com-
t,\„l wsmbly, termed the sound cell, the elements are plates having dimen-

"Uini,
1>y ^ by 0.30 in. cut from Hochelle-salt crystals along axes in such a

tract-
r their inherent characteristics tend to cause elongation or con-

t

ll°n when they arc subject to an electric field provided by foil electrodes.

•kwwuui,, R, N., A Cflrdioid Microphone, Bdl Lab. R<sc, July 193a.
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I Sec i

Bee^e of the small physical dimension, of the X tea th

e

mechanical rosonanco of the system is rnther M^h with tLIrequency response is quite uniform ™T wide frequency L£S*models are quite uniformly sensitive up to 15.0IW eyeleV'
J ""^

is quite hiX'
i

Tn̂ rJ"biCh is -=aPaoitativc) of these instn,™

The diaphragm typo of crystal microphone, such mSmbSm.utilises a hermetically sealed Hmorph^rystal ™rtd aTthr
within the microphone
Projecting to tlie center of ^.
cially treated fiber diaphragm
small drive pin, This engagef
i''rr nniing corner of llio bimi
c J rial. Inasmuch as the himi
crystal is highly sensitive in

—»wv~ verting fluctuating incchaip.
13 -—Amplifier for use with crystal grosses,- such as those cause*—

microphone, bending, into corresponding elf

Wive' 'I,:';"",':
!'"-;f»"-«)»crato<l mirropj,,,,.,*, thiH instnir ,1. is «•»

'

r h?-. f

"owover, the smnliness of (he instrument assists in sccuriaF

,
. ",

h
-

,,J 1,1 OKI rumen I is essentitttlj non-diwl
The o i

'

n ,
*al>>' r«*m a,lfl Parallel with the coiling.

d,.,,,
1 »...*•..:..:«. ... I tie crystal clet ,t is asnmrc&nMv "50.0'

ins I Ins ucrnu s long rabies to ho employed when Z l or>

St^-tF"^oSte^^-
. h e in o,;'^ '''Th

!l<ijustme'" Of frequencyHcspunso cha, a.ter.^
on a ze o efoen 'e level rtlVTV™1 °f »PP««in,:.tciy - -IS db to**

u.h that they are Bible to damage such as a change of frequency charact*

Sec
Si /j/O BROADCASTING

airs!" 11' output if the instrument is subjected to temperatures in

j^F. in UiJT. particularly for periods of several hours.

7s;t

excess of

10, Condenser Microphones. The condtmscr mi:v.>pho:i:> miliar* ilie

inciplc of mechanical variation of thickness of the air dielectric of a

Jfcgfgrd electrostatic capacity as a medium to change acoustic energy

fieri real energy of corresponding wave shapes. One form of this

,
icruph'iii'' consists essentially of tin electric oondenaW formed by a thin,

jhtly stretched duralumin diaphragm spaced approximately 0.002 in.

itf ii'isiilalcd from a fiat brass disk called the back plate.

\ .diarizing potential difference is applied between the condenser elec-

odfti uniied by the diaphragm and the back plate. The varying pressure

apoa the very thin diaphragm hy the sound waves causes the electrostatic

capacity m* the condenser to vary by an amount in the order of 0.U1 per cent
((its in) i inal value of 200 jn^if.

The niii'i'ophono has an aluminum alloy diaphragm 0,001 in. in thickness.

The edges arc clamped between threaded rings, the requisite stiffness being
obtaitud l.y advancing the stretching ring until the desired resonant fre-

quency, usually about 5,000 cps, is obtained. The space between tlio

diaphragm and the back plate is hermetically sealed to prevent dust anil
.a mi .' I om entering and resulting in noise. The thin rubber auxiliary

displir.'igin, together with a small air-vent hole in the center of the hack
liate, is provided as an equalising system for changes in atmospheric pressure.
On account of its inherent high-impedance characteristics, it is usual to
""' an amplifier in the microphone housing to reduce to a minimum

•»;• )eiij!i h of the lead and the corresponding shunting capacity between
"'I'll' a Eid associated amplifier grid. Sometimes a compact amplifier

|i paired on the floor alongside the microphone, the two being connected with
M-tapuci

i y cable. A d-c polarizing voltage in excess of 180 volts has been
"'I - Hit* should never exceed 500 volts.

j
"vulopments upon the early Wanto1 models by using duralumin as a

' i'.r steel as diapliriiTin material brought the sensitivity of modern
Wllnieiiis to about ten times that of early models.

this is of a pressure-operated type, there arc inherent irregularities in

•I-.,'',

;

"i

!
'v -"'*''i'K from acoustic ami mechanical phenomenon.

diaphragm is subject to certain resonance frequencies as well as tin

The .
','H '

iip lend to disturb the stnoothness of (he response characteristic
jj* " 1"' waves striking and being reflected from the Mat surface of the

ftllQf* r.rnoon ,-fi ilniiklini, nuiia^iiilliF nl t, i Ml f •"UlCilciOS.
irect ivc whereas at

.cable. This direc-
^^Iuk ., i.-micufy („ discriminate against h-f noise and reverberation, and.

tu^iu-i V
'

1

' oiiditi'ins where the studio dues not accentuate the low fre-

Im-J*- has an advantage since (lie human ear responds more easily to

'
I

'
i

!
_

noise of higher frequencies than to lower ticipieacies.

•'"wii.""''
''

: ' v ' , >' °f ft» condenser niiet'ophone rm the basis of an input sound

jPJjfugiii rause pressure doubling especially at high froqt
' "' cycles this instrument is practically nou-di

" al ,„.,. -.lion cycles the directivity is very nut if

iL-N 1 1.

•tap,,, ''' ' bar is approxitn

Th,,
'he i>reampli5cr.

' i\t,.vL
eslorn I-leetric 0-tOA

f I bar is approximately —00 db below 1 volt as measured at the

ii r.icciric o-iii.v miniature condenser microphone unit 1-" contains

?0<
>'it('!!'

i ' KI:l 11 ' '"t'-t-j of an inch in dianieter. The condenser unit is
' >n one end of a tapered shell housing, of dimensions approximately

TheSSSht of
<
'|

1-"10'*r anil 7 'on R, which also contains the preamplifier

I
'ft* r»u uiiciophoiie and preamplifier unit is l'{ lb.,

-"Pi KfJ'UVItV 1*>IU |/. V il .11 I O |l 11. I UIIIV 111 J- , \

...
. ..

level of the complete instrument is —61 db below zero level of
.

"'' bar open circuit at the preamplifier output impedance of .50 ohms.

i^'S,.. .

Pkj/t. ffrr., 13, 49S, [921,
C„ and P. II. I'LAN-DBits. An Ellirient Miniature Condenser ilicro-

**»«»"r-
J
r
CfI ^astern Ttch. Jnnr., July', 1932, |>. 4,">1.

1 v
• h., J our. 3f>c. Mot. Pict. Eimrn., September, ioao, p. 278.
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Puhlishcd fiald-reeponae curves indicate a rather uniform frequency-r«4

characteristic from 40 to 10,000 cycles with some dropping off ol the !„

frequencies ns (lie angle i* increased from an axis line normal to the diapf

11, Carbon Microphones, Those devices use the variation reei*

of carbon granules to produce electric waves from sound waves,

;al example of a "double-button" carbon microphone is shown

L

The diaphragm of this microphone is made from durnlumti
typie;

mk 14.

0.0017 in. in thickness and is

Stretching of the diaphragm
clamped "securely around its outer dip

to give the desired resonant fr()()UPO

microphone.

-40

c
-45

i
-r,c

| _S5

i - SO

!

]

0db=/ forf fe/MB circuit)'perbar-
--

II 'I
50 100 io.oco

Fio

1pM
Frequency Cycles per Second

15.—Response of air-damped duralumin diaphragm.

usually about 5,700 cycles, is done in two steps by means of two stl

ing rings. To ensure uniformly low contact resistance, the port*

the diaphragm which are in contact with the granular carbon arc c

with a thin film of gold deposited by cathode sputtering.
r,'

lie

granules will pass through a screen having 60 meshes per inch but

retained on a screen having SO meshes per inch. Each button co**--

about 0.06 cc of carbon corresponding to about 3.000 granules.

The use of an air-damped stretched duralumin diaphragm has r*^
in uniform response over a wide range of frequencies.

The operation of n carbon microphone may be affected by cohering^
times culled caking) of the granules. Severe cohering causes a 1'*"^

duction in resistance and sensitivity which persists for an ejctendfl^^J

unless the instrument is tapped so as to agitate mechanically the S
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of the common causes of cohering is breaking the circuit when current
"u'owii-K llivmigh the microphone

iplc filler consisting of two 0.02

[
corielcn^ers and three coupled

Jj[|9|
[incli having a self-inductance

henry, will effectively

,
.

i, H the microphone button

Jitlimit inrroduciug an appreci-

uhlii trim h mission loss; a potenti-

.mfter switch also serves to

pjtvenl caking.

The quality of transmission
obtained with a double-button car-

i .i Microphone compares favor-

tbly with that secured with a

Experience has shown that the use of

-Jack rt>

1

1 measuns current

Cardan\jcir uuif __ _j I

Cc,bteb,V
\

Bat.

studio

Fig. 1(1.— (harbor, iti icrophone connec-
tions.

foiidnnscr microphone; the carbon microphone has the disadvantage, how-
ever, of a high noise level or " microphone hiss." Figure 1 A shows the manner
is which the carbon microphone is connected to ita associated amplifier.' The
rarmit through each button is usually in the neighborhood of 10 to 20 ma.

240* 230
130

23Q°2!0"aWW 370* 160*150* W0* IJO*
140- 150° 160'l7(fISOW X>V2K>'2m' 230*

120*

.MO'

Fig, 17.—Directional characteristic of carbon microphone.

'"
-iU db,

.'tO 11 HA Pll**«-*>ttl frvT* a nnrkriri. tt
I inciri

"sittvity of the carbon microphone is somewhat higher than the other

•tlVfr..
average sensitivity is about —40 db.

. cspoase curves 1 for a carbon microphone show that response at

B*tU ™ "S qUite uniform from 00 to 1
'
000 eyt'os- Above 1,000 cycles

"'fine. Stuaht, High-quality Broadcasting, Proc, I.U.E., 22, 578, May, 1034.
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increases rapidly, becoming about 15 dh higher at 2.500 cycles than at
cles. This increase extends rather uniformly from 2,500 to 6,000 c
L. .1, U „ ....,,-1- .,,1 ,.,v

it

eyelns.

where there is a marked falling off.

12. Parabolic Reflector Microphone. The use of a large cq
reflecting surface mounted behind a microphone has been found to
the instrument pronounced directional characteristics in the re .

of sound waves. The system sets its name from the shape of the rnl
ing surface, a, cross section of which contains a section of a paruH
I)y virtue of the microphone placement at the focus of the paraboH
revolution or hollow paraboloid section, the sound waves BtrikioH
reflecting surface are concentrated upon that microphone diaphr

fatting the inside of the paraboloid resulting in increased_ sensitnra

the instrument in line with the axis inside of the paraboloid,

It Am O 11HOA DCAS TING 787

Fio. 18. -Comparative axial response at 1.000 cps in millivolts per bar.

parabolic reflector; B, inductor microphone.

The use of the reflector, therefore, makes possible the placement <

instrument sufficiently far from the sound source so that it is practi

equidistant from all the instruments or voices, with a resulttl)

problem of securing proper balance^ and volume control is sim.

The directional characteristic makes it possible to swing the miefj

and its reflector as one would a searchlight and in this manner foil

action on the stage of an auditorium or on the field of a sporthiR

There is tin increase in sensitivity along the line of axis of about

due to the use of the parabolic reflector.

Since the reflector increases the sensitivity and makes it possible

the microphone at a greater distance from the source of sound, it is do

that the output of the microphone should fall off rapidly if the souur

nates at a point displaced more than 80 do?, from the axis of the instr

if this characteristic is obtained, reverberation and reflections in the '

or auditorium will have very little effect.

The h-f response may be increased by as much as 15 db over the i

at low frequencies by varying the position of the microphone in the i

However, ill focusing the microphone, care must be taken to select '

uenev range, because at certain points of focus there is a tendency

M1*
i ii ^regularities in the 1-f response due to cancellation between the

[nr
,b." reived and retleeted sound from the paraboloid reflector. In

•

**C
-

}
instances whers the h-f absorption is considerable, the ability to

fUJtu'ite the highs by refocuaiwt proves very helpful.

i nther distinct advantage of the directional microphone is its ability

5l«reimrd to quite an extent the acoustics of the room as it responds almost
W
,;~lv to the sounds upon which it is directly focused. In sonic eases

•'

.'in,, microphone without a reflector has been used with the parabolic

,. hi. that it may he faded in at certain times to make the renru-

'[Irtii'ti smiad more realistic. The parabolic microphone has been usee, to

'

ii'kup sound from a certain section of a large crowd or audience, of a sports
--- — — 1 * - i..J:«i^..ni «t >, time in an audience.

90°

Dt or (o pick up the voice of a single individual at

30° 20° 10° 0° 10° 20° 30"
•to. 19.-—Axial frequency response of parabolic microphone with a focal

length of S in.

18. Microphone Calibration and Testing. The sensitivity of a pa i t teu-
™* microphone is generally expressed as the open-circuit output voltage
r'"'fated lit the microphone terminals for a unit sound pressure against

n clement. The intensity of lb- sound wave* impinging upon
,'" :,,"ivt. element may be evaluated as a pressure or force. This w

expressed in dynes per square centimeter or bars, where one bar
*pund pressure is equivalent to one dyne per square centimeter of the
2,*™ area.

in actual voltage generated by the microphone being very minute
it

!'rv small fraction of 1 volt for a sound pressure of one bar against

"bui l

Pnt >- 1ne sensitivity may lie expressed in minus decibels below a

r
'<fi i

(1 r( l"erence level usually taken as 1 volt. When it is desired to

•ht. n
t,litf V!'hie with the amplifier gain one would have to assume

' m '"*Jphone to be loaded with a matching impedance. This would
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result in dropping the output voltage to one-half of the open I
value or a corresponding 6 db decrease in output.
The sound pressure at a particular point where a standard micron

is set up is generally measured by the Itavteigh disk method
instrument consisting of a light circular mirror suspended by'

J

qiuirU fiber at an angle of 4:5 deg. to the axis of the tube through!
the sound waves pass. The torque produced on the disk mirror Insound held is measured by the deflected beam of light focused urnfor small angles of deflection, the rotation of the disk is pronorti
to the sound intensity in the tube and consequently to the intenaS
the undisturbed field. The actual value of torque' mav be determ
by a torsion head which has a tendency to return the mirror back*
original position.

30
25

20
15

. 10
-a .
tj 5

«
g -5

| -10

" -15

tt -20

-25

-30

-35
-40

4:
w

J-*- 9, t. ESilll

—jj>
i

i

to

FlCt. 20.—Frequency

10 30 4 5t> 9 190 2 J4S6 8;0QOI 1465 810,000

Cycles
response in axis of parabolic rollertor mic roplion

various focal lengths.

\\ here a sound chamber having .suit able acoustic proper! ies to prelfl
reverberation, at the lower frequencies especially, is not available. vv»*
response calibrations are made in open air in a quiet r.tn n-pherc h'r*
a standard microphone calibrated in this manner, other instrujaaBmay be compared to it for characteristics.

In determining the response characteristic of a diaphragm-type ifH
merit such as a condenser microphone, use lias frequently boon md'l
the themiophone method, the thennophone consisting of two ic'"
gold Tod mounted on a plate and fitted into the recess in the front «( "*
microphone, the recess being entirely enclosed and filled with hviln««5
A d.c. upon which is superimposed an a.c. is passed through the' foil *Zcauses Jtactuationst in the temperature of (he foil and the gas imroei:
surrounding it. These fluctuations in temperature erui«e chaiiwf 1

pressure on the microphone diaphragm, and the magnitude of' the P
sure developed on the diaphragm can be computed from the con«M
ol the system, 'i hermophone calibration is often referred in as a l"]x
sure calibration, since it depends entirely upon the actual pressure d^S
oped on the diaphragm and hence does not take into account anv clT>""

'"'
ll

-v °«'',lr microphone is used for actual pickup pur^B
the response obtained by placing the instrument in a. sound field > 1

"

stant pressure is termed a Jidd calibration
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<rhe effect of the diffusion of the sound field and the tendency for most

(uutic materials to be more absorbent at high frequencies appear to

use the microphone actually to respond more closely to the held cali-

bration rather than to the pressure calibration.

previous to the use of any microphone in an actual broadcast or

rehearsal, it. is carefully tested, by speaking into it and having another

,jn eii individual listen to I he quality of the sound reproduced through a

Ijj'j.li-titjehl y amplifying and loud-speaker system. As compared to the

results secured from a standard microphone of known high quality, the

(oniiitioii of the microphone under test can lie determined.

STUDIO TECHNIQUE AND MICROPHONE PLACEMENT
14. Studio Problems. A problem of vital concern to a lint: id easting

astern is that, of providing favorable acoustic conditions within its studio

Oi auditorium facilities in order that the effects of reverberant sound
torn 'he walls of the enclosures may be kept within desirable proportions

in eonipa rison to the sound reaching the microphones directly from the
Kiiirce. Of even greater concern are the problems involving correct

placement of microphones with respect to the sound sources within the
enclosures, to assure faithful reproduction of each voice or musical
instrument, their significant overtones, and a pleasant blending of the
groups uf voices or instruments.

It is, therefore, by virtue of the selection of a microphone which will

faithfully transmit all the actual sounds that occur within its range
as well us i he correct placement of it within a studio or auditorium having
suitable :icoustic characteristics that high-quality programs can be
produced. I'nder optimum conditions of reproduction a broadcast
Mmer would hear the same acoustic naturalness of the program from
Us loud-speaker as he would if he were to be transported to a favorable
spot in the studio or auditorium where the sounds origins ting therein
,,,,

': ;|

J

|

1 afford a sensation most pleasing for hi in to hear.
the major considerations involved in proper studio design such as

"'Und proofing, ventilation, optimum dimensions, and suitable acoustical
•teatmenl of the walls have been given. 1 At present we shall be con-
^fiicd only wit ti the problems of microphone placement, assuming that
•j«mhli -i l • 1 Lea and auditorium conditions exist. Normally, these con-

in. iv ii on Id be as follows: adequate soundproofing thai would
..'."'"J mulesired extraneous noises from entering a given enclosure,

ill!
aneistieal treatment of the walls and floor to provide equal

S?rPl '°" over a wide frequency range and give the enclosure in itself a

Cf 11 frequency characteristic It is of considerable importance that

hieti

fl
' • "" v characteristic of the studio or enclosure be considered for

i,n
"''"'hiy transmission because this characteristic is actually super-

:

'.,

IS|,(
-I- upon that of the microphone under conditions where the rever-

*Uh tk
80Und rcce*vo^ by the microphone is appreciable as compared

IS
uj"'< received directly from the source,
tangle versus Multiple Microphone Usage. During the first years

f'W*! '."'''ug- it was a usual procedure to use more than one micro-
bj

J,;,.); UH a pr0grami especially under conditions where the broad-

fr*.
f>- li.. and R. M. Moinus. Design ami Construction of Broadcast Studios,

ft'^ul {'; »». tmiuirv, 1U31: S.vi.im, L. .1., Ittlt .System Tech. Jour., 10, 108, 1931 i

'Wlfl. "i. M„ sm [ o. II. Nixon, Broadcast Studio Design, RCA fin., October,
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casting group was rather large. This was necessary on .menuoM
rather low microphone sensitivity ami the inherentlv liigh noise leva Jthe cartmn microphones used during that period iveitirina :i idaroiZS
of those instruments sufficiently close to the sound sources to over«2
the inherent background noise of these carbon tvpe«. The coml

i llU|S
of more than one microphone for making a pickup had a disadvantSH
that the outputs from the several microphones used were not in p9
phase relation with respect to the sound sources. This resulted ineS
siderablc distortion when the microphone outputs were combined tn^H
into a common amplifier.

Improvements in microphones to secure higher sensitivity as oobVpared to inherent instrument noise level lias resulted in the use .,•
,

one microphone at a time. The microj.lv, me is located !lt a siiffiejJ
distance jrom the sound sources so (lint iihiit than one .

• .,
:
,|„."

is not necessary to obtain a good acoustic balance from a "roup
practice of using more than one microphone at a time has therrforfi
been discouraged wheiicv.v possible because of the phase dislortkm I
the sound field resulting.

16. Microphone Placement. The carbon microphone, has Imt
practically abandoned for use in broadcasting pickup work. The dfl
tive characteristics of the carbon and condenser tvpes at the higherfl
quoncies make necessary the placement of the broadcasting group«H
an area contained within an angle of 'SO deg. either side of thAiir hi.-.

axis.

The frequency characteristics of any diaphragm tvpo of microphone
dependent upon the relative positions of the microphone, and the soiin
Ofsound, \\ hen the sounds approach at right angles to the plane I til"

microphone diaphragm, a uniform response over the desired range hub!'
be obtained. But, if the sounds approach from anv other poi in i i will h

-

found m general that the response will fall off with frenuenev. TIA
characteristic is illustrated by Fig. 17. which indicates how respond
vanes with the angular displacement of the sound source from the miri*
phone axii. It will be note<l that there is a high loss at the lii|d>4

frequencies .or high angular displacements. Since the majority 4
musical instruments depen 1 for their quality or timbre upon the press*
of overtones, il is obvious that, if I hese' overtones tire d isctiiiuiial™
against, the quality will be changed materially. If, in conaidori^H
loss ia the higher frequencies with angular displaccme-.il ice apply llr

limitation
1 hat thy loss at 5,000 cycles shall not be. in ore than 2 (Ih,

''"

Tig. .17 indicates that, in using a single microphone of the diaphW 1

type, all the musical instruments of a group should bo kept will
angle of 30 deg. either side of the microphone axis.
An individual source of sound such as a speaker, announcer, or niu*fl

instrument should not be placsrl closer to the microphone than. '
1

Greater distances are determined by the volume range of the Kl '"'l
'Z.

instrument and the relative volume" desired with respect to the act "]
panying instruments.
One must consider that in different selections and different an?inC

ments of the same selection the relative importance of the pa^^H
mstr ente maj be changed considerably. Where desired pn"" 111

.

1'^
r

»1 lx to a particular gr.r. p al a . . . i ;
. i i , tjme usiiit: :

microphone, It may be necessary to fade-in another located ia' :
"

group to be emphasized. A number of microphones can in this ^
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, for the particular interval desired, to emphasize the particular

instrument or instrumental group, the soloist, or the announcer.

Si. Mint ml of individual microphone circuits for this arrangement is

donned in the control boot!) bv suitable mixing and switching devices.

Kpngivc rehearsing accompanied bv listening tests at a remote point are

luridly required to secure the desired balance for a particular setup

Serious to an actual broadcast.
*

i., rpueral the volume range of certain instruments adjacent to one

,
, , 1 ,7. i

permits their alliance into natural groups, each instrument of a

jjutip being placed approximately equidistant from the microphone.

On,, nvup may contain violins, violas, and cellos; a second group, the

piano harp, flutes, and clarinets; a third group, the oboes, bassoons, and

French horns: a fourth group, the string bass, tuba., timpani, and traps;

I
|

, i
1 group, the trombones and trumpets. In dance ore liesIras the

(piitnr is usually placed in the first group, the saxophone IB the third

group, and the banjo with Hie fourth group.

There are many factors involved in securing the proper placement of

Toral sound sources or musical in-

itrumcnts before a microphone par-

ticularly before a pressure or
diaphragm type. While certain
rules have been set up, they may
pre only as a guide. Most satis-

factory results arc obtained by a
jDOabined study of the instruments
BB.well as an actual setup of them
'"'fcrc a microphone in a given en-
('Wire. The results of act ual listen-
UK! tests by means of a high-fidelity

JPcakcr and monitoring system pcr-
'omicii by one who has a trained
?»' for music or sound naturalness

a final check upon the proper
Placement.

Drapes on
back wail

Harp

v
t

17
- Typical Studio Arrangement.

'

I ••'al setup of a large symphony _ 01 „ ,

'"'""stm before a condenser. micro- FlG- 2l -

"

Shieldedor
.undirec/idnal

microphone

ptintie
is shown in Fig, 21. 1 The

Setup of 111-picce sym-
phony orchestra.

t
l^ncnts are placed so its to obtain the desired balance for theater or

'"'"iin work and to obtain the proper harmonic balance allowing

J," 1
' microphone directional characteristics on higher frequencies.

" "'i'-rophonc is acoustical I v shielded to prevent, reverberation from
""ditoriutn behind it. Present-day microphones, such as the uni-

! S,0,
.

lal fl"d eardioid tvpes. could be used to advantage without the

•m.,,, 'heir response in the rear is very small. The siring instru-

'"fi-en"
1 " ! 's S( 'tl'P- being the least powerful ones, are concentrated in the

JuJ^und of the group. The wood winds are next in line followed in the

U«. Z?UII<1 >>" the powerful brass and percussion instruments. In

turnip
an£f nient (he string tone of the orchestra is given a favorable

produce a so l"u less to the music which will not be ovcr-

•Ii

11
woiiRtietilly by the heavy brasses and percussion instruments.

It**?'
°' B - Microphone Technique in Radio Bro&doasttni, Jour, Acoustical See,

' lNn
- 1, Jaly, 1881,
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Figure 22 shows various arrangements of instruments and voices
1

the inductor or diaphragm type of microphone). The characteristic
typo permits the placemen) of the musical instruments within an iw >

tained by an angle of 45 deg, on either side of the microphone s,\\.
using tins type of instrument the source of sound, speaker, announi

tat
SmoM 6roup with Voice
of Singer in Prominence

T, T,

(c)

Large Dcmce Orchestra with Singer

_L e 6 £
8 - Bassoon Os - Oboe
C- Clarinet- P - Piano
F-F/ute S - Saxophone
6 -Guitar Sv Soloist t voice)

fy-French Horn T, - Trumpet
M -Microphone J2 - Tympani, Traps

I Hi. 22.—Orchestra arrangements for use with
microphone.

Concert Orchestra

Tj - Trombone
74 - Tuba
V, - First Violin

V2 - Second Violin

Vt - 'Cello

V$ ~ String Bass

a single type 50A .....

musical instrument should not be placed closer than ) ft. from the fnc**
the microphone.
The bidirectional characteristics of the volocitv microphone *j?

advantageous in that the performers can lie distributed on both sidcaj
the instrument in a manner shown in Fig. 23. The uniform rreque«r
response characteristic of the instrument with directivity is an advm that the intensity of some instruments ninv lie decreased wi
discriminating against their higher frequencies, simply by movii,.j;
at a larger angle with respect to the microphone nx-js

"
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\ji orchestra) arrangement involving the use of a velocity microphone
ggested by LaPrade' is shown in

Fin' 2'*-
, • ,

The orchestral group in tins arrange-

ment \v;i?. con ven iei illy located on one face

f the instrument. To prevent reflection

from a wall directly in back of the micro-

phone, the instrument is tilted at an angle

'if
approximately 30 deft, toward the or-

iti. An exceedingly well-balanced

hi. kiip lias been accomplished by this

method.

18. Volume Controls or Faders. Vol-

ume controls or faders used in high-quality

broadcasting circuits should have fre-

quency characteristics which are uniform
between 30 and 15,000 cycles to prevent
thrm from causing frequency distortion.

AU> essential is a very low noise level.

This is normally — 150 db or better. Prop-
i shielding for protection against dust

and dirt is necessary to maintain a low
noise level, as well as to act as a shield
it- K i * ii s I any stray r-f electromagnetic

: ids.

. In Figs. 25to31 are shown various types of attenuating structures used
m broadcasting technique. The type shown in Fig. 25 is frequently used

100% 98% 93% B67. 75%
0° 10° Z0° 30" 40°

98°/,

10

Microphone

String Bass

'Piano

Dance Orchestra

Ft a. 23. —Dance orchestra
microphone arrangement.

MICROPHONF-
Vclocity-microphone setup for large orchestra group.

microphone fader and is commonly known as the LT structure.
Ir* "scd in multiple such as for mixing several microphone outputs.

.•or, National Bjnadewting Co., Tim Technique of Broadcasting
Dallas i|];;i 1 i:n-..| ;ul,h-Ms- Lit Novl.li Central Mimic Mdti caters Cnufcrener, Tndian-

" ,*»»*k, 1988, 8m Free. Music Educnt.orn National Conference, 1035,
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Input

Input

I'm. 2S. Balanced-ladder attemiaior

o W)d\A—-j

—

Vp/fai o

Output r—° o 1

1-

FlO. 20.—Type-T attenuator. Km. ISulanced-II a! tcnuator.
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«in Fig- 26a, sufficient resistance is inserted in one output lead from each
•ttciuKilor to maintain correct circuit matching. The bridgcd-T strue-

J urc ghown in Fig. 26 is used extensively for the same purposes.

The ladder attenuators maintain an impedance that remains prac-

tically constant in both directions through the middle of the attenuation

range. Important features of this type o-

of attenuator are its simplicity of design

iwjuiring fewer contacts and switches.

The minimum attenuation setting of a

ladder pad normally corresponds to its

insertion loss which amounts to approx-

imately 2.5 db. Where an attenuation

range required extending from zero

upward, the H or T structures are

lived

,

of zero.

The T and balaneed-H structures maintain a constant impedance in

iL--t.i

yy
1 o

Fici. 31. Voltage divider.

They are usually constructed with a minimum attenuation set ting

Mil directions when properly terminated.

3000

The balanced-IT and ladder

12 16 20

Loss.db
Fio. 32.—Churt for II and T attenuator design.

^^'ures arc used where the transmission circuits must be, balanced to

Kail"' "'ey are frequently used in broadcasting circuits as master

5unll'
n ' llrn 's - Figure 31 shows a high-impedance voltage divider

"I'll ill
'

tne wrm °f n Sn 'n control in the input circuit of a vacuum tube.
8 ls a common type of gain control used on speech amplifier units.
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Microphone fading is usually accomplished at tin- outputs of then*
amplifiers and beyond where programs originate in studios. For fl
pickups the fading is in most cases accomplished directly at the omnS
of the microphones. This, of course, requires attenuators of verv hJ
noise level. Microphones of the moving-coil dynamic and the veloefl
ribbon types have constant low-impedance output over a wide frcqufl
ramp and for this reaaoi) can be failed directly at their outputs. 1

The curves in Fig. 32 give resist! nice values of the branches of to
II pad suitable for a channel I in-

: i, impeda- n "I 200. .">{)(). rtr 80ohms, the range of attenuation being between 2 and 30 rib. Sirnju!
curves for other impedances may he determined from the formula
published previously. 1 (See also See. 6 of this book.)

19. Volume Indicators. The volume level of an audio signal at any
particular point in a broadcasting system is normally measured by nfl
of a standardised instrument called the volume mlinthr. The com-
ponents of the complete instrument consist essentially of a seiuJH
hi<j;h-resistance voltmeter of the copper oxide type, an associated f
attenuator for extending the range of the meter to higher readings, and
a variable resistor accessory to the attenuator provided for calibrating
the instrument. The instrument scale is marked in a logarithmic fashion,
and superimposed upon this is an associated percentage scale. Two
scabs are provided, the A type tending to emphasize the VI.: readings and
the ii type in which the percentage readings are more prominent.

While an oscillograph placed across the circuits as n parlicular point in

the system would give a true picture of the rather complex wave xhapfl
present from program signals, it would be a rather cumbersome and
expensive method of indicating the characteristics of the -ignal. although
it could be used if properly calibrated against a standard. However,
through coordination between the leading broadcasting systems and the

telephone company whose facilities were also involved, there was devel-

oped* a standard instrument of the inriieal ins-needle tvpt: hitviflj

characteristics most suitable for the purpose of indicat ing signal vnhM
.The standard volume indicator (Kii*. Xia and b) utilizes a d-c iiistrum

with a non-corrosive full-wave copper oxide rectifier mounted in its e
Arranged for bridging, as in Fie. :i:in, arross a hue. it has an impedance
about 7,500 oh ua measured with sinusoidal voltage. Of this impcdajM
3,900 ohms is in the meter and about :i,(i0() ohms is external for the purpose"
socuring required dynamic characteristics.
Tho dynamic characteristics arc such that, if a 1,000-oyole sine ware vnltl

of an amplitude to give a steady reading of 100 on the voltage scale isfiudnei
applied, the pointer will reach 99 in 0.:i sec. and then ovctxwjng the 100 O01

"'

by ut least 1.0 and not more than 1.5 ])cr cent. The frei| itv response
tho instrument is very good as is indicated by the fact that it does not de
from its 1,090-cycle reading by more than 0.5 db between 25 and 10,000
The standard volume irdirufor is calibrated to read t) VU when it

connected to a 600-ohm resistance in which is flowing 1 law of sine wave po*
at. 1,000 cps or n VU when the calibrating power is it Ah above. ] ijiw. Ho"]
ever, owing to limitations in the present art. it has not been found praci '<.'•,'.

to make an instrument of sufficient sensitivity- to he calibrated to read " V
across 000 ohms with 1 mw, and therefore the instrument is normally <"*

1 Johnson-
. K. S., "Transmission Circuits for Telephone Communication." ^- \l£Noetrand Companv, Inc., New York; ami Lsstehmax, W. E" The D, -i"n ui A"'

anna Xctworks, Elfclroni'.n, February, 1031. A
'Chins. II. A., I). K. flaxwr. unit It, M. Mourns, A Now Standard Volue

cator and Reference Level, Proe. I.B.E,, January, 1040.
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ted by the application of 1.228 volts r.m.s. (4 db above 1 mw in 000 ohms)

the instrument in series with the proper external resistance to cause a

? (lection to the VU or 100 scale point. The instrument therefore has

oV-iciu sensitivity to bo rend ut its normal VU point on a volume level of

+4 Vlb which is the minimum set ting of the attenuator and volume indicator;

tor this reason the 1-mw calibration is correct,

for routine chocking of the calibration of volume indicators, a ' reference

Vlrmncnt properly calibrated may be used in a simple comparison method.

fo the terminals of a source of a-c. voltage of adjustable output, the refer-

mnc-v<>liM:ie hnlieninr and volume indicator to be calibrated are connected

in parallel. The attenuators of both indicators should be set at +4 VU.

The applied voltage is then adjusted until tho reference-volume indicator

About

-AW—V^vV- 1—\/W\e

2800 luif a

ASs"*
-
? ~T*" Calibrating T

fH T 1 i resistor I

Copper oxide ,

rectifierand\
irtsfrument

300co; About3900a// iWohm attenuator

About JSOOcv
1' 3900m adjustableinthteps

% of"2a'beach

About.
"

800w *
;WA

8
About 600oj About3900m /

3900
W' 3900 ohm attenuator *-3900u>

adjustable in IIsteps

at2db each

lie. 33.—Standard volume-indicator circuit, a, for bridging iutobs a line; b,

low-impedance arrangement such as line termination.

(Water is at the VU or 100 mark. If the pointer cf the volume indicator
*»>« cheeked is not then on the 100 mark, its calibration resistor should be
faster! until it reads the same as the reference-volume indicator.

masmueh as tho standard volume indicator has been developed and stand-
?'«UH\ as a method of cheeking volume of signals of complex wavo shapes,

,

hils associated with it the term VU. Ties term has been restricted to its

'"ended use- hence whenever a volume level reading is encountered expressed

fci?
In,lllv I'his or minus VU, it will be understood that the reading was made

rjj." an instrument having the characteristics of this standard instrument

J**
expressed with respect to the referenco level. Most previous types of

\t!+'"
e indicators even when recalibrated to a 1-mw basis, will not give

I

1

"l ions corresponding to those of the new instrument on all types of

""Waia waves owing tu the particular characteristics of the new instrument.

Speech-input Amplifiers. These amplifiers are sometimes termed
rjPfi'lil'lirrx or microphone line, anil program amplifier*. They eom-
EP* the'
"ie

ipparatus necessarv to increase the electrical energy output of

phone or transcription reproduction to a sufficient level to

j-/" 1" its transfer by means of wire lines to the broadcast transmitter.

uJ'V'rina] energy level of programs entering the wire lines or program
Psi*:i])proxiniatelv -j SVC f + 11 VI" delivered from t he line ani])hiier
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with a 6-db isolating pad). In Fig. 34 is shown the arrangement ii
preamplifiers and line amplifiers lint wren the microphone and the
lines. Other equipment shown are the microphone controls voW
indicators, monitoring amplifiers, and relay-switching svstems.

Speech-input equipment is designed to' haw a substantially unifo*
response from about 30 to 15.000 cycles and above. Tin- msminuJ
gain of such a two-stage amplifier from input n, output i> appio\iumt«h
48 db. The input impedances are 67.5/250 ohms, and the oiitnot
impedances are 25

?S(io and fiOO ohms.

Input

Fia. 34.— Microphone or preamplifier circuit.

PROGRAM RECORDING FACILITIES
The essential parts of a large broadcasting system usually include tl*

anilities for recording programs for the following reasons:

1. To have an accurate record or log of the program materhil aeiuaUf
broadcasted from a station. This is known as reference recording.

2. To secure a record of a studio or special events program :" sonic iliMnn<*
over wire lines and thus Ik- able to reproduce the program ai a lime nio*

convenient for an audience which may lie in n time zone a number of hour*

different from that in which the event takes place.
3. For production of recordings for use at small stations where wire h""

facilities are not available.
4. The recording of an audition of a person or group of persons qualify1*

for a program part.
6. Production of sound effects such as crowd noise, etc.. for convenient**

and introduction into a particular program.

21. Recording Equipment. The essential equipment required for
p*Jducmg high-fidelity recordings on disk records consign of the follow*

For bridging a program bus by means of n multiple point switch ""L
is a limiting amplifier of the type similar to that described lcr H ;

|

fl
",

l-'.i . \ 1 ! ! ! . Tf i. I Ka rimn(!nii nf lUi- IL.wl t.... .1 1. ../.»l flV"*Facilities. It is the function of this limiting device to prevent <£
cutting of Ihe record on high peaks. Following this arc d«l'!

,l'*j
e

recording channels, each a program amplifier having linear amph tu
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hirict eristics and a uniform frequency response over a wide range.

This amplifier normally has audio power-handling capabilities up to

Vie, \ l so that high audio peaks are not distorted before reaching the

ittrr head, '['here is a standard volume indicator across the line

Slow ing this equalizer since the cutting head is placed after the equalizer,

Eoutput of which drives the cutter head.

22 Methods of Recording. It is possible to secure high-quality

recording for broadcasting either by recording sound on disk records or

on film. Oisk records arc used most extensively in broadcasting

'^l 'he 'principle methods of recording sound on film are more commonly

ascJ in sound motion-picture technique at present than for radio broad-

casting These methods include Ihe following: (1) variable density,

which may be accomplished by using either a light valve or glow lump;

variable area, accomplished by using a galvanometer "vibrator
;

(3) recording with a Kerr cell; (4) film engraving; and (5) a vibrating

rihbon (used abroad).

0.100'

«,! <b> to

Flo. X">. («) Variable-density sound track produced by light-valve ribbons

g (low lump; (b) variablo-area noiseless track produced by vibrating mirror;
W noiseless recording showing greater density during periods of low
Modulation.

Vdriubtr-tlerutiiif Recording. The light-valve method uses a light

JJeonstnnt intensity; the ribbons of the valve move in response to a
™»ec current and cause a sound track of variable density to hi; recorded—• > ~«» u unu t.uuovi ** fiuunu m»VR \Ji iwMMV <JCiio»vjt w Hq

,
iwly*y*

film. When using a glow lamp to produce a sound track, a light

?>up(,e. whose intensity is varied, is focused on a film through a slit of

2*"' dimensions. Sound tracks produced by these two methods are

SP'Kir. Variable-density sound tracks are shown in rig. 3on and c.

'"<-• average density of the sound track in this case acts 08 a carrier

?*hieh t |„. „ U)(|,'ilalions of the sound waves are recorded in less or
at< 'r density variations than the mean. .

4
,r- I "rinble-area Recording. In general this is accomplished by using

to
,'K lt of (jM .,i intensity, which is modulated through the operation of a

^*Va"oineier or vibrator This produces serrations on the sound-track

a*
°f Hie film, as shown in Fig. 35b.

oA'Wdwu, wtfn Kerr Cell. In this method the hght^valve unit or

Ci, i

Km f>h unit is replaced by a Kerr cell. The appearance of the
"a 'rack is similar to the variable-density sound track.
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Film

4. Film-engraving System. In this method an clcctric-cufting slvfo.
actuated by a poucr amplifier is used to engrave the ouud roeori
directly on the face of the film. The position of the sound track ni»»
be inside or outside the sprocket holes. The depth ami shape of

t£
groove are similar to those used for cutting disk records (i.e.. from 2 to
2.") mils in depth, and 4 to 6 mils in width).

5, Vibrntiiig-ribbon Recording, Several methods developed abroad
make use of a vibrating ribbon to cast a flucta.

atiug shadow upon the sound track. OneM
ribbon valve, developed in Soviet Russia, e
be rotated 90 dog,, so as to yield at will cither

variable-urea or variable-density recording,'
The RCA Photophone recorder, 2 used for vari-

able-area recording, is shown in Fig. 36, T&
coils actuate the galvanometer. One carries the

voice current to be amplified: the other, a por-

tion of that current which has been rectified aol
is used as bias. In the absence of modulati
very narrow transparent line is produced d
the center of the sound track. A speech si;

causes the mirror to vibrate about a cenl_
position determined by the bias current aiifl

hence to reflect to the film a varying width of

the triangular aperture.
A variation of this method is push-pull record-

ing, in which the sound track carries two it imp*
side by side but, 180 dog. out of phase. 'IV
'optical system of the reproducer focuses each

recording separately on one cathode of a double-

cathode "full-wave" photocell. 3

Tie Western Electric light-valve record*
consists essentially of a duralumin ribbon "hair-

pin" in a plane at right angles to a strong mi

netic field. The ribbon is approximately (i

wide and x/> mil thick. This ribbon is strctcj

by means (if an adjustable spring over a bri
having a narrow slit for passage of the li|

from the recording lamp through the opt ical

tern to the film.

Set-screws are provided to center the rib
'

accurately over the slot, which is approximates
8 mils wide and 2,50 mils long.
The ribbon is tuned after proper spacing on the valve to 9,500 cy**j

or higher, so that its natural period will be outside the range of * n

frequencies being recorded. A diagram of the optical system
light valve for recording is shown in Fig. 38. The light source is

vided by a special lamp having a horizontal filament. The lamp
mounting is so adjustable that the filament can be focused properly

"

the light-valve slit. The sound trade produced is shown in Fig. 3a*

' Jmet. See, Mat. Piet. Enure., March, 1934, p. 158.
» RCA Bet., October, 1936, p. 3.

See. Mat. Pin. Enms- July, 1932, p. fil.

Fin. 30. Schematic
diagram of RCA Photo-
phone recorder, a, re-
cording lamp; ,

condenser lens: c, tri-

angular aperture; d,
Jens; t, galvanometer
mirror; /, condenser
lens; jj, mechanical slit.
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A portion of the speech input is detoured through the notee-reduclwn
'

jjt;. r and used to control a bias current which flows through the

hairpiii ribbon and in turn controls the ribbon spacing. The result is a

sateless recording as shown in the lower half of Fig. 35c. The increase

;n sonnd-print density reduces the ground noise (ami consequently

increases the volume range of the record) to the extent of about 12 db.

A diotftj^ equalizer* is sometimes used with wide-range recording to
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Fig. 37. Schematic diagram of the galvanometer used to actuate the

mirmr of Fig. 30. a. silicon-steel armature: tt.b, silicon-steel pole pieces; c,

voice coil: </. bias coil; e,e, non-magnetic spacers;/, rubber pad for damping at

resonance frequency (9,000 cycles) ; o,g, air gaps; ft, A, prongs providing tension

far galvanometer ribbon: i.i, galvanometer ribbon; fr, mirror plate; m, mirror
The mirror vibrates rotat.ioaally about a center through the ribbon.
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Fio. 38.—Optical system used in light-valve recording.

'educe the 1-f response during dialogue and especially for intimate
dose-nps.

23. Glow-lamp Recorder. This consists of a two-element gaseous-
'•'*' 1 nge tube which varies its illumination in accordance with the voice

•""Mils impressed on its circuit. This produces a variable-density
"

I .track similar to the light-valve track. The Acolight, used by

I

"* Kim Corporation, is one of the recorders in this class. The lamp

,

"" focused upon the film, but a portion of its il luminal ion is allowed
°£&ss through a quartz slit which is in contact with the Sim.

1 he recording level for the Acolight is approximately +12 db above
Reference level. All lamps have a steady d-c component impressed,

.
"'eh causes them to burn til a predetermined exposure. This exposure
•nodulated by an a-e component due to the introduction of voice

jjJ^-l'Us from the recording amplifier. The resulting output is a variable-

ln«
lv so,»nd track similar to that shown in Fig. 3m. The illumination

5
''! glow lamp is approximately proportional to the amount of current
jJ^K through it, within the normal recording range,

iwjp Sound on Disk Recording. The direct method of disk recording
"
J?/"* aluminum disks usually 10 in. in diameter and 0.050 to 0.060 in.

coated with a cellulose nitrate compound (usually miscalled

* Sot mm. Pict. Engre. Au. il, 1034, p. 254.

lhick

V,
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"acetate"). The cellulose nitrate coating is used as the medium
fa.

recording sound modulations. These disks arc suitable for imiucdigu
playback.

For indirect recording it is the usual procedure to um 1 soi l wax rcconj,
approximately 17 in. in diameter and from 1 to 2 in. thick. These record,
are later processed to produce a hard record approximately 16 igH
diameter and J4 in. thick.

The sound record is cut in the highly polished surface of the wax disk
by means of an electromechanical recorder. The technique of cutnl
wax records is similar to making standard electric phonograph rocordt
The standard speed for common phonograpli records is 78 r.p.m.. while
for broadcasting records it is usually 33^ft

r.p.m. This speed with i
Hi in. disk gives a playing time from .10 to 15 min.
Both types of records an: cut with the spiral proceeding from l.ho

outside edge of the record toward the center, similar to making standard
eleclrie phonograph records.

25. Variation of Frequency Response on Disks. In recording as
a disk revolving at a constant angular velocity, the cutter stylus is placed
near the outside edge of the record, and, as' the engraved "spiral c^M
sound track progresses toward the center of the disk, Ihe veloeitv with

which the stylus travels on the disk is decreased. Tins vrlocin i

directly proportional to the radius between the center of Ihedisk ani

the position of the stylus. Now, for most satisfactory reproduction of the

higher frequencies, the stylus must travel with sufficient velocity over the

disk to provide sufficient space in the groove to permit satisfactfl
engraving of iltit h-l pul*ati<m> "i vrrj (short duration. Therefore then

is a tendency for more satisfactory engraving of the higher froquenriw
near the outer edge of the disk than toward the center. In other words,

for a given cutter engraving on a disk of constant rotat ional speed, tH
frequency response one may reproduce from a disk is more satisfactory
near the outer edge of the disk and is less satisfactory, especially to hip
frequencies, as the stylus moves toward the center. For (his reason,"
high-fidelity results are to be obtained, the groove containing souBt;
modulation should not bo closer to the center of the disk record thW
5 in. lor 78-r.p.iu. recording rind Sin. for '&'&},

:(-r.p.m. recording. Medium
lo good result? are obtained with the groove cunt a in inn 1 lie sound Hindu-

lation at a radius on the disk of not less than 2)4 in. for 7S-r.p.m. W*
4 in. for 33J4-r.p.m. recording. For a given playing time it is somotinij*

possible to keep this minimum radius, em ling' more grooves per in'*1

sometimes as many as 160 in lateral and vertical disk engraving.
26. Lateral and Vertical Disk Engraving, In the lateral system Of

groove depth is kept constant, and the engraving stylus moves in a ho£
zoutal fashion to produce undulations in the sides of the groove. H
groove spacing therefore must be sufficient to prevent the stylus fro*

cutting into adjacent grooves et the low frequencies.
The vertical system utilises an engraving stylus moving in a vei't""'

direction. The groove depth varies with Hie' mechanical modnlat' 1
';!

whereas the groove width is kept more or less constant, with a tmH
t hat the groove spacing can be kept closer with a correspondingly gl^^H
duration of playing time. , -

In Fig. 39 are illustrated waves produced in disk-record grooves ulfl
conditions of "constant-amplitude" and "constant-velocity" reeordJM
The wave marked I illustrates constant-amplitude engraving produced™
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sonstant sound level regardless of fremtency at the cut ter. In this case

!L lecordisl amplitude is the same for all frequencies.

irtje constant-velocity system utilizes constant vibrational velocity of the

|u
-

i n the record groove under influence of the cutter head. In thin case
5* amplitude of the wave is inversely proportional to the frequency. The

JJve marked - illustrates undulations in the record groove produced by
BSant-velncity recording, producing an increase in amplitude with n

jWreasc in frequency tor u constant, sound-level input (assuming that the

fl)t ;re sysii'in from the mic-ophmie to the nil 1c head has n uniform frequency
JBractcristi< ). In this instance, where amplitude = v/kf. the amplitude of

t wave frequency / of 10U cycles woidd he one-half ihnt of 50 cycles for a
nmstunt vi-lncity r. At the lowest frequencies, therefore, the amplitudes
nmld be excessive if sufficient amplitudes ol the higher frequencies are to be

J
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-Characteristic of waves produced with the constant amplitude and
the constant velocity systems of recording.

J^ured i„ tiu, reCord groove.
r*"e considerable to avoid '

Since the groove spacing would havo to be

(rrx
—"wioxic i« nvu.u 'groove crossover" or "echo" elTeets in adjacent.

,
(

Wes
' dni» to excessive amplitudes at the lower frequencies, it «S customary
''ei'i'irrlfj constant, amplitude at froquoncies below sonie point between

llii..?
cycles and constant velocity for frequencies above this point.

,

*•* illustrated as wave 3, a solid line. The transition frequency between

5e™?5
t
7
umPlttude ai,d constant-velocity recording normally sonic point

.j.
wd U'twcen 350 to 1.1MI0 cycles is called the turnacer point.

djj.
Produce a constant-amplitude cutting characteristic up to the turnover

ttirjp '."'d a constant-velocity cutting beyond, it is necessary to utilize

a ''qualiKcrs depending upon the particular type nf Butter head used.
discs the response characteristic of (he eleetrodynatnic cutter head

>:,a,'*
a r "ii t riliul ing factor in the production of the constant-amplitude and

•V 4n velocity range as well as the turnover point. This is illustrated in

as become of great importance because
ck and cheapness v

. hen producing
itro cellulose coating is essentially softer

jjg^ercially, direct recording has beco
Hg: *" v 'uilages of immediate playbackm small quantities. While the nitroec;
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than the pressed records manufactured by the electroplated soft wax
as many playbacks as 100 may be secured from a nitrocellulose disl
well-designed lightweight reproducer. A substantially flat fr
response may be recorded on, and reproduced from. these disks over,
of between 50 and 10,000 cycles and higher near the outside porn,,,,
disks. It is good practice where very high-fidelity reproduction is r»
on :{3>i-r.p.m. disks to use the outside portion of the disk to coinpen
the loss of the higher frequencies in reproducing as the pickup moves «
the center of the disk or to divide time into two or more disks, thus perini
reasonably high linear recording velocity of the cuttor stylus. A vT
range of approximately 55 dh has been obtained from uitroeeHuk
using toe lateral system of recording and reproducing. With sati
operating conditions over-all distortion of the combined recording
hack operations is less than 5 per cent. This over-all distortion ™ „

function of engraving velocity, decreasing as the velocity is inc-reniHaL
decreasing with a decrease in engraved depth.

Flutter is a terra used to describe vortical modulation produced in {
recording groove due to the bounding of the cutter head at a frequc
approximately 30 cps. It is normally caused by mechanical response of (

recording head and its associated supporting-arm mechanism under exafl

10
J5

100 5030 10,000

Fig. 40.-

500 1000
Frequency

,
cycles, per second

-Frequency response of cutter head based upon optical mcas
of the stylus tip motion for constant input.

from building noise mid other 1-f rumble. In observing reflection!; fi OJS
grooves created by a single source of light, tho effects of flutter can be nt
in the form of spokes or long spiral patterns extending from the inside
the recorded surface to the outside. Under a microscope I his vertical I

lation may be seen us a varying width of tho cut groove. Manufa*
supply stabilizers which assist in the elimination of flutter.
When recording on nitrocellulose disks, an air-suction nozzle is pro1

near the cutter to remove shavings or shreds so that they will not inl<

with the engraving process and also to provide for safe disposal of rhisM
inflammable material Care must be taken to avoid dust, fingerprint
grit from entering the engraved surfaces of the disk. Otherwise th«i
tendency for increased noise. It is customary to engrave 120 groo'
inch on these disks, although !)G and 112 and as high as Kit) grooves
have been used. This number is lined by the U ,v of the r>

machine. The groove depth on graved on this type of disk is normally 4
0.0015 to 0.002 in. Commercially, it has been possible lo secure ree.oro"

of this type having a noise level 50 to 60 db below the maximumM
signal, although the average record has only a .'!.">- to 10-db spread ,l0'2l
noise and modulated signal. By the method explained below for \

,roeSS
soft wax from which pressings arc made of a hard materia!, niii-i>rclj'jj

disks may be similarly processed for the purpose of making a large a"'
press: i iks.

The indirect recording method requires considerably more equip""*"
time to manufacture the pressed disks than the direct method de»
above. However, for mass production, pressings can be made con*'*
more cheaply than single records by the direct process.
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jif Necessary Equipment Equipment necessary for wax disk roenrd-

^nsMis essentially of a machine lathe especially designed to turn the

..-.»!•;
I
clockwise 'at a uniform speed, which is 33'A r.p.m. forbroad-

rtiiiK work. The carriage of the lathe is driven with ft load screw (sure.

TEacliiued to move the recorder holder at a predetermined rate while

rdtiui:"t!"' " !iX record. The lead screw is driven through a gear train

Sell regulates the number of grooves cut per inch, usually 86, 92, 98,

U2, or f- () - A recorder holder provides the necessary support for the

dKtrienl recorder. .

\ horizon Ul turntable, driven through a vertical shaft, is provided

supporting the wax record. The vibration of the driving motor is

-inatcil on different lathes bv various methods. The Western Electric

hthe uses an oil dashpot placed below the lathe bench, and through

*hicli I lie vert ical shaft of the turntable is driven. This dashpot pro-

rides the necessary clamping to ensure smooth recording on the record.

Tim 1!CA machine utilizes a motor on a. rubber isolating mounting.

The table is driven by means of a rubber roller, the shaft of which is

belt driven from the motor pulley. ...
The details given below refer to lateral-cut records, this being the most

common type of record that has been used for broadcasting. Vortieal-

e:i record's are made by some studios fur playback purposes. Iloth

types have Iheir particular advantages.
28. Sound-recording Channel. A schematic diagram of a typical

recording setup is shown in Fig. 41 which represents a Western Electric

system,

29, Preliminary or Booster Amplifier. This amplifier (see Fig. 41l
'*

" tided between the mixer panel and the volume-control panel.

H used to amplify the output of the mixer before passing through the

•durac-control panel. Amplification is desired at this point to raise the

cording level sufficiently high to prevent undesirable pickup from
•tray electric currents or other sources entering the voice-transmission

It also eliminates possible noise when operating the volume-
*ntrn! potentiometer. This amplifier differs in detail for various sys-

BN. In the Western Electric system, it is a three-stage resistance-
•ojjplcd amplifier using three 2G4-A tubes.

L* Volume -control Panel. The outputs from the individual mixer
i

j;
"'"'l-< a iv connecied in parallel, and leads finm I hem arc connected to the

l 'i the preliminarv or "booster" amplifier. The output from the

•"'"'"miry amplifier is fed into a control potentiometer, which permits

Saltan™ his adjustment of the total volume without changing the rcla-
* c adjustments of individual mixer values. This panel also mounts
extension volume indicator to give a visible indication of the volume

!l "Curtained at lilt; bridgioa bus.

tu 'Mam Amplifier. This amplifier is so designated that it amplifies

S'.'V'U from the vohinie-control potentiometer and delivers the
jjW'fied current In l bo bridging bus circuit [or in simpler installations,

to the power-control panel and recording machine). It is fin-

ishing the largest gain in the recording channel. Th>"PUfic r uinns

he
e

% 'I,*mplifiet differs ia details for the several recording systems,
_
In

»it
, V '-stern Electric system it may be an impedance-coupled amplifier

"Put and out pi it 'transformers, i.e., the first stage using a Western

TL ,"' 102-fvpe tube and the second and third stages, 20o-type tubes,

total gun of this amplifier is approximately 70 db. The gam
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control of i Ik- amplifier is provided by a potentiometer in the
circuit. One bridging amplifier ia required for each recording
its principal function being to prevent variation in individual
circuits from introducing any loss ur distortion to other eirt-

divides the electrical circuit output from the main amplifier, dp.
upon the number of amplifiers connected to the: bridging bus.
essentially a power amplifier, with the input transformer arranged
high input impedance, making the bridging of several of the amp
across the main bus practical.
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Th,. bridging-amplifier outputs are connected to the film and wax

"lint: machines in the recording room. The wax recorder requires

CSmvitn'ilelv +8-db volume level, and the film recorder around dh.

"fl2 Disk Records. The grooves of a disk record arc ordinarily spaced

«»io Hi > l>cr mch. l) '

2 grooves ]icr in< h this allows about 0.011 in.

center to center of the groove, of which 0.001) m. is the width of the

„i,vc it-elf The maximum lateral motion of the stylus is thus limited

fV.,1,,,,11 0025 in. on either side. Generally, 0.002 in. should not be

-reeded Cutters usually used are designed as constant-velocity

Li.es In practice such cutters have this characteristic only ahove

io,-v,
:les or higher. Hclow this point the amplitude is independent ol

hmnrw -\ li the maximum amplitude for a 300-cyclc wave is equal to

OtXV> in "on either side of the center, then a 1
,500-eycle amplitude for the

ornc electrical input level would be 0.C004 in.

Tin- shape of the groove varies somewhat in commercial practice, but

it » approximately 0.006 in. wide and 0.002.7> in. deep. The pitch of the

move is generally 0.010 to 0.01 1 in., leaving a space between grooves of

Smut 001 in "With onlv this space available, the maximum safe

tmplitude is something less than 0.0025 in., if the walls of the groove arc

Dot to be cut too thin. ... j
Cutting stylus consists of a sapphire, synthetic ruby, or other hard point

Intoned U> the lower end of I lie slvlus arm. One end of the sapphire

kasii rounded point about 0.002-in. radius and a cutting angle between

>5 unil SS deg. for the sides. •'

The advance ball is a small cylindrical sapphire, ground spherically

« one rial and held in an adjustable inountitigattaehment to the recorder.

This hall -appons the weight of the recorder, and the arm. being adjust-

able, permits regulation of the depth of the groove, on the wax.

Playback reproducer is provided to permit playing back the wax

ptord immediately after it is cut for rehearsal work and test. This

•'Mllv renders the wax unsuitable for processing, and for this reason

'*<> >v.r rveords are usually provided for each recording channel, one

*£. which can thus be used for playback and the other for processing.

{]"• impure of the needle on the wax is generally adjusted to between
" and 20 g
.
* needle provided for playback from the soft wax is designed differently

Kf'thi-ordinarv needle used for the finished hard record. I he Western

*ctric tvpe has a point. 0.003-in. radius. The needle is constructed
*

"» mandrel, ground to a smooth finish, and the point given a chromium

*if ,n improve wearing quality. .

.Recking Speed. The periphery of the turntable is usually divided

!" h v '-ri ic d lmes. so that a neon lamp, operating from a AO-eycle source.

t*J' '"' "^d as a stroboscope to observe the turntable motion. I he

<>n a standard turntable are usually arranged so that with >0

E^on I he limp, as the turntable rotates at exactly 33>-.i r.p.m.. the

M?" will appear to be stationary. It faster than S3'- J r.p.m.. the hues

P advance slowlv, and. if slower than 33'
:1 r.p.m.. the reverse will be

•7^" This .-heck of the speed is usually made with the wax record

J^eckin'r'the^Lairning Action. A method of checking the instan-

C1"K •;>u*\nnt speed mnv also be used to check correct damping of the

C°wb|e, W'uh the turntable rotating at normal speed, the oscillator

r^Plilving 00-cvcle source to the neon lamp may be adjusted until
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the vertical 1 i ixfrt appear static)nary. If tlx 1 disk is now touched IiR| )tiby hand, the line or spot observed will appear to shift its pusitionl^|
to momentary load. As soon as the hand is removed, the line ..

observed should come back to its original position. ObservM
movement will determine whether the turntable has insufficient

1

or too much damping.
Determining the Starting Point. Disk records for radio broad!';

use are cut, in clockwise rotation from the outside in, similar to ordH
phonograph i L i I

- rcroriK To obtain a dHiniie atarl-infr, point for
records when in use, the first groove is spaced an appreciable .1

from the rest of the rut. This is obtained by a coarse speed cam
i

ing the lead screw at the start of recording. As the lead screw-
its first complete revolution, it moves the recorder under the in

of ttte cam until the recorder is in its normal cutting position,
33. Wax-suction Equipment. This equipment is provided to fu

a moans of removing the shavings from the wax record during reeo;

The suction tube is so placed that {he shavings thrown off bv the
are carried away from the face of the wax. A central suction sy
usually provided in studios having several recording channels
usually consists of a turbine suction pump with pipe lines leading
a central suction point to a separator tank placed in each recording
In some smaller installations, ;m individual bell jar, with a small 1
mot or, is used for each refolding machine.

34. Wax Preparation. Two types of waxes are generally ui

sound recording, those having a working temperature of 75°F., ,

those with a, working temperature about 90°F. Mat I hews type Jjf

J8TP. working temperature, is perhaps most commonly used. It f
considered good practice to maintain the room temperature for the tyj*

M wax around 75*F. when recording.
The procedure for preparing the wax consists briefly of the following

steps:

1. At the canter of the ttik, which is usually indicated by a proas murk''

Sis-ill. hole is dialled to a depth of >£ in.

2. A coarse cut is made for n depth of about. M in. on one face of the *•*

and repeated as necessary to obtain a perfectly flat surface. The wtf "

later reversed, the lirst cut surface becoming the base for the finished WJl?'j.

3. On reversing the wax, a hole is cut from the other side to meet the a"*

drilled on the bottom.
4. A coarse out is now made on the top surface and repeated where

sary to produce a smooth and Hat surface. The wax is now ready
final shaving or polishing cut, which is done with a. sapphire or ruby cutn

tool.

5. The face of the shaving knife is usually set at an angle of betwee*
and 50 deg. to ita line of travel, depending upon the particular design j-^
knife. Its rounded end is toward the center of the wax. The cutting 1

of the knife is set at an angle of i)0 deg. to the surface of the wax. The 1U

table revolves in a conn I erflock wise direction,
_ «

G. The suction noazle is placed close to the cutting knife, about li
the front face and tfi in. above the cutting edge.

7. The best finishing speed is usually determined by experience, but
orally ranges from 150 to ICO r.p.m. The finished cut on the wax ^ha
give a perfectly polished surface free from ripples or blemishes of any io^S

36. Record Processing. Briefly, this consists of the various "
after obtaining the soft wax record, to produce the final hard

U .1 DIG I1HOA DCA S TI NG SKI

L commercial use. A complete description of each step would go
' r

,ullt l the limits of this section. The following are the essential steps

jjtbis
process:

1

i The surface of the engraved soft wax disk is rendered conductive by

JLriiae a vcrv thin, extremely fine conducting powder, such as metallic

23er over its surface; by the finer processes of depositing silver from a

Etton of silver nitrate; or by sputtering pure gold ot very minute thickness

oik surface, This metal coating is for the purpose of forming one electrode

" .la elect roplating process.

tmplatiiig of this record with a sheet of copper %% to He in. in

kne^s deposited on the wax. The negative electroplate obtained is

rated from the wax and used to hot-press a molding compound, such as

|ac, mixed with a finely ground filler. The first electroplate obtained is

"a^Two test pressings are made from tho first master, after which it is

o.-.n.pialed with a positive.
. . , . ,

4, From thin positive, sometimes referred to as an original, a metal mold or

tamper record is made.
5 From the record, duplicate originals may be made and, from them,

duplicate molds or stampers. By thus making a number of duplicates, it is

possible tu protect the original master from injury.
. ... ,

8. From each stamper It is possible to obtain as many as 1,000 finished

pressings.

Generally, it mav he said that the duplicating process reproduces

gwrything' on the original wax engraving to such a fine degree that

tbe onlv difference one may observe is in the materials, one soft wax,

n.i the other a harder, more durable plastic, composed of shellac,

nay!, or acetate compounds mixed into a filler having very little abrasive,

properties. The surface of these manufactured records is considerably

frier i nitrocellulose coating on metal-covered disks used for

V^t playback and, with a sufficiently light reproducer, will reproduce
*'lh good quality up to 1 .000 playings.

3S. Re-recordiag. Il is common practice to select desired portions of

l*»und record by a process of re-recording. This is done with both disk

'""I film records. Either can be played on standard reproducing Bquip-

whi,-|| then serves as the input to the recording system, in place of
,lM' microphones. Special re-recording equipment is also used; one type

S^bug of .» (ihu reproducer and a film recorder combined in a single

'"shunter it and actuated bv a single motor. The output of the repro-

J**r photocell is, of course, returned to the recorder light valve in.the
'

1

1

easing onlv after it lias panned through an external amplifier. 'I In*

,,
r U1 »<a;l is used to copy on 16-mni film a sound track that was origl-

Ejy recorded on 35-rain stock; optical reduction, however, is also

RS for that purpose Duplication of records and films is often called

T^ing,"
fc/k-rcfi'iding is used to superimpose special sound "effects" upon a

^V* For this purpose two or move reproducing systems are connected
..„•' fimll-l input to the recorder amplifier. The method offers superior

Mff°i over the relative volume of such sounds as gunshots, background
(j^e. storms, etc.. and. moreover, tends to reduce the cost of produc-

r,'. A librarv of "effect" records is maintained at many studios.

^SOials intended for re-recording are sometimes made abroad by
a lateral track in discarded film, which is reported to be entirely
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serviceable for this purpose and to withstand many playbacks win
damage.

37. Electrical Recording Machines. It is essential that a
machine of a precision type should have a constant speed,
reason it is usually driven by a synchronous motor. The mv
inertia of the revolving table assists in keeping the rotation!
constant, the speed regulation of the disk being usually beti

0.3 per cent. It is customary to mount the driving motor on
dampers in such a manner as to prevent the motor vibrati
reaching the revolving table. Vibration from the motor shaft
from reaching the shaft of the revolving table either by using

"

rubber differential speed rollers, or both. The spacing of the
cut on the disk is controlled by gear trains and the lead sc:

moves the cutter head toward the center of the disk. The numb*
grooves engraved per inch can be set by means of the gears. A siidj

tube is provided for removing the shaving or thread produced
engraving. A microscope and groove illumination lamp fi

examination of the engraved grooves. A playback pickup
generally provided in addition to the engraving cutter mechnni(i|
permit playback of the record for quality checking.

38. Recording Heads or Cutters. The essential requirement, .

recording head suitable for producing high-quality recordings an
follows: (1) freedom from amplitude distortion in producing utidu'
on the disk record, (2) suitable frequency-response characteristic
range of 40 to 10.000 cycles lo produce constant-amplitude and
velocity recording over the frequency ranges required, (3) free,
mechanical resonance which would tend to cause overcutting,
reasonably good efficiency in transformation of complex clcctrio
energy into mechanical vibration of the cutting stylus.
There are numerous types ami designs of cutting heads m.-mufacttlj

for recording sound on disk. The most common in present-day usage*"

the electrodynamic atid the piezoelectric crystal types.

Electrical recorder heads provided fur disk recording arc generally dcaifl*
so that (he average linear velocity of the stylus (which may l>c cxpreW^Jf
a constant X the frequency X amplitude) is proportional, over a
range of frequencies, to the impressed voltage, or v = k/e. The medio""
dampii mi>\ systen with different records, rho ff<M
Electric recorder uses a rubber tube about H in. in diameter and 8 iM9
one end of which is fitted to the armature assembly and the other ol"*a
OU is sometimes used to damp the armatuie movement in other ti'f*
recorders.
A drawing of an electrodynamic type of recording cutter is shown ("J^M

43a. With a modulated current passing through the winding of this i" -J
mcnt. the armature produces and transfers to the rutting slvlus mecbWM
undulations conforming with those in the electric wave, except

'''."'fjamplitude is altered somewhat by mechanical and elect ncal means. > n
Jfo

426 is illustrated the RCA MM887 high-fidelity recording head. ^
'unci head utilizes n

:

>: id-pass mechanical network terminated in

mechanical resistance material. The balanced armature is ccntere".^
means of a tempered steel spring. It is supported on knife-edge ^ , t»»
upon whirl] the lateral stylus motion is centered. N'icaloi is used "flB
pole pieces of the permanent magnet.
The frequency-response characteristic of this rimer head is

Fig. 40. Below 800 cycles, frequencies are com miled to Inild kii<*

constant, the styhis velocity decreasing as the frequency is reduced. *B|

«nnj>«-le point the response curve shows constanH'olocity motion well

freo teuev of 10.000 cycles. It is possible by electrical means to move
r

, ,ve, point in this curve from 800 cycles to a lower frequency of, say,

A? l"»
P

tlic 'electrical input impedance of the cutter head itflelf is approxi-

iJy 5 ohms, an electrical impedance compensating network can bo secured

Permanent
magnet

Exciting

coil
Armature

Sty/us groove

on disc

Fio. 12a.—Electrodynamic type of recording reproducer.

Armature
one!spring
assembly^

Coil
assembly-]

High-fidelity recording-head assembly.

0.2S"fif"each Sohms each

f\8 9 10 Qoufoutof
recording

"amplifier

fS ohms
43- -Circuit for correcting characteristic of recording head.

l

2^in the total input impedance of 15 ohms throughout a wide frequency
A high-quality amplifier having a power output of 10 watts or more is

). fended for driving this cutter head. - -
.'.he Crystal Cutting Head. This type of recording head, utilizes a

Kw^'norpl) Rochclle salt crystal to drive the sapphire stylus to engrave
^* *avc* laterally on disk records. For the constant-amplitude recoromg
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range the voltage applied to the crystal of the cutter heat I is iiorimdtJ
volts r.m.s., while for the constant vehieitv ranW< of mnnlini; ii j»

TS^^"-.8 - BwwtheiiitBrnal impedance of the head is rather high noSB
159,000 ohms at 100 cycles, the actual power consumed by the crystaliS
small, being less than 1 watt, although the power output rccominoi^H
the driving amplifier is considerably more.
A corrective equalizer is required with the cutler for . —.»

recording above 350 cycles. Under correct operating conditions the nS
. acta rer shows that this witw has ,, ire-meney ebanirierituir oil,.',

.„„•''.

Hat within ±3 db between 30 and 10,000 cycles.A sapphire cutting stylus is recommended for use with (he cutd- Ifor most conditions of recording the jsroove depth is 0.0025 in, for tSBoft wax and 0.0015 to 0.002 in. for nitrocellulose records.

40. Measurement of Frequency Response. By oxn initiation of ti
Irequroicy-raspoiisc curves of tho various component purls of a retflsystem tho. over-all porformanc.o of tho system can be cheeked 11program microphones and amplifiers which feed the recording n I

measured in a conventional manner with a standard sound source Ix*
frequency oscillator, output meter, or catlu«lc-rnv oscillograph Fmh
these conditions the mil put of tho amplifier at tho terminals of thecS
bead is usually fin I with in ±1 dh between frequencies of .JO to 10,001) cp

The recorder cutting head, however, usually has a sloping frequtMl
characteristic (l,g. 41)). The response of the culling heatl alone has hM
measured hy supplying constant level tone ai various frequencies to thcta*
and, by means of a tiny mirror attached to the stylus, reflecting a^^H
light mto a phototube. Ii is asual practice l.> measure, liie response of *
cutler and disk material together.

This consists of malting a recording of the output of a bcat-fre^H
oscillator held at constant voltage at the culler terminals. Frequent*
us^!ly ro<,° rfi™ m order from outside to inside are as follows: lO.lllHI.
SjOOO, / .111)0. 0.000. 5.0110, .1,000, 3.001). 2,000, l.r.OO. 1.1)00. son. 500. 300, a*
1o0, 100, SO, and 50 cps. The completed refold is then reinovctl fr

-

turntable; and under a eon cent,rated single source of light, the rerlcetio" /"

light, source as seen in the grooves shows peculiarly patterned shapes mH
to their descriptive name "Christinas tree." The pattern is symn^^B
about the radius of tho disk. It is actually a graphic representation of*
frequency responses of the cutter and disk material together The (§
of the disk is the axis of frequency, the end of tho pattern nearest the tfl
being tho lowest frequencies. The width „f lie pattern measured £§
ttieular to (he disk radius is proportional to the undulations of the tOM
this in lateral roeording corresponds exactly to modulation depth
phenomenon is due to the reflection of light over a wider band, the greater*!
ratio of modulated groove width to depth.
Inasmuch as good reproducing equipment usually has flat characteiWH

the Christinas tree pattern may he produced with straight shies froniJB
turnover frequency, of any, 500 to 7,000 cycles. Below this, it, is eiistoffljW
compensate the loss of low frequencies by boosting them with elw"
filters in the reproducer. If it is noticed that pronounced peaks arelM
pattern, the cutter head may be adjusted or filters inserted to prod""
response characteristics required.

41 Record Reproducing Facilities. Trim scribed programs,
originate n, studios located separately from those in. which record 1!'^
done. Il is quite evident, that, if full advantage is to bo taken
high-quality program material recorded on disk records, t he (ranscTip

1

or reproducing equipment must also be of tho precision type.

ItA I) 1 BROADCA STING 813

Ti,e : lanscriplion turntable is generally driven by a high-torque

BKronous motor cushion-mounter] within the console or cabinet. The

Stor nhafl is flexibly coupled to the main turntable spindle. Speed

Jjjjtioi i- reduced la a very small value for both rotational speeds of

EL am! 7ii r.p.m. by means of flywheel inertia and a mechanical filter

C'the drive shaft.

Speed reduction of the KCA type 70C turntable is accomplished by
Egj ol ii heavy-duty ball-bearing speed-reduction mechanism operated

hv it button located at 1 1 n rim of I'm- (unliable disk. Xoise ami vibra-

%n pickup is kept at a minimum by cushion-mounting the motor and
nindlc housing and cushioning the suspension anus.

^Special consideration is generally given to the design of a satisfactory

tun.' ara: and reproducer head for high-fidelity reproduction. The
reproducer head must be light in weight and in pressure on flic groove

fee disk. Xormally the pressure exerted by the diamond point stylus

measured by means of a spring balance or postal scale should not
Breed 2 oz. A more desirable weight is less than 1

1

Z oz. A lightweight
ee arm and reproducer head assists in the reduction of record hiss or
Stch noise and also the reduction of high frequencies especially near
'Wire: 'if t he disk. I .inli I ness a I

so assists ia .securing v maybacks
la a record since a lateral reproduce] having a stylus which operates

« Miff or having too great a pressure on the disk' tends to erase tho
er frequencies from (he record groove.

flmmercia] reproducer heads generally utilize electrodynamic or
ice trie principles as .electric generators lo convert mechanical
supplied by the groove modulation through the stylus assembly

'-"the electrical generator clement.

The KCA MI-4S5G reproducer (Fin. -12u) is equipped with a permanent,
"ad point, the radius of which corresponds to the 0.0023-in. standard for

1 cut non-abrasive high-fidelity records. The armature is of tho
JJJiped- reed type. The two upper air (taps are filled with non-magnetic

"rial and are inactive. A linkage having a 6: 1 leverage ratio is pro-
lsiti.ee ihe armature impedance if Son high to be directly coupled to tho

^BW groove through the stylus. A diamond point' is secured in tho lower
*4 an extremely light pivot-arm spring supported vertically but rigid

}'- The pivot arm is thus permitted to rise without lifting the entire
In the direction of useful motion transmitted to the armature tho

~e has a minimum of compliance with a resultant cutoff of about 0.000
' .This peak is reduced by means of a block of loaded rubber arranged as a
Wive damper approximately adjusted for the resonant frequency.
i*ii... ,, j|y located within I he tone arm is generally connected across
P'^kii!, {<,,{ to read broadly with the inductance, increasing the response

Upper frequency range. An equalizer may be placed directly

-|Sn
''ul l>iU of the pickup head lo compensate for losses in the record

Rr^buas.
^.Piezoelectric typo of lateral disk-record pickup head utilizes a bimorph

under torsional strain to convert, mechanical modulations of the

j groove into electrical waves. The sapphire stylus used with this

_ Ueer is set in a small st rew which fits the thread of a hollow magnesium
1^ Tho motion of the chuck is converted into a torsional strain in a
jj? wire. This in turn conveys a twisting force to the bimorph crystal

lEtJi

''"et'cally within a compartment. The e.m.f. produced at the

'sty!
" f tho crystal is developed from the twisting force produced by

Thi's
: "' attachment mechanism.

EL] 3' 1*' "f reproducer bead is noriually rather light in weight, resulting
JiUs pressure of approximately 1 oz. on the disk. It may be used for
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Sec. ^

reproducing cither constanSamplitude or constant-velocity rcoordini»
I

typo of electrical rxunpfin—ting network required being dependent ,],,,'' :

particular characteristics of the recordings.

42. The Orthsccustic System. Tliw is n limita i in the araplih*
of the lower frequencies recorded upon a disk. 'I In-: (s cm rei-ict'l
a sloping characteristic in the response! curve below the turnover jH

brought about either meefiB
Sfi cally in (lie recording l^^P

electrically with a suitable
work. The undesiiable
h-f niss Ls another lim:

be overcome for a sa
recording and reproducing
(cm, as ncll as tin;: 1-f mrog
caused by the turntable w
building vibration, etc.

In the ItCA-NUC Ortha
system, recording and repF

ing units arc individually
pensated to offset. charactcrM!
of each other and thus cram
reproduction which is vor.

nearly the equivalent of f

100 WO 500 BOO !O0O 5W0 BOOO
Frequency cycles per '-ccond

Fig, 44.-—Orthacousf.ic recording char-
acteristic which gives preemphasis to
high frequencies.

original sound. Below 100 cycles the characteristic" of the records
system is made constant velocity by electric means. This tends to gin

preemphasis to the low frequencies. Then it rises from 100 to 500dH
on a constant amplitude basis in accordance with the mechanic:,
electrical characteristics of the cutter.

150ohm
amplifier

Switch dosed fornew
standard Qrthncoustic
recordings.Switch open
for ordinary recordings

Ihis condenser normally
located within the

MI4856 tone arm
Ftci. 45.— Compensation filler for On.h acoustic reproducer.

Above 500 cycles a preemphasis above a constant velocity is 1
to the high frequencies especially over the noise frequence range.

I he necessary characteristic for reproduction is the inverse oM
curve, or bur. 44, secured by electrical and mechanical means, esp*J
those of My? transcription head itself (see Reproducer or FW*n
System). *e> jver-al! response curve is produced which is flat over'
desired range.
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|g. Wire Lines. Wire telephone systems are employed almost exclu-

Ljiv for the national distribution' of programs to the various stations
Ejected on a network

The frequency band which is transmitted over long-distance program
faults extends from about 100 cycles to about 5,000 cycles; to transmit
Bp with improved fidelity a wider band than the above is desirable

A few circuits' are at present available which extend the band down tr

Hor SO cycles and extend the higher ranges by 2,000 or 3.000 cycles,

ftogrom transmission circuits must be designed to handle wirle ranges of

Toliimc. At present the volume range is limited to some 25 or 30 db,
about H-8 VU down to about —22 VT. Ohviously, since the
ic range of a symphony orchestra is at unit 00 db, the wire-line

[rr.ui1 necessitates some compression of the dynamic range especially
beg net work circuits.

44, Standardization of Transmitting Levels. To obtain optimum
raditions from the standpoint of noise and cross talk, it is desirable to
nnsmit program material into loops at as high volumes as practicable,
'elephone-eompanv experience has demonstrated that in general +8 VU
about the highest volutin of program material that can be tolerated

to a local cable plant of the kind in which broadcasting loops are routed,
rom the standpoint of interference to other circuits. In view of these

litiona, therefore, +8 VU ( + 14 VU output of amplifier followed by a
''-'r' ;):'<; shall he the standard volume level for i ransniil I iag \u loops
" local telephone cables. This isolating pad is for the purpose of
Mating the amplifier from the telephone company loops.

RADIO FACILITIES
45. Audio -frequency Equipment. The process of transferring pro-

ftsfrorn the main control room cf the studios to the broadcast trans-
,

""12
. lion is generally accompanied by a considerable reduction in

Program signal level. Attenuation caused by the wire line upon
Slf li is added that caused by the line equalizer lowers the signal intensity

as
.
2/> db. A line eqt .dizer consists of a specially designed net-

PjK.containing correctly proportioned values of L, R, and C. frregulari-

.j
M

" 111 the wire-line frequency characteristics are smoothed out by
Iptfualizer to produce ; itorm frequency response of the wire- line

Jf *? wide a range as practicable

level of approximately +15 VU. At this level it enters the

*t*ni'
K'

tn ''
,
"!,m l'''" ,,r ,stil^e '

'I'll" line equalizers, line amplifiers, variable
ptpts, volume indicators, monitoring amplifiers, microphone for

local announcements, together with their switching equipment

H !
,ano 's ' are normally mounted on racks in a shielded room

")[ip
rr"it r<>l room. The shielding consists of an outside-grounded

46, j^
cr?cn containing within it a floating copper screen.
miting Amplifier. A special type of amplifier normally used in
sh-input layout at tlio broadcasting transmitter is of the coni-

s
Peer:t

8kJi5" A; Wire Line Byatenu for Nationat nrusulcaiiting, Proc. I.R.E.. IT, 1968,
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pressing or limiting typo. This amplifier automatically icdueen
channel gain whenever the program peaks become e\cessivcly|J
Tims it fends to prevent ovcrmodulation. As a rvsidi, distortion!
tn trnpsniittcr overmodulntiim can In; avoided whil>- ai the .same*
the average modulation can he raised with a corresponding audjgH
gain at the reeeiver. This is noticeable osprciallv at low passno?
program material where background noise may become object:, a Jj*By rectifying a email portion of the program signal outpui

".,
',

voltage control is provided on a program signal amplifier. Tl i- ,

does not just cut olT the program peaks, but it reduces the gain andtt
allows it to again rise slowly to normal.

Meier

i f
(Gain reduction)

Fio. 4C.

Meier
(V.I)

Singkt mcfti purser

meter onpam^M
serves for ail \
functions mdrcam

°B
T **B

Simplified sehemsilic di:i«r»m of liC.'A OCA limiting ainpli**

The signal voltage is amplified and then rectified in a iliodc with a Jfl
that a variable d-c bias voltage appears across a resist or in sen'i
bias voltage to the grids of the Brat stage r>f the amplifier. With mi in«*fl
signal the bias becomes an. re negative and (he output of the .•"iiP l,*L
reduced. Phis action does not occur, however, until the audio signal W
applied to the control tube exceeds the fixed bitis of this tube.
A potentiometer across the aacondary of the input. I rausforiner is u*jS

113 a variable-input control from which t'lie correspond; in; input level at JS
the compression takes effect is varied. Owing it. the high gain of tin- n

.

m,l3
(58 db), the beginning of the compression may be as low as - !0 \
vision is also supplied for adjustment of I he output ol ! lie atnplilh t by *5
Of a potentiometer in the input of the second amplifier stage. By '"''in*
this control the output level can be sol anvwhero within tlie range of

- ivm
to +18 VU.
To compress sudden peaks of the program wave, the i-iniirol circji'.1

function very quickly, The lime const ant. of (he circuits in voked.
18

*
Unit the reduction in gain occurs in (1.001 see. To prevent the B«»"-l
fluctuating at low audio or syllabic frequencies, there is a slow discn^Tl
delay circuit provided to allow the compression hias collage applied *jM
grids of the tubes in the first stage lo leak off slowly and return tbtfgM
gain to normal m about 7 sue. Thisdelay lias been set, hv actual U»

tests to prevent introduction of distort im oi dcetroj sueeeh :•)!

RADIO BROADCASTING 817

jfte amplifier has an output of +28 VU with 18 VU compression. The
Cncy response is flat within + 1 db from 30 to 10,000 cps.

ff.
Program monitoring facilities are a very essential part of broad-

Estatiiiit equipment. In broadcasting technique, program monitor
j» refers to a monitoring check on the audio signal input to the
.milter, whereas program monitor radio refers to a check on the
oduln'ed signal secured by rectification of the carrier envelope as
pad at the broadcast transmitter output. By switching from the
tign'it to that produced by rectification of the modulated trans-
carrier, the station personnel can determine by listening tests and
renn tits the relative amount of distortion produced in the broad-

jt station equipment. For monitoring Die outgoing program the
and normally listens to the program monitor radio as produced

demodulation of the signal at the antenna system. This ensures that
portions of the audio and radio transmitting equipment, us well as
antenna system, are functioning. Thia is indicated by monitoring
xkpeakers or oscillographs.
Facilities for program monitoring are provided in a room suitably

icoiislieally treated to provide a favorable place for
the judgment of quality. This mav be either the
itself or an adjoining room called the control room

836 836 836 S36

meted and
""etiittg tests in

itter room

Remote
- antenna

meter
t'to. 47.—Antenna monitoring rectifier circuit

220v. AC
Carrier
on relay

"n? it .

WL ."' speech input is normally located. The equipment for moni
'•Wt-li

'
'

1

,'" "'B" 1 ' 1 '""'wista of high-quality audio amplifiers, the gah

-W regulated for proper signal volume; high-qttalitv loud
..
*' ['ml associated switching'equipment

gam
. .oud-

Tho frequency response

h "i"

s
-vsU,,n should be flat over a range of between ;J0 to 12,000

>Sa u ni ™*ditiinial to tins equipment for program monitoring
"I'lI-desiRncd monitoring rectifier capable of demodulating the
" as picked up at either the output tank circuit, of the radio" v

1 1'" an ten nr. pre-': r:ihiy i |,e latter.

^atiV- ,v £
*• -17 a i

aSam.

8 tu'° types " C anten 'ia monitoring rectifiers, shown
HoctiK,, '

,ilus
.

trat c
i

single-ended and push-pull types, respectively.
'

aril,',
a ari " cqmppnrl with circuits enabling then, to be used as theuna curreat-meter rectifier, to close a carncr-on relay or limc-

Utte
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outuge clock relajr as well as the monitoring signal for oscillograph ^
speaker. In coupling such rectifiers as shown to an antenna circuit

nn Pickup
I inductance

636

tf
j ? not a linear device since the internal resistance of the diode decreases

B[%c anode voltage is increased. The selection of diode tubes having low

ft(
.,-!i:il wllaj/c 1 Imp ami Die i nlToduriinti of suliiuient resistance in the plato

EL|t hit required in the design of a monitoring rectifier ofare i i'C(uirtiu in me oesign oi a tuuiuwring rccrincr of satisfactory linear

I
iiractcristics. Linearity may be further improved by application of a

mBSt»» ; I'o.-i'ive bins in the plate circuit so that the diode draws steady plate

Efent over the most, non-linear lower portions of thfc curves. In Fig. 4!)

I,>ign feature* are illustrated foi a 5V4G diode, which is a particularly
"'„} vy|ir or monitoring recti tier tree due to it's low internal voltage drop,

tyiegof higher inverse peak voltage are often required for rectifiers of higher

1
llOv

"

0.002/uf

836

|g Signal For transmitter
room monitoring

To remote antenna
meter Hmt outage
clock, relay, etc.

{ZSSlZFsUk rJotariersftRCA SV'IC tubt

Fio. 48.— Push-pull antenna monitoring rectifier.

cautions are usually taken to prevent the generation of oven and odd*
harmonics into the antenna circuit as produced hy rectification. WH

certain conditions such bar

generation and radial ion frora*

antenna system may create i»*

ference on the harmonic frefltJJ

cics. For this reason, t lie l" 1*?^!
type when inductively runt"'"

a high current point of the:" w

system has considerable advwl
over single-ended lypes. i"J
even harmonics are BB1

pronounced.
For reel ih ing I lie covclel*'

carrier wave to secure
loud-speaker monitoring
1 1 1od ula t ion measu rements

oscillograph, it is essential

1 i n e aril y characteristics

monitoring rectifier ^\
elZA

the impressed voltage and
current is substantially
throughout, the operating
The unit must also have
frequency-response ch
to provide reproduction
nal without frequency

Diode rectifier tubes a'

tonaively for monitoring

2b0 JOO 350IM> (50 200
Ptote current, ip

Fio. 49.—Characteristics of monitoring
rectifier, (i, refers to total plate current,
of two tubes,)

phone signals. As an individual element of the monitoring rectifier,

WW J
as*
to- /(*

'GysMfrtqij&Kytim/Kr

Flo. 50.—Circuit of frequency monitor,

|* handling characteristics and to withstand voltage surges (such as those
Jp1 by lightning! from an antenna circuit,
c iK'i'i-i'ntago distortion of a rectifier may lx* approximately calculated
'<"' dynamic characteristic by using a similar formula to that, used in
EU.itig percentage distortion of three-clement, tubes us audio amplifiers,

r/"equency Monitor. This instrument is required at a radio broad-
f -'at ion for the purpose of measuring the carrier frequency

*b"n of t},e transmittKi'. The FCC rules under Sec. 3.59 state that
gprafiiig frequency of each broadcasting station shall be maintained

oil cycles of the assigned frequency until Jan. 1, 1910: thereafter

^ jfl'teney of each new station or each stat ton where t he new (ransmit-
JP^alled shall be maintained within 20 cycles of assigned frequency;

hin oo
'fln - 1942, the frequency of all stations shall' be maintained^ •«» cycles of the assigned frequency. Under See. 3.60 (FCC rules)
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the frequency monitor is subject to FCC 1 approval and must hav«
Stability and accuracy of at least 5 p.p.m.

The frequency monitor typo KX 4180 (Fig. 50) is an approver! typ, ^

.

operates within the limits specified. The instrument contains a freqgJJ
standard oscillator utilizing an accurate quartz crystal togi'ilier vm]
27 tube operating in a special circuit having excellent frequency stf^H
This precision oscillator drives a 24 buffer amplifier stage with ven
coupling between them. The output of the buffer is coupled to the tr;,i I

a power detector stage. A few watts of r-f carrier energy, picked up froimjl
broadcasting transmitter at some stage below the one modulated, is eap»o.

lively coupled to the mixing potentiometer connected to the grid <3M
detector.

Inasmuch as the standard crystal oscillator stage is adjusted to &f
quency 50(1 cycles from the carrier frequency of the transmitter, the dajj
produces in its plate circuit a 500-cyele heat note. This is in turn ampBM
I v a - :

. itage tu a jumeieni levi\ to opcr an ;.u.i ;; f n ricy »:,i't.
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Flo. 51.—Schematic diagram of RCA 60A modulation monitor.

This meter, indicating directly any frequency from 450 to 550 cycl«H
scale calibrated from to —50 cycles and to +50 cycles. With the U

mcnt calibrated exactly from an approved measuring station, the trail*"

when operating on exactly its assigned frequency, will cause the

read zero deviation. A negative or positive drift of the carrier is i

by direct reading of the instrument. The electrical elements anc

of the oscillator, amplifier, and detector stages are contained in a «*•

temperature cabinet, at about 50°O. Contained within this
'"""JSI

another containing the quartz crystal which is kept at a constant temp**
of about Wr*C.

49, Modulation Monitor. Section 'A.'iTi of the KOC rules require

each broadcast ing si nl ion shall have an approved modulation in**"!

operation at the transmitter to measure the degree of modulation*
transmitter and for furnishing instant warning when the deg"
modulation exceeds a selected specified value.

..
r|!

,-'

'Rules and Regulations and .Standards Applicable to Standard ISmtruksis*

9

as Promulgated hy Federal Communications Commis-iion," Rruuilr.tixtintl'

Press Ruddinc. ^Va-jIiiiiRton, D. ('. Also for sale by Superintendent of I>

U. S. Government Printhus Office, Washington, D. C.

ii herring to Fig. 51 illustrating circuits of a modulation monitor, the
adulated r-f signal to be monitored impressed across diode tube \-V is thus

'•JJJfied.
i'hc resultant rectified pulsating d.c. flows in diode load rcsistcr

r The average value of d.c. is indicated on the currier meter. This
Pproportional to the average carrier voltage. The average component
QyoltaK 1 u cross this load resistor excites two indicating devices' (1) tho
meg Mi calibrated to road modulation percentage and decibels directly

I "her and alarm circuit for providing a warning when the degree
Jnodulaliou is exceeded.

TV modulation indicating meter is excited in the following manner: The
tali component secured from the first diode is rectified by the second 70

detector tube and charges condenser Cs. Tho voltage across this
Evanser in impressed across the grid circuit oi the 7b vacuum-tube voltmeter
ttigr which has the indicating motor Mi in its cathode circuit. Circuit,

ecostaats are made such in this instrument that the a-f peaks on the r-f

rrier arc as indicated by meter .!/;. The neon flasher is operated by tho
J§y tube, an 8S5, which is in turn driven from the first 76 tube under tho
mue audio component from the tube 1-7 thai is used lot operating the ittdi-

ator meter system. If desired, the instrument may Ik> used to operate an
miliary alarm when the modulation peaks rise to an excessive value.
Modulation indicators are usually calibrated by means of a pure sine wave

mixiujatin.jsignal applied to an accurate cathode-ray oscillograph and cheeked
n.iiii;-: die indicator. The frequency response must necessarily be flat over
ih- 'i-jdio range used to ensure accuracy of measurement, over the range.
According to See. 3.55 of the FCC rules, a -license of a broadcast "station

«ill net lie authorized to operate a transmitter unless it is capable of delivering
•tisfactorily the authorized power with a modulation of at least So per cent.
When the transmitter is operated with 85 per cent modulation, not over
HJW cent combined a-f harmonics shall bo generated. Under Sec. 3.40

design ret-n-iiioemlol ions call for the total a-f distortion from
Jjirimihi,:,,. terminals, including microphone amplifier, to antenna output
PJJld not exceed 5 per cent harmonics (voltage measurements) when

"Inciting from to S I per cent and not over 7.5 per cent harmonics (voltage
'<'' 11 nl arithmetic sum; when modulating 85 to 05 per cent, (distor-

.' "'nil be measured with modulating frequencies of 50, 100, 400,' 1,000,
and 7,500 cycles up to the tenth harmonic or 10.000 cycles or any

I:
• frequency that readings on these frequencies indicate is

Me).

operating percentage of modulation of all stations is normally mam-
as high as is possibly consistent with good quality transmission and

broadcast practice.

RADIO BROADCASTING TRANSMITTERS
.

'"' •••>» of a broadcasting signal that will afford a means for coii-
BHS speech and music to the receiving set, of a broadcast listener

kjj 1* general ion of a constant r-f carrier upon which there are
rnp'i...,! audio frequencies, the intensities of which conform as

^tiiii

as
r

,l
,l,S!>ible with those contained in the sound produced in the

iYer , j

'it' 1 production of such a signal may lie accomplished by
I

t

'"ci hods 1 of modulation.

^ Ameri(., ln broadcasting technique the amplitude system of tnodula-
l0j

fJ
.
u*"d exclusively in the present standard broadcasting band of

* in tu'
^c. ^ne advantage of a.m. for transmission in this band

if
iif

!'! production of a modulation envelope containing but a single

I.
a "' 1 ' bands, thus penuilling station channel separation of 10 kc.

,5
- Op'

1, '' A!*8> Amplitude, Phase and Frequency Modulation. Proc. I.R.E.. 19,
^"nbrr, 1931.
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Compared to the n-ni system, the phase and frciiuency method^
modulation produce an infinite number of side hands, It is evidently

greater channel separation is needed and for this reason f-ni station* h»v.

been assigned to tlic n-h-f part of the spectrum.

The primary requisites of a radio transmitter satisfactory I" operate 111,4.

the present rules of the FCC for producing radio broadcasting sijciiali o
as follows: . Jm

1. Satisfactory earlier frequency stability well within the allowable JflJ

tolerance of ±20 cps maximuni deviation.

2. Amplitude and frequency characteristics providing low over-all ttgaj

distortion.

3. Suitable safety devices to avoid hazards to operating personnel Ml
electrical circuits and equipment complying with the National Mleeinr Cofe

4. Minimum carrier noise level, approved electrical metering tarilitfe

minimum r-f harmonic frequency power output : and neednm from parartii

frequency emissions. . .

5. Low operating costs requiring an over-all high operating elhcieacy tg
respect, to power input, low approved power lube operating expenses, m
low expenses for operating personnel.

6. Durability, simplification of adjustment, and maintenance t.remWH

accessibility for repairs). . .

7. Reliability of service providing for continuous operation with a mt»

mum of interruptions at rated currier power oulput. modulated within lcf»

limits. ... , .
:_9

8. Satisfactory dimensions for given power output providing lor nimiBUB

installation and building costs.

9. Low initial transmitter and installation costs.

10. A. pleasing appearance.
. . . .M

A recent trend is toward transmitters hav ing hi-.-h-levd modu aieii m
high-efficiency linear power amplifiers for the purpose of producing ihe dcauw

high-quality broadcasting signal with a minimum of operating exponi»»

60. Typical Transmitting Equipment. In Fig. ">'-> i- illu-trate^

simplifiotf diagram of :t radio broadcasting transmitter ,,l recent dejap

rated at 5-kw carrier power output. It is r< u-reially known as ^
HCA type 5 DX.

The emitted carrier frequency of this radio transmitter is maintained «j
within a tolerance of ±20 cycles by a crystal-con I rolled oscillator u

The present KCC regulations provide for a frerpiency deviation nl m>i

than ±20 cycles for all newlv licensed stations and. effective .Ian. 1.

for all broadcast stations. This is accomplished through the develop""!

of V-cut. quartz crystals having a temperature coefficient, or ahoiii 1 I y
1 000 (till) per degree eontigrado. Tlic mounting of the crystal is smiou ^
by a heater in close thermal contact with the hitneialhc lliermostai.

effects of changes in the ambient temperature are (litis compcnsaieu-j|

Hie crystal is maintained at constant lemperat lire. 1
here is lie l

circuit associated with the crystal input circuit. thus 11 is cm 'Jjd
electron coupled" to the output. A small trimmer capacitor is

in shunt with the crystal to adjust it to "zero beat or exactly to tin.^
carrier frequency. ...

,n*s*
Two crystal oscillator units are provided, one being a spare, win n

switched into use instantaneously. Tin- out pin power ol the crystal osc *
in use is amplified to the full 5-kw carrier output by a single M 2 , l.'

iol*
intermediate stage utilizing an S0"> tube to drive the pnsli-pull w J^g,

mediate power amplifier stage. This drives the S')2li power amob itr

The modulated power amplifier is adjusted for plaic-tiiodulnlcr el.

oporation. The output of the power-amplifier stage is normally oo»^
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to the antenna by means of a concentric or four-wire open traiwii.i«t
through network circuits reducing r-f harmonic contenl in a roi v i,„v

f> "
l; »

The transmitter utilizes high-level modulation, i.e., the S!t
:
> Ji J"**x

plate-modulated by r. push-pull stage containing two SU1K tul^s V>modulator
i

tubes are biased for class B audio operation for the
,mrsecuring high efficiency. The modulator is coupled by means ,,f g

lation transformer to the plate supply voltage of the modulated an™Ihe modulator tubes are driven through an input transformer \,\ M5^2
operated push-pull as clftsa A audio amplifiers. The SOT and 1003 gjJS
are also operated us class A audio amplifiers.

Elaborate precautions have been taken in the design of the audio dtuJ
to control the phase rotation with respect to the frequency characlwufl
in those circuits to which degenerative feedback has heeii applied A
circuit elements, especially the audio transformers, must have a mini
of phase shift over the a-f range to realize advantages from the appH
of degenerative feedback. As illustrated in Fig. 52, a potentiometer!
the primary of the modulation transformer provides a signal voltage
introduced out of phase into the input of the audio system. Hum or
eeaerated 111 the r-f power amplifier appears across the modulation I l ansfi
and is thus also iulrodueed out of phase to (he speech amplifier input 1
fore, with regeneration, the over-all carrier noise level is very low. Mm
mcnts indicate this to be 05 to 71) db below the signal level of IO0 m
modulation. The amplitude distortion is maintained by this svsieiu ...

below :j per cent r.m.s. over the a-f range of between 30 'to 10,0(10 cpa, tA
the over-all fretpiency response of this transmitter is substantially fa
within 1 db over this audio range.

Features of this transmitter which merit, consideration are its siinplioS

brought about through the use of a-c filament supply for all tubes, 111

eliminating filament motor-generator sets. This points toward a rnnsidCTlt
saving in power and vacuum-tube operating costs as well as on tr^^H
space re entiremerits and initial installation costs. Reduction of carrier DM
level of this transmitter (.0 an extremely low level is accomplished Ihmugud
use of indirectly heated cathodes of tubes in the low-level siages and th««
of degenerative feedback. The transmitter requires no water-cool in;!

since all power tubes are air-cooled,
A very small portion of (he modulated r-f power produced by the paty

amplifier is introduced with proper phase rotation into the first audio «t(

of the transmitter to reduce currier hum and noise. Design features real
minimum phase shift in all circuits involved to permit satlsfaefo: ,1

opcr* 1

of this system of reducing carrier noise ami envelope distortion.
A transmitter is normally supplied with a phantom antenna for use dttfjj

transmitter warm-up and test periods. Switches are provided fur f^j
ferringr-f carrier power from the output si. rise of llie transmitter (o ei

radiating antenna or the phantom. The latter is designed to »••' •

effective resistance-load equivalent to the characteristic impedance oM*
transmission lino. It must necessarily be capable of dissipating 75 kw <*l
energy in a 50-kw transmitter when modulated 100 per cen I with 11 usW
audio signal having sinusoidal wave shape. .

t ,

Kigure 53 illustrates a simplified circuit of a Western Klcctric •*"?S'V^S
transmitter. The modulation system consists of a low-level grid-bias t?*3
lation applied to the Weslern .Klcctric 241-11 driver stage for the high-efnwj
power amplifier output stage. In view of the small amount of mli» I"'.,,

requirements from the modulator for this system, the audio and iiind*B|
stages are quite simple and of low power." Stabilized feedback is n""j
between (he power amplifier stage and the first audio stage to reduce
distortion and carrier noise. • The value of r-m-s a-f harmonic d:*i»r»i
I lie range from 40 to 5,000 cps is less than 2 per cent at 85 per cent MM
I ilion and less than 3 per cent at 100 per cent modulation. The !3
'evel is normally (iO db below a signal produced by a 100 per cent, modi"
currier. The frequency response is flat within 1 db from 30 to 10.0(50 cF

-
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The over-all efficiency is about lot-, kw for carrier onlv. Id kw f, )t
average program, and 19.5 kw for 100 per Rent modulation from a
sinusoidal frequency.

51. International Broadcasting. Transmitters for this servie
operated fit. high frequencies and for this reason are considerably difj

in design from transmitters operated iti the 550-kc Ui 1,<(00-kc u ,They are used with directive antennas having a power sain of 10 orn3
and have carrier powers up to 50 kw 100 per cent modulated.

THE R-F CIRCUITS
Radio-frequency Amplifier Neutralization. One of (he essiviti

adjustments in an r-f amplifier circuit to obtain stability and prow*
rcI' -oscillation is accomplished through neutralizing the eloctro«tttli
capacitance of the grid-to-plate electrodes in the triode power aH

For thu purpose of neutralizing an amplifier stage such as the r-f amp&fl
shown in Fig. 52, first remove plate voltage from it and apply uormalrt
excitation to the grid circuit. Tune the grid circuit to resonance in the oil
manner. Next connect a low-power (5- to 10-watl) high-resistance lain;

across one or two turns of the plate tank inductance. The leads to the I

should be very short and provided with clips for convenience. \cM tim
plate tank circuit sonnnoc with the grid exciting voltage froquewM
indicated by maximum brilliance of the lamp. It is to bo noted that tj|

circulating current in the plate tank circuit which lights 1 his lamp ini-rudeslh
coupling effect of the grid-plate capacitance of the lube.
The neutralizing voltage of opposite polarity is obtained by coiiiwl

to the opposite end of the grid or plate tank circuits, re the case i

The magnitude of the voltage used to neutralize the grid-plate capadi
current is regulated now by adjusting a neutral zing condenser- A'
neutralizing condenser is varied, the lamp will change brilliancy, and H
correct balance is obtained, the lamp will be at practically zero brilliiwy
As neutralizing capacitance is changed, some slight, corrections in I**
tank tuning and in grid tuning may be necessary, dm- lo interactions of tit*

two circuits. Always tunc to resonance by maximum lamp brilliancy
neutralize for minimum brilliancy.
When best results arc obtained by the lamp method, remove it from

plate coil, and, if more accurate adjustment is required, a low rs^^H
ammeter should be inserted in series with the tank circuit. By j^^H
meter, maximum accuracy is obtained by tuning the circuit to obtain idst*"'
minimum current.

Since the effect of coupling between successive stages greatly nffc
neutralizing, the adjustment si Id be wit] nil circuit r lit ion*

11

couplings ;is nearly fit ml as possible.
The power-amplifier circuit in Fig. 53 is equipped with an entirely diffC^

neutralizing system. This consists of an effective inductance slnuitinllS,
intereleetrode grid-to-plate capacity of the power tube. Suit able d-c bio<*5|
capacitors are provided to prevent, the plate voltage from reaching ill*

through this neutralizing inductance.
Neutralizing adjustments with this shunt inductance may be accotn]

with a high resistance lamp or t hermo-niilliammcter attached to the
tank circuit in much the same manner as was described for capacitor n
zation except, that neiil ralization is accomplished by adjustment of tin
inductance. This system has great advantages over the neutralizing
tor method especially where if is desirable to keep circuit tank etipaeH
the corresponding kva kw ratio to a low value. This is the case
stabilized degenerative feedback is applied through an amplifier stage «i

a minimum phase rotation with frequency is required,

m Class B Linear R-f Amplifiers. The operation of a push-pull

\\ r f amplifier may be understood by a study of Fig. 54. Here it is

:rtn il.at plate current drawn by the lubes is very closely a linear

rtion of the grid-voltage swing. The associated output-circuit loading

iiusted so as to realize from the tube a maximum conversion efficiency.

ii curves showing how plate-current, efficiency varies with effective

Actualplate current
•' for tubeA

111!
-trff

l
i-i—hrH"

L. j-J-l^i-iil

Adualplate

current

Resultantaverage
plate current fedto
tank circuit is

reproduction of
grid voltage wave

Gridexciting
for tube B

no. 54,

voltage wave

<~ Bias ( optimum)
Theoretical curves showing push-pull elans B r-f amplifier operation.
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—1-oad characteristic curves of two RCA 89!

nice are shown in Fig.

power amplifier tubes.

impedance ar( . shown in Fig. 55. The crest position on these curves

E"* upon the tube characteristics mid the power factor of the circuit

i
q«lev

W»ich
iCy iiy

h it operates. These curves were taken at a broadcast fre-

,V varving the loud upon the output circuit of n linear amplifier

K'SIU measuring the eflicieney of the stage at various d-c plate

of
t
?<"er conditions where the conversion efficiency is a linear function
e Kfid swing, the power output is necessarily proportional to the
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[Sot.

I

square of the grid swing, Hence (ho peak power outpul at. [no
rent modulation is four times that at which the modulation is J5?Ihe steady power output under conditions of sustained 100 ptx
nimliilnlion i> i .5 .- I n < output ,

' <m « mod Nation I horefor •

considering power-tube requirements for a class B linear-amplifier
provision must he made with respect to filament emission and
dissipation so that the tubes are capable of supplying peak power <

of four times that of the nominal carrier-power output rating
transmitter. This assumes that the modulation capability"
transmitter is 1.00 per cent.

In adjusting a push-pull linear amplifier, both sides of the circuit a*necessarily have very nearly identical operating conditions with respect t!grid swing and circuit adjustment, so that cental plate currents are ineanaf
on the individual tubes identified us .-1 and 11 in fig. 54. The grid-K
adjustment depends necessarily directly upon the plate voltage lined shim
[josn ion of the elm racu'nsl ic curve is moved with each corresponding Cham
in plate voltage.
Aa illustrated in Fig. 54. with a simple triangular wave form, the method

determining optimum grid bias depends upon the point where an
of the straight portion of the curve intersects the horizofit.nl axis,
dynamic curves of tubes A and B have thf>ir straight pontons in din
alignment. Distortion due to the lower bend in each characteristic c.:-vi

averaged out together with the kvu kw inertia effect in the nutput-t
cuit. On the other hand, it is illustrated in I fie curves that, for maxim*
modulation peaks with output increasing as the excitation voltage is incre«4
there is a limit to the output as represented bv the upper bends, points*
and „S'i, on the curves where the tube saturation points begin.

Linearity is therefore dependent upon grid bias, grid-exciting voltage, it*

output-tank loading. The procedure for setting taps for correct, outM^H
loading consists of first saturating I be grids of the amplifier tulios * ,,]

sufficient r-f grid driving power. Then with one-hall" normal, class B H
operating plate voltage applied, the amplifier is loaded until it. delivers MM
carrier power normally to (he antenna, the plale efficiency being nsiW''

between 65 to 70 per cent. Then the grid-exciting voltage is reduced In^iul

by means of grid-loading resistors! until the amplifier stage with full I
1

}*
1

voltage applied delivers the same rated carrier output with a correspond
plate efficiency of very nearly 35 per cent. This is the plate effieiencj
class B r-f amplifier aa specified by Sen. 15.52 of the FCC rules in the
mination of carrier output power by the indirect niuthod. Under this
section the plate efficiency for plate-modulated clttss C r-f operation <

last radio stage as measured by the indirect method is 70 iter cent for <

milters having carrier power output up to 1 kw ami no per cent for 5 kw
over.

54, High -efficiency linear-power amplifiers are a result of
«""

reduce the expense for operating power of broadcasting transmit
5-kw carrier output ana above. The limitations of "the class
linear amplifier as previously discussed illustrate that for sa'

'

operation of this system the plate power efficiency ranges from
35 nor cent for the stage. Considering lite driver and modulator
and the transmitter auxiliaries, with this system the over-all efllgj

from power inn ins to carrier power output may range from 20 b
tent. The high-efficiency amplifier circuit 1 provides a plate ope**

efficiency of as high as from 60 to Go per cent to be realized from a 1*"

power amplifier.
i Douehty, W, H„ A New High Efficiency linear Amplifier for Modulate*!

free. I.R.E.. Sep rem her, l!)Sfi.
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The amplifier circuit (Fig. 56) has been divided in block form into individual

jt3 .
Voltages at points in the circuit are us indicated by symbols E,, Ei,

.gu and En. The exciting voltage E. passes into two branches. The one
wdsintn a negative Itll-tleg. phase-shilling circuit, thus transforming it to the

amplitude for grid excitation of the carrier amplifier lube. This grid

i Et is amplified by the carrier tube, the a-c components of plate

jjajiif In-willing Ei (180 dei;. out of phase with B*). The output voltage Ei
passing through the impedance-inverting network shown has its phase

*ed an additional t)l) dog. at the output of the network. Therefore, in

A*,

-90'

ha. 56.— Block diagram of high-effi-
ciency power amplifier.

Fro, V. — Phase relations in high-
efficiency amplifier.

Amplifiedcurrentand voltage envelopes

.-t..i:i i
•

ncy f**

I

iic<ir«e|

1*1 G. 51.

Exciting e_m.f.

Amplifier operating characteristics.

1*8 "' Mitgh 360 deg, in this path, the resultant IS« is hi phase with the
. voltage
of f

£j. In the lower branch of the circuit the 180-dcg. phase
in passing through the grid network and the phase reversal

at ti"
''."^'"K through the prak amplifn r lube results in a correct phase

Hi if i
i ^W pll!lse shiUs may bo further clarified by the vector

- ttiKp f' *^hore the output voltage produced by both the carrier and
SUre'-v" ! illustrated as acting in phase to produce Et at the load,

ope'!
illustrates in graphical form the theoretical individual and com-

* or "i""
1 °^ t'l<> e|lrr 'or and peak tube branches of the power amplifier

j-apn ,"''"red by a modulated r-f exciting voltage (assuming sinusoidal
2 Slate v ,

voltage with modulation). Tor the carrier amplifier tube the
St

tlij-
,

r
j
sea very nearly linearly over the region to A, flattening

point duo to saturation; beyond this point any increase in grid-
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exciting voltwe for this tube produces practically no further inrra
plate voltage. The carrier amplifier tube plait- current, on the other
rises quite linearly from O to D. Thus from O to A the operation
similar to that of a class B r-f linear aiuplifier operating into a load i

of constant value; whereas from .4 to IS there is a progressive redttrti
plate, impedance under influence of positive delivery of power from

'

amplifier tube on upward modulation swing, as observed through the
ance-inverting network and the plate-current rises. The plate voltage
peak amplifier tube rises linearly Front to B, where the curve £|8k
because of saturation. This lube is biased to a point where lit: 1

. ,«;„•,

power is delivered for srid-exciting voltages below carrier amplit
However, owing to coupling to the carrier amplifier tube output
through the impedance-inverting network, a voltage exists in its plate
during this idle stage for tho tube. Therefore, a. linear variation
voltage for the carrier amplifier tube between O and A causes a eorre.
linear voltage variation between and A in the plate circuit of the,
amplifier tube because it is in parallel with the load. Owing to grid-ltf
conditions with respect (o the excitation voltage for the peak amplifier

|

appreciable plate-current flow begins when exciting voltage assmni
amplitude greater than that necessary for an unmodulated carrier condi
Over the region A to IS, plate current rises ver> nearly linearly to the
at g. It is evident that at the crest of the modulation cycle eoi cap;
to B both the carrier and peak amplifier brandies are delivering etjual
outputs in phase to the load.

Adjustments required for satisfactory operation of the high-efficiency
amplifier consist of correct neutralization of the intereleotrode l ube es
correct grid biasing of the carrier and peak amplifier tubes, adjust meat 4
grid load resistors of both amplifier tubes and their grid and out
circuits to resonance, as well as obtaining correct phase-inverting
istics from the circuits involved. For the purpose of correct loac.
amplifier into a load, the r-f transmission line should be properly tci

to permit operation of tho amplifier into a resistive load. It will be
that for the purpose of securing the impedance-inverting char
required, a !)0-deg. phase shift is also secured. All other phut
works are utilized to compensate fur this nn desired phase shift,
nation for phase shift must lie effective over all useful side-band fre
and also at the carrier frequency. Tho 90-deg. phase-shifting cirri

grid of the carrier amplifier tube and tho lSCt-deg. phase-shifting cin
grid of the peak amplifier tube are utilized for compensation purp

66. Stabilized degenerative feedback as applied Ui mdio-brnudca
transmitters reduces the nudio-harmonie distortion and noise el*

within tin' transmitter equipment, thus providing high-fidelity
foraanee. Reduction of carrier-noiss level may be carried to as to*

Go 'II' below 100 per cent modulation signal fiv . I iiziic- th-UCO
feedback, oven with a-c applied to tho filament of nil tubes.
FCC, Sec. 3,46, recommends that the carrier hum and extraneous *L

(exclusive of microphone and studio noises) level (unweighted r.s*l:
at least 50 db below 100 per cent, modulation for the frequency °*2?
150 to 5,000 cycles and at least -10 db dow n outside 1 ids range. I '

;irI1
Vj

distortion may be reduced to well below the FCC requirements:
some cases the measured value of r-m-s a-f harmonic distortion
range 50 to 5,000 cycles is less than 2 per cent tit So per cent n 1

and less than 3 per cent at 100 per cent modulation even with"
efficiency power amplifier unit as a part of the svstem.
The application of stabilized degenerative feedback to audi"

.

is described in :< nol her sect ion, A t horougl i I reaUueut is als<>
c

1 Root Bum nquare.

hadiu BBOADCABTINQ

l]i,>
literature.' In the application of degenerative feedback to tho

SLnsininer I Fig. 52) it is evident that the principles as applied to audio

CpUlicts also a])ply to the circuits shown.
Tpultcnticn of feedback to radio transmitters is, in general, more

plcK than when applied to amplifiers. Theory shows that, if a

art of the output of an amplifier or radio transmitter is fed back to

Jtf input and combined with the input signal in reverse phase, the

^Kre gain is reduced. However, if the signal fed back contains

,
ijji- iicil distortion components not present in the input signal, these

components will be amplified by the full gain of the amplifier and. in

trsvcl.r.K through the system to the point where they were picked up.

nD "''id to neutralize the distortion and noise in the system provided

the fed-back signal is exactly 180 dog. out of phase with 1 lie input

spud and the phase shift through the system is small over the range of

the ilislortion frequencies. Under such conditions the distortion will

Streuticed in amplitude by the amount, of gain reduction.

In operating a transmitter with feedback the over-all gain of lite

uidiu system is reduced by the amount of feedback used. For example,
if 3(1 df) of feedback is employed and the feedback voltage is removed
suddenly by some fault, the program input will lie 30 db too high, and
adjustment of the program input level must he made instantaneously
to prevent overloading. In the transmitter of Fig. 53 the feedback

is secured by rectify ing a small portion of the power output of

wcr amplifier unit by means of a feedback rectifier designed for

iaimiiiii phase shift. This voltage is introduced into the first speech
—ipliliiT audio stage together with the audio input signal.

.

w 'i li i he application of degenerative feedback to cascade r-f amplifiers.

* becomes extremely difficult to maintain the phase of the rectified signs]
M«'il up at the output of the transmitter sufficiently close to the ISO-dcg.
jMaiinn required throughout the entire a-f range. I'nless all networks
a the entire cascade system are correctly designed, the kva/kw ratio of
*!*>' tank circuits are' kept to a very low value, and stray capacities are
Jjairnizcd. there is an accumulative phase shift through the feedback
""•P wherein the degenerative system is active.

1 "iter conditions where the voltage fed back to the audio input of the
b " silt er passing i hrougli the feedback loop is other than 180 dog.

I of plmse w ith the input signal, less noise and distortion cancellation

of it
'

-

"'''"
s ' s especially trm- under conditions where the phttse shift

j^

1,'"' feedback loop becomes less than 90 cleg, or more than 270 deg.

rj,,,.
"«•«<•«•» where tlie phase shift approaches zero and 360 dcg. from

»yj
01 'he input signal, stabilizing circuits are necessary to prevent

''•tit ns, ;'>,,,
f , | M . ,.ntire I ransmil ler at I hese freipieneies, provided,

f|*i
mr,"> 1 ,mt the amplification around the loop is.af least unity. These

"'»•" are sometimes referred to as those at which the phase "turns

*4hr ' 1 ' l0 '1_t turnover point, say around 25 kc. an adjustable
Witting fji

I Stages.
r may be utilized in one of the low-power speech amplifier

This prevents oscillation or .singing of the transmitter at

eilj,,

,'lr, ieular high a.f. where the condition exists and for this reason is

(MnV ''anti-sing" circuit. In addition there may be required a l_-f

v 100 cycles) stabilizing circuit in one of the low-power audio

ft- D„ Stabilized Fcedbufk Amplifinns. li<U System Tech. Juut,, Januiny.
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stages to prevent oscillation at the l.f. at which another wist able
boa exists. °1
By correct proportioning of till constants of (he a-f an<l r-f stages Jt

associated networks throughout the entire section of the tranafl
containing Hie feedback loop and by application of the stabiliaH
circuits as mentioned tiiRi'l her -.villi careful i ninsitiH lev ndiu*tiiuC
an effective amount of feedback can be normally secured for caticelH
of noise and distortion.

MODULATION EQUIPMENT
66. The Speech Amplifier, An audio-amplifier unit employing now

tubes is usually necessary as I lie preliminary Dart of the audio 'svatra,
of a transmitter to raise the audio-signal intensity to a suflicient amimni
to swing the finds of the modulator tubes. Iiesistanoo coupling i
Irequently used in speech-amplifier circuits. In Figs 52 and fi3 up,shown simplified circuit connections of tvpioal transmitter speed,
amplifiers. F

Amplitude modulation provides a means for reproducing a %u|
containing a distortion not exceeding a few per cent with the earns
fully modulated. In broadcasting transmitters) it can be effected h
either plate or grid modulation. When grid modulation is applied to
power amplifier tube, either hy bias-voltage, or r-l' gral-vnb ;i'ge ctmuif
the efficiency of the power amplifier is rather low . ranging from 30 I*

•'' 1:1 A plat. -: i ilr t. d radio -tage , p,. ratio!; n class i

amplifier has a. comparatively high eflicicncv ranging from 70 to SO per

cent. 1 his advantage of higher efficiency, however, is offset by the m
efficiency of the plate modulator unless a class li audio amplifier is ON
for modulating. Therefore there is not much difference in the two ST*
terns, in so far as efficiency is concerned, with respect to powe
vacuum f.ubi: costs except ,u ilcr comlitiims when modulating power hi
a class t r-f output stage is supplied from a modulator of rather htft
efficiency.

When the power-amplifier stage of the transmitter is plate-modulaW*
I lie setup is called a hgh-M xi/xh-m of modulation; whereas a transn^P
modulated in a low-power stage of the transmitter and followed by a ill*

l'I
I£r

wnr a,,'phlier is termed the Itw-kvel system of mod illation.
57. Modulators and Modulated Amplifiers. In Fig, ii!) is shown

constant-current system of modulation due to Ilcising. 1 TliemoduW
and modulated amplifier are connected in parallel with a const ant-curr*
source of supply. This is connected to the common plate lead through
large inductance L, called the vmiulaiitm choke.

The dynamic modulating characteristics can he determined with a'*
degree of accuracy from the static characteristics of the modulator tal
method illustrated ut Fig. GO. The modulated amplifier is assumed to W
pure resistance loan in parallel with the plate roixiuvre of iV a>M(lal«."
tubes and both assumed to bo supplied with power through a moduls"!
choke of infinite impedance. The sum of the instantaneous currents if 9

\utnpliher and modulator in this case is a constant. An approximadon
'

made, of the nun, ,,-r of modulator tubes required to modulate a givP».£
umpliher. 1 he plate-current ordinate for a single tube must be mul«Bby the number of modulator tubes before 1 be load line ISA can he plotted

2

slope m amperes per volt which depends upon the load resistance l'r<idi»JJJ

' Hbibiho, It. A.. Modulotion in Radio Telephony, Proe. I.R F 9, 365 \ii"ust.W
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the luuplificr. Line BA was chosen (or two modulator tubes operating

1,0011 volts plate into an amplifier of 2,000 volts and 150 ma or an effective

instance of 13,333 ohms. The mean modulator plate current /g is chosen

mi allowable plate dissipation and loud line BA drawn in about operating
"L, C. The modulator grid voltage swings from - '-

2 AV (filament voltage)

equal grid voltage oil the other side of the operating point. By taking

Medufator Cj Modulafai Amplifier

Q>

-fh

Fig. 59.—Ilcising conHtunt-current modulator and equivalent.

600 J00-

2O0O 2500

Rats Volts

Method of determining modulator characteristics.

ffiOO 5000 :-;;:>

of plate current and voltage from end points of the load line, the
"wvuiu information becomes available:

Modular -
Ea ~ E"

it ion factor
•2m

'*tB - uinxiimtm philc-vnllnge swine
Oh = minimum plate-voltage swing
Eo = d-e plate voltage at operating point C.

ts..„,,„ ., ttVii + /*) -f vent 2nd ratrmonie distortion x loo
(Is - 1a)

er
<! /i -_ maximum plate-current swing
'* = minimum plate-current swing

j>
'' " plate current at operating point C.

°*cr output in watts - >A(EA - - Ia)

a^A' pesign for High Audio Fidelity, In the design of the modulated
JjP'uier circuit of the above system certain elements of the circuit must
^Pfoperly proportioned to afford a uniform frequency characteristic.

eaPaeitanee of Ci (Fig. 59) should be large enough so that its imped-
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ancc at the lowest frequency to bo transmitted is less limn onc-t

fit, or the pinto dropping resistor.

The capacitor <" provides an r-f palh from plate lo filament of iv
amplifier tube and at the same time breaks the path for the d.<^
must also break tlie path for higher frequency a-f current and
it to flow through the amplifier tube. It should, therefore, be no
than necessary to conduct the r-f plate current without producing
hive phase shift in the plate current under conditions where Cj
than 2C.

Sufficient impedance of the modulation choke over the a-f range
another important factor

'

cuit design, Its impedsjL
the lowest a.f. should be at I

two limes I lie effective resistant!

load produced by the r-f aniplifjj

lube. The choke should be fn»

from inherent self-en paeitian
delects over I he freipieney map
to maintain a sutlicienlly unifoni

high impedance al the higher

frequencies.

High-quality signal reprodt»

tion requires that atnplituderhV

tortiou should lie kept all

minimum. A common cannon

amplitude distortion is due >

unaerexcital ion of t hi: grid oil

modulated amplifier lube whs

j
plate modulation is applied-
This results in insuflicietit dnj
itig voltage during periods ofMR
plate-voltage swine .-md con*"

fluently peak-nut put limitf*

Trouble from this cause sbO«|

up <|iiite clearly upon an
tude curve or upon an oscB

graph in the form of chopp
positive peaks. In Fig.

shown amplitude enrvest
the modulated carrier of I

z

0.4 08 1.2 1.6 2.0 2.4

Peak Volts

Kio. Ct. Amplitude curves taken on
a modulated amplifier. Curve A taken
on stage with siill'ieic-nt driving power
applied to saturate grid. This shows
negligible amplitude distortion. Curvo
li taken on stage with insufficient grid
excitation to cover positive peaks. Am-
plitude distortion l>ceonies noticeable at
(iO per cent modulation und increases
with higher levels.

I he grid of which was excited to saturation as shown in .'1 and '

excited in B. It is a custom to have available a surplus of driving

|

for a modulated amplifier to prevent any possible occurrence of f

tude distortion.

"The constant-current or Heising system of plate modulation >&^H
designated as a class \ <ystem, since the modulator tube pel iWins ow£
conditions similar to those encountered in a class A amplifier. OH
tions of operation of a tube in a class A system may be defined
under which the plate current of the tube does not pass through
at any time during a grid-voltage cycle.

A vacuum tube performing as a class B audio amplifier or modil
operates with a negative bias voltage fixed at a condition appron<|
plnte-currcnt cutoff. Therefore plate current of the tube increases!

at-* 1
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tive grid-voltage swing, but, as the grid voltage passes through the

itive half of thevycle and swings negative, the plate current is cut off

\(\
remains so until the grid again swings positive.

P

Ope ration of a tube as a class B amplifier may be defined as that

drr which the plate current for the tube flows for one-half of a grtd-

nJtage evcle. By virtue of a push-pull circuit arrangement shown

in fig li- it

'

s possible to develop a combined output plate current from

lno tubes which conforms with the grid-driving voltage throughout the

T properly designed class B system permits a much higher plate

dBciem y to be secured from a given set of tubes and correspondingly a

much greater otitput from them than with a class A system. This

CfassA

Speech Amplifier

ClassB
Modulofor

To Modulated

Amplifier

Via. 02.—Class U push-pull modulator.

Bciciicy has been made to reach as high as 60.0 per cent with a small

•jeentago of audio harmonic distortion.
bin-much as it is often necessary to drive the grids of class B audio

Jjttplifiers into their positive grid-current region to obtain maximum
'"""r output, it is important that the drivor-ampHfiar stage for the

Ojltllalnr stage should have a good output-voltage regulation. This
•wis for driver lubes having a sufficient output capacity to deliver an

norted voltage to the grids of the class li stage, even though there

?? non-uniform increase of load on the driver stage caused by the class 14

as they are driven through t litr positive grid-current region of their

Xttanii,- operating characteristics.

FREQUENCY MODULATION SYSTEMS
j." 11 ' method of program signal transmission by means of f.m. utilizes

fjtequcnov variation or deviation at trhe audio rate, the deviation fre-

'eticy stmi i| percentage of the unmodulated carrier frequency.

jL^uim. t|, (. existence of an f-m transmitter operating on 42.0 Mc and

2f
l 11 maximum deviation of ±75 kc is desired. Thpn a sustained sine

s;lv - 1000 (,P« " ,!IV 1,0 applied to the modulator audio input, the

"W'tiido of the audio signal adjusted to provide -7f> ke deviation.
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Channels for f-ra transmissions have been assiirnpd onn iwhich has been uund to ho a sufficient car V^ntion t.
«**frequency deviation of as much a* +7 1

", ke Thn ,,-£h < .J^H
highest modulating frequency or twice the freanenev d™.,,' J

tlle

Si C2) f m " Pliahed P^a^ya
™^i»t^

f
;

m- is P™,duMd V frequency modulating directly the m-,oscillator at!W!( illustrated in Fig. ,)3 , whirl, |.,, H a normal 'mm! ,i

Fig. 63.- Frequeno y-modulated
oscillator.

Fio 64.—Roactant
later,

ii- jui.ii: .

some device operalmg as a condenser microphone ™&^«iJ
S™ fh S i,? ^)ated

1
.
to

u
f0n,onn ^th sou nd u nduli

direct method.
lmcr0Phone dmphxa,rm. This illustrates f.m. by

A modified form* of the direct system of frequenev modulntineattlmilter « accomplished through the use of a tube^F1? oiT^mJ
tween'

U
t

l

he
fi SET* ,

Bmf vuriab,c reactance Sealed^1
vnliln/

cathode and anode of the reactance tube by Krid-t

HfeaM*
I'^'ously passed through a phase-shifting circuitsuitable resistance and capacity, the grid-excitation voltage £ caused

198L
A "'l>lrt"^ H»» and Fluency Modulation, p,,JC . Dc0<^

2<'\o°
9

6?Juno; KI3e
Fre<,UenCy Mod»lafi°» PWwLiou Characteristic*. J*«. i|

198^*"™*' M ' °" *ret"ue"^ Modulation Noise Characteristics, Prat. /.K.S., I
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.
in phase quadrature with the plate voltage. Then the u-e portion

! °f lnc reartance-tubc plate current i,, will be very nearly

if = gnBg

However, since

e„ = jKcp

then, under influence of the phase-shifting network,

tj> = jKgmeP

tad

2 = — =» J

Mm which the equivalent capacity produced by the tube

The reactance tube may be caused to appear as an equivalent variable
capacity across the oscillator tank circuit.

For satisfactory transmission of the f-m signal it ia essential that, in addition
••• producing the modulated wave, there rnust be present a satisfactory carrier*
rfWG stability. For this reason it is necessary to add a stabilising circuit
by means of which the average frequency of the wave is compared to that

precision crystal oscillator and thus to supply a compensating \oltage
to the grid of the modulator tube. The compensating voltage supplied its

pninorl'.oiiul to frequency deviation from the crystal oscillator standard.
The action of the circuit is somewhat similar to that described under a-f
•••-•Hcrative feedback except that the improvement, in frequency stability in
J»is case is proportional to the loop gain or /up\ where n is the frequency corn-

on of output frequency resulting from I volt change of modulator-grid

J™
*.!""! .3 ia the volts produced by the frequency comparison circuit for

I; ^kilocycle) frequency change.
Inc circuit 1 required to produce the d-c compensating voltago from a given

"''lueiicj iifvi:i.1ion consists nl" tin' precision crystal oscillator standard, theHR tu.h fi or converter stage, and the discriminator and detector stages,

out'
01 ,l *M,ut 1.500 kc is produced by mixing the transmitter and crystal

.:,
[
,';

rt
' frequencies. This in turn is applied to tnc discriminator, utilizing

C "v.
t be same circuit as that ill f-m receivers when connected to a double

jj^c rectifier. This produces a d-c output potential proportional to devia-

[JSj:

°

f the applied frequency as compared to that to Which the circuit is

Efi» j
Since the feedback voltage utilized for frequency stabilization

lie ,-

at
.'° pass through a low-pass KC network of sufficient time constant,

.v," i'.resiU has practii<oUy no effect on the audio modulating frequencies.

I C |j,
of I lie average carrier frequency is for the purpose of preventing

tin
K0 °f the mean carrier frequency during modulation and permits tho

• output carrier frequency regardless of whether or nor modulation is

Vtti
The discriminator is provided with a linear characteristic as broad

"Jiiih
:
".:ix 'mum frequency swing produced in the output frequency. A

J"jP
I-c,mise on the band width is necessary, however, to maintain a steep

^•ttcristic in the discriminator circuit, and thus, to provide a sufficient

U( i"1 °f frequency stabilization, the band width of the discriminator should
"
" great. In coi crcinl transmitters iln-rc is normally a linear

«ep "'-'^'I'istic over the range of ±100 kc with the discriminator peaks
at^il |>y 400 kc, thus providing good over-all stability either wita idle

MorLf
1^. i. E., Comparative Field Tests of Frequency Modalation and Amplitude

"rati,-,,. Transmitters. Free. Radio Club Amur., 16, July, 1980.
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-i Pr or iimler full modulation. It hIso provides full frequency control over

SfBcicnl range to prevent the oscillator from drifting out of the control

""jST irqiortant advantage of tlio f-tn transmitter over one utilizing tho

mnliiudo system lies in tlie fact that the efficiency of the r-f amplifier stages

'an Im» a* great as it is for class V trlc«i tipli service. At ultrahigh frequencies

S!s inav between 511 and 70 per cent.

\ tvpicul f-in transmitter operating on o carrier frequency of between

in ami II Me may have an over-all distortion In-low per cent «t all

mndnl iting frequencies from 30 to 7.500 cycles. The frequency character-

Stir m iv lie flat within * I db from 30 to 15.000 cycles, and the carrier noise

ten-! may bo better than -00 db below a signal produced by full modulation

nring of the transmitter. It may be designed to operate with a normal

maximum modulation frequency deviation of -"-GO kc and to be linear within u

deviation range of ±76 kc for use under 1 lie present 200-kc assigned channels.

The power output of this transmitter may be increased by additional class G
r-1 stages up to 50 kw.

Master
oscillator

Amplifier Amplifier

Sideband
amplifier

05.—litneinatic

Modulation
input

diagram of Armstrong frequency modulator.

i The indirect or phase-modulation method of producing frequency modula-

Jff"' e„iisists in general of a constant-frequency oscillator, a modulator
"he function of which is to change the phase of the oscillator output as

Sj'slriiu-d in 1-ig. 05), and a .series of multipliers to increase the amount or

modulation siiliiei.nl Iv to secure I be frequency shift or modulation
JjHUin-d ii, the radiated signal. Results are secured by splitting (lie oscillator

A-)"n '"to two paths. One path contains a phnse-shiftmg network which

Jj!'

ls the phase 90 deg. and, in the other, a balanced modulator generating
q

<- hands with a suppressed carrier.

roinbination of these two signals produces o phaso-modulntca signal

hf'
1 » phase-shift modulation capability up to + :i0 deg. with satisfactory

J£
puritv. A frequency modulated wave is derived therefrom by transmitting

J?
signal through frequency multipliers. A multiplication of several thou-

^d times is required to obtain deviations of ±75 kc.

tjjAteusTnoNa, E. H., A Method of Reducing Disturbances in Radio Signaling by a

..f Frequency Modulation, Proe. I.R.B., May. 1986.
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To produce f.m. and at the same time maintain a constant deviatin,
frequency, the phase modulation must necessarily be i aversely proportion!
to the modulating frequency. Therefore with this method it becomes

i h
,'.

gory to have the amplitude of the phase-raodulatcd signal decrease in i9
portion to the frequency of the audio input, to secure u flat a-f transmfiM
response. This is usually accomplished by a corrective network in theaafl
circuits ahead of the modulator.
The amount of frequency mull iplical ion required following (he performan»

of phase modulation (o secure the desired f.m. by the indirect method depend,
upon (1) the amount of phase modulation produced by the modulator («
the lowest a.f. transmitted, and (3) the deviation or frequency swing at tb.

Audio
j

input

i r

ipntukikx SaftcA

moke. Frequency
multipliers

moke.

42.2Me.
PA.
or

f.P.A.

2-2O0OTfyrS0h

J

43.2Mc,

P. A.
?-699fbr5Qkiv

\

S2Q0kc llSOOkc.
JV«?Wi7LJ Converter

J,

\U900kc

Frequency
multipliers

43.2Mc.

900 kc.

43.2Mc.
\

j ^

43.2Mc.
f.P.A.

IRKlSfbrSOk*

Fig. C6.—Frequency-modulation transmitter utilizing phase-shifting network.

ou'Pu* frequency. For a phase shift of 0.5 radian, frequency deviation *
, f i n

lowest a.f. 30 cps, the frequency multiplication required »
4,0UU tunes.
To obtain this amount of frequency multiplication, the initiel oscil ;>:••

trequency must be multiplied in several stages, thou heterodyned down to »
lower frequency, and then again multiplied a number of rimes more to secure
the output frequency.

The ]-kw Western Electric 503A-1 f-m transmitter utilizes reactance
tubes directly its frequency modulators in a manner as shown in Fig. I*6*
Ine method used to maintain constant the mean carrier frequency *
appropriately called "synchronous f.m." since it operates hv com}
the mean frequency (measured in total carrier cps) of the f-m oseillaW
to a precismn-dxod frequency standard. The difference frequency tMJ
derived is then utilized as a control medium for mechanically return™
the oscd later stage and thus keeping the oscillator frequency an exa*J
multiple of the standard. The method used to control the' frequent
ot a turbine-driven generator supplying electric power is similar

RADIO 11/iOADCASTING 841

figure 66b shows the frequency-stabilizing circuit, which functions

through a small portion of the 5-Me f-m oscillator (assume a 40-Mc
flitter), being fed back through frequency dividers to obtain a 5-kc
frequency equal to that of the precision quart* crystal frequency
daiidard". The o-ke frequency, a in itch lower suhmulliple of the 40-Mo
carrier, is necessary to produce a difference-frequency sufficiently low

fteaafance
Controltubes

Output Oscillator
tubes

Fig. 66a.-

Motor
-Essential circuits of Western Electric f-m transmitter.

PR06R/IM REACTANCE

INPUf^fcdNTHOLrH

Flo, 66ft.—Frequency stabilizing system of Western Electric.

within the range of the rotating magnetic field of (he electric motor5"m the retiming of the oscillator variable capacitors througli a
table speed-reduction mechanism of gear trains. The direction of

Wk 1 °*' ,IK,tor depends upon whether the oscillator frequency is

,,|| "V lower than the fixed multiple frequency of the standard. Truro
^'Hiiiv.

i ( . readjustment of the oscillator timing is made in the correct

fed'!
1 80 *"hat, when exact synchronism occurs between the frequency

* n* from the f-m oscillator and the frequency standard the motor
a

' rest.
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Sllrfl

Because of the inertia of the motor rotating elements and the hi«v

order of frequency division u.srd, the motor is not ivui.--.il to loiateC
frequency deviations produced on the carrier i audio nstc> duriri
modulation. The main advantage claimed for the synchronized

f^J
method over others described for maintaining output frequently statiH
is that the output frequency is maintained identical in precision tj^B
standard by making all the controlling factors in term.-; of frequency.
The f-m output signal of the oscillator of the Iran-mutter p:^

through four pentode stages, three of which are doulilers. then lhr<

a WE 356-A triode stage and a final WE 357-A triode output stage
the antenna. Operating characteristics of this transmitter are
as are required to transmit faithfully hifih-qualit y f-m program signals.

60. Merits of F.M. versus A.M. With the application of f.m. to ttjH
mitters operating in the u-h-f hand, the relative merit for this system (f

signal transmission can be evaluated on the basis of an a-m systfl
The u-h-f signal held intensity 1 at a given distance from a parlioukr
transmitting antenna may he determined from iheoivlical and eitipirieiJ

relationships as published in papers2 and derived from extensive ninth*
matical and experimental work. Actual experimental ie^;s ;l have slunrt

that an interfering audio signal (output of receiver) will create objec-

tionable interference if its level is about 30 to -II) dl> below the desired

signal. Thus .service areas can he defined as /ones in which the desired

component of the resulting audio signal is at. least. 35 db above ths

interference. For very high quality reproduction, this figure runs am
40 to 55 db.

For interfering signals on the same channel as the desired signsL

it is evident that, if a.m. is used, a signal inpul ratio of ::."> db is rcqilM
to secure the desired output ratio. However, in f.m. the ratio of sign*k

at the receiver input needs to lie only about 6 db since the receiver W
f-m reception responds to fremiev.rv variation..! an! limits amplitudt

variations such as those caused by noise and undosired signals.

On this basis there are claimed advantages of f.m. over a.m. hecsfl
of (1) improved signal-plus-noise to noise ratio, [experimental result*

have shown t his difference to be as much as 25 db as mlhe.mced by inter*

ties of automobile ignition, X rays, and other nan-made interferlj^B

Atmospheric interference being small at ultrahigh frequencies,^
becomes negligible in comparison with man-made inierfercnee. V*
A uniform and definite service an a from a imi t rau>mil ter sin*

f-m signal-plus-noise to noise ratio remains high until field inteflH
reaches a low value. (3) A smaller geographical interference aS|
obtained when two f-m transmitters are opertitetl simultaneously tin W
same frequency as compared to similar operation of two a-m transmit?

(4) A r-f amplifier used to increase a f-m signal is more efficient tl
"

used for a.m. because, f.m. can be accomplished nl low level folio

a class r-f |>ower amplifier. (5) For a given service area, less radi_
power is required for f.m. because of the improvement in sig;ud-Pj"S
noise to noise ratio obtained with f.m. (6) For a given power oiUP*

1 Tkeviih antl Cuma, Notes on Propagation of Waves below 'l'r-n Mciw. '**

I.R.E., March, ma::. ^
! Devikii ami Hunt, Hit.™ Short Wavo Pi-or>aK:ition tivr-r Land Harrows, *

I.R.E., December, 1088.
* Weir, I, R., Field Tests of Frequency aitH. Amplitude Modulation with U-h-f

Gen. Elec. Rfi<„ May. 1030; Cnomv. M. U.. The Service Knuc<< »i IV.rwnrv Modia"'
RCA Rev., January. 1940.
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purer-tube operating costs are less because smaller tubes can be used for
[or a given power output.

' The FCC has assigned 40 channels 200 kc wide for f.m, between 42 to

SO Me.
61. Frequency -modulated Transmitter Measurements, The measur-

ing equipment is considerably different than is required for an a-m
jtation since there is a variation in frequency of the emitted wave v, it b
undulation while the amplitude is kept more or less constant. This
b exactly the reverse of a.m. where the carrier is varied in amplitude but
Baintained at a constant frequency. The frequency swing or deviation
an be measured by applying sustained tone to the transmitter and then
measuring the relative intensities of the carrier and the ode frequencies
present, the relative amplitudes of which correspond to the Bessel
ni l-; inns involved. 1

62. Air- and "Water-cooled Tubes, For tubes of low power, artificial
roolmg during operation is usually not necessary, radiation into the air
being sufficient. For the larger tubes, however, artificial cooling is
usually accomplished by means of a circulating water system which causes
a sheet of water to pass over the anode surface at very high velocity.
To restrict leakage of current from the anodes to tin; grounded pipes

of the water system, connection is made between the anodes and the
Kter system through a long length of coiled hose or porcelain tubing

Venti/ri fubes for opemf/tigprateeon relays

2nd.PcAer
Arrp'iffer

— Water-cooling and circulation system.

interposes, between the anode and ground, columns of water long

hinri
lo ,m ' electrical resistance to ground very high; as much

LVw ft, of coiled hose may be used, giving resistances of 0.5 up to several
"Snums.

«Mk"
mi,y case8 distMcd water is used, the water being maintained at a

••utttory temperature by an artificial cooler, since for economical

fi"
1* u 's desirable that the same water be used indefinitely.

\t
v-~at0,'-eooling and circulating system is automatically started when

jtj_
"jnsmitter is turned on. and the transmitter is automatically turned

i>f ,j.,-
u ' event of any failure in the water-cooling system. One method
g this is shown in Fig. (>7, where the water system contains a,

tube whose inlet and output orifices are connected to a device

Vti,w! thoiliflforonco in pressure established between I he two orifices
e how of water. If the flow is interrupted or falls below its normal

*t
'* ,tv

- M. A Method of Measuring Frequency Deviation, RCA Res., April.
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TOhie, a contactor through additional relays causes the. power supply ^
lie disconnected.
Sometimes a raillinmmeter is provided on the transmitter panel Waj^

indicates the magnitude o] the current lei king i hrougli oi e >>\ the e|
(1Wl|

coils, the amount of current serving to indicate the relative purity of to,

water and indicating when it is advisable to change the water supply.

In place of water cooling, forced air cooling is also used on someW
tubes. For the large dissipation required, a large number of raj^H
fins arc made a part of a copper radiator attached to the copper an
Sufficient air is forced upward and between the cooling fins to carry i

the heat developed on the anode. Because of the high electros

capacity created by these anodes, they are not used on the very
i

frequencies.

63. Power Supply. Plate-voltage supply for transmitters
obtained from d-c generators, high-vacuum tube rectifiers, mercu
rectifiers, or hot-cathode mercury-vapor rectifiers.

The hot-cathode mercury-vapor rectifier is considered I lie best i

of supplying high voltages to transmitter plate circuits. The
striking difference between mercury-vapor tutu s and high-vacuum I

is the internal voltage drop between plate and cathode. In the

vacuum tuho the voltage drop may vary from a few volts to

thousand volts, depending upon the current, element spacing, etc.

the mercury-vapor tube the space charge is limited by the are drop of tfa

vapor which is practically constant at values between VI and 17 voto

regardless of the current.

Table 11 gives a direct comparison of the relative efiiciency of a hijth-

vacuum tube and two types of mercury-vapor tube. Note that the

mercury-vapor lubes give very low internal voltage drop and have con-

siderably higher efficiencies.

There ure two ftindaiin ntal limits which determine lie power oiltW

that can be obtained from any number of tubes operated in any type*

circuit. These ratings are (1) the maximum peak inverse voltajgjT

which the tube can operate without Hashing hack and f2) the maxim*
peak plate current which the cathode can supply with a reasonably «1

fife.

The maximum peak inverse voltage which can exist across a tube in ajj.

of the usual types of circuits is equal to the line-In-line peak nr M*

Tabi.b II.—Comparison ok Hnui-VAcri-M and Mkkcuhy-v.w'iiii TO*
RW7J!UUB8*

No.
or

tubca

Tubo
type

Circuit

D-o output

—

Tubo drop
l..--<\s. kilo- !

watts

Volts
Am-
pcra

Kilo-
watt*

At
Volts' am-

\ pcreu

Fila-
ment

Tube-
drop

6
to

UV-2M
rv-s."
UV-857

3odouble V
3ofull wave
3«(uLl wave

1 5. row
is.non
21,000

12
12
30

180
ISO
030

l,50o|
15 12
IE 30

6.9
1.5
1.5

1S.7
0.30
0.0 9t*

*I. H. E., Vol. 18. No. 1. January. 1030.

t Maximum rating.

%*
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,{ap . ,,f the power transformer less the voltage drop of the conducting

"The peak plate current depends upon the type of circuit, tube, filter,

„,[ load In a single-phase full-wave circuit each tube must carry the

?,ii 1,,-id current for half the time. In the three-phase half- and full-

",
lVc circuit each tube carries the load current for one-third of the time.

If the rectifier feeds into an in-

*£J£ -—. Singlephase fulltvave^hjasi

—5 >t 9 »* H Emense •J.HKarerage
1 I Iaverage • <XUS Inxalmom

ioetatice, square, blocks of cur-

El me drawn from the rectifier

,,,„! the peak plate current np-

Eoaches the a-c value. If the

Jetliner feeds into a capacity

[load plate current is drawn for

a part of each half cycle

indtlu' peak current may reach

tallies of from three to five

^times that of the d-c load

current.

Table III gives data on sev-

eral typical hot-cathode mcr-
nirv-vapor tubes designed for

radio power supply purposes.
The circuits most, commonly
need with these types of tubes
ire shown in Fig. (iS. Thesin-
tje-ph: t se full-wave and the
three-phase and half-wave cir-

> Wits are quite generally used.
The three-phase full-wave cir-

Wit is particularly applicable
tuthe half-wave mercury-vapor
tube, since it gives a peak in-

verse voltage whose magnitude
"only l.."> per cent greater than the average output voltage; the wave
'win i s that of a six-phase rectifier.

Tablk III.

—

Hot-catiiook Mkkcukv-vapou Ten lt.vnxos

Singlephase fii/ltave 4luh*s

Eoverage •aasBmarimm
•asooF/r.t/.s.

Einverse I.ST Eaverpge
leverage •a6S6lmu/mum

Threephasehalfwave

^ •iiTOERMS.
Einvent *UgB*m*g>
/average •0S!7Imat>m/m

'Threephase haltkm thaUey-

Eaverov 0.82'''t'mar/mum^ -U70EPMS.
E inverse •?.09Eoverage

/average -1.91 ImarinwH

Threephase MlHave
Eaverage -i.65Ema»mim

-7.34BP MS.

Einverse •1.045Eavenage
/average •Q&BImaiimum

68.—Hot-cathode mercury-vapor
power circuits.

Tubo typo

PQi bu
IV:ik invt iM'

voltage
lVnk :um.tc

current. ani|iercn

Volts Anipcrv.t

5-8r,r, 2.5 5 r.;.(M) 1.0
5 10 7 . .-.mi 5.0
5 IS

30
20. (WO m (i

V-S47i» 5 22.000 40.0

flf

-- Parasitic OscillationsParasitic Oscillations. One of the most important design features
a transmitter is to provide for adequate suppression of parasitic oscilla-

Such sjxirious oscillations are usually caused by regeneration in

:
n

amplifier stage. They have frequencies different from the funda-
*nta] or its harmonics.
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All classes of amplifiers are subject to these oscillations. SjpproJ
them ni a class (

'
amplilier i» not usually so difficult as in the class Jl hT

where the grids of the tubes :ire driven positive for a considerable \mr
of the cycle. Before reliable and economical service can be realized I
a transmitter of any type, all tendencies for parasitic oscillation mj
suppressed to prevent serious lessening in the life of vacuum tube
program interruptions because of arc-overs in the transmitter, ft*
oscillations may exist in an otherwise normal amplifier stage and luavnn
be evident to casual inspection owing to their disappearance cntirelyS
grid excitation is removed.

A typical class B power amplifier stage of the, push-pull type is gfejflLig, 69. This amplifier contains inherent design features which bfltendency to suppress spurious oscillations, f, and ('-, assist by actum2very iow reactance path for all parasitica of a frequency higher thanfl

Fio, G8.—Class It amplifier with characteristics id suppress parasitlcj

fundamental with u result that they effectively load the parasitic cin,_
Connections between (hese capacitors and \\n . !,,],, grid* arc kept at *
absolute minimum. The grid loading resistors It, and whose real purp*I
13 to improve the regulation of the grid circuit the grids swing i-nti**
also act as a resistor load to damp out oscillations, f . and r, with tWJ
mid-point grounded, act as a low reactance paili l.i (rround for itequcnO*
above the fundamental.

Tlie frequency of parasitic oscillations may he anything from the v«Jlow end of the frequency spectrum to the u-h-f region.
'

Parasitica of very "I
Ireqitcneies m the neighborhood of less ill an 1 n, 10 eveics a-e

11 "P
dynatrrm action of the tubes at the natural period of thesupply filter circuit Ci, Cs, and hi,

aonan.nt u,7h» ?* '''""f
Paraaitic? of very low frequencies usually heOjM

1 i Tfi
fT ,7 ri 11 8evere irregularity in the saturation curve of ftnnear amplifier.. Such „ curve is shown ia Vi R . 70. The point X show*

l^-cd"i
lg

?£ i'

S fJI"» slli
r
condition and Y the point where it ceases. J

ata^infnn th/
,m,r0

".- l,ar
?
r,cristic5 of thQ amplific- tube grids and or;

at a point on their operating characteristic just before thev are driven po*"

$ t. ! 1 RADIO BBSA DCA 3T1NO

,V
solution for such a condition is to use tubes whose amplification factor is

that the region XY falls below the carrier operating point. For this
.... high-mu tulles have on some occasions been found to be more Baiis-

fsctory than low-mu tulies.

Low-frequency oscillations of approximately one-third to one-fifth of the
fundamental frequency arc sometimes eaused by tuned-grid tuned-plate

Grid Excitation Volraqe—*-

70.—Typical saturation curve of class li r-f linear amplifier showing
dynatrou effect of power tube grids with and E„ constant.

regeneratioii with the plate chokes Li and Li in combination with the blocking
™tleiisers Cm and On forming an output tank circuit. A similar arid tankwait is formed by (',, (',. and L*. Inasmuch as all tubes are effectively inwane; lor this combination, the neutralizing capacitors tend to aggravate»f condition rather than to prevent it. Ia Fig. 71 is shown an equivalent

fS-T
31 circuit of the eombina-

i as formed from the circuit

2 rig. BE!. The remedy is to
luiiKe the values of inductance

Eg? capacity in either the pnrn-
jP10 grid or plate circuits so as

their natural periods to

t

,lll:
't' substantially from u near

Jjwnuije condition, It is usu-
E, Possible to suppress such

tij '>y tuning I he parasitic
|i fifciut to a higher frequency
E^j the corresponding plate

ti,-^ existence of these oscilla-W " : y USIJ allv be detected bv
SJa, !'? "citation at the funda-
th), ,' frequency to a stage with

.

'' plate voltage and grid-
EJoUage utl til the tubes draw
'In, .;,

''"rreut. If oscillation of
>8e continues after funds-

Kqn indent parasitic circuit of
Fig. 69.

End excitation is removed, as indicated by noon lamps attached to
plates, the frequency of thefiarusilie may be determined by means of

- 'meter, and thus steps can Me taken to eliminate it.
'ajions within on umplifier stage at frequencies near the fundamental
Bu»y Caused by regeneration within an amplifier stage due to impropertralj
nation causing tuned-grid tuned-plate circuit oscillations. Improper
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circuit, design or ton close coupling between the inductances ol I lie input au
output circuits or chokes is also liable to cause this condition.

Pnrusitics of freiiuencies in the neighborhood of from five- i<> twenty tf»
the fundamental result in eases where the lends loan the lube grids and i,

and Ci form a grid tank circuit. ihe nwinancv in-< ;ucurv <.i ulii.h ,„ ,)(,1n]

mined liy various distributed capacities and the inductance of the lonj,"

Oscillations urc made possible by the existence of a similar plate tank i-irrui

formed by leads from the tulie plates to t\ and I', tngct hei with various str«j

capacities. This form of parasitic is seldom sustained but shows iteelf^^
prominently when the stage is subject l<> high peaks of modulation. I

trouble may usually be corrected by insertion in the plate leads at a pg
adjacent to the tulie plates choke coils Iji and In.

These parasitic choke coils L-, and /,« together with a shortening of pi)

leads to an absolute minimum may also assist in suppressing oscillation!*

ultrahigh freiiuencies in amplifier stages employing two tubes ia parallel

The grid leads of (he two tubes, although connected, may combine with stnj

capacities, thus forming a push-pull oscillation of a very high frequency

Such oscillations in some cases cause high r-f voltages to build up which nut;

result in serious arc-overs from various parts of the tube out put circuits,

65. Suppression of R-f Harmonica. It is the iiihereni character!

of a vacuum tube, while functioning at a reasonably high elhciency inn
amplifier circuit, to generate harmonic frequencies of the InmlnmcriUL

A station broadcasting on (iOO kc. if second and third harmonics were Ml
suppressed, would produce interference with other slal ions operating*

1,200 and 1.800 kc. Field intensity measurements about a station I

necessary to determine how much harmonic energy is radiated ami I1

show the progress of work done toward reducing radiation.

In specifying the allowable harmonic radiation from a Wroadcastini

station the 1 15 K Committee on Broadcast ing as of January. 11K50. recom-

mended that the maximi adio held intensity of a harmonic componw
measured al a distance of 1 mile from a station should not exceed 11.05 p*

cent of the field intensity of the fundamental.
A field strength of 500 fi\- per meter al a distance of 1 mile i~ rcr°*

mended as a maximum allowable intensity from a high-powered ' r'lj*

milting station. If in the case of a 50-kw station a circular-field l'-'
ll,(

?;

and equal attenuation are assumed for both a harmonic and the
,

mental in the immediate vicinity of the station, a field strength ol

at 1 mile would correspond to approximately 7 mw of radiated power*'

harmonic frequency. The effect of directivity (illustrated in
'"""J*

7
Fig. 72) may cause a field intensity of a number of times the

500 (iv to be projected in a given direction with a very small fnictro

1 watt of harmonic power in the transmission line and antenna <
nt'\\

Such a concentration of radiated power may form very objectioaig

interference. Considering the factors involved, therefore, it

that harmonic suppression must be attacked from a n her of aa*1"

These may be briefly outlined as follows:

1. Design of the transmitter circuits to reduce the harmonic content

power delivered to the antenna circuits to a minimum. iniM*
2. Thorough and effective shielding of the entire transmitter or bin

j

3. Kffoctivcly grounding nil harmonic ifc-aiu circuits and elimination jy.

conductors near the transmitter coupled to it inductively or ,
aipaciia"

4. Reduction of directivity of harmonic radian o a minimum- , g [ tf*

5. Installation of shielded baud- or low-pass filters at the input eno

transmission line to the antenna.

RADIO RROADCASTING s m

aome commonly used triode amplifier circuits arc shown in Figs. T.i

"i 71. The push-pull amplifier is superior to the single-ended circuit,

*"j
t

is capable of producing a sum plale current of the two lubes which is

22qo 210° 200° 1"30° 00° 160° 150° 140°

(40° 150° 160° H0° 180° 190° 200° 210° 220"

7'2. Radio field-intensity survey. Tho dotted curve gives fuudn-
frequency field strength; IS and C arc second harmonic intensity

*»aiid after reduction.

transmission line.

Mivj
|

,r"'al in wave shnpe and. therefore, it contains no even harmonies.

^•lUsJ
|ll!lt<

- eurrents. of course, contain even harmonica which are
^* tn ground through Cj and Ct resulting in identical instantaneous



850 Tin: radio ESuiXEERim; handbook .11!
RADIO BROADCASTING 851

even harmonic potentials being set up on each .side of />•_ hut no m
even harmonic current through it. t'nder these conditions an e]g

statically shielded inductive coupling is provided to permit tru

only fundamental and odd harmonic frequencies to the coupled

For a condition of symmetrica! plate current it is evident thai the"

charnct eristics must match closely. C, = Ci and Cj = C\. The
Induing bridge must be balanced not only for the fundamental freqi

but for even harmonics. This requires that the internal capacities

tubes should match. As will be shown later, a high ratio of circ

kilovolt-ampcre in the tank circuit to the kilowatt delivered froi

amplifier reduces the output of harmonics from a single-ended am
to a very low value. 'Plus is also true in the push-pull circuit.

The circuit shown in Kig. 71 will give a very small aiuoum of harmed
output by proper design of the circuit constants. The curves in Kig.)

Kit;. 71. Line termination effecting reduced harmonic radiation.

-c2 az-j

nsiderable voltage to build up at others. Most satisfactory results are

auisllv secured by designing a minimum impedance path for harmonies

ngniuml as compared with a given high impedance at the fundamental.

flu- effectiveness of the shielding of a transmitter may be determined

L. ,,perating the transmitter with full power output into a shielded

Jrinlom antenna. Measurement of the harmonic field strengths

Endured from the transmitter itself is direct evidence of how well it is

ihirltlcd. Such radiation can usually be traced to a long conductor near

the transmitter, coupled to it capacitively or through a common ground

r.'ttirn Ground conductors serving to drain harmonic frequency power

,|, „ it! therefore should be as direct as possible and should not be

extended so as to have a free end which might attain a high potential at

nsonaul frequencies. This is particularly true of the harmonic drains

Fig. 75.—Improved tank circuits for suppressing harmonic radiati*

show the filtering effect of a high kilovolt-ampcre tank circuit '"Jj
pressing harmonic components of current generated in the tube.. H
curves show actual harmonic transferred to a given load circuit

ft constant output at the fundamental and various kilnvoli-ampcnf

kilowatt ratios nl / ml I figure 7 ."i shows in vcinciil 1° j*

circuits so as to increase the normal tiltering action of an ordinary " .

circuit. A high kilovolt-ampcre to kilowatt ratio applied to these

is capable of reducing harmonic output to an extremely small

There are some limitations in the amount of filtering which can h<

by b high kilovolt-ampcre tank circuit, however, since the I -It I'

the circuit increase in proportion to the circulating kilovolt

and the cost of apparatus for increasing kilovolt-am pores in

without increasing losses is considerable. In broadcasting trail

there is the limitation of too low a decrement in a circuit attenuw
greatly the high frequencies of a modulated envelope. In Ff

trap L 3Cz is tuned to a particular harmonic to he eliminated,
antiresonant circuits (parallel traps) in the plate lead of an
while reducing to sonic extent a single harmonic, lias a tendency ">

I I I I

rna inwas
[0.5+0.9(SinWt-ls&>W

\-0.9(0.707Cos2M-0.3S3-
ICosAW

Ratio

ha. 70

10 15 20 25 30 35 40 45 50 55

Circulating Kva.inTqnk L^Cg

Kw. Output into

(Effectiveness of high kilovolt-ampcre to kilowatt ratio in reducing
harmonic output with constant power output at fundamental.

nW tin antenna itself. These should have a separate ground to prevent
Wipling of harmonic frequencies into the antemni.
A sensitive wavemeter is very useful in determining the relative

wunmiiic held intensities near the various circuits of a transmitter.
*nen t uned to the frequencies of various harmonics and coupled to

Prions circuits of the transmitter or placed at positions along near-by
"{*<) conductors, this instrument will indicate proportionate amounts
!'' wic harmonic components of the current flow. By effectively ground-
"•K a lung open conductor, either directly or through large capacities

•"' mnnber of distributed points, harmonic radiation can usually be

"filiated.
,

'lie push-pull amplifier coupled to a long transmission line has often
*ri>iiie

;l source, of undesirable even-harmonic radiation because of
iliicii iii electrostatic capacity existing between the coupled circuits to

P]"" a transfer of energy from the amplifier output circuit to the line.

. Hess t|,j s electrostatic capacity is reduced to an extremely low value,
by installation of a well-grounded electrostatic screen between the

^'"oils. even harmonics usually find a path along the transmission line
'"i a ground return to the generating source. An unshielded trans-

Ep^fn lino serves in this cast; as an effective directive radiator in the form

of ?, 'W loop. Its effective height will be dependent upon the height
lni

- transmission line above ground. Parallel tlow of even-harmonic



852 THE RADIO ESGINEERISC HANDBOOK (S*,-

currents along the line, therefore, makes it :i much more effective radr
in some directions than the push-pull How of harmonic currents in the

A circuit which has been found to he very effective in reducing Ixjtlj'

parallel as well as the push-pull flow of harmonic currents in a transmr*
line is shown in Fig. 7:1 in t lie form of a high kilovolt-ainpere floating*

circuit LiCtCta tuned to the fundamental component of curreiil flowing!

the line. This tank circuit, while offering an impedance to the fundarrr
approaching an infinitely high value, offers a relatively low impedance
to ground for the parallel flow of even harmonics equivalent to

~ irf..C, 4x/„.CH

where resistance of circuit is negligible

Z.t = impedance to -Nth even harmonic
/«. = frequency of nth even harmonic

and for the push-pull flow of odd harmonics between transniission-

eonductors
„ -2t/.X,

(2ir/..)VJiC - 1

where resistance of circuit is negligible

2m impedance to nth odd harmonic
/.» = frequency of nth odd harmonic

_ Ct _ Cio
c =

"2
_

2

where Ct = Cio.

It is evident that as t'» and Cio are increased in capacity the effect!

of the circuit in reducing harmonics is increased. Since the tiansuiiss

termination impedance is usually made to match the line impedance
fundamental frequency, it usually happens that the line impedance is mat

i

iati

I I I ToAntenna

Fio. 77.—Low-pass fdter combined with antiresonnnt circuits

in transmission line.

for this frequency oidy and as a result harmonic components of current I

voltage in the line appear as standing waves along the line. In such a

the above tank circuit is most effective for eliminating a particular ha'"""-,

iT it. is placed at a point along the line of maximum voltage. This

alone was effective in one case in reducing seroiid-hannonic radiation f<'OD,

station to one-fifth of its former value.

Antiresonant circuits installed in a transmission line at current until*

have been found very effective in reducing a single harmonic to which
were tuned. Kxtreme care should he taken in shielding ihese antuv-'--

circuits to secure best results. A combination of antiresonant circuits

a low-pass filter is shown in Fig. 77. This combination has been usca

cessfully in severe cases of harmonic radiation from a very long traiism

linn and antenna system. The filter matches the surge impedance o»

line and has a cutoff frequency between the fundamental and secon™*

monic. Autiresoiiant circuits have boen found useful to sharpen the ™

si) RADIO BROADCASTING 853

js io attenuate sutHcjently the second-harmonic frequency. Considerable
Cpcrii'iice in filter design and adjustment is required to secure optimum
muIis from such an arrangement. For use with concentric lines with the

uiilcr sheath grounded, the filler shown in Fig. 77 is simplified to the extent
'•lone-half, i.e., one lino to ground.

The methods of line termination shown in Figs. 7:5 and 74 arc effective

in ri'dii' i"B the possibility of harmonics reaching the antenna circuit. The
j^nninuliun shown in Fig. 74 may be improved by use of a multisection
low-pass filter.

66. Antenna Circuit Terminations for R-f Transmission Lines. Co:i-
Bjerablc improvement in antenna efficiency can be secured from an
antenna located at some distance from the station so as to approach the
ideal ca.-e of an antenna, radiating in free space. The r-f transmission
Hnc is used for conveying the energy from the transmitter to the antenna.
A simple form of such a transmission line is the parallel two-conductor
type, each conductor having a diameter of approximately % in. The
spacing of the conductors is normally 12 to 15 in

BOO

800

Parallel Conductor Cine

- Zo-mhgaiS/d+VS'/d2-!]

Zq~-

p .
1JnrS J

Concert^

S/d
50 100 500

Fio. 78.—Impedance of purallel and concentric-tube lines.

L "*c curves of Fig. 78 show the characteristic impedance values with
PjfW't to spacing anil conductor size of both the parallel conductor line.

•J'" concentric-tube type,

n
Transmission-line Calculations. There are diverse methods of

B**8UTitijr the characteristic impedance of a transmission line. A
."IHc Inn effective method is illustrated in Fig. 79. With the setup

'SI*
11

*, ' lc switch thrown to the line position, a trial value of resist-

tlir'
'' ' :s i" sl'rted. C is adjusted for maximum /». Then with switch

j,

0w,
i in the opposite position and /r\ set to equal W-... the I'apacitor C

w
,',(| j>is; ( d for maximum / : . By trial, a combination may he found

•ill
,""' r(> ' s ;i maximum value of Ii and I- for the same setting of C

k, ."' equal to It?. This value of It is the characteristic or surge
Glance of the line,

lojj ." r
;.
f power is transmitted over a transmission line to an antenna

'Her ,
'mt' termination may be adjusted to afford a condition where

ItfjJ!
»re tin wave reflections by making the effective resistance of the

m
'"'ilirin equal to the characteristic impedance of the line. Several
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touits used for terminating tmnsmimoii linns arc shown in Figs, 80

IP
82 together with their equivalent circuits.

A\ formula for calculating the value of capacitor Ca for an effective resiat-

m'pc value /Jo equal 1o the characteristic impedance of a two-conductor trans-

pjaaon line balanced to ground as shown in Fig. S2 as well as for a
n^Bmission line having one conductor grounded is as follows;

= effective resistance of tratiKiiiiKKioK-linf termination
antenna resistance consisting: of radiation resistance plus equiva-
lent loss resistance
coin hined Inductance-balance coils plus equivalent antenna
inductance

: equivalent antenna capacity
= line-termination capacity
reactance of Ca

! reactance of A'j. — Xca
- impedance branch l - —fXi
impedance branch 2 - ii<,

fi.Xi« - HX,* - XtXt + g»«)

IT,

<a > (b) (c)- Equivalent Circuit

Fm. 80. Terminations for transmission lines.

I r

+ VH,^y.,. - R,.j

1
~ 2jt/C«

•here, in Fig. 82, Cu is dependent only on values of Zo and /?„ where Zo is

tquivalent. to a pure a-c resistance with the antenna circuit adjusted for reso-
nance. Unless Z% exceeds the mine of Ra an effective resistance equivalent to the

™?nt:ln-istic impedance of the line cannot be secureit.

When low-impedance lines are used, such as the concent rie-tuhe lyjie.

"je termination shown in Fig. SI is useful, since it affords a condition
nere correct termination may occur in the form of an effective resistance
even though Ru equals or exceeds Z„.

Equivalent Circuit

I i'
. Si.—Transmission- line termination.

Equinals^t Circuit

Fig. 82. -Balanced transmission-lino termination.

ijfrt Kig, 82 is shown u transmission line in the form of a. tank circuit.

J?e tank condenser Cit across the line is selected so as to provide a,

Stable kilocolt-anipero ratio of the tank circuit with respect to the
^j}°walts transferred to the antenna circuit: this kilovolt-ainpere to

^°*ait ratio is normally about 1 and should never be less than 2.
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Xi

X,» =

\ « / - W)
Zo'-R.

from which "3

4£f
—

The value of fl. can be calculated from

B? + a-?

= mutuaJ mductanec between /„ and /.»A. - reactance of antenna circuit
It* - resistance of antenna circuit,

!K.«loclcd':md
lt'i0n

'"' P™' 11 V ''PP™'"" zero and J

1/ = a /W(ZD = + .V,!)

of 40o\» ™d*PnT r
a,,,eS

°f ""l'"™' fw atrui.8aiiw.wn impedaw.

and the w "f
' •

T1|C tmnsm'Uer frequency was assumed as (.7(1 b
t k r,uPt re^ir^T'' 30

'

7°' !

l
nd 1,0 " h,,

'

,s
-

Ll ilesip, rfl

vith^S^f E n '
'b a pr°P

r
er k«ovolt- !» :u„.r, in ll„ lank i-irruil

ki l -olttn .1 t',
Pm,'."r tr?n?f<'™J t» the antenna circuit. Ttekilovolt-amperr- to kilowatt ratio is normally about 10

be. termination Adjustments. The usual procedure in adjusting*

nanVc^ ThN'^lmli'l!,^ .T*
ro,lIle

V.
t(

r

tl int
? ««> oim.it and m.ied to «*•

mikJ
hp tr"5?miSaio? line is then connected across the tank circuit with<*»mabng any changes in previous adjustments.

Hnt'cuS a^o
n
end°,'

1

,Ty b« ohecked V measuring the Lrnns.r.i-WJ

suiuM mlrs U ™ ,"1 ouarter.wavc points a!oiig the li„, l,v ini

mission'C^n^SHSMSWyE fcK
line!'„f

C
t t

n
,

C
!
ntnC Lill

,

e Terlnicati°ns. ! Thn growing use of concentri"

SZ6 «f t^J r;t

V
S"Ussl0n Ilm

?
is than that of the antrt*XUho antenn^^ V"™ are *h."* cascs to consider as follow*: i

,*non tho antenna bnpedanoe contains a resistance con.pon nl only; 9
1 his and the follow.ng article arc from Blectrovio. December l936

S4C Mi 4 DIO tillOA DCA STING 857

^en the antenna impedance contains a resistance component and a
rencfivc component, cither (a) capacitive or (6) inductive: and (3) when
ihc antenna impedance contains resistive and reactive components the
latter being partially compensated by the insertion of an extra reactance
,j
eppositc wgn. 'These three eases arc; itttnttidorotl in oihUt.

asm

0.0045

0.0040

. where Z„ « Characteristic impedance ofline.

\ Rct^Antenna resistance

Af- Mutualinductance inp.h
-Reactance tank

"^-capctcityC^ ^
1-

Abie: Vaiue ofM for various ibrms_

ofI*A andLB mayb&catcutaied
from formulas 174 to 193 oFBureau
ofStandards Bulletin No. 74

Mutual Indudanee./tfc

Fig. 83.—Values of M required for proper termination.

liac^r
1

' A "lt"'"1 1 mpedancp. Purelu Resistive, From Fig. 84 the concentric
C, /

ri:1! » |, tcri3tic impedance, Zr,, is terminated by a network consisting of
BLj5' '("d the antenna impedance Zj. For case 1 the reactance of theKa impedance is zero, and £o < Za - R*. Then, the complex imped-

L presented to the end of the transmission line is as follows;
R4X.X, - XAX, - X,)] + JlXiXS + flJ (.Y, - X,)]

Jhore
Ha"- + X, !

"him" ^'i an(i Xi are as given in Fig. 84.ust
tiiual Zl. Xi becomes

For proper termination Za

X, = Ra\!tt
i Z„

\Ra. - Zo

Ra'Xi
Xi« + Ra*
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Since Cb = 1 '(2r/A'i) and Lc m Xi/'(2nf), their values in microfarads and
microhcnrys are then readily calculable from /. the frequency of opr-rutiojr
l'ipirc S5 gives various values of Xi aud X, in terms of values of Zi, and ft.

7/—
Cases(l)annl(2) i

Case I Case 2-a Case 2-b

Case(3)

X,
-»Jww-'Wv»Jj--; —<*nm-'~,—\\—o-tj"

_
<--.

Antenna capacitive Antenna inductive

Fiii. 84.—Concentric line terminations.

Case 2a. Antenna Impedana trill) Cnpacitive Reactance, liefer again W
ig. S4. It will he noted that the equivalent diagram for rase L»« is the sum*
9 for ease 1, except that the antenna impedance is now Zi = Ra — jX*

from which
'Ra- + (X- + Xi)

x
> - bt= z[x "- ± Vga&'+x* -w]

itx ! + (Xi + Xii*

Honce, with Zo, /?.,, and X. given, X! and X3 can bo calculated. From tb*

values of A
1 and -Y 3 , /,r and VB can he calculateil. exacllv a.s in case 1. ValUjJ

of Ai and A 3 for various values of Ra and values of .V ifr the cases wli«**
#0 is 80 and 100 ohms ate given in Fig. Rfi.

Case 2l>. Antenna Impedance Inductively Reactive. Case 2h is the drunC 91

case 1 except that Za ~ Ra + jXi.
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X3 « Inductive reoctance, ohms

X, - Capacitive reactance of capacitorCB .
ohms

Fio. 85.—Values of reactances for line termination.

Xe ,
Capacitive reactance of antenna,ohms

Fig. 86.—Values of terminating reactors for case 2o.
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Hj.

x{Ra

+ .XV - ZiRa

+ AV - X-Xt)

from which Lc and On are calculated. Figure S7 shows various values of Xi
.ind A'j in terms of R* and A'«. for JZo valuca of 80 and 100 ohms.

Case 3. Added Rrmrlmiee to Antenna Im/n-duiicr. W hen the I ransmiiiaoa

line impedance "looks into" a complex antenna impedance, it is possible

simplify the adjustment of the circuit greatly by adding a reactance A'i aj

shown in Fig. 84 for case 3. This reactance Xt may be either inductive or

eapacitivc. as shown. If the sum of Xt and A'? is inductive, thou Xt is midt
capacitive and vice versa. The value of A'i is such that the algebraic sumtrf

X\. A'i, and Xt is equal to zero. Since A'; is in series witli the antenna imped-

500

450

£ 100

*50

I I I I I I I I I I
,U X» Cose(2-b) -

^^-pr--"''f5!^-" KEY

X/Zo-me/ims)

ir* T»— ,: —:~r> ^/f/J/T,,,,—,

—

__i L

RA=400cu-
600w

E

o

*8

r.

B
U
D

300

200 o

100 |

*

Tli'

50 100 150 200 250 300 350 400 450 500 550

Xz Inductive reactance of antenna, ohms

Fia. 87.—Terminating reactors for case 26.

ance, it adds directly with the reactive part of the antenna impedance,

effect of the presence of X* can then be taken into account by applying

formulas of case 2a or 26.

Xi = Xt = V'ZJTa

This occurs only, however, if Xt is so chosen that

+ Xi — A'i ^ X% —

The reactance Xt must always have the opposite sign from A'». as inf"''"^

by the plus-or-minus signs in the equation. When X . is so chosen- ^
reactance Xt and A'i may be obtained for various value of X i and Ra by

ence to Fig. 88. Note that these values apply regardless of whether i"

larger than, equal to, or greater than Zn.

Practical Procedure in Designing Matching Circuit*. In riifikiiifSj^^B

able, adjustments on the impedance m;i telling circuits to provide a c0
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50 450100 150 200 Z50 300 350 400

X, ,
Capacitive reactance of capacitor Cn

I'jii. SS Values of terminating reactors for case 3 when antenna reactance is

compensated.

CURRENT AND VOLTAGE RELATIONS

——^mnnj^— >

CASE 1,2a AND 2b"

14

CASE 3

CASE

2a

Zb

ANTENNA
CAPACITIVE

ANTENNA
Twjaiv::

ANTENNA
CURRENT

CURRENT THROUGH
CAPACITOR <V

_ Rj+tXfX,?

TRANSMISSION
LINE CURRENT

\ra +jx; w

VOLTAGE
AT BASE

OFANTENNA

rA (Ra-JX*>

Ia(Ra*JXz)

Wis power in watts

ho. 89,—Current and voltage relations in terminating circuits
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termination Tor a Riven transmission-lino characteristic impedance nnA.
eases 2a and 26 above, whew UA > 'U tin- following pmceduSr*
recommended: ' B *

1. The transmission-line characteristic impedance should he calcultjand the results checked by actual measurements if possible either bvS
ol a r-t impedance- bridge by the methods described in the literature

^
2. The antenna base resistance should lie measured over ;i frequence Wiwidth covering at least 101) kc each side of the operating fre<iuenrv. \ cuTshould then be constructed with values of antenna resistance as a runcttP

rraqufflioy, A nnopth mm drawn through the points of luoamirwncnti
assist in checking I heir accuracy.

i

3 ' .foEOther with antenna resistance measurements, the antenna reac
should be measured, either by means of a r-f impedance bridge or in a nushown in I'ig. 90 over a wide frequency range and a curve constructed
antenna reactance as a function of frequency.

r

foraccuratepower measurement
antenna currentmeter
should be placedat thispoint

Wavtmefer,^ ^—^

l

\_ Co p ~~T

Shield

-

y

Pos-Hontib'$t / *7777,Ik

Anhznna

.. Test'clip lead
or low

capacityswitch

ivniwt-vv .' '//////,

Jhetmogak^V JMP^'^,--^ connections

1 2 Z minimum length

oscillator*-

SO watt

driver z^Jsoa^I*,

•i lowcapacity
U-.
Ijj> Calibrated

resistance

(shielded)

''High qualify
calibrated

capacitor

Fig. 90.—Setup for measuring antenna characteristics.

•I. With the values of antenna resistance and reactance known, value!
capacitance < , hi d inductance Lc may be calculated for 'case 2a or lmay ^required, and connected into the circuits as shown in hi" S4AT the transmission lino connected, correct termination may If
;

decked by measuring the ( ransnnssion-lino currents at. the ends if itsH
is equal to a quarter wave length or odd multiplies thereof For a m9H
L'," 'Vjf ?° «>"",,,0«.«" »»akc these measurements at , :„,„l„

, of "poiljf
along the lino 1 be existence of stationary waves of cur ve,,. ,„ voltage of #.
fttiw amomal lrn.juro.cy a pug the line is „„ indication of incorrect SM
L„ . r

Sn
?
h " rase £,l ^ht adjustments mav be nee -::, .- ,„ /, a3M

neXremenls
T
H^ ty °"«" l*??<\^e\, lui„, ,,' ,b,l,Verrr-'

Z Z h ; j
f ""»cdan<-o »"dgo is available, its measuring «

the , i

• n
thl! the n hing circuit in M

^S™Z,'T,a
a ^ termination circuit cheeked for an elf*

line attached
characteristic impedance of the line with

"

form*^^ S?J re*lIrea the addition of another piece of apparatd I

on n v'^tl e r
!U

';
,e °r ra'Paci^ In the antenna lead, which may be

1 With
' h

n
C
,^

l

J
Ui,

i
,T,t ,Pro^(iure is 1083 difficu '< «"« is «8 fo«ow»:

and reset Tt 'i f
ch:1|-»cteristic impedance, antenna resist!

t' , T 1 1>y """wuremcnt, the value of ( , i,. calculated. Igives tnp reactance A 1 necessary.
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f 2, With Lc disconnected from d, reactance X, (inductive or eapacitive)
j,nrlded in the antenna circuit in scries with Xt. By means of Xi the antenna

i ,. is tuned to resonance, as indicated by maximum current through a
thrriMoaalvauometer, when the antenna circuit is excited by means of an
jxternal oscillator loosely coupled to it.

r 8. A sufficient value of inductance Lc having a value Xt equal to Xi is
then connected into the circuit as shown in Fig. 84.

4. The line is then checked for stationary 'waves, the absence of which
jidirnics a condition of correct termination.
The mechanical properties of long concentric-lube transmission linos

makes (lie measurement of current in the center conductor rather difficult
,Id some cases removable plugs are piared in the outside tube at various
intervals a ong the line. These plugs, which, when inserted, make the outer
tube airtight, permit connections from an antiresonau t circuit across the line
Such tin antifesonant circuit, when tuned bo the fundamental frequency'
presents a very high impedance to the line, when bridged across it, and ther'c^
lore decs not effect its characteristic impedance at the fundamental frequency
?'!h "bout H) watts flowing through the line, the galvanometer reading is an
indication of the voltage at the points measured along the li'ic.

70. Method Used in Measuring Antenna Characteristics,
rig. 00.

Refer to

Value of Co (usually about 0.0005 mO is selected to provide sufficient series
capacitance reactance to make the antenna eapacitive over the frequency
range measured. Then, with the an-
tenna excited by the driver oscillator
Bl the frequency indicated, by the
Jtuvccicter and the switch at position
I. adjust C'i and Lt for resonance, as
muicated by the maximum reading of

H is then adjusted until Q reading
"the same as before. Then R is
•a* aiitfiiuu resistance.
tor antenna reactance measurement,

,we circuit is first calibrated for stray
''"'IV in the shielded resistance box
y n-Minatjiig circuit (switch in posi-
™" -. first willi l>ox in the circuit
*° 'hen entirely removed. DilTcr-

(

»<'e m reading of capacitor Ci bo-
ecu two eotiditious equals

,'PMi-iiy f |10X This value should
' added to each reading of ('>, when

Lc/2

X3/2
CR=X,

Lc/s
B

I

-iTW 1

Fio

~4 x3/.

5)1. -Matching eircuits for bal-
anced transmission lines.

tk,"'" Qrc resonated, which ia done as above for resistance measurement,
antenna reactance X- is equal to the reaetanco of Cs minus that of Co.

<." reactance of Co is greater than that of Cz the antenna reactance is"wnjve.

,
'' •'!, »t i» found desirable to apply the matching circuits described above

£• Ml to balanced lines (open wire or double concentric types), the value
»» derived by the particular formula for cases 1 and 2 is halved and placed

aido
°f tho fh'cuit (see fig. (tl), while the value of Xi is halved and

•u on each side of the circuit for case 3. Under these conditions the
Pas given above apply to the respective cases mentioned. The systems
''ic quite useful in matching a given balanced transmission lino or r-f
"t into another having entirely different input impedance characteristics,
the foregoing analysis of antenna mulching circuits, titev were con-

as providing for a given transmission line, a termination imped-
"quivalont to an ohmic resistance at the fundamental frequency.

. analysis of the input impedance that such a line "looks into" fit

»h >

h:'rm
.
onic frequencies discloses that it may assume an infinite

'
'''t' ol different impedances containing resistance and positive or
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negative reactance components, the values of which depend M
| i|,

termination circuit constants as well as those of the antenna, t*
values of antenna resistance and reactance may vary widely wi|.] J
quency. Tor harmonic frequencies, stationary waves of current nJ
voltage will form on the transmission line as well as in (he antenmi
circuit, unless suitable harmonic filtering is provided either within \\ .

vacuum-tube transmitter or :it the input to the transmission line.

The effectiveness of a given filter design for various harmonics) depend,,
upon its position in the line with respect to the positions of current, nnd
voltage antinodes of the harmonic frequencies along the line.

_ Code
Vertical,

radiator '-^-k

beacon

Concentric

transmission

fine

Isolating

tightinq

transformer^

Lightning gap
to protect
concentric

'**
j ^ transmission line P Xj^"llcJ| \ jSSjJf'yp

Tower
I lights

Lightning
' ap

Ram shield

'^Insulcrior

?20v. 60- -
power supply

R-fmaniter

Antenna merer
in transmitterroom

'"' Copper tube

containing tower

\ lighting wires

Diode rectifier

for remote
antenna meter

JhM, 02.—Equipment in antenna house of modern broadcast transinilU'i.

71a. Loss in R-f Transmission Lines. By reference to Kig. 03, i*

evident that the most prominent factors contributing to power loss

open wire transmission lines arc as follows:

1. Power loss due to conductor thermal resistance

_ .1262 f—

,

Rt m —j

—

vpW ohms per centimeter length

whore S» d (see Fig. 78)
p " resistivity of conductors in microhm-centimeters
It = pormeability of conductors
/ = frequency in megacycles
d — diameter of conductor in centimeters.

2. Power radiated from balanced and unbalanced line currents. ,t
3. Power component of mutual inductance due to secondary iurn,n

induced in near-by conductors.
4. Power loss due to leakage or conductance of the insulating medium °r

G = mho per centimeter length

H. Power Jobs due to dielectric hysteresis.

. ail
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Trans-

mitter

RESISTANCE AND REACTANCE COMPONENTS
OF AN R.F. TRANSMISSION LINE

— —
!

Load]

Jjf = Equivalent resistanceper unitofbop length

AL ' - inductance •

da" " conductanceperunitoflength

Ac - " capacitance » » • ' *

Z - Impedanceper 1000 ft. ofloop length 'R+j&L
Y Admittance in mhoper 1000 ft. ^G+JaiC

CORRESPONDING VOLTAGE AND CURRENT RELATIONS

OF AN R , F. TRAN5M 1SS1ON LINE
„ JS----

I-i-jSI
* aE

fa
—rjirXjA

3

Trans-

mitter

4-

load

Relationship along line any variation voltage orcurrent

Assume sinusoidal variation ofthe current and voltageatany

pointalong the line a distance S from transmitter

[r[vCoshS]fZY-ET)?WzsinhSl'ZY E'ET cosf>StfZV-JT V%¥sinnSI%r

v GiWhen the line is aperiodic surge impedance ZQ~r

Components contributing to line loss-

Ae2 Voltage consumed inphase with current

dit
= Current consumed inphase with voltage

Voltage Eg at'any ooint S distance from transmitter end
Rs*ET e-s(<*-*M = E e-SV(R-ju/lMG7jwCj
where ex - attenuation constant for lines ofsmall

leakage conductance oc = = (5+^l}\/c/L

For lineshaving negligible leakage en = f^f"^^
A=4J43-£r decibels per unitlength

Fig, 93.—Losses in transmission lines.

Ifor coaxial Lines the major factors contributing to power loss in

pnarnisaion lines are as follows:

' Power loss due to conductor thermal resistance

Ut = 0.0631V/W^J- + ohms per centimeter of line

*heru ,i, = outside diameter of inner conductor in centimeters
<ii = inside diameter of outer conductor in centimeters
o = resistivity of conductors in microhm-cms
M permeability of conductors
/ te frequency in megocyclcs
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2. Power loss due (o leakage conductance of insulating medium.

3. Power loss clue to dielectric hysteresis.

By reference to the loss curves shown, in Fig. 94, it is evident that the

greater part of the power loss in both the open wire and coaxial typej

when operating with negligible reflection is due to the rum due tor thermal

resistance. Owing to the low-loss insulation materials now availaM

the losses due to dielectric leakage and hysteresis eaii he reduced to a
negligible quantity especially at standard broadcast frequencies.

The curves of Fir. 94 are the results of extensive r-l measurement!

which confirmed mathematical formulas given for calculation of losses

°'U
'oi 01 03 OS 1.0 2 3 S 10 20 30 40 60

Frequency of power translated, meqncyc.es

Fit;. 94. Power loss in lines operating at 20°C with noKliRible. refleot&i

in open wire and coaxial lint* of various standard sixes. "Worthy

mention is the rather high efficiency of the open wire line consistUM

two No. 4 R. & S. gage solid copper conductors spaced 12 in. ceBMH
center The losses in this line are less than those in a 3-in-diam .

copper coaxial line. The resistivity p of aluminum being greater _u«Jjj

copper, the losses in an aluniinutn coaxial line are somewhat gn

than those in a copper line of the same dimensions.
. . .

, orv

71. Broadcast-station Signal Coverage. The reception oi satistaci

signals from a given broadcasting station by a particular hstenet

given point depends upon the following: (I) the intensity of trie

radiated from the antenna system of the station as influenced r>) ^
radiated r-f carrier power, antenna directivity, and percentage of nioi

^

tion on the carrier; (2) distance between the broadcasting-*"*
j
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mtenna and the point of reception and the attenuation characteristics

J? the intervening space or terrain; (3) intensity of objectionable inter-

ference at the receiving point; (4) fading as produced by the rays of

j.r ,- 1 and indirect signals; (5} the quality of the broadcast receiver and

friability to discriminate against, local noise or interference and against

Sucent channel interference and to convert, the received r-f signals into

mud without appreciable distortion or inherent receiver noise. The

surrounding area about a given broadcasting station wherein satisfactory

MOEraai signals can lie received determines the service area of the station.

The service area of a standard broadcasting station of the 550- to

HiOCl-kc band consists essentially of two distinct regions. That region

inclose prwximil v to the si ation is served by the direr! ray or ground wave

, .lie;
• he primary coverage area of a broadcasting station, while the region

it some distance' from the station and served by virtue of indirect ray

or sky-wave reflections is called the secondary coverage area. During

davlight hours of broadcast transmission on frequencies of the stand-

ad broadcast band (.between 550 and 1.G00 kc). a broadcast listener is

concerned with the primary coverage area signals of near-by stations for

programs since there is very little sky-wave energy reflected during this

period under normal conditions. The daylight service area of such a
. oiidcastitig station therefore consists almost entirely of that region

served bv the direct ray,

During the hours of twilight and darkness, the secondary coverage

tits of stations in the standard broadcast band becomes apparent. The
woadary coverage area of a particular station begins at a considerable

fisUuici 'from a given station and is served by the predominant sky wave.
The primary and secondary coverage areas of a broadcasting station

»»' separated by a region known as the Jading area of the station. In

Itis area the signal intensities of the direct and indirect rays approach
» equality with a result that violent fluctuations in signal intensities

4(6 apparent. The fading areas of stations are dependent upon a
i
::.:]" „r factors, such as frequency of transmission, antenna radiation

Wftracteristics, conductivity of intervening terrain, and lime of day and

!£
LH,>'i. and are independent of the transmitter powers of the stations.

N"-' fading area is normally in the form of a band about the broadcasting

J
utii>ti normally contained within radii of between 20 and several hun-

miles, depending upon the factors mentioned, The fading band
he as much as 50 miles in width. .....

Considering a broadcasting station radiating equally in all directions
'Ver surrounding terrain, anil assuming equal ground attenuation, the

area would consist of a primary coverage area or circular area

Eft: the station and served bv a steady ground-wave signal. Outside
' U"s would , the fading area consisting of a ring about the primary

F8- lievond the fading ring the secondary coverage area would exist.

"Y
n""'h as broadcast reception is rather uncertain in the fading region

ir. the secondary coverage area, the real value of a given station is

l£nde:!! normally upon its primary coverage area.

tU llt: primary service area of a particular station can be most accurately

, NaWd by means of a field-intensity survey. A survey 1 of this kind

r,

!

:
(:cr>"-imsl :

,erl ih rough the use of mobile field-intensity measnriBg
,'Pnient. This consists essentially of a field-intensity meter ot

*c^l«*Y. s. s ami K \ Noktos. Field Intensity Measurements, Bur. Stindardi Jour.

I
^T<*. April. 1032.
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carefully shielded receiver equipped with an indicating meter ut

output "terminals to road carrier-signal intensity as induced in tin. i„

antenna. The field-intensity meter together with tlie limp imMuijH
carefully calibrated in their position in the measuring ear to give acCU
readings in microvolts per meter over a wide range of carrier*

intensity,

72. Field -intensity Measurements. The procedure of making n fie],

intensity survey consists usually of making frequent meamiM^H
at satisfactory positions (in free space) along radials progressing totgj

from the station. Eight or more radials at equal angular spacq^H
generally made about a point established on the field .survey map
broadcast station antenna system and extending to a signal intqgM
of 500 mv or beyond. I'lach radial is then plotted on loglog cofiraiMd

graph paper and a smooth curve drawn through these points t

h*.
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.1.;
directly the signal intensity along one ordinate, with distance nloq

other. Later the values required are transferred to a map in tli

of signal contour lines representing positions about tlie station

field intensities of 100, 50, 10, 2. and 0.5 mv per meter exist.

contour map for reference purposes also contains information such u
(I) station call letters. (2) frequency. (3) antenna power and its direc-

tivity and other characteristics, (4) scale of map, (5) date, etc.

Since fading occurs after sunset, these measurements arc an indirntiot

of satisfactory daytime coverage only from the particular statin
recommended* by reports of the I.It.E., 1 FCC,* and the National At^H
tion of Broadcasters, values of standard broadcast field intensih

sidored necessary for reliable Imwulcast service are given lor tltrei HI

as follows; (1) a. business city area where "a field intensity of from I < > I

mv per meter is required to override high interfering electrical no

overallado wiiif: eli'eels of large buildings, (2) a residential district « •

city where a field intensity of 2 to 5 mv per meter is required, _ (3) •

rural area, where 0.1 to O.fi mv per meter signal intensity is stifliciwj'

In addition it is stated that for fair sendee a signal intensity of O^^H
the above values is needed and for poor service one-fourth of ofl
values. These figures [in upon the average signal inUI

necessary to override the noise levels of these districts. In large ci'

where large, tall buildings art! numerous, a free space field intensity?

as much as 50 mv per meter over the city may be necessary to l'.
roV1'

cf

a signal intensity at u particular receiving antenna between building*

one-fifth of that amount. .. ^
Since the primary service area includes nighttime reception as vcl

'

daytime, fading measurements are necessarily a part of the licld-'mtWjLI

survey in determination of this area. Fading measurements are n*J I

with the same field-intensity measuring equipment used for the
?J|!^

I

except that the field-intensity meter is equipped with a recording 1,1 ''ijj. I

meter (usually of to 5 ma range) attached to the output of the'J^U
intensity meter. A d-c amplifier semi climes is necessary to f .

sufficient signal level to net mile l lie recording meter from the field-Ill

sity measuring set. The equipment is set up for periods of tin"'

given distance and location from the station, and fluctuations in car11

1 Export of Gcnnnitl.ei' oil itndio Propagation Data. Proc. I.P.E.. 21, Nu, 1tl. L 11 ''

imtt,
a Fifth annual rosuirl 10 I In. f im^ri^^ of the; United States, by Federal '

tions Committee, aivi.-; InliiiliLrcil vrihu's of field tUength.

^ni,il intensity arc noted on the continuously moving recording chart.

BEplitudo fluctuations as recorded on the chart indicate the amount of

fading. Fading measurements of considerable periods of time and over
'

viih- area are necessary to determine the fading region about a

jjvrn station and to evaluate the secondary coverage area about the

rijitiun, particularly those designated us class I stations.

73, Calculations' of Station Coverage. A mathematical investigation

„( (he attenuation of radio waves propagating over plane earth has led to

mathematical expressions which follow very nearly I he characteristics

of wives as indicated by actual measurements. A simplified form of

mis repression requires the following information for a solution: (1)

ily. I'ri'ouency of tin.- transmitted wave. !2) Hie distance from the station.

conductivity of the soil in electromagnetic units, and (4) the induc-

livity nf tin.' soil in electrostatic units. Since the inductivily can be

(morally assumed to he 14 to 15 e.s.u., then, with a measured value of

cjnductivity a, the field intensity at a given distance from a station may
It calculated. With further assumptions concerning the irregularities

general characteristics of the terrain about the station, it is possible

to calculate the contours. The value of a (the soil conductivity) is

asiiiilly secured from a measured radial or taken from available field-

btensily measurements of some other station in the vicinity. The FCC
las published charts showing soil conductivity over the United States.

Provided measured values are not available, these may be used.

For convenience the chart shown in Fig, 05 is given. If may be used
to calculate signal attenuation of standard broadcast frequencies. The
atli'iiual ion curves shown are derived from a simplified form of Sornmer-
Wj attenuation formula. 1 With a. single set, of t-Sornmerfelri curves to

Wvcr rill the standard broadcast, frequencies and soil conductivities,

conductivity of a given soil can be rather easily computed from the

•ttenitation of "a particular signal. This is accomplished by first con-
certing n given radial to an inverse field si rengl It of 1 .000 mv at 1 mile and

determining the frequency of the ground-wave curve with which
* Mineidos. i.e., the conversion [Yerjuencv. The conductivity is secured
'toni die soil-constant curve passing through the intersection of the
grating and conversion frequencies on the conversion chart in the upper
"Kiit turner of the figure. The conversion chart has been prepared from
"* following relationships:

here/ = operating frequency
o = standard conductivity of chart (100 X 10" 16 e.m.u.)

5i — actual soil conductivity
/t = conversion frequency.

|,.f
••!•:< i::n.i> Vnvi>t.n. Ai>lK-«if.inc .In WVlm in <Iit drahtloMm rolesraphw

*<aj!,j
SS lLt "

r llndcnbe*challeutie.it, urad RrriHiretL* und ungcrtohtete WellenKufse. Jnhrb.
H^ff&m Tde Tete 4, Dererahpr, 1010, Rot,F, Nrnricrical Dtfltniaflion of Sonanierfeld's

ET'l'l'linii Formula, Proc. I.R.E., 18, No. 3, Msiri'li. IW10. KeKKllsr.IiY, P. P., The
I'H'J'i
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j

For example, assume a .station operating on an assigned frequency*
iO ke where the field strength radial, as nlnttcd from measuren 1

follows the t,500-ko eurve.

lilK) ke where tlir^ field strength radial, as plotted from measurement
Then, from the soil conversion ctyfl

10CO
: rr

Affenuothn curves for soil
having conductivity ofc
lOOxW^e.m.u andinduchvrfy
of I4e.su.- inverse field

strength"i'ons mile " 1000mv

200 3002 4 5 618 10 15 20 40 60 80 100

Dirvrance, miles
Fig. 95.—Ground

the conduetivity j- very nearly 2(1 X .10 •• e.m.u. On the 9
hand, if the soil conduetivity is known, the signal attenurU"" 1

he determined from the conversion chart and the attenuation ci»
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f various frequencies. Since these curves are based on a field strength
„,• 1.1)1)1) mv at 1 mile, the actual .signal at a given distance from a station
is. of course, derived from the ratio of the actual signal intensity in milli-
volts at 1 mile from the particular station divided bv 1 000. At Consider-
jble distances from the transmitter these curves arc subject to uonrections
for the elleets of curvature of the earth.
The curves in Fig. 96 refer to sky-wave intensities under various

conditions of propagation. These are most useful in the determination
of the lading regions about a particular station and are plotted to
give intensities of reflected sky-wave intensity fur different antenna
Metrical heights based on a signal intensity of 1,000 in v along the ground
at 1 mile from a given antenna. In this ease the electrical height of the
antenna in degrees equals 3.80 X 10" *]lf, where II is the phvsieal height

20 40 60 80 100 120 140 160 180 TOO ?20 740 260 280300 320
Distance between pntenna ond receiving location, miles

tiky-wavc propagation curves for antennas of various heights
Layer height = 100 km, reflection coefficient = L

^
the antenna in feet and/is t lie operating frequency in kilocvcles. This
"Stt'd on a velocity 01" propagation equivalent to' 0.95 that of light,
"iijsinuch as the attenuation curves of ground-wave intensity (Fig 95)

J^aLs,, l.ased on 1,000 mv at 1 mile, 1 hen the particular distance from
g£

V( 'H antenna where the sky-wave intensity, shown on curves of Fig.

Staf?!"
the K^und-wavc signal intensity of Fig. 95 is the distance

e antenna « here one would expect to observe greatest fading or is

%. r!"" !l
.

lc of the center of the fading band. Owing to the height of

I

eavisido layer being other than 500 km and reflection being less

byth"
mt-V

'
011 Which those curves fire based, calculated distances given

**acl T (
'un

:
es !lro approximate. Measurements are required for more

1 -p,
1 oeterrnination of the fading region.

I Kb Jf**
08 rendered by a standard broadcast station depends also

**U
.'.'"!'cnce caused by other stations on the same and near-by chan-
I his interference is greatly increased at night because signals from



872 THE RADIO ENGINEERING HANDBOOK

undesired distant stations are reflected by the Heaviside layer and mavh,
received with varying intensities within the service area of a dcgnS
station. Following extensive survey work covering nighttime sjimS
propagation over the period IVbrunry to May, 1936, the FCC isssjH
report 1 wherein a great amount, of information concerning sky-i^H
propagation is given. In Fig. 07 are illustrated curves representing tht
average sky-wave field intensity {second hour after sunset.) at

,

recording station.
_
An interfering or undesired signal existing for 10

per cent of the time has been standard iifcd as an interfering signal

LC
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O.0D0Z

0.0001

1200 1600

Miles
Fig. 97.—Average sky-wave field intensity, 640 to 1100 kc.

Thus, with the antenna sky-radiation characteristics of a given .statk*

known,- it becomes possible to estimate the amount of undesirable inI*
ference it is liable to cause to another distant station. In the dt

imitation of interference problems, the FCC has indicated its app!
of ratios as follows in the protect ion of a desired standard broadcast strt

signal against an undesired one, using an average receiver:

llatio of

[nt.ensitie*

Desired
ITndeai/MI

Desired ami Undented Signal Sigtuu
Smite frequency 20
±10 kc 2
±20 kc 1
±30 kc ' ' o 02

These apply to ground-wave signals, whereas the ratio for skv-***
signals are 0.2 for 10-ke channel separation and 0.04 for 20-ke eiaM
'FCC Report 18108, September. 1986.
Standards of Good Kngiiiecriiui Practice concerning Standard Broadcast SiaO "

FCC Report 4IS31, June 29, 1940.

((.paration. The FCC has classified standard broadcast stations with
jspect f> protected service contours and permissible interference signals

i, accordance with Table TV.

fjiatK IV.

—

Protected Skiivick Contours and Permissible INTER-
FERENCE SlOW-U.S Will BROADCAST STATIONS

of
Class of
rlia nncl
used

Permissible power,
kilowatts

Signal intensity contour
of area protected from
objectionable inter-

ference.

Permissible inter-
fering signal on
same channel

no-

lion Uay.t
mii'J'n-

volts per
meter

Night,
microvolts
per meter

Day.t
micro-
volts per
meter

Night, t
microvolts
per meter

M Clear 50 SC 100
AC 500

Not duplicated 5 Mot dupli-
cated

Clear 10-50 SC 100
AC 300

500
(50 r

b sky wave)
5 2G

Clear 0.25-50 GOO 2.G00J
( Itroiind wave)

25 1255

Iti'Kionnl 1-5 .'00 2.500
(cround wave)

2G 125

iii-n Regional 0.5-1 per niglM
and G per day

GOO 4,000
(grottioa wave)

25 200

> Local 0.1-0.2;'. GOO 4 , noo
(jgrOUHd wave)

25 200

iSf
'""' wave - SC ~ same clianncl; AC = adjacent channel.

t25.v-^avc field intensify for 10 per cent or more of (lie lime.
LJ Ihesc values are with respect to interference from all stations except class 1-B.^™ utations may cause interference to a field-intensity contour of higher value.

tj*- High-frequency broadcast-station coverage concerns the stations
| )v the FCC primarily for the transmission of radio telephone

?ls

j

lf>;is in the h-f broadcast band for reception by the general public.
J11

' 'i-l broadcast band contains the band of frequencies extending from
/° :>0 Mc, inclusive. In accordance with Sec. 3.225(dl of the FCC
Bi the stations in this band must use a system of modulation of the

• to sigufi] jn which the frequency of the carrier wave is varied with
It

.PfograiTi signal: this being commonly termed frequency modulation

U* }* Thfi assigned operating frequency or "center frequency" isw the r-f carrier without modulation. It must be maintained within
:'::hi

'eles of the assigned center frequency assigned. Channels for

1

?'j|!!J';

,, "'«8l stations begin at 43, I Mc and continue in successive steps
i

11 Kc to and including the ;issi«riet[ freijuenev of 49.9 Mc
^"fli'iR to See. 3.222 of the FCC rides, h-f"broadeast stations shall

,

'

' tl on the basis of an uitsi in square miles within the service area.

Vd'
),

'

,t;our bounding the service area and the radii of same are deter-

j^.
1 m accordance with the FCC standards. ()n this basis, a MMet station has a single service; (lint corresponding to the primary
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service of B standard broadcast station. Secondary, sky-wnvt
g.

in 1 t-rii i it t c-TH , service is mn recognized in li-f broadcast coverage.

In I'CC Report 11831 1 the. standard of field intensity necessary J,
satisfactory service is given as follows:

Table V.—Service
predion B^LS

:

Area pit Meter
City nrrns near factories, car lines, or busy streets 1

Rural areas away from highways O.IMO

'I'liesc figures are based on the absence of objectionable fading, ui
usual noise levels encountered in these areas and arc not dependent Vfm
interference from other h-f broadcast stations. The chart of Fig, ft

50JOOC

30,000

E 10.000

ri<i. os Signal ranee for high-frequency broadcast stations.

a - 5 X 10 " c.m.u., dielectric constant e = 15.)

(f =

may be found useful in the determination of the signal intensity ren]

front a given h-f broadcast station. The results obtainable are

on a signal intensity at a receiving antenna with an elevation

The distance to the 50-uv per meter contour about a given s'

dependent upon values of the transmitting antenna height, the

power, and the antenna field gain.

The procedure in using the chart is as follows: Assume that I here

statinn with an antenna height of 750 ft., an antenna power of 500 wfl*

an antenna field Rain of 2. To determine the distance to the 50-uv I'"
1

' Standards of Ciuod Kngiiieerine Practice Concerning High Krcquoney
Stations, FCC Repurt 11881, Jinn." 2<J. IU'10.
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untoiir, refer to the dashed horizontal line extending from the 750-ft. antenna
jL-alimi over to the 45-dcg. line marked 2 kw. Then proceed vertically

Jnivraril to a point midway between the curved lines represented as 1,000
500 ft. Finally, proceed horizontally again to the left to find that the

gpcricd range is 51.5 miles or i lie radius to the 50-/iv per meter contour.
Kg procedure may bo reversed to iletermme the power required for a given

pienna height to produce a signal intensity of 50 )i\ per nicter for a certain

Eencc-
The additional power seales are useful in estimating the distance to the

j. anil 1.000-mv per meter contours. The scale indicated by at the bottom
(; the chart is used for the purpose of finding the distance to any desired
Wtour. In this instance

|j - A X Pli X G X (50/FJ
I h — transmitting antenna height in feel

I p'2 = square root of the antenna power in kilowatt**

| C = antenna field gain
I F - desired field intensity in microvolts per meter.
By means of the above equation. may lie determined. Then the corre-
spond in e, distance can be determined from the chart by proceeding vertically
at thai value of to the proper curved line and then in a horizontal direction
10 the the left, where the distance is given.

In the consideration of objectionable interference from other stations
m the same and adjacent channels, the FCC See. 3.22:5(0, requires

nronosi'il slat inn shall mil have nil orforoiico to such an extent
tut its service may be reduced to an unsatisfactory amount. For
uis reason objectionable interference is considered to exist when the
Jpial for 50 per cent of the distance in any seclor on a radial exceeds
Wo mv per meter at the 0.0:5.0 contour of the desired station. If it is

Juidered that a station is protected to the 1-mv per meter contour,
•jectii uiable interference occurs when the signal for .50 per cent of the
Bailee in any sector exceeds 0.1 mv per meter. For other field intensi-

I the ratios in Table VI govern allowable ratio*, of the desired to

desired signals.

Table VI.

—

Allowable Signal Katios
Ratio of Desired Ui

Channel Separation Undcsircd Signals
Sn'iir cliaaitcl 10:1 tnedinn field intensity
Adjacent channel 2:1 median field intensity

•he service contours in Ihe cases above are determined by actual
""jjurements or by means of Fig. 98.

Wi-frequoncy broadcast transmitters are normally located as near
the center of the proposed service area as possible. A high elevation

transmitting antenna is necessary to reduce the shadowing effects
* propogation due to hills, buildings, and other obstructions in the
pea. The position of the transmitter site is also dependent upon
Purpose of the station, i.e., whether it is intended to serve a small
i * metropolitan area, or a large region. A suitable transmitter

• d;

111:1

-V
'"' made available by the use of a directive antenna. Where

E**etive antenna is used, a centrally located station site may nol be a
stable one. As one may understand by studying the chart in Fig."

lp transmitter antenna height above the average elevation of the
lce area is a consideration of greatest importance to secure optimum
r«go with a high-frequency broadcast station.



SECTION 22

LOUD-SPEAKERS AND ROOM ACOUSTICS

By Hugh S. Kxowi.ks 1

la the design and operation of electroacoustie devices, consider: i

must be given both to tho physical or "objective" proper* ies <if ibr

founds I hiit are to be reproduced and to the psychophysiologic*!

«

"subjective" processes involved in hearing,

a. Sound is an attention in pressure, particle displacement, or partitfc

velocity propagated in an elastic materia) «r the supet-posi lion
propagated alterations.

b, Round is also the sensation produced through the cut by the nil., i
i I

described above. In case ot possible confusion the term "sound wavn"
may be used for concept (a), and the term "sound sensation " lor concept (I

In the ease of a sound wave in air the pressure is alternately aboveM*
below atmospheric.
The velocity of propagation, c, of a sound wave of small amplitude

c = 33,060 + 619 cm per sec.

where is the temperature in degrees centigrade. The wave IwiK*
X is given by the relation X = c/f, where / is the frequency in eyi |i i"

second. The density p of dry air at 20"(
'. and a I a pressure of 7(50 aim

0,00120') k per cubic cent itueler.

The intensity of a plane or spherical "free" sound wave (no reflect*"
in the tlireetion of propagation is

11
pc

= 2,42 X WP* watt per sq cm

where /' is the effective sound pressure (dynes per square con timet) 1

The standard reference intensity is 10~" watt per square mi • 11

The intensity level in decibels of a plane or spherical free sound wsv* !

the direction of propagat ion is

Ij, = 10 logio 2.42 X 10'i"

The standard reference pressure is 0.0002 dyne per square eeuii

In a plane or spherical free wave the intensitv is proportional to theMH
of the pressure. In this ease the pressure level in decibels of a 9°u

wave is defined as

' Jensen Kadi a Mfg. Co.
J American Tentative Standard Z24.1, Aconstical Terminology.
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Pi. = 20 log,,, 5.000/'
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(4)

TOT pressures are said to differ by ,r <ll> :f 20 limes the tosnrithm to I he
base 10 ul their ratio is x. As in the analogous electrical case involving
5 geld strength or voltage ratio, this is valid only if the impedances are
Jentical so that the energy is proportional in both instances to the square
of the respective pressures. For this reason Eqs. (2) and (4). in general, do
uot hold in more complicated fields.

1. Speech. The variation in conversational speech power with fre-
mcney is shown in Fig. 1 (after Sivian and Fletcher). The ratio of
fcser. peak to averaged power in la-sec. intervals is roughly 20 db.
jj overloaded amplifiers such as arc frequently used in public" address
^sterns, the ratio may be 10 db or less. This ratio is important in

10

>-io

-20
Y
l. Averagepower/Ssecondintervals (Wc
2. » - • » (Men)
3. Mammumpeakpowerin'/$semndintervals/Men,
4. Peakpowensxreeded in 2% ofintervals
5. o « « » io% « •>

1—I—I I I
I I I I I

'IB. 1.

65,4 J30.B 261.6 523.2 1045 2092 4185 ,

Frequency.eps
Yarintioii of conversational speech power with frequency, (After

Sivian and Fletcher.)

PPerature-hmited loud-speakers (see Tests). Tile distribution oi
rK.

:
Willi lre(]iiency is brought out differently in Fig, 2 (after Fletcher).

• naa datum curves winch give a measure of the " recognizability" of

E21 are 8howl1 111 fig. 3 (after Fletcher). The percentage of called

flCS 'erectly recognized is the per cent articulation. Tests of
oie, sound, vowel, individual sound, and other types of articulation

jy,
°» widely used in the laboratory and to an increasing extent in the
t" determine the suitability of a system for the transmission of

Mo i

'
,lltoll 'Kihihty" tests, in which the content, of a simple sentenceK7 niidersiood, are also used. On the average 30 per cent syllable

^^at,on corresponds to nearly 90 per cent "discrete sentence"
.

--"'ility, indicating the relative case of understanding connected

Sir.
1

"

,
m rigs. 2 and 3 we note that reproducing only the fee-

'Ps B hove 400 cycles halves the system power requirement and yei
ps the articulation by a negligible amount. Io a power-limited
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svstcm in which speech articulation i- important, the transroWum hiimi

is sometimes limited to bom 600 or 800 to 4,000 cyelrs. eonyspmitlj,,.

roughly to the 90 per cent articulation points at each end. This rcoluwj

band roughly quarters the power requirement,

100

b

isc
Om
<o

& 60

O
o

§20

asabs
reqt/ei

a'ssa owed

"

-Allfre
abscis

-juencies abcn

sa removed
'S

/

10 o:«20 40 70 100 200 400 700 1000 2000 4000

Frequency, cps

Fio. 2.—Speech power variation with frequency. (After Fletcher.)

Articulation and imttirulnes* are not to be confused. By suewissiv*

raising the cutoff of high-pass filters and lowering the cutoff frequencies

low-pass filters, ouch by a barely perceptible amount. Hchafer lias shown

LOUDSPEAKERS AND ROOM ACOUSTICS

I- Hi. o.

"100 200 400 700 1000 2000 4000 7000 10,000

Frequency, cps

Variation of articulation with transmitted frequency range.

Fletcher.)

that the required transmission band for natural speech reprod

includes some 32 to 36 minimum perceptible changes in band «

1 ScuXfeb, EL The Audibility of Variations in Frequency Bond in SpeeoB

mission, Elek. NacA.-tech., IS, No. 8, 237-2-10, August, 1038.
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fhe steps are roughly logarithmic. Some change in quality could l e
jstwtetl when Frequencies above 8.000 were attenuated. The transn-h--

f natural sounding speech and noises which accompany it therefore
mpctira to require the transmission of all frequencies from 100 to about
6,001) cycles.

2. Music. The frequency distribution of the maximum and most
Mobablc peak powers for a 75-piecc orchestra in shown in fig. 4 (after
Retcher). The curves are based on average men.sureme tits of four
(elections which gave whole ''spectrum" peak powers from 8 to 66 watts
,itnl average powers of 0.08 to 0.18 waft. Zero level corresponds to an
Hrcrage power of about. 0.1 watt. As in Ihe case of speech the average
per over 15-sec. mtervaJs is about ] per cent of the peak power in
V-sec. intervals.

zo

Q_} -O

u <-

o ¥
t- s
cu o

If-io

20o _

1-5-30
O

-40

37.7

U_L
5S.4

/. Maximumpeakpowers infasec. inferwfc

2. Mostprcbabiepeakpowers in%jo/ans
Totalaveragepaw =0. 1waif(appro*,)-0db

~rn~rrrrT-t
!GM0133.8 261.6 523.2 1046 2092 4185 6370

Frequency, c ps
-Variation with frequency of the power output of a 75-piece Orches-

tra. (After Fletcher.)

lie power output of various musical instruments is shown in Table I.™ '>ass drum may radiate over a third of the peak power of a 75-piece
jr"*'™. the large peaks in the 20- to 62.5-eyelo range of the organ

Nell known to recorders and electronic organ people who find it
njble to use 1-f stops which are "rich in harmonic development" and
f°m sound much louder without badly overloading the record,
P"ucr. and Speaker. The 15-in. cymbals follow the drums and organ

m peak power output with 9.5 watts. Their maximum peaks
1 lie 8.000- to I I.SOO-eyele range. Transmission systems having a

^ iP'istorted frequency characteristic which includes a marked rise
^' response in some part of the system (such as f-m and television
^y''utters) are frequently overloaded by this instrument. The same
ji,"' 1" occurs in recordings recorded with a similar characteristic,

r
," «" output of the trombone in the 2,000- to 2,800-evele band near
"'' '""icy of maximum car sensitivity gives the trombone (and other
instruments) their piercing "bite." It has been found that the
."'ally- appraise

<^mgly small eh.... .

J

-
u ol the brasses in a studio pickup merits special attention

the response of a system in this range and that
nges can be detected, This suggests that the
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Table I. Peak Powers in" Mvsic

Instrument

Microphone pwttiaa

Field pressure,
dynes per

squurc centi-
meters

Total
peak
power,
watts

Per-
cent-
age of
inter-
vals

Frequent
bund i'iii,.

1 [iinu)(

maximtm
pcaka
cps.

mid assumption in

convening to total

aound power
Aver-
age in
I'f-M'i-.

inter-
val

I'cuk

in

W-sec.
inter-

val

Rasa drum, 36
X 15 in.

3 ft. in front, on oxis.

Radiation conrtned
to ii cylinder haviuft

drum diiiuicter

09.0 1.200.0 24.6 6.0 230- 9

liaas drum, 30
X 12 in.

Same as above 33.0 oso.o 13.4 1.0 125- 1

Snare drum 4 ft. in front. 00 deft,

oft axis. 1'euk pres-

sure increased fi-5 db
for 1-ft. distance.

Radiation confined

to hemisphere

14.6 305.0 11.9 2.5 250- 1

15-in. cymbals. 3-ft. distance. Peak
pressure increased

7.2 db for 1 ft. Ra-
diation routined to
hemisphere

1S.0 :»0.0 0.5 7.:. S. 000-11.1

3-ft. distance. Con-
version as for cym-
bals

2.3 25.8 on:, 1.0 5.000- ti)

Boas viol 3-ft. distance. Ra-
diation confined to

hemisphere

4.2 37.8 0.136 2.0 62- i

Has* saxophone 3-ft. distance. Hadi-
ntion confined to

hemisphere

4.1 58.2 0.288 ts.o d
Blip tuba 3-ft. distance. Con-

version made from
measurements with
a complex sound
source attached 1" n

horn of similar size

.-,
. 1 43.2 <l 2l)li 17.0

ooo- *>3-ft. distance. Con-
version as for tuba

0.5 228. C 6.4 5.0

Trumpet 3-ft. distance. Con-
version as for tnba

8.(1 54.1 0.314 18.0

French horn .

.

As for trumpet 3.8 27 I 1 0.053 0.0

Clarinet As for trumpet 3.3 26.
4|

0.050 5.5
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Table I. Peak Powers in Music.—(Continued)

fcntrunieiit

Microphone position
nud nwsiimptioh in

converting to toliil

Bound power

\uU\
dyn

aquar
nt.

Avt'i-

iiKe in

la ate.
1 1 1

1

1 • r
-

vul

cs per
ci-nti-

ten*

Peak
in

,',•>".

inter-
val

Total
peak
power,
watts

Per-
cent-
age of
inter-
vals

Frcqucncy
hiind con-
taining

maximum
peaks
cps.

As for trumpet 1.5 25.0 (1.05 5 1.0 700- 1.000
1.400- 2.000

htrolii As for trumpet 2.2 30.8 0.084 0.5 2.000- 2.800

lO-ft. distance. Huorn
29 X 2a X 13 ft.

Reverberation time
1 sec, 00-1,000 ~
average of 3 methods

2.6 23.4 0.267 Ki.O 250- 500

fttircc lin ing-
M

6 ft. from nearest in-

struments, in hamv
room a* viano. Av-
erage of 2 methods

7.G 120.0 0.0 l.G 250- 500

2.000- 2,800

Ifiprc orches-

r
15 ft. from nearest in-

strument in theater
4.6 129.0 (ill. 5 1.0 250- 500

8.000 11.300

Effective distance 15
ft. Radiation os-
ranM uniform over
>4 sphere

20.0 90.0 12.6 36.0 23- 02.5

f.v range is restricted to he detected, it does not mean that the quality
"gcd to be best with the unrestricted range. In many cases the
<>; m" the reproduced music from instruments which radiate extranc-

aoiscs (recti, bowing, key, and others) is improved by eliminating the

I
In

^'''
,1

^;<

Ha\
'!"' transmitted frequency range of reproduced music,

M b
to be primarily concertietl wild the degradation in quality as

>y a good "sound jury" rather than with recognition of the
'on played or the power distribution with frequency or "spectral

wilion" of the music. The average results of a test of this kind,
» jury of 10 and an l,S-piece orchestra, are shown in Fig. 6 (after

(
Considering the many variables involved. I he maximum and

deviations from the curve were surprisingly small. It was the
'ent of the observers that the quality improved rapidly as the

I,
r"iige was extended lo .SO cycles and the upper to 8,000 cycles,

^j" its been found experimentally that, if the transmitted frequency
18 to be restricted, good balance between low and high frequencies
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may bn obtained by so choosing the range Unit approximately «
degradation in quality occurs because of loss of low and high frequent
For reasonable degradation the product of these two frcque^^fl
roughly 640,000. The square root of this product or the geoinet ric tna,

of these frequencies is therefore roughly S00 cycles. A system '

mitting more octaves below 800 cycles than above usually

Actual tone range
i mi Accompanying noise range

• Cut- offfrequency of filter

detectable in 80% oftests

Tympanic
Bass drum.
Snore drum
14'Cymbals.

Bass viol

cpiio
P;ano. .

Violin..
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_„Tre of the reproduced sound, it is desirable to know the energy dis-

pjluiiimi with frequency of a typical sound. The importance of this

BO

£60

A'A
y o

1
1

i
i

//frequencies below
bscissa removed

11 _i l i

at

'lire

scis-

jt

a

i r
'naei

i

1

abov
red^

if

Bass tuba.
Trombone^.
French horn.
Trumpet.

Bass saxophone.
Bassoon„
Bass clarinet.

Clarinet.
goprano saxophone

Fluter _
Piccolo

Male speech
Female speech

Foot steps

_

Hand clapping
Key jingling,

40 60 100 200 500 1000

Frequency,cps

Fio. 5.—Audible frequency ranges of some musical ihstrumehta and

{After A'bomj.)

"heavy," "thick," or "drummy." Likewise a system trans

more octaves above 800 cycles than below will sound "thin" or
^

This assumes flat response in the range and similar curoiT chara"

A sharp cutoff at one end will increase the apparent output at

because of the transient response which accompanies such a c

40 70 100 200 400 1000 4000 10,00020.000

Frequency, cps

Variation in inmlity of reproduced orchestral music with transmitted
frequency range. (After Snow.)

discussed under Uoom Acoustics. Since a common type of
•ww

, music is a damped sinusoid, corresponding, for example/to the
««hkI output of a plucked string instrument, the spectral analysis

the other range.

In considering the problem of reproducing sounds in a

system including the effect of the room at the source of sound an*

t*

s i
Pq\ / ol^i-o}1

40**,*

£a

¥>h i\
rcssure variation with frequency for two isolated damped sinusoids

1vavf!S w
.'
tn different rates of decay is shown in Fig. 7. Any

W* wave train of this type contains energy which covers an infinite
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frequency interval. By analogy with the optical _-ase the spectrum
i

said to be a continuous or band spectrum.
The highly dumped wave roiilains ;tpp red able energy at frequents

differing up to from 20 to 30 per cent from the frequency of a oonw„'„
n

ing undamped wave. As the rate of decay is dccretiMHt, the wave2
contains more energy, and an increasing amount of this is eoncentJH
near the undamped frequency of the wave. In the limit when the rated
decay is zero and the wave has existed for an infinite length of time, fa
when we have a steady state, the band spectrum degenerates into a jfo
spectrum with all the energy concentrated at the undamped frequency
of the wave.
The fact that music and speech are not of a steady-state charaatt

but vary from instant to instant (and therefore have a continuous dis-

tribution with frequency of their energy) substantially aids their gatit
factory transmission in a room (see Room Acoustics).

'

3. '. ,'oise. Noise is an "unpitched" sound composed of a tap
number of discontinuous, non-periodic sounds. Therefore the energy in

noise is distributed in a continuous manner with frequency. A click,

for example, closely approaches the hypothetical pulse which lasts lot

an infinitesimal length of time and the energy of which is eontinuOO<)r
and uniformly distributed with frequency. "A noise may havi
more broad peaks in its band spectrum, but a sharp peak indicates;!

nearly periodic disturbance which will give the noise a definite pitch.
The properties of noises are of some importance because (1) thr

proper reproduction of intended noises may enhance the dramatic valw
of the reproduction, (2) the ambient noise levels in studios or halls and

in rooms frequently limit the dynamic range at the "pickup" W
"playback" points, and (3) they influence the response of the ear by pro-

ducing masking or artificial deafening.
The reproduction of most noises requires the transmission of substan-

tially the entire audible frequency range. For this reason noises air

frequently used as test material in high-quality systems. The frequent!

ranges of footsteps, hand clapping, and key jingling are shown in 1'ig.

These indicate that it is particularly important that all the upper audi 1*
frequencies be transmitted.
The intensity level of various representative noises is listed in Tabic II-

In urban locations, particularly in large buildings, the ambient no*
level in moderately quiet rooms is of the order of 45 to 60 db. This^H
level is high enough so that even in specially 1 rented broadcasting -ludu'-

ii. frequently limits the dynamic range of the transmitter.
Even in relatively quiet residential sections the ambient noise le**

in a typical listening room is high enough so that it, too, places a to**

limit on the intensity of the sound required to overide the noise. . .

4. Hearing. All the data contained under Speech, Music, and
which were obtained by the use of a sound jury or listener involve

"',

sensation produced in the listener by the designated source of
All tests of this type depend to some "extent on the techniques pi>i|»'"^.

and. of course, on the observers. All similar tests are of principal vs'

when the jury is composed of a large selected sample with known hear""

characteristics. ,,[4

One of the most important properties of sound is its loudness. ,

has been found to vary with both the frequency and intensity ot*^
sound. To a rough approximation it has been found that in the niw

r
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Table II. Xoise Levels

SS/i

Pressure, Noise level,

dynof. per decthels

square ;

!
,,ovl!

centimeter
l

r
f
ftT

?"f
<
ithreshold

630 130
2">0 122
45 100
25 102
13 M
4.0 86
2.0 SO
1 3 75

6.3 x'lO t 70
3.2 X 10 1 84
1.1 X 10 1 55
2.8 X 10 43
6-3 X 10

"*l
30

1-4 X 10 "* 17
4.5 X 10 7

Type of noise

Pain threshold
Airplane—1,600 rpm, 18 ft,
Boiler factory
Bubwaj train passing Ktatioh
Elevated t r.-lin— 15 ft.

Heavy traffic— la ft.

Averane iruek 15 ft.

Average factory location
A vvraeit iiiitu iiilf— 1

.">
i i

,

Depart meat, store
Average oJBOfl

Quiet office

\ cry quite residence
Gentle whinner—5 ft.

Threshold (for street noise;

'awe 2aox20 50 100 500 tDOO

Frequency, c ps

Llf1, a
- Loudness level curves showing variation in sound intensity with

fefe,
'"

< y required to produce a sound judged to tie as loud us (be l.OOO-nyele

Solid
' SOUIld mteasity given on the curves. iAfler Flclch, r and M unison.)

h<ii
''urvl's obtained with listener facing sound source. Dashed curve

ieiri
8 threshold (corresponding to solid curve O) but for sound of random

^-'uonce. {After Himan.)
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frequency range equal percentage increases in intensity produce
pqm-.

increases in loudness. The loudness is the magnitude ot the hearing

sensation and is assumed proportional to the number of nerve impu]^

reaching the brain per second.
#
1

The. loudness level contours for a sample of 200 ears are shown in ].'j

g g

{after Fletcher and Munson). These curves were obtained by aHtfj

nately listening to a sound of arbitrary frequency and intensity

comparing it with a 1,000-cycle tone the intensity of which was adjL
until the two were judged to be equally loud. At [.000 cycles thercfi

the loudness level of the sound corresponds to the intensity level b

20 100 iO.000 20.000

Ft.;. '-!.

1000

Frequency, cps
. Threshold of hearing curves for large population sample. Pjf

coinage figures indicate percent age of sample tested having a hearing 1lir<*r

old lower than the corresponding curve. (After licaslcy.)

this is the reference test frequency. The intensity is that which eO»
in an undisturbed sound field before the listener is immersed in j~

The observer faces the source and listens to the sound himiurally.
<J

plotting the differences in minimum audible field intensities for sound.

normal and random incidence found by Sivian, we obtain the dot

curve in Fig. 8. This indicates that the other contours for soilllO

random incidence would also be more regular. p
Recently reports have been made by Heasley on a sample of

.Some of the results arc shown in Fig. '9. The curves show the percent*

of the sample tested which had lower thresholds of hearing thai', «

indicated value. For example, the solid curve marked ">0 per cent '""j

eates that o(> per cent of the ears tested had thresholds of hearing
^J,

to or better than that indicated by this curve. From these data w*^
that the Fletcher and .Munson threshold curves are for ears in theU»
1 per cent of the 16.000-ear sample, and that hearing deficiencies

prevalent enough to justify their consideration in equipment design-

Set-

«
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The loudness or apparent response or transmission characteristic of a
•ysteiii emitting a plane free sound wave of three constant intensity

(levels is shown in Fig. 10. A loud sound (constant 100-db intensity

level' seems almost equally loud from 30 to 6,000 cycles. A sound of

uodcrate intensity (constant 60-dh intensity level) is inaudible below
g0 cycles and increases in loudness rapidly up to 400 cycles. In the
presence of noise, masking would substantially reduce the loudness at

(ow intensities. The l-f characteristic varies much more rapidly with
intensity level than the high and for this reason compensated volume
iniith'ls are designed to have their maximum effect at low frequencies

lOD.OOOf

70.000

40,000

70 100 200 400 7001000 4000 10,000

Frequency, cps
"•• lo. Loudness variation with fre'mency for Hiree pare tones of the iudi-
eaied intensity showing reduced loudness of low intensity l-f sounds.

?' should be noted that the intensity-level compensated characteristic
" purely arbitrary thing and. although it is considered superior by

M does not correspond to our normal experience. Jn practice, when
j

Ro some distance from the source, the low frequencies "drop out."
'V'ii an orchestra plays at low intensity, we get the same effect,

"'.effect of noise on hearing is to produce artificial deafness or

A 'he spectral composition
nig." The nature of the apparent deafness which results depends

of the
^foriu deafening or masking

le noise. Many noises produce fairly

The effect of moderate noise levels is to
Pease articulation. This may be largely compensated by raising the

^Wnsity level of the sound.

LOUD-SPEAKERS

»tid
'"'"Hl^akcr is a device which is actuated by electrical signal energy

u radiates acoustical energy into a room or open air. The shorter
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term spcakrr is used when no confusion with :i person addressing
s

n./r^plionc r<isults.

The selection and installation of a speaker as well as it s design should

I if guided bv the problem of coupling an electrical signal source as

.Mieieiillv as' possible to an acoustical load. This involves the deter-

mination of the acoustical load or radiation impedance and selection

of a diaphragm, motor, and means for coupling the loaded loud-speaker

to An electrical signal source. The performance of the speaker is inti-

Frequency
,
cps for 12"speaker (I0"piston)

,10 30 50 100 300 500 BOO 4000
J-SP r" >—ll0~

0.01 0.02 0.04 0.070.1

H8S3* l0
4
Rforfih kcfbrRof5.47am.MspeoM

FlO. 11.—Radiation resistance. rcactun<\\ ami mass |ier square < cii'i»>*5?

of a flat., rigid piston vibrating iu an iniintta. rigid non-absorbing luXD

Piston radiates into a solid angle, 12 - ->tt stcradiaus (hemisphere).

with the nature of its acoustic load and should "ol^
from it. The nature of the radiating systwilifJJ

istie load impedance it sees, is primarily determine" •

tnatelv connected
considered apart
therefore the aeoustii

space, acoustical environment, nnd cost factors.

6. Radiation Impedance. When a vibrating diaphragm is pla , r
!

contact with air, its impedance to motion is altered. The a<
^

impedance seen bv the surfaces which emit useful sound energy <
1>:l

-

,

n ,,

called the radiation imm-dancc. Hv analogy with antenna systems

i

-cac'*"
resist iv! part is called the radiation resistance. The radiation rc

or reactive part is usually positive

ti.av be called the radiation »ww»
or reactive part is usually positive, and the corresponding apparent in*^

— 'r- J ±L J--'- —
- The radiation impedance sec"
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diaphragm depends on its size, shape, the frequency, the acoustical

aivirunment, nnd the medium into which it radiates.

6. Single Piston. The average radiation impedance per unit area

jecil bv a Hat circular piston vibrating in a thin, tigid. non-absorbent,

infinite plane or baffle in air is shown in rig. 11. When the length of the

radiated sound wave X exceeds the circumference of the piston, 2irW.

10 20 800 100040 6080KK) 200

Frequency, eps
Fkj. 12.—Total displacement required of diaphragm of indicated si«e to

[*dini« one watt. Solid curves for pistons radiating into a hemisphere at

*» frequencies where the radiation resistance is proportional to the square

frequency (2irH X less than about 1.1 in Kit. 11). Dashed curves for

JWistant radiation resistance of 41.5 mechanical ohms per square centimeter

™ponential horn valuo well above horn cutoff frequency).

|ho radiation resistance is nearly proportional to the square of the

fluency. In this frequency range the piston velocity should vary

'"verselv with frequency to radiate constant power since this is equal

J?
'ho square of the r-m'-s velocity and the radiation resistance [see Eq.

I '!- This variation in velocity with frequency is usually obtained

placing the fundamental resonant frequency of the diaphragm and
""•tor near the lowest frequency to be transmitted so the system has

Paa reaclAnce or is "mAss-cont'rolled " in this frequency range. W hen
e wave length is less than half this value, the resistance is very nearly
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11.3 mechanical ohms por sqiuiro centimeter ami I In- diaphragm (riailoj

virtual l is cflicictitlv coupled to thp air (sec Diaphragms. Size'.

Whpn the length'of the radiated wave exceeds the circumference of tb*

piston, the air increases the apparent mass of each sale of the diaphragm

hv approximately the mass of air contained in a cylinder whose base is ih,

piston and whose height is O.S"> times t lie piston radius. At high fre-

quencies the radiation mass ("accession to inertia"; and the nam
reactance decrease and approach
zero for infinite frequency.

7. Mutual Radiation Impedance.
When a sound wave radiated frota

one surface of a diaphragm has at-

cess to another surface of the same
diaphragm or to a surface of another

diaphragm, there is said to he cou-

pling between the surfaces, Con-

sideration of this mutual radiation

Fia. 13.—Primary images 2, 3,

and 4 of piston 1 introduced by
planea Y and Z.

impedance is simplified by fixing

attention on what occurs at each

diaphragm. The motion of the dia-

phragm is opposed by the ("self-")

radiation impedance. It is also op-

posed or aided by the force exert*

on it by the waves generated l>y

any other diaphragms which arr

coupled to it. The (complex) nili"

of the force due to all other dia-

phragms to the velocity of the dia-

phragm itself is the mechanic*

impedance seen by the diaphragm due fo the other diaphragms. This" 1
'

will call the total' mutual radiation impedance.

The total radiation impedance seen by a diaphragm is the sum of »*

self- and the "mutual" radiation impedances. The acoustic power Wt

radiated by a diaphragm is

If. = (rs + n,)V* X wait

where rs = real part of self-radiation impedance (total)

r.v = real part of mutual-radiation impedance (total)

V = r-m-s diaphragm velocity in centimeters per second.

Note that the velocity appears as current would in the corresponding

electrical equation. The diaphragm displacement is V /2a/. where/,

the frequency. The total displacement of various diaphragms rn
l

lllTL
to radiate 1 watt is shown in Fig. 12. These curves clearly shea ujj

need for large diaphragms if appreciable low-frequency power is to

radiated.

By knowing the self- and mutual radiation impedances of dinpm'j'P ^
mounted in a single infinite baffle, we can determine the im|>< (|i

seen when other ba files arc added. In Fig. 13 assume four p>»* ^
(1, 2, 3, 4) mounted in the X-plano. Because of symmetry there is "j

net sound flux through the plane V since for even- positive vei i

{*) component from pistons 3, 4 there is a negative component down 1

from pistons 1, 2. We may therefore introduce the rigid, thin.

I.OtD-SI'EAKEliS AND ROOM AfOCSTICS S'JI

jhsoi-hent plane or baffle Y without altering the impedance seen by any

r tin- pistons. With Y in place we may remove pistons 3. •!. and pistons,

! 2 will continue io see the same impedance. The sound wave reflected

l,v the plane corresponds exactly to the wave which would come from

diaphragms 3, 4 and therefore the plane i* said to have created "primary

images" :by analogy with the optical case) of diaphragms 1, 2 which 1, 2

Wntint distinguish from the real diaphragms 3.4. Similarly the plane 7,

V'Hi. 14.— KfTect of adding pistons and roflofllhlg planes on radiation
Impedance. All pistons marked with the same letter ace the same radiation
Nxsdance.

r[?y he introduced and pistons 2, 3, 4 removed, leaving 1 looking: into its

^Kina] impedance, in all cases pistons of equal size, vibrating ill phase

JJ'I with the same amplitude in infinite, rigid non-absorbing baffles, are
**Hiiiud. The relations hold approximately when the baffles arc a
.
»vp length or more long. Finite impedance of a baffle may be treated
} "burning reduced amplitude of the image to account for absorption
•ft change in phase to account for the reactive part of the impedance.
J"' principle is readily extended lo multiple sources of arbitrary size,

f
'*s e. and displacement such as occur in vented enclosures, labyrinths,^ the like.
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Several piston combinations ure shown in Kip. 14. All pistons marked
with the same letter see the same radiation impedanee. The ratio of thg
radiation resistance and reactance seen in each case to that seen hy a
single piston A is shown in Figs. 15 mid IB (after Klapman). The actual

impedance is therefore obtained by multiplying the ordinates of Fig. 15
or Hi by the corresponding ordinate of Fig. 1 1. The letters on the enrveg

correspond to those on the pistons in Fig. 14.

Values of the ordinate less than 1 indicate the piston sees less resistance

or reactance than it would if alone in a single infinite plane. Tbil

SO

Frequency.eps for I2"speaker(l0"piston)

60 70 60 100 200 300 400
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f4

0.1 0.1S 0.2 0.3 0.4 0.5 0,6 0.705 1.0

2j

Y"
zMM xl6

4
Rforfih kc.forR ofSAlcms, (^speaker)

Fiu. 15.—Ratio of radiation resistance seen by a piston in the presence of

ono or more others (real or images) vibrating with equal amplitude *n"

phase to radiation resistance it would see alone radiating into a lieiiiisphtff''

I IcsidiiatitiK letter of curve is same as that of corresponding piston in Fig.

(After Klapman.)

occurs when the time delay in the wave from one diaphragm and lb*

frequency are such as to give out-of-phase components al the "' m ' r'j
Figure 15 shows that the radiation resistance is increased by the ltirK<**

faetor and over the greatest frequency range when each diaphragm w **

close to all others as possible. At low frequencies the group then be'iay**

as a single large piston. Figures 15 and 10 show that the radial"
^

resistance increases much more rapidly than the reactance as speak? 1?

(or their images) are added. The exact improvement in efficiency ,v ' l£
f

results depends on the impedanee seen looking hack into the spca**,

diaphragm hut a tvpical speaker eilieiencv is increased bv a facto'

nearly 2 (3 di>) for case B and 3.2 (about 5 db) for case C.
'/"J

indicates qualitatively the improvement gained by operating a spca»

at the intersection of the floor and wall and in a corner, respectively-

sec- Ml WVD-SPEAKEKS AND ROOM ACOVSTICS

For a given diaphragm amplitude one speaker in locutions B and C
vrill radiate two and four times as much 1-t energy, respectively, as one
in location A. The radiated power for constant amplitude is therefore
proportional to the square of the number of actual diaphragms. The
radiation resistance at high frequencies is not improved bv the use of
additional speakers. A group of speakers therefore has better low- but
no better high response than a single one. and they therefore sound as
though they had relatively less high response. Fxccpt for cost reasons
multiple speakers are usually preferred to a single speaker with the same
size motor because (1 i the small diaphragms are lighter per unit area
than a large one of adequate rigidity, giving better efficienev and high
response; (2) the angle of individual speakers may be adjusted a moderate

82.0
E

-SL5

1 0.5

Frequency.eps for I2"spenker(l0"piston)
50 60 70 80 100 200 300

1
1—

1 1

-JL

t
•B

fA

0.15 0.2 0.3 1.00.4 0.5 0.6 m^ =l8XSx ld
4
Rforfin fee fbrRofS.Wcms. (^speaker)

Fia. 16.—Ratio of radiation rcactunen (or mass) Been by a piston in the
Presence of one or more others (real or images) vibrating with cr|iinl ampli-
tude and phase to reactance (or mass) it would see alone radiating into a
Mnigpliere. Designating letter of curve is same as that of corrcspondiup
Piston in Kin. 11. (After Klapman.)

amount to give a good h-f directional pattern without injuring the 1-f
fesponse; (3) improved reliability, since failure of a single unit usually
,|l >es not seriously affect the performance of the group; and (1) the
'eitiperaturc rise of each voice coil is reduced.

MULTIPLE LOUD-SPEAKERS
Some of the numerous advantages of multiple direet-radiator speakers

where these all cover the same frequency range are discussed in Art. 7,
*»i|iiml Radiation Impedance, above. Multiple-speaker systems in

Pjjch the speakers cover complementary frequency ranges also have
^tuiti advantages and are widely used. The more important advan-
ces are (1) improved frequency response, since each type of unit covers
? moderate range; (2) higher system efficiency, for the' same reason; (3)
pproved directivity characteristic, since the diaphragm (or horn mouth)
'°f Hie highest frequency range may be made relatively small (sec Figs.
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17, 17<i, find \7b); (-1) improved transient response, sirioo many of t|,e
artifices used to obtain extended frequency ranges in single units iiinke
the transient response worse, particularly al high frequencies; (5) reduced
intcrmodiilation, since large amplitudes are cciniined to speaker reprodu©.
ing low frei| uenries: and reduced frequency modulation which occurs
when a single diaphrngm moves with large amplitude with respect to the
listener, thereby altering the frequency fduc In the Doppler effect),

8. Piston Directivity. With rising frequency the radiation from a
rigid piston becomes increasingly concentrated on the' axis, as shown in

>

>
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Fio. 17.—Kftcct of concentration of radiation on piston axis at high fre-

quencies for the ease of pisions radiating constant total power (top curves! on"
too ease of constant pressure response on the axis (lower curves). Because
of cone flexing the concern ration is less marked in aetual diaphragms where
the equivalent piston diameter al high frequencies approaches about ail*

tenths the actual cone diameter.

Figs. 17 and 17rt. Figure 17shows that, if the flat axial pressure response

curve so often sought after is obtained, the total radiation arid therefore
I he eliiciency are actually falling rapidly at high frequencies. Con-
versely, if a speaker is to have constant efficiency its axial pressure

response must rise appreciably at high frequencies. The variation l"

relative response with angle up to the angle for which the first minim"?
occurs is shown in Fig. 17". The response on the axis has been ark1

"

trarily adjusted to the same reference level in all curves. At high fr8
"

quencies the effective area of an actual cone is reduced by flexing, so th**

the directivity of actual cones is somewhat less than that shown for t"9

piston.

gee. Sl| LOUD-SPEAKERS AND ROOM ACOUSTICS 895

Typical directional curves for 6- and 10-in. (designating size) speakers

are shown in Fig. 176. The axial response is assumed equalized to give

Fio. 17a.—Variation in relative response with angle up to the angle for
which the first minimum occurs. The response on the axis has been arbi-
trarily adjusted to the same reference level in all curves.

flat response and the relative response for other angles is shown. Typical
directional curves for a 6- by 9-in. (designating size) elliptical speaker

Frequency.c.p.s Frequency, c. p. s.

.
Fig. 176.- Kxpci'iinen'ally determined directional characteristics for two

circular and one elliptical diaphragms. The elliptical diaphragm has the
vrandeal characteristic in the horizontal plane when its major (long) axis is

"re also shown. These show t hat the directional response of this elliptical

speaker in the plane of the miner or short axis is roughly comparable to
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that of n circular speaker with a diameter equal to the minor axis. The
directional response in the plane of (lie major or long ax if. is worse than

that of a 1 0- in. circular speaker up to aliout (1,01)0 cycles. Aliove tha
frequency it is better. Contrary to popular belief the elliptical speaker

should he mounted with its major axis vrrlicul to get broadest distribution

in the horizontal plane. This corresponds to the theoretical predict ions

of Stcnzc). This same effect is present in rectangular mouth-shaped

horns where the middle and middle h-f response i> most ilindimml in the

plane of the UriuuUst horn month dimension unless part il ions, or separate

cells are used. Even then the effect is present when the wave length is

comparable to the smaller dimension of the entire mouth.
9. Horns. A horn is a tapered acoustical transmission line used to

couple the impedance it sees, looking hack into the diaphragm, as effi-

ciently as possible to the load it sees looking out of its mouth (see Motors).

The small end of a horn is called its llirool. the large end its mouth. If

its mouth has an infinite flange or baffle, the radiation impedance it sees

is approximately the impedance given in Fig. 11. If there is no flange,

the radiation resistance is half and the reactance approximately seven-

tenths this value at low frequencies. At high frequencies the flange

docs not alter the impedance.
Kx| ential horns are usually employed because they provide more

efficient coupling at l"w frequencies. Their cross-sectional area varies

exponentially with length and is defined by the following relation:

5 = S&»* (•)

where .S" and $» are the areas of plane section normal to the horn axis

at a distance x from the throat and at the throat, respectively: m is s

constant which determines the rate of flare and theoretical cutoff fre-

quency: and e = 2.71828. Curves showing the axial length of the horn

for different area ratios and cutoff frequencies are given in Fig. 18.

The impedance per unit area seen at the throat of an infinitely long

non-nbsorbing horn is

u = ta + j*A - Pc(y[i - |p + jg)

where p, c, and m have been defined and u = 2tt times the frequency.

The total mechanical impedance seen by the diaphragm is A,,zA .
whrre^U

is the diaphragm area, assumed equal to the horn throat area. l nc

radiated acoustic power H'„. assuming no absorption in the horn, is

W. = VMjta X 10-' = VfpcAi X lO-'-^l -^ watt (
8>

where V,i = r-m-s diaphragm velocity. The exponential horn behave*

as a high-pass filter, since its input resistance is zero when m »

less than roc .'2 and rapidly approaches a constant at higher freqiieneies-

Thc theoretical cutoff frequency \s ft = mc/4*. .

In a horn of finite length the outgoing wave does not see a radiate

impedance, at the horn mouth, equal to the characteristic impedaw"

of the infinite horn unless the length of the wave is approximately two-

thirds the mouth diameter, or less. The wave is therefore partial*!
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«flccted at low frequencies. Partial reflection of the return wave also

£j.,irs at the diaphragm unless the impedance looking into the diaphragm

iM «nund chamber) equals the characteristic impedance of the infinite

inn. This requirement can be met over a wide irequcncy range only

uh'verv efficient motors. These reflections result in maxima and

minima iii the throat impedance of the horn which become more severe

ttthc horn mouth is made smaller. The actual cutoff frequency of most

exponential horns is about 20 per cent above the theoretical. 1 he horn-

xt-xz .Distance between areas A,andAz ,
inches

yJ0 ig Distance along exponential horn axis between area ratios indi-

cated on curves for theoretical cutoff frequency given by the ordinate. For

example, the area of a 70-cycle horn doubles every 1 1 in. and tho area of a

100-uyclo horn increases 20 per cent every 2 in.

month diameter is usually made about one-third the length of the wave
Mirivsponding to this actual cutoff frequency.

If the impedance seen hv the diaphragm and given by ho. (7) is not

high enough, an air "transformer" or sound chamber is used to increase

<t. The horn throat is then made smaller than the diaphragm. At low

frequencies the impedance seen by the diaphragm is increased by a
factor (.-!,. A,)-, whi le .1, is the throat area. To maintain the radiation

.Resistance seen hv the diaphragm up to high frequencies, the sound cham-
ber is usually divided in some manner or made narrow to avoid cancella-

tion effects. Two of the more recent sound chamber constructions to

achieve this arc shown in Figs. 19 and 20. Figure 19 shows a dome-
shaped diaphragm and a series of concentric circular slots. Figure 20

shows an annular trough-shaped diaphragm which minimizes the dis-

tance from any part of the diaphragm to the circular exit slot.
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From Fig. 11 we note that 3 diaphragm looks into a radiation resist-
nnco of about 42 ohms per square centimeter when the peripheral length
of the piston is more than twice the length of the radiated sound wave
(2irft greater than 2X). This corresponds to frequencies higher 1 han 1.000
and 2,000 cps for 10- and 5-in. speakers, respectively. From Fq.

(7)
we note that this is also the maximum resistance seen looking into bo
exponential horn unless a sound chamber is used. This accounts for the

FlO. 19.—Cross section of a diaphragm and sound chamber in which
concentric annular slots are used to reduce destructive sound chamber
interference at high frequencies.

fact that the addition of a horn to a conventional large-diaphragm speaker

helps the efficiency only below about 1.000 or 2.01)0 cycles, depending
on the diaphragm size. This added clHcicncy is obtained down to a

frequency from 10 to U0 per cent above the theoretical cutoff frequent*
of the horn. Below this the efficiency may be lower than it would be

8

the diaphragm were on a large baffle. The net effect is to make the unit

sound more efficient but relatively deficient in high-frequency response.

* Pole Voice coil

piece
Fig. 20.—Cross section of annular V-shaped diaphragm and sound chanijier

used to reduce destructive interference in sound chaml>cr at liitfli fieqitenci*

The idea is prevalent that a loiin born with a slow rate of (lure is mwrh
more directional than a short one with a rapid rate of flare when I' '"

horns have the same mouth diameter. Thcorel icallv and experimental 1?
it has been found however that the directivity depends almost altogajH
on the mouth size and shape since the mouth* becomes a "virtual" soun<j

source. Xcnr the 1-f cutoff all horns become relatively non-direction*1

Sec. 221 LOUD-SPEAKERS AND ROOM ACOUSTICS S'.!9

,m l 1 hey are made more directional by increasing the mouth diameter,

Jjot by making the horn longer. Minor effects occur at high frequencies

E may usually be neglected compared with the 1-f effect.

DIAPHRAGMS
10. Principle of Operation. The diaphragm is the part of the speaker

which couples the radiation impedance to the speaker motor. In the

usual hornless or direct radiator speaker the force exerted by the motor

is localized, and this must be transmitted to the acoustic loud which is

spread over a large area. To do this effectively and to add as little as

possible to the impedance, the cone is made as rigid and light ns possible.

The usual conical diaphragm may be thought of as a continuous

mechanical transmission line radiating acoustic energy from each ele-

liicnl nf area. Hadial waves which travel from the driving point to the

dice and are reflected and circumferential waves which travel around the

cone, both occur in various combinations depending on the "mode of

vibration."

The lowest frequency mode and the simplest one is the one in which
the effective radial wave length of the cone, including the edge termina-

tion, is one-quarter wave. (This must not be confused with a quarter

rave length in air at the same frequency.) At this frequency, which
ranges from 700 cycles in large to 1.400 cycles or more in small cones, no
circumferential wave is present, and all parts of the cone move in phase.

The displacement is a maximum at the apex and a minimum at the

flexible annulus which supports the outer edge and terminates the

Irittisiiiissiori line. The impedance of this termination plays an important
part in the diaphragm behavior, especially at frequencies near the funda-
mental resonance of the diaphragm and motor and in the 1,000- to 2,000-

tj'i-le range.
At frequencies below the lowest mode of the cone itself nil parts of the

rone move in phase, and I he cone behaves approximately as a piston

unless the annulus stiffness increases rapidly with displacement, in which
fuse the cone may (lex at even very low frequencies. The annulus is

Irequcntly made this way deliberately in inexpensive speakers to produce
•lisi'U'tion of low frequencies and substantially increase their loudness by
^'liatinn most of the encrgv at harmonic frequencies. Unfortunately,

'ntermodidation of low and high frequencies then also occurs, which
Hakes the high end sound rough or garbled when a strong low note is

tgrodueed.
U. Size. It has been found experimentally that at low frequencies

the effective area of the cone is its projected or base area. This is

'"proximately the "cone" size where this is defined for a circular cone as

tho diameter to the nearest quarter-inch of the minimum circle deter-

ISjned by the tangency of the cone and a plane touching its base." 1

™'js is not to be confused with the designating size of a loud-speaker
*'hich is commonly used in describing a speaker.

."The designating size of a loudspeaker employing a circular radiator

'l^ll be twice the maximum radial dimension, measured to the nearest

"With-inch, of the front of the speaker except that the designating size

'•fall not exceed the maximum diameter of the unsupported portion of the

Crating system by more than 25%." 1

1 hadio Miinufjictijrcrs A.ttociiuinn, definition M5-111.
K:idio Manufacturers AKiocialton, definition M5-110.
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This definition is intended to limit the amount of functionally usolej,

cone housing included in the designating size. Representative co,^

sizes for various speaker-designating sizes are shown in Fig. 12.

In direct radiator speakers and at low frequencies the radiation resist-

ance is proportional to the fourth power of the radius (square of the

area) and the reactance to the cube of the radius. The resistance

reactance ratio or power factor of the radiation impedance is therefor*

proportional to the piston radius. For constant radiated power iht

piston displacement varies inversely with area. With fixed amplitude

the radiated power is proportional to the square of the area at a given

frequency, or a frequency one octave lower may be reproduced if the

area is increased by a factor of four. The upper limit to diaphragm size

is set by the increased weight per unit aua required to get a sufficiently

rigid structure. The nature of the acoustic load (horn, enclosure,

tfi c

S -10
.
u

| -15

1-25
<

-30.

'/;

y /

/, /

600 100030 40 60 60 100 150 200 300 400
Frequency, cps

Fn;. 21. -System efficiency of four speakers usinj? identical movinfr«<>jj

motors but different cone sizes (calculated). Designation size of spent"* B

given.

cabinet, etc.), space limitations, cost, and the motor employed si*

control size.

It is customary to increase the size of the motor as (he diaphragm »'*

is increased, since the mechanical impedance looking back into the

(voice coil, say) should go up as the impedance looking into the driviw

point of the cone rises to maintain good energy transfer. If a large cfl»»

is put on a small motor, the displacement and distortion for a gi*

acoustic output drop and lower frequencies may be reproduced wi ttj

same distortion, but the efficiency in the mid-range may actually iljjP

These effects are illustrated in Fig. 21, in which the calculated sya<

efficiency of four speakers using different size c - but I he same raO*T

are shown. Minimum cone weights, found to be satisfactory ^PJJ
mentally, and average mechanical resistance and resonant frcquewj

were assumed. The motor is an intermediate size normally emplo>' < '".
(f

8-in. speakers but frequently used on all four diaphragm sizes. ^1"'^..

efficiency, even ut low frequencies, is therefore not limited by cone » ^
The cone size must be large, however, if appreciable power is to

radiated with reasonable cone excursions at low frequencies.

12 Shape. The most efficient shape at low frequencies is circular.

Thi^'is also the most satisfactory structurally. Theoretical and expen-

Uri.tal investigations have shown that an ellipse with a major to minor

liis ratio of two, and a two-to-one rectangle have an average of 5 and 7

IJeVcent lower radiation resistance in the useful 1-f range than a circle

lathe same area. The loss is progressively greater as the shape departs

fl further from circular. In spite of the appeal of elliptical and other

lisnhnigm shapes, which were used in early magnetic speakers and even

pinore recent Furopcan moving-coil speakers to a limited extent, their

jiaid vantages have prevented their general adoption.

\t high frequencies all pistons have the same radiation resistance

laer tmit area, but most cones cannot be considered pistons, both because

|£ev are not flat and because their radial length exceeds a quarter wave

,nd Hexing is therefore important.

The shape of the cross section or profile of the cone depends on the

•plication and response desired. Straight side cones are usually

employed when good 2,000- to 5,000-cyclc response is required and when

irprnductioii above ti.000 to 7.000 cycles may actually be undesirable

This is frequently the requirement of public address and phonograph

systems where noise and distortion are otherwise objectionable. Curved

cuius improve the response ahovc 6,000 to 7,000 cycles bv providing a

diaphragm impedance, viewed from the voice coil, which has a more

uiitormly high negative reactance and therefore absorbs more power

from the high positive reactance (due to the voice-coil mass) seen looking

hack into the voice coil. This improvement is obtained at the expense of

2000- to 5,000-cvclc response and with a weaker cone structure, with the

Wiilt that straight cones predominate by ten or more to one in actual use.

13. Material. Hard, impregnated or filled, and pressed or calendered

papers are used when loudness efficiency and apparent h-f response are

important. Radiation resistance provides very little dissipation in

dirc.i radiator cones: hence, by using a paper having low internal

tamal losses, the conical transmission line is made to have strong

Ksonances Nearly all speakers now use material of this type. The
transient response of diaphragms of this type is necessarily poor since

in-center moving modes of the cone arc inappreciably damped by the

nolor. Soft, loosely packed, or felted blottcrlike cones are used when
wine loss in h-f response can be tolerated and a smoother response curve

*ith reduced transient distortion is required. The loudness efficiency

'f high-loss cones of this type is several decibels lower than that of low-

loss cones.
, , ,

Kelt, leather, rubber, and similar materials are used as the annuius to

terminate the conical transmission line in a low-stiffness high-resistance

"Wterial. Their effect is to add considerable dissipation to the cone
** the termination, resulting in reduced reflection of the flexural wave.
The effect is similar to that obtained in soft cone materials where, how-

,
iv, r, the dissipation is distributed along the line. The objection to

•other is that it is very sensitive to changes in humidity, resulting in

"techanieal cone alignment problems unless adequate air-gap clearances

provided.
14. Breakup Subharmoaics. The term cone breakup is sometimes

Jpplied to the flexing or wave-transmission process in a cone. Since

'here is nothing discontinuous in the process to suggest the word "break
a"<l to avoid ambiguity, it is suggested that this term be applied only
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in tlic other sense in which it is used, to name the process which result,
in the generation or Bubhaimonics.

If the apex of u cone is driven with :in adequate sinusoidal force «
certain critical frequencies, the raiiiated wave ccnluiiis not only the
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Voice coil current amperes
Flci. 22. Variation in radiated distortion products with voice-coil curre*11

allowing abrupt atart of half frequency (subliai nioiiic) and odd nniliiP"?

of it. Subscript indicates factor by which fundamental frequency is mul""

plied to obtain frequency of indicated distortion product.

fundamental and integral multiples (harmonics) of it but also a freqiicn*X

corresponding to half (and rarely to a quarter; that of the lamlainc"**!
and integral multiples of this subharinouic. While distortion i"

J*jmotor may contribute to this, some unpublished research lias shown th»

the cone ia the important source.
The half frequency appears very suddenly at a critical input as :i ',0.*L

in Fie. 22. To simplify the graph", the fundamental and usual harmoBjJ
which would include even multiples of the subharmonics. are not incliid*°j

From the total (r-m-s) harmonic curve lis which includes these unpl°lte^

,. rni-. we see that negligible rise in total dis*ortion occurs when the
jjhliarmonic begins. The ear, however, reports a large increase because
,|n;

piich sense of the output has dropped an octave and the distortion

Jss a high annoyance or objection ability factor. This type of distortion

k not so important as is frequently supposed, however, because (I) it

jo-iirs only in limited frequency regions; (2) it does not occur below a
noderate, critical level: (3) the time required to start it is large unless
the force is large: (1) the spectral composition of speech ami music are
pefa that the probability of its production is small. Because of the
flutist ical improbability of its frequent occurrence, it would be uneco-
nomical to design most systems to avoid completely this occasional
distortion,

MOTORS
A loud-speaker motor converts electrical into mechanical energy and

Mimics the electrical signal source as elliciently as possible to the mechan-
ical impedance seen looking into the diaphragm which it drives.

16. Force Factor. The mechanical circuit of a speaker motor experi-
ence-, a force when :i current is applied In the electrical terminals. The
(complex) ratio of this force when the mechanical circuit is blocked
finliiiite impednnce) to the current which produces it is the force factor.
Since fort* is analogous to voltage, the force factor is analogous to
mutual impedance between two electrical circuits. It differs from
t:ie conventional electrical mutual impedance in that it makes no eon-
tih'Mion to the electrical impedance when the mechanical circuit is
Win ked (secondary open-circuited; because its counter e.m.f. is due only
to motion of the mechanical circuit, and in that the force factor has
opposite signs when viewed from the electrical and mechanical circuits,
b usual circuit notation z„ = —z21 (not ftl = tit as in the electrical

[JMc)._ Since only the product of the force factors looking iti both direc-
tions is involved in the following equations this will la- called M-.
The normal impedance of a speaker is defned as the impedance

measured or seen at its signal terminals when operating normally with
proper acoustic load. The normal impedance :,v of moving coil and

Magnetic armature speakers is

. .1/'

?.v = 2, +— (9)

'here z, - blocked impedance of the speaker
z,„ — the total mechanical impedance seen by the mechanical

circuit including diaphragm and acoustic load,
hi moving-coil speakers M 1 = /i2/s . where H is the average radial

5"x density which the coil embraces and ( is the conductor length.

I"
balanced magnetic armature speakers .IT - Mi -X-'lt*. where Bo is

op steady flux density in the gaps, A' is the number of turns on the voice
'"nature) coil, and H is the effective reluctance of the alternating flux
"'It (see Magnetic Armature. Art. 19).A two-terminal load impedance absorbs maximum power from a two-
•*r'ninal source when the impedance of the load is the conjugate of the
j^l>"dance measured or "seen" at the source terminals. The conjugate
^Pi'dance is one having the same resistive or real part and a reactive
Unaghuury part equal in magnitude but opposite in sign. This holds
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for acoustical and mechanical circuits as well, but in these the terming],
are not always so readily determined.
The speaker motor therefore absorbs maximum energy from the

source, regardless of the complexity of the source network, vhfl
it,

normal impedance is the conjugate of the source impedance. The tum)

SO 60 80 100 200 2000 4000 topco400 600 1000

Frequency.eps

Fio. 23.—Magnitude of norma! input impedance of virions speakers
adjusted to simie value at ion cycles to simplify comparison. Multitude*1

reactance of pure capacitance and inductance shown for comparison!

source is a vacuum tube, and its associated loud-speaker should ideal1
)'

have a normal impedance which is a constant resistance. From F*
23 we see that this requirement is most closely met bv moving coil °r

dynamic speakers.
16. Magnetic Motors. By the I.U.K, definition. "A magnetic speak*

1,

is a loud speaker in which the mechanical forces result from mlfl
reactions." This iucludcs both moving-conductor or moving-601

{dynamic) and magnet ic-armaf ure speakers.
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17. Moving Coil. A moving-coil motor is one in which the mechanical

torrcs result from magnetic reactions between the field of the moving

(oil ami the applied steady radial field in the air gap. A section of half

pf a moving-coil speaker is shown in Fig. 24.

Moving-coil motors tire now used almost exclusively because (I)

their electrical impedance permits good energy transfer from the source,

(2) the large amplitudes required by the popular direct radiator dia-

pragms are obtained conveniently with minimum non-linear distortion,

(3) tlic mechanical impedance of the moving element may he made low,

;4; the structure is .simple and rugged mechanically, and (o) the cost is

low.

Annufos.

Clamp ring

Cone housing

mi
!*>>>>>: »mm &

-Voice coil

Field coil case

-Field coif

fio. 24.—Sectional view of small moving-coil speaker showing structural
simplicity.

The impedance seen at its elcctrieal terminals when the coil is rigidly

Mocked is called the blocked impedance of the motor or speaker. This is

'^proximately a high resistance and low inductance in series (/f,and /., in

fig. 2r>) and is therefore easily coupled to a vacuum tube. Near the

fundamental resonance of the speaker the impedance rises, and, if aw impedance source is used, the mismatch reduces the energy absorbed.
Moving-coil speakers are sometimes called electrwiynamic or briefly

'hn'imie speakers. Both terms have been applied for many years to

•pcakers having either electromagnet {or "energized") or permanent
Jtognct fields. The prefix "electro" in electrodynamic has nothing to
'o with the source of steady flux in the gap.

18. Permanent and Electromagnets. Magnetic speakers require a
•ourcc of magnetomotive force to provide steady flux. If the current
•oiircc is hum free and therefore the fiux absolutely steady, the voice coil

*J>'inot distinguish between a given flux density due to permanent and
''vet romagncts. The efficiency of any electromagnet speaker can be
dialed or excelled by a permanent majmct if cost is neglected. In



(MXi Tilt: RADIO K\'U1 A ICERING HANDBOOK

Re be
o—vww—Tjwrtr*-

Fici. 25.- Equivalent ]-f electrical circuit of moving-coil or nmcneti*.
armature speaker in a total enclosure or in an infinite Iwiflle. In tlic latin

case the enclosure stiffness 5. is zero and its equivalent electrical itiductan

infinite.

|

I

Energisedspeaker

Voice coilcopper temperaturer/se.

Ratedaudio input 400 cps \

\

Field coilcopper
temperature rise-

Voice coilcoppertemperature rise;_

No audio input;energizedspeaker

Fieldcoil case
temperature rise

. Voice coil'copper temperaturerise;no audiomput

magnet speaker

0.5 1.0 2.5 3.0 3.51.5 2.0

T i me , hr.

Fig. 25a.—Reduced voice-coil temperature rise in permanent-mat
speakers compared to energized types. Abnormal voice-coil temperature!
when rated "complex-wave" input is applied at -100 cycles nlso shown.
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(osll speakers the differential in cost between permanent and electro-

magnet types is small even when no current supply source cost is add< d

j, the electromagnet type. In intermediate sizes the cost of the two
jvpes is comparable if I he cost of a source of held power is included. In

larger sneakers the permanent magnet type is more expensive. The
i-stntied e.ist. however, of pennaiienl magnet types is frequently lower

because of simplified wiring.

The trend is toward the use of permanent-magnet speakers partien-

ferly when a special held current supply must otherwise be provided.

The temperature of the electromagnet and consequently that of the voice

coil rises witli time as shown in Fig. 25a. The field coil resistance rises,

lowering the field current and flux density. The higher voice-coil

impedance and reduced flux reduce the speaker efficiency. The higher
rou-e-e.oil temperature reduces the permissible signal input power in

voice-coil temperature-limited speakers.

The temperature rise when the rated complex-wave input is applied

it u single frequency* (400 cycles) in a typical intermediate size radio
speaker is also shown. Tbe single-frequency rating is normally much less

Inan the "complex-wave" (speech and music) rating since in the latter

asc advantage is taken of the high ratio of peak to average power (see

Arts. 1, 2, 35).
19. Magnetic Armature. "A magnetic armature speaker (or motor) is

i magnetic speaker (or motor) whose operation involves the vibration
of the ferromagnetic circuit." The shorter term '•magnetic" may be
teeil where no confusion will result with moving conductor or moving-coil
ipPHkers, which are also by definition magnetic speakers. A cross-fsec-

jtimnl view of a balanced arma-
ture motor of this type is shown
to Fig. 26. Flux increases in
wie pair of pole faces and de-
feases in the other pair, when
tin-cut flows through the voice
*>il and when the armature
moves, resulting in operation
•*nlogous to a push-pull lube
"fcuit. The voice coil does not
*?vc and therefore is made rel-
atively large. The resulting
*'Rli inductance plus distributed
j^Pi'citnnce in high impedance
,'ype.s accounts for the large rise

f "npedance at high frequencies
.**<. Fig. 23). This makes it

'Mlieiilt to couple it (o a lube
woperly. To get high efficiency

"J*
armature pole piece clcar-

£<<' must be small, and this

S*'ts to instability of the armature and a limitation on its displacement.
'he„r> factors plus mechanical difficulties in construction and mainte-
'*t have reduced the acceptance of the magnetic-armature type.
20. Condenser. "A condenser speaker (or motor) is a speaker (or

5°tor) in which the mechanical forces result from electrostatic reae-
"ons." They arc really large condensers in which one flexible electrode

Flo. 20.—Sectional
armature magnetic speaker.

Armature

Piv.t

' Voice coil

Laminatediron
' polepieces

.Permanent
magnet

view of balanced
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is free to move and to act as a diaphragm. In push-pull types (hp

flexible electrode is mounted between two perforated (ixed electrodes

resulting in cancellation of the even harmonies which occur in the two.

plate type. Its blocked impedance is that of a condenser, and ii

therefore difficult to couple to a vacuum tube. The electrode clearance

must be small or the steady polarizing potential which is applied niu*t

be large to get high efficiency. The former limits the diaphragm ampB-

tude, and the latter causes rapid disintegration of any flexible dielectric

used to support the electrode.

21. Crystal. "A crystal speaker (or motor) is a speaker (or motor) in

which the mechanical' forces result from the deformation of a crystal

having converse piezoelectric properties." The crystal has a hiph

mechanical impedance viewed from the driving point. Only a small dis-

placement is possible without distortion or crystal fracture, so a mechani-

cal transformer or lever arm is used when moderate excursions an-

required. This leads to mechanical complications, particularly at high

frequencies where the transformer is not ideal, and to added cost. The

application of this tvpe has therefore been largely limited to li-f speakers

in which the diaphragm amplitude is small. The blocked impedance

is that of a leaky condenser. The normal impedance of an 8-in. unit is

given in Fig. 23.

COMPLETE LOUD-SPEAKERS
The more important characteristics of a complete speaker system,

which includes an electrical source of known impedance, motor, dia-

phragm, and known acoustic load, are its efficiency-frequency (me nding

response frequency and impedance), directional, and distortion charac-

teristics (sec Tests).

22. Efficiency-frequency Characteristic. The energy efficiency, or

simply efficiency, of a loud-speaker is the ratio of the- useful acoustie-

energv output to the signal-energy input. The "absolute" or system

efficiency is the ratio of the useful acoustic energy output to the siiir.ii.

energy an ideal load would absorb from the signal source. I he utter

definition is a practical one in that it penalizes (he speaker tor its inability

to absorb maximum power from the source. At a resonant frequency

of a speaker the two efficiencies frequently differ by a factor of W
m
'iftho effective internal resistance of the source and its ideal resistance

load (both seen from the voice coil) are r.. then the absolute efficiency*

given by

Absolute efficiency =
|Rr^vt 1)p,_«|

'
"

where zk = blocked voice coil impedance plus r,

z„ = total mechanical impedance of the mechanical mesh mcluaw*

diaphragm radiation and air load

r r
= total radiation resistance! seen by the diaphragm .

U is denned under Force Factor. (See Art. 13.) The vert**

lines indicate that the absolute value is to be taken. .,

The 400-cvele system efficiency of the speakers commonly
J)*'.

,•

radio receivers ranges from 1 to I per cent. The corresponding efheici i

of direct-radiator speakers with very large motors ranges from 1"

« per cent. Efficiencies of this order are more readily obtained in horn

leakers, but 30 per cent is rarely exceeded over any appreciable fre-

Jm-'ncv range. Although higher values are frequently claimed, these

lines', if based on any measurements, are usually based on motional

jiipedancc measurements in which all horn, diaphragm, air, eddy-current,

|ui(l hysteresis losses have been assumed to be useful acoustic radiation.

23. Response-frequency Characteristic. If a loud-speaker is to be

Lrd indoors, a graph showing the efficiency-frequency characteristic

L probably the most useful single curve. If a loud-speaker is to be used

Utdoors, 'then we are primarily interested in its pressure response-

I frequency characteristic (sec Teats).
. .

'

24. Baffles, Enclosures, and Cabinets. "A baffle is a partition which

Lav be used with an acoustic radiator to increase the effective length

[of the acoustic transmission path between front and back of the radiator.

Tliis term is usually reserved for a relatively flat baffle m which both

hides of the diaphragm look into substantially B hemisphere (solid

ingle of 2*- steradians). The term directional baffle is sometimes applied

utien one side of the diaphragm looks into a smaller solid angle. I he

hallle then begins to take on the properties of a horn. I here is no sharp

line of demarcation, but there appears to be little reason for calling any

litructure which restricts the solid angle to less than x/2 (an octant of a

lipheie) anything but a horn.
. .

I If a baffle is used outdoors, appreciable destructive interference or

Iprcssure cancellation between the front and back waves of the speaker

Imay occur at the listener's posi-

tion at some frequency above the

I eut off frequency. The frequency
st which this occurs depends on

|the baffle size and listener loea-

Ition. Destructive interference at

Ithc cone itself is usually unini-

Iportant except near the cutoff

lirequencv of the baffle. To dis-

tribute this effect and make it

&
Fia. 27.—Irregular baffle shapes

used outdoors to broaden frequency

band of destructive interference be-

tween speaker front and back waves at

listener s position.

«.v-r a broad band, bailies shaped as shown in Iig. 27 are sometimes used.

Since the effect depends primarily on the listener s location, no such sim-

ple result occurs indoors and a space average of 1 he pressure in a mot era o-

'«< listening room shows no such effect. Conventional rectangular battles

may therefore be used indoors unless the room approaches free held or

outdoor characteristics. . -, _
The equivalent 1-f electrical circuit o! a movmg-coil or magnctic-

ptm&tare speaker in an infinite baffle is shown in tig. 2o. Here K, and

i. are the blocked voice-coil resistance and inductance /„ is the

(bctrieal equivalent of the diaphragm less air load. Za is the equivalent

of the air load, except that in this ease there is no stiffness i>. provided

v
i he air load, so its equivalent inductance .1/= .S

,
is infinite. .1/ is

Alined under force factor Sj, mj and rj are the effective diaphragm

•tiffnesa, mass, and resistance, respectively, and r„ and m, are the

radiation resistance and mass which may be determined from fig. 11.

5?otc that both sides of the diaphragm have radiation resistance and

lHass in this case and the values per unit area given in fig. 11 must be

•nultiplicd by twice the piston area to give the rB and m„ used m B ig. a>.



910 the radio exuixeerixu iiaxdhook
I Set,

LOUD-SPEAKERS AXU ROOM ACOUSTICS 911

The magnitude of the impedance of » moving-mil speaker in an iiifini.
baffle is shown mi Fig. 2a. The antiresolianl impedance uf l lie panSS
circuit corresponds to the resonant liequcucv ol the diaphragm and ni
load and is limited by the parallel value oi the two lesistunces.

1

1„."

resistances are proportional to the stpiare of the Ihtx densitv and inversdi
proportional to the diaphragm and air (radiation plus dissipation
resistances. A high resonant impedance is therefore not nece.ssarilv
undesirable, as is generally supposed, since it may be due to a high fl,lx
density and therefore mean a high efficiency over a wide frequency hand
The effect of the source impedance, connected to the input terminal?

on response may be noted from this circuit. If the source resistant*
r. is low, the speaker will absorb very little power at resonance ami t hi

acoustic output may not rise appreciably. The voice-coil resistant*
It. and the source resistance r, in series are effect ivelv across the unti-
resonant circuit at low frequencies since the reactance' of /,. can be neg-

lected. When the Mux density

rEnclosure

Speaker
unit

Absorption
materia/

Por't-

is high, the Q of the antircso-

nant circuit alone is high hut

the source and voice-coil rent-
anccs then provide substantial
shunt resistance and "electro-
magnetic damping." The ef-

fect of this on the speaker
response to a pulse is .shown in

the experimentally determined
eun es of Fig. 40." The minor
irregularities in these damped
sinusoids arc due to h-f model
of vibration of the diaphragm
As the source resistance *
raised, more power is supplied
the speaker at a n t i resonance
and at high frequencies where
the effect, of the voice-coil in-

ductance is Important and less

is supplied in the mid-fre-

quency range. The steady-
state response of a vented

enclosure (see Figs. 2S. 2ft

29<i) as the source resistance of

impedance match" is changed is shown in Tig. 39. Here the response
-t 1(10 cycles has arbitrarily been adjusted to t he same value as that t«

which the source resistance was raised.
26. Total Enclosure. A total enclosure which prevents radiat[<>n

from the back side of n diaphragm may be used to prevent destrurtr**
interference between the front and back waves from a diaphragm. Th>*
might he obtained by closing the vent or port in Fig. 28. When thf

wave length exceeds four times the maximum enclosure dimension
thejmHosure adds a hint stiffness S. viewed from the diaphragm

u
- pc'"-<> t 'Vt> em per dyne, where Aj is the effective piston area <?'

the cone and V„ is the equilibrium volume of the box. The "enii" ^tance is the reciprocal of this value. This stiffness raises the nnti«*

77WW/ }t)>fJ)j/mwtfttuu/m
Pig. 28.—Baas reflex type of vented

jnclosure in which port, area is large and
placed near diaphragm to obtain maxi-
mum aid from mutual radiation resist-
ance between diaphragm ami port.
Phase shift of hack-side radial inn ob-
tained by choice of circuit constants.

jjeqiiciiry of the speaker. If the enclosure includes absorbing material,
-liffness will be altered by the reactance seen at the surface of the

EteriaL Each square centimeter will dissipate P1 X 10~-/ru watt,
fhcre P is the sound pressure in the box and rH is the resistance per unit
gc-.i for sound of normal incidence on the absorbing material. From
(tils the equivalent resist ami- in parallel with the box stiffness niav be
ibtnincd.

If the volume is small enough or the natural frequency of the speaker
Hit of the enclosure low enough, the enclosure and not the diaphragm
diffiu'ss will control the natural period.
The 1-f equivalent electrical circuit of such an enclosure is shown in Fig.

i5. Here is the electrical equivalent of the diaphragm alone: Sj,
and mj are the stiffness, resistance, and mass of the diaphragm mens-

ired in vacuo. The electrical equivalent of the air load including radia-
ni impedance is ;A : S.

; is the effective enclosure stiffness. i„ the total
tir or fluid resistance (enclosure dissipation if any. and radiation
Stance), and ;»„ is the effective air (radiation-plus-enclosure)
mis-.. Normally the parallel value of zu and z A or a single parallel
"ant iresonant " circuit is shown but the contributions of individual elo-
nciits are then not as clear. Since the electrical circuit elements are
:-,>' -.vex with respect to M" |see Kq. (9)], the stiffness appears as an induct-
pec and the mass as a capacitance.
A total enclosure is sometimes called an infinite baffle. While it

s-sciuhles one in preventing front and back wave interference, it has
t»'o important differences which make this designating term undcsiinhlc.
Hie enclosure adds an air impedance to the rear of the diaphragm, which
a\ In- very different from that seen in an infinite baffle. An infinite
bflle restricts the radiation to a hemisphere, and the radiation imped-
tarr seen by the diaphragm is given by Fig. 11. If the enclosure is
-i d outdoors, tin radiation resistance which the outside of the diaphragm
'<- at low frequencies is only half this value and the reactive part
^proximately seven-tenths this value. In practice the useful efficiency
•almost halved at low frequencies. Indoors the impedance seen will

'J'pend on the environment as described in Art. 5. Radiation Impedance:
•bo in lioom Acoustics, below.
26. Vented Enclosures. The idea of putting a vent or "port" in an

"closure is very old. It was first done to provide "pressure relief."
more recent types, known as bass reflex enclosures, detailed cousidera-

J«ii has been given to the very important effect of the mutual impedance
''ween the iiort and diaphragm. The port area is large and the port is

.'"'r I he diaphragm to increase the mutual radiation resistance and extendw frequency range over which it is effective (see Art. 7, Mutual Itadia-
'on Impedance). Such an enclosure is shown in Fig. 28. The effective
* virtual diaphragm in the opening is coupled through the stiffness of
™* air in the enclosure to the diaphragm. The equivalent l-f circuit is

'""vu in Fig. 29. zi, corresponds to Fig. 2"> and r„ and m„ correspond
*<"cpt that the mutual-radiation impedance must be added.
The vent and enclosure have therefore added one LRC circuit. The

wet of this is to shift the back-side-cone radiation by nearly 180 deg.
Jtove the frequency at which the port mass »»,, and box stiffness viewed

l{

°"> the port are resonant when the cone is blocked. For about one-third
an octave above and below this frequency most energy is radiated by
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Portmass and
radiation mass .

i WvW\i 'OOUTOO 1

Totalradiation resisbnce

(selfandmutual)

pc!Ad
Box stiffness seen from S
diapfiragm portclostd

FlQ. 29.—Equivalent l-f electrical circuit of moving-coil or magnetic-;

ture speaker in vented enclosure.
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Fig. 29a.—Impedance of circuit of Fig 20.
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|

port. Although the diaphragm and port radiation are out of phase

Bw this frequency, the port radiation greatly exceeds the diaphragm
lint ion near this frequency.

The enclosure is made as compact as possible. The port can he

end near the diaphragm to increase the mutual-radiation resistance

ce the phase shift is not due to transmission time delay hut occurs

ousc the acoustic circuit goes through antiresonancc. the phase

jift occurring suddenly at this frequency. In properly designed

pclusures, advantage is taken of a large mutual-radiation resistance to

mprove the l-f efficiency. Very little absorption in the enclosure is

545

\
-
DC! ickcabii Or

\

Vented
enclosure

r
/
/
r

\

\
\ X

150 ZOO10 40 50 60 70 80 100

Frequency, cps
Fra. 30.—Total distortion of open-back cabinet and of the same cabinet

ftclosod as shown in Fig. 28, same speaker and electrical input in both
f>scs. \A distortion much reduced because diaphragm sees high antiresonant
*|icdancc of enclosure and therefore has only small displacement whereas
y in port (which lacks the noa-liuear edge stiffness and non-uniform Mux
f the speaker) moves with large displacement.

r«nted at low frequencies to take maximum advantage of back-side
Hiatkm. At frequencies of several hundred cycles or more where the
j°rt radiates negligible sound the enclosure is made absorbent to avoid
'box'* resonance. The advantages of vented enclosures are {1) baek-
Jle radiation is used to substantially increase the l-f output; (2) most
'this output comes from the ixirt which has no non-linear eone sus-

J-nsion stiffness to produce non-linear distortion; (3) antiresonancc of
*e enclosure occurs near the lower frequency of maximum radiation

S the diaphragm amplitude is much less than it would be otherwise,
he result of these factors on non-linear distortion reduct ion is shown in

'K- 30 in which the effect of converting an open-back cabinet to a vented
*>N enclosure of the same internal volume is shown. The change in

sponge is shown in Fig. 81,
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27. Transmission-line Speaker. The phase and amplitude of the
back-side radiation of u coin' may be altered by coupling a conduit or

+IOr

+ 5
-D

_- o
p>

l-io
8
K

IS

-20
40

s-ZPpen backenclost

I %
ire

Vertfeelenclosure

f

50 60 80

diaphragm and port or open end is due to time of transmission in the line
At very low frequencies the line is a small fraction of a wave length long'
the phase shift is negligible, and the port and diaphragm radiation are
out of phase. When the line is a quarter wave long, it acts as an imped-
ance inverter (as in the electrical ease); the cone sees a high impedance
;:iul the radiation from the port is a maxim , Non-linear distortion
is therefore reduced at and near this frequency. The resonant frequency
nl the diaphragm may bo placed at this frequency to aid damping
Between this frequency and the one for which the line is a half wave
length long, the port phase shifts gradually but maintains some com-
ponent of its radiation in phase with the diaphragm I neglecting separation
hi t ween the port and diaphragm) outside the line. Because of the
infinite series of resonant and antiresonant frequencies of the line high

50r

300 400100 150 ZOO

Frequency.eps
Kin. 31.- Toi:il smmd pnwcr radiated by cabinet, fur which distortion

shown in V\g. 3d. Shape of l-f response may he varied between wide lbtulu
depending on enclosure volume, port area, and speaker used

acoustic transmission line to it. In early types the multiple-resonant
properties of such a line were used to influence the response. In a more

Speaker unit

Acoustic
transmission

line

'Absorptive

material

Via. 32.—Labyrinth type of transmission-line speaker. Phase shift of ear"'

side radiation obtained by time of transmission delay in lino.

recent type, known as the labyrinth, the line is folded to conserve sP*^
and made highly dissipative (sec Fig. 32). Phase shift between tD

500 I00O

Fio. 33.

100 200 300

Frequency
Relative responso of open-back cabinet (A) and labyrinth (B)

(After Olney.)

Hhsorptiot) must be introduced to prevent the production of objectionable
fcsonancrs and radiated out-of-pha.se components of the port Most
"I the rear-side radiation is therefore absorbed. The comparison of the

Ohiej"
86 aU 0pen"back eabinct ancl labyrinth is shown iu Fig. 33 (after

ROOM ACOUSTICS
28. Room Characteristics. The trend in the theory or room acoustics

« toward considering the source of sound, the room, and the sound
receiver or sink, all as part of a unified dvmimical svstem. This is
^quired to bring out the interaction between source, sink, and room and
"icir effects on the steady-state and transient aspects of sound trans-
mission in the room.

In this theory the room is considered as an assemblage or resonators
« u the walls or the room as terminnl impedances determining absorption
«H'l reflection. A rectangular room has a triple infinity of resonant
f.iuencics. If the wall impedances arc pure resistances, these fre-
pencsee arc given by
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whore n„ n», n» = 0, 1, 2, • • •

lr , {„, and I, = dimensions of the rectangular room in centimeters.

The distribution of these "allowed" frequencies (at which resonance

occurs) may be graphically shown as in Fig. 34 by a three-dimensional

plot in "frequency space" (after Morse). Kadi vector to a lattice ]K>int

is associated with a "natural frequency" or "normal mode" of the room.

The shortest vector, corresponding to the lowest frequency, is determined

by the longest dimension of the room. The direction of the vec tor from

tfie origin to a lattice point indicates the direction of excitation of that

frequency in the room, and the length of the vector is proportional to ita

frequency

Fio. 84.—Distribution of resonant frequencies for a rectangular room with

side lengths l„ <„. and l„ The length of a vector from the origin 1<> cart

lattice point indicates the frequency and the direction of tbc vector i"<":

rates the direclion of the coitc.-i lint? standing wave. 1 he velocit)

the sound wave c is given by Eq. (1).

At low frequencies there may be an appreciable frequency interval

between the natural frequencies if the room is small. At high fre-

quencies the number of natural frequencies in a given frequency intcrvw

is proportional to the square of the frequency. ,

28a. Reverberation. Using this concept of multiple natura tr£

quencies. the decav of sound in a room may be described as fol»'*r

Assume energy has been supplied the room until the energy level

constant, i.e., the rate of absorption at the boundaries equals the rate"

supply to the room. The resulting standing wave system depends
""J

only on the room and frequeuev but on the location and oriental ion o u

source. When the source of energy is stopped, each individual »> ,,,liL,

vibration of the room will decav exponentially, and the combined ciii

of these is called nirrhrnlir.n. Only the modes having allowed »T

quencies near the frequency of the steady-state excitation will oonw
appreciable energy. .

, r .|k
Hv definition the reverberation tune is the time required lor 1

mean energy densitv in the room to drop fit) db. Y\ hile this mean "V
be the result of a large number of rates of decay each of which is '»
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vidually exponential, the combined value in general is not given by a
simile exponential term. This accounts for the fact that the slope of
the moan-energy-density time-decay curves for the average room are not
ui therefore for the fact that the apparent reverberation time
depends on the time interval over which the decay is averaged. If the
absorption is moderate the approximate reverberation time in seconds is
given by

VT = 0.00161 -
a (12)

where V — room volume in cubic centimeters
n = (-'lion + Am- + , . .; total room absorption

iiinl .1:, .-1 2 ,
etc., are areas in square centimeters having absorption coeffi-

cients on, os, etc., rcspcctivel v.

150 ZOO 500 1000 Z0D0 5000 IQ000
Frequency, cps

l-to. 35.—Transfer admittance or "response curve" of a speaker, room, juid
nii'-mplionc or eleei i o-aeousio-cleci rical transducer. Sneaker and micro-
pixmo arc m diagonally opposite corners of an 18- by :><)- by 11-ft. room.

Corresponding to this type of energy decav in the room, there ia a
growta curve. When a source suddenly emits energy, each of the excited
nodes absorbs energy in an exponential manner! This occurs until
!"' asymptotic or steady-state value is reached after an infinite length of
tune \\ hen this is reached the acoustic power supplied the room must
filial that absorbed at the room boundaries. I5v definition the absorp-
""" coeflicienl a of I lie boundary is the fraction" of I lie incident energy

.'^'ib(- ( liora^p<vifiedaiigleolineidence. The intensity /of a sound wave
!.,

1 ' ^ '
'u
M a measure of tnc eiierRy per square centimeter per second. The

airy absorbed by I he boundary per square centimeter per second is there-
ore /„ watt,. The total power absorbed by the room will be Ia watt where

as defined in Kq. (VI). This assumes, of course, that / is unif >rm
inroiighout the room. This assumption is reasonably valid if the room
s roy(

. ri,rr.
lrit ono„gh t,, be a good listening room, if the sound pouree is

.
" Highly directional, and if the room dimensions are many wave lengthsl0
"K- Or mathematically

Wa - Ia (13)
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where 7 = sound intensity in watts per square centimeter and H"„ =
acoustic power radiated hy the source. The acoustic power equals the
product of the speaker efficiency and electrical .signal input power, if
the room absorption is known, i he speaker efiiciency in this room mav he
determined by measuring the average sound intensity in the room.
Hy combining F.qs. (12) and (13) we get

W T
I = 020—p- watt per sq cm (14)

28b. Room Power Requirements. If we know the desired sound,
intensity, the acoustic input power ll'„ required to produce it may be
obtained either from Kq. (13) by knowing the total room absorption or

3.0

1000 2000 4000 100010,000 1 » 7 IQO.000 2 4 7 ipoo;

Room volume, cu.ff

Flo. - Dependence nf r >| > 1 1 1 1 it in reverberation time for speech and range
of reverlieratiun lime for music on room volume.

from Kq. (I I) by knowing the room volume and reverberation time.

Desirable reverberation times in terms of room volume for speech and
music arc shown in Fig. 3fi. The values for speech are seldom realized

except in acoustically treated rooms. Typical schoolrooms with average
attendance, for example, usually have reverberation times well up toward
the upper music range.
Speed! articulation increases rapidly with intensity up to an intensity

level of 40dbor I0" l5 wat1 pcrsq cm and more slowly to 50 db or 10"" watt

per sq cm. If room noises are present, the speech intensity should exceed
lhe.se by at least 10 db. In conversational speech the person 'speaking

radiates about 10 4 watt. Ixwd speaking requires 10~ J watt. If *

loud-speaker is to simulate a person speaking loudly, its acoustic output
should be at least 10_> watt which, for a 1 per cent efficient loud-speftWj
radiating all its outpul into the room, means an electrical input of on©"

tenth wait.
There is considerable difference of opinion on what constitute accept*

able levels of reproduced sound. Values of electrical power input whiw
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have been suggested for theater use are shown in Fig. 37. Tlie.se are

based on the use of speaker systems which have average system efficiencies

of 25 per cent. The trend is toward larger inputs to get enhanced drama-
tic value in the reproduction.

29. Acoustic System Characteristics. When a sound receiver is

included in the room with a source, then we must consider the reaction

of the room on it. The most common receiver is a listener. Because
of the difficulty, however, of making objective measurements of what is

going on in the listener's central nervous system, it is more convenient,

100 ZOO 400 7001000 4000 10,000

Seating capacity of theatre

Flo. 37.—Recommended amplifier output, for motion-picture reproduction.
Speaker system efficiency assumed to be 25 per cent so acoustic input to
theater is one quarter indicated electrical input. Trend is toward higher
v ulues.

aliliough only approximately correct, to substitute one or more micro-
phones for the listener.

For sake of simplicity, assume we have a loud-speaker as a source and
a microphone as a receiver or sink, each with two accessible terminals.
Wince no source of energy is assumed in the room, these four leads may
'" considered the terminals of a passive quadripole or four-terminal not-
Work. From circuit theory we know that the measurement of three inde-
pendent quantities will completely specify the performance of this
quadripole at any one frequency. By analogy with the purely electrical
ease we may define the ratio (complex) of the current through a specified
"licrophone load to the input voltage of the speaker as a transfer
MauWaaoa.
A curve giving the magnitude of this quantity for a speaker and a

'atcrophone mounted in diagonally opposite comers of a rectangular
by 20- by 1 1-ft. room is shown in Fig. 35. This transfer admittance

!

s what might be called the response' curve of tin- loud-speaker measured
111 this room with designated locutions for the source and microphone
"nd with the particular microphone employed. As would be expected
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from the complicated equivalent circuit of the room. I hi* transfer
admittance varies by a large factor with fre<|ueucy ami exhibits a large
number of maxima and minima at high frequencies. In passing it may
In- noted that the impedance of the boundary of this room varied appre-
ciably with frequency and therefore the local ion of the resonant and
antiresounnt frequencies of the " elect ro-aeousto-oleetrieal network" do
not occur at the frequencies predicted by constant botindarv impedances

Considering the matter in this light, v.,- see thai Ihis r'es| • curve
depends on the type of speaker, microphone, their location in ihe room,
the geometry of the room, and the impedance of the room boundaries
and therefore the impedance of the entire dynamical system seen from
the acoustic terminals of the speaker and microphone.
The loud-speaker supplies maximum energy to the room when tho

impedance seen by the diaphragm looking into the room is the conjugate
of the impedance looking back into the diaphragm with the speaker con-
nected to its generator or amplifier. Since the latter impedance is

usually high, the speaker supplies maximum power when ihe room
impedance is high, which occurs by definition) when the ratio of the
pressure to particle velocity is high. i.e.. when the speaker is near a ures-
surc maximum. A pressure-actuated microphone gives maximum
response at a pressure maximum. The maximum peaks it) the transfer
admittance of Fig. 3~> therefore occur when both the microphone and
speaker are near pressure maxima. Xo resonance pressure maximum
occurs at the speaker below the lowest resonant frequency of the room,
and good 1-f response is therefore hard to obtain in small rooms.
The apparent damping or Q of a mode of tin? syste av be obtained

by steady-state sharpness of resonance methods corresponding lo those
employed in eireuit investigations. With negligible dissipation due to
losses in the source, air, and sink, the damping of a particular mode is an
indication of the absorption of energy nt the boundary. From this

damping coefficient the effective absorption coefficient of the boundary
under the conditions determined by the mode mav also be obtained.
The simplest result is obtained when the wave front is parallel to the
walls on which it is incident. The same apparent absorption is obtained,
from the transient decay of the same mode.

Likewise, by analogy with the electrical case, we may think of the
transient current which flows through the microphone" load when a
unit d-c potential is suddenly supplied to the speaker terminals as the
transfer indicial admittance of this elcctroacoustoelcctrical network.
Viewed in this light the transient response of tho speaker itself (a small
part of ihe dynamical system; or the transfer indicial admittance of the
loud-speaker and microphone mounted in n free field where no reflflM
tions are present takes on much less significance.
We know experimentally that any room which is considered a good

acoustical listening environment has appreciable reverberation and
therefore that the rate of decay of the energy in the resonators of the
room is only moderate. Kxpenmentally it has been found that the rate
of decay of the modes of the speaker itself measured in a free field is of
the same order. If the loud-speaker is loosely coupled to the room.
if the room impedance seen by its diaphragm" is small as compared with
the impedance seen looking into the diaphragm, then we mav loosely
think of the loud-speaker as converting the unit d-c e.ni.f. into a numbera
of damped sinusoidal terms (one corresponding to each mode of the
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maker), which in turn excite the room. The spectral composition of a
single damped sinusoid for two rates of decay is shown in Fig. 7. From
these we see that, if the rate of decay is large, the number of room modes
excited may be large, because of the broad frequency spread of the enorgv
exciling the room. Actually, of course, we should only think of the
dynamical system as a whole and the above explanation as a simplifica-
tion of the problem.

Fxnerimental curves of this transfer indicial admittance are what one
would predict from the theory. If the speaker is loosely coupled to the
mom. if its damping when it looks into a small acoustical impedance is

low, and if an undamped resonant frequency of the speaker lies near
' f ihe resonant modes of the room, the transient term looks like a
typical one for two coupled circuits. That is, there are two prominent
rates of decay containing the combined effect of the two important
resonant frequencies (the speaker and room). On the other hand, if the
speaker is highly damped when looking into a high acoustical impedance,
il the driving point impedance of the room at ai damped natural
frequency of the diaphragm is high, and if the room is large Of its dimen-
sions are so chosen that there are a number of resonant frequencies near
an undamped resonant frequency of the speaker diaphragm, then the
transient term consists of the superposition of a large number of damped
sinusoids. In this ease it may be seen that elimination of the term due
to the loud-speaker would cause a negligible small change in the apparent
transient response of the system. This was verified in an unreported
investigation conducted X years ago. in which it was shown experimentally
that, if the fundamental speaker mode was eliminated bv the use of a
properly chosen electrical network, the aural result in reproduced speech
and music was small unless the damping of the speaker radiating into a
free field was unusually small.

The more important practical implications of the above (see also Art 7
Mutual Kadialion Impedance) are Ihe following: (<i) The loud-speaker
should preferably be mounted in the corner of the room. In this position
''" U rentes mber ol room resonances are "exciled" and the most
energy is supplied to the room. (6) The average l-f radiation is a maxi-mum when the speaker is as near the floor (or ceiling! as possible and in
the room corner. Next most desirable location is near floor (or ceiling)
»nd side wall, (c) At any one frequency, maximum radial ion is obtained
* lien the room impedance seen by the diaphragm is the conjugate of the
impedance seen looking back into the diaphragm. That is for the loca-
tion which makes the combine/! speaker and room resonate. Such a
maximum may mil be obtained if the longest room dimension is less than
roughly a half wave length long. (//) Jjeeausc of this and the small
number of resonant frequencies which occur in small rooms at low
irequencies, small rooms do not normnlly permit the best l-f reproduction.

' t-orner positions also permit improved h-f response because of the
-mailer solid angle the radiation has to cover. (/) The l-f transient
response <>l ihe speaker itsell is not so important as is generally supposed
oecause the transient response of the room helps obscure this distortion.

OBJECTIVE LOUD-SPEAKER TESTS
The follow ing more important characteristics of a loud-speaker must

'»e determined in any complete test: responsc-frequenev. efficiency-
ifeqneney, directional, impedance, and distortion.
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30. Response -frequency Characteristic (Steady State). A response,
frequency c urve of ;i speaker is a curve graphically depicting the sound
produced ut a designated position in the ine<[iuiti, the electrical input and
acoustic environment being specified. Frequency discrimination

is
the most important form of distortion in many loud-speakers, and the
response curve attempts to indicate quantitatively the amount present.
Sin,-,- i he car is primarily responsive in t he sound pressure, I he ordinate
of the curve is made proportionsd to it or to its average value in a specified
region.

The response curve is obtained by connecting the loud-speaker to a
variable frequency source of specified internal impedance and constant
specified internal voltage. The pressure at one or more points in the
medium is measured as the frequency is varied slowly enough so the
resulting measurement does not differ appreciably from the steady-slate
value.

A "free-field" response curve is made outdoors in the absence of
unintended reflecting surfaces and is probably the most useful single
curve showing the loud-speaker performance for outdoor applications.
Curves of this type are valuable because (I; the direct incident sound
from the source in various directions may be accurately determined and
a close estimate made of the direct sound indoors; (2) the acoustic
environment is relatively simple since only intended reflecting surfaces
are included. The efficiency of the unit may then be accurately obtained
for this environment at some frequencies and estimated at others, since
the impedance seen by the diaphragm will change slowly with frequency
(i.e., the transfer admittance of the speaker, air. and microphone is a
smooth curve). (3) The specified test conditions may be duplicated
relatively easily at various laboratories permitting significant: comparison
of test results. The construction of identical test rooms, however
desirable, would be difficult, partly because of differences of opinion on
an "average" room and partly for economic reasons.

By ''intended" reflecting surfaces is meant those that are an intended
part of the radiating system. Frequently a cabinet or enclosure is

measured outdoors in the absence of all reflecting surfaces, i.e., radiating
into a solid angle of -fir steradians or a complete sphere. This is usually
undesirable since most enclosures are intended to operate on a floor and
against a wall which adds two intended reflecting surfaces and primary
images (see Radiation Impedance). If the enclosure is intended to

operate in a room corner, there are three important primary images.
The impedance seen looking into these reduced solid angles of ir and -

steradians, respectively, is very different from the Ax case and usually
results in an error of the order of (i to 8 db at low frequencies. The error

is especially large in the case of compound sources such as vented enclo-

sures. The measured non-linear distortion usually differs by a much
larger factor.

Outdoor measurements into solid angles of ?r and W2 steradians are

made by constructing large rigid non-absorbing surfaces.
Other intended parts of the speaker such as the bailie, horn, enclosure,

etc., should, of course, he specified. The normal impedance or the

impedance looking into (he signal terminals of the speaker with the

acoustical load (acoustical environment), used when the response curve
was obtained, should be plotted. Both the angle and modulus of il'"8
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impedance are required if the response of the speaker with anv source
impedance other than that employed in the test is to be calculated.

li a space average of the pressure is obtained bv moving the micro-
plume or by using multiple microphones, details of the method should be
given. If a warble tone or noise generator is used to get a "moving
frequency average" of the transfer admittance, the- spectral composition
of the source should be specified. These expedients and the one involv-
ing motion of the loud-speaker, which is usually unsatisfactory, arc
recommended only for indoor measurements when the room docs not
provide approximately free-field conditions.
Normal listening-room measurements are made with the loud-speaker

mounted in its intended position in a typical listening room. As noted
under Room Acoustics, the room impedance seen by the loud-speaker
depends on the characteristics and location of the source itself (dia-
phragm sizes, locations, and modes of vibration), the geometry of the
room, and the impedance of its boundaries. This means that the energy
supplied the room depends on the particular room and speaker location
chosen. This is frequently used as an argument against this tvpe of test.
Since the results obtained in reasonably similar rooms, with similar
speaker locations in each, differ by only a moderate amount, this dis-
advantage does not out weigh the many important advantages of this type
of test, some of which are 11) the impedance seen bv the loud-spca'kcr
(including cabinet or enclosure), averaged over a small 'frequency interval,
is closer to the average impedance seen under operating conditions than
the impedance seen under the usual (Iir steradians) outdoor test condi-
tions; (2) calculation of the indoor from the outdoor performance is only
j>f academic interest when hundreds of response curves are to be obtained,
because of the labor involved; (3) ready comparison of the results of
objective and subjective or listening test's in the same room is possible
if the room is a good listening room; (4) one is not at the mercv of the
weather; and most important (5) test facilities are readily provided in
almost any organization.
Three large laboratories measured one speaker and plotted what they

wnud publish as the response-frequency graph of the speaker. The
results are shown in Fig. 38. This docs not indicate anv error in meas-
urement. Actually different things were measured in each case. The
curves indicate that response curves must be interpreted with great
••a'"'' and then only by a person familiar with the manv factors involved.
>"> speaker expert thinks of choosing a speaker solely' or even largely on
the basis of a response curve.

31. Efficiency-frequency Characteristic. If the free-ficld-pressure
response at a sufficient number of points on a spherical surface centered on
Hie diaphragm is obtained, the total acoustical output may be calculated.
The efficiency-frequency curve of a speaker corresponds to the re-

sponse-frequency curve except that the ordinate indicates the efficiency
" -imlly •absolute" or system). In a typical listening environment
'"id listener location the direct incident sound energy, which would be
approximately indicated by the free-field response-frequency curve at the
'istener's location with respect to the speaker, is onlv a small fraction
°i the reflected sound energy. A curve which gives the pressure, avcr-
aK«< over the useful listening region, then indicates the probable pressure
too listener will experience. If absorption at the room boundary is



•>2l THE RADIO ENGINEERING HANDBOOK [Sec. ti

independent of frequency this will be proportional to the total energy
emitted by the speaker. Kflicicncy-frequency or space-averaged re-

sponse-frequency curves are therefore the most useful in interpreting

indoor operation. Outdoor response-frequency curves at various angles
off the speaker axis, with the speaker radiating into approximately the

solid angle it will see indoors, are also desirable since (lie listener, owing
to his ability to localize sounds, weights the direct incident sound energy

particularly at high frequencies more heavily than the same energy if in

a reflected wave.

SUBJECTIVE LOUD-SPEAKER TESTS
32. Listening or Subjective Tests. Listening li sts arc a necessary part

of the complete test of a loud-speaker. While objective measurements
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Fio. 38.- Response of one speaker as measured by throe different, com-

panies, showing the futility of relying on response curves without a nwiploW
knowledge of the specific tost, acoustic environment, and method.

tire valuable in design work and in quantitatively determining soine

performance criteria, thev cannot at present completely specify (lie

subjective performance. Ileeause of the apparent simplicity of listening

tests many important factors are frequently neglected, will) the result

that many tests are meaningless and others actually misleading.

In botH indoor and outdoor tests all precautions should be taken that

are used in objective tests. The only essential difference is I hat the

listener is substituted for the microphone. The properties of the car

and listener must therefore be considered in interpreting the results.

33. Relative-loudness Efficiency. The most common test is one 10

determine the relative-loudness efficiency of two speakers. An antentjjj

tor in the amplifier which does not alter its response is adjusted (usiiWB

with a relay which also switches the speakers) to attenuate the inPjj*

to the louder speaker by the amount required to make the speakers

equally loud. The required attenuation of the louder in decibels is thru

lb?
relative loudness efficiency in decibels

depend primarily on the spect

response-frequency charactcrist

The relative loudness

depend primarily on the spectral composition of the test signal. 'h?

cteristic of the speakers, and on the sow"
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intensity. Tests on the speaking and singing voice and various types
„f music arc usually averaged. A valuable signal source for this and
response-frequency tesls is a "flat" noise source, or one iti which the
energy is uniformly distributed with frequency. This particular spectral
composition ensures energy at frequencies a( whirl) significant differences
in the speaker response may occur.

34. Response -frequency' Characteristic. Apparent subjective re-
sponse-frequency tests may be made with the same signal sources used
in the loudness tests. Since l he listener is not mobile, "space-averaging"
methods employed with microphones cannot he used and " frequeney-
aver.tguig ' methods arc employed. While noise sources are occasionally
used m objective tests, they have unfortunately been neglected in subjec-

*Z0r-n 1 I
i i

"

, ,

a: -10

5000 10.000150 200

Frequency, cps
.
ho. 30.—Variation in total sound power radiated bv a buss reflex enclosuro

into a room us source impedance (impedance match) is varied. Generator orource voltage constant for each curve but arbitrarily raised as the source
resistance was raised to maintain constuut acoustic output at 400 cycles.

t've tests, where they are of special value because the trained ear can
quickly appraise response differences which are missed if the signal source

em>rB>' at tlu> frequencies at which differences occur.
35. Distortion Characteristic. Kxccpt with a single- or doublc-

fetiueney input (the latter to determine intertnodulation) it is difficult
determine the distortion characteristic of the speaker itself Withone or two simultaneously applied frequencies the input to the speaker is

"••'dily determined when the normal impedance of the speaker is known
'nis ls not true of a signal of random energy distribution, and therefore

.Hi such a signal the apparent input to the speaker is not readily deter-
mined unless the normal impedance is relatively independent of frequency

kI i i i

sPcal''er distortion characteristic is desired, the amplifier
>> "> iihl be capable of supplying many limes the rated input power to the
speaker without distortion because of the high ratio of peak to average
j'UTgv m speech and music (see these sections). Much overload chargedw speakers is amplifier overload.
What is usually measured is the system distortion characteristic.

olnec amplifier overload almost invariably occurs at about the level at
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which speaker overload occurs in an economically planned system, what
is measured is the combined system overload. In this case' the speaker
with the most restricted h-f response (other factors being equal v. ;|

have the best system overload rating since h-f distortion products are
annoying.

There is no standard for speaker input power rating, but in practice a
speaker rated at A' watts will "handle" the output of tin A'-walt amplifier,

Flo. 40.—Response of moving-coil speaker with 8-ohm voice <-<iil to »"
electrical pulse us source resistance is varied. Minor irregular i ties in carves
are duo to h-f modes of vibration of diaphragm.

which is not overloaded, with speech or music (complex wave) input

(see Motors, p. 903; and Art. 18, Permanent and Electromagnets).
The rating does not indicate the power the speaker will handle at' a single

frequency but takes advantage of the normal (no heavy bass or treble

accentuation) spectral composition of speech and music. To avoid the

trouble in determining the signal level across the speaker, with 'Is

variation in normal impedance, the grid voltage on the output stag*

may be measured. The signal input is raised until perceptible distort;00

results. The peak grid voltage ia then measured with an indicator having

a. negligible time constant, such as a cathode-ray tube. A resistant
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equal in value lo the magnitude of the nominal loud-speaker impedance
i- substituted for the speaker. The power dissipated in the resistance
load with a 400-cvcle signal having the same maximum value :us the maxi-
mum signal is the system (since it includes the output stage) speaker
input power rating.

36. Outdoor Tests. These should be conducted so the listener sub-
tends the same or a known angle with each source. The sources should
be mounted so their mutual-radiation impedance does not influence the

* Not (in adopted atundnrd.
Flo. 41. RMA standard mounting dimensions for elcctrodynomic speakers.

result. Separating the sources by several times the diameter 6T the cone"r fiorn mouth usually suffices. The energv absorbed bv the unused
getter will be more nearly independent of frcquettcv if the voice coil

i

' lie unused speaker is short-circuited. I'tiwanted reflecting surfaces
"iiould be avoided.

37. Indoor Tests. The speakers should be separated bv several times«W cliametcr of the cone or horn mouth to minimize mutual-radiation
impedance. This is particularly true if the speakers are mounted on
» common open baffle. Some coupling between I he sources will always
xist because of the transfer admittance between the two in the room (seeooou Acoustics). It is important to mount the speakers svm metrically
Mtli respect to the room and listener in order to provide similar coupling
oetween each source, the room, and the listener.
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A

Acorn receiving tubes, 265
Acoustic chart, 772

Acoustics, room, 915-921

Air Track blind Landing system, 019

Aircraft radio, 589-027

aids to blind landing. 010 025

antennas, U07

course navigation and position deter-

mination, 0IO-OI5

direction Under, 01 1 -013

goniometer for, 597-598

ground-station equipment for, 004-005
installation. 007-010

power equipment, 507-008

range-beacon and weather-broadcast

stations. 590-597

receivers. 010
ret -eurilr.il receivci In-. 005 000

shielding and bonding. OOS-000

transmitters. 009-010

u.h.f. for, 592

(See also Landing system)

Airport radio equipment. 000
Airways, alignment nf range-beacon

courses with, 599

A-e-d-c receivers, 454
Alternating currents, 31

effective and overage values, 32
permeability, 43-44

Alternator, Alexandcraon. 571-573
Goldschmidt, 573

Altimeter. ca|«icity, 024

reflection. 024-025

sonic, 024

Ampere-hour capacity. 408-409
Ampere- turns, 70

Amplification factor, calculation of, 248-
204

measurement of, 247-248

Amplification, i-f. 727-730
video, 715-723

voltage. 300-31)1

wide-band r-f, 720

Amplifier chart, resistance coupled, 309-
373

Amplifier triodes, power, 254-255
Amplifiers, audio frequency, 359-3114

classification of, 359

beam tube. 385
cascade, 404-405

cathode coupled, 720-721

class A, 300-303

class B. 384-385, 417-118
linear r-f, 827 828

for crystal microphone, 782
degenerative feedback in, 380-388
d-c, 389 -390

distortion measurement, 393
Doherly high efficiency. 420-422, 828
dynamic coupled, 391

equalisation in, 391-392

frequency-response control in, 391-392
high gain, 300-391

iuipedanee-capacitance coupled. W>

-

308, 398-100

design of, 374

i-f, 430-432

limiting, 815-817

linear power, 828-830

measuring, 392-394

modulated. 418-420. 832-833
multistage, 303-394

neutralisation. 411, 820
noiso, 722

pentode. 385
power. 250, 302^303

calculations for, 414-415
design of, 539-545

power supply for, 388-389
program, 797
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Amplifiers, push pull, 382-385

r-I, 305-422. 428-430

regeneration in, 407—408

resistance-capacitance coupled, 304-360,

305-300

compensated. 307-398

compensation in. 157

scanner, circuits, 751

screen grid. 257-201

speech input. 707-798

television, mixing, 713

testing, 392-304

three electrode, mechanism of, 252-253

transformer coupled, 377-379

design of, 379

transient response of video, 721

tuned-transformer coupled, 400-411

(Set aUn Preamplifiers)

Amplitude limitcrs. 353

Amplitude of oscillation, control of, 299-

300

Amplitude-modulated waves in non-linear

circuits, 327-329

Amplitude modulation, 323-324, 329-337

«er(iis f.m.. 842-843

Anderson bridge, 227

Antennas. 028-000

airplane, 007

array, for broadcasting, adjustment of,

000

broadside. 605-0110

mechanical design of directive, 671-

672

sleet-niching on. 072

Sterha directional, 070-071

barrage. 071

Kcveragc. 081 083

broadcast, 651-000

receiving, 684-089

characteristics of. measuring, 862

Chireix-Mesny beam, 070

coil, 45

cone-of-silenco marker. 075

current distribution in. 035

curtain. Sterha, 005

cliamond-grid radiator, 065

directional. 580

transmitting. 605-073

directivity diagrams, 640, 048
effective height of. 029

fan marker. 075-070

ground systems for, 052-053

Antennas, harmonic wire. 000

harmonic-wire end-fire projectors. 005
h-f, feed methods for. 603-005

h-f reactance of, 40

ice removal, 575, 577

input systems, 420-428

long wave. 574-575

Loop, 45 077

Marconi-Franklin beam. 005. 609-076

muster, systems. 088 089

measurements of, 054-056

multiple tuned, 575

MUSA, 080

mutual impedance of. 642

radiation from, 042-045

receiving, 076-684

resistance, 40

rhombic, 672-073. 678

self-impedance, 037, 639

stecrahlc, 680

Telcfunkcn, directional. 008

"pine tree," 065

terminations for r-f transmission lines,

853

terminology, 628-030

tower radiators, 052

turnstile, 073. 074

u-h-f. 073-070

vertical. 44—45

Walmsley, 068-060

wave, 681

Antiuodc, 029

Aperture distortion, 740

Arc transmitters, 573-574

Armstrong circuit, 554—555

Armstrong frequency modulator, 839

Army lauding system, 021-023

Articulation, 878

Aspect ratio. 092

Attenuation constant, of r-f line, 100

of transmission line, 159

Attenuator circuits, 794

Audio circuits Ore Circuits)

Audio-frequency amplifiers, 359-304

Audio-frequency lines. 159-100

Audio-frequency range in broadcasting,

770, 776

Audio transformers, 42-44, 375-377

Austin-Cohen formula. 518. 509

Automatic-frequency control for oscil-

lators, 310-317

Automatic pilot. 013

INDEX 931

Automobile radio receivers. 449-452, 453

Ayrton-Mather electrostatic voltmeter.

200

Ayrton-Mather universal shunt. 184

Aviation (tu Aircraft radio)

Aviation radio frequencies, propagation

characteristics of, 592-.ri96

B

Da files. 909-910

Ballast tubes, 274

Band-pass filters. 405-407

of superheterodyne receiver. 424

Hand-puss r-f circuits, 154-155

Dnud-width requirements, 530

Barkhausen-Kuru oscillator, 314

Barrage antenna. G71

Harrow oscillator, 311

Hass reflex loud-speaker. 910. 911, 913

Butteries, acid and alkaline cells, 471-472

dry-cell, primary. 408—171

standards, 470

storage. 471-480

charging, 470

electrolyte characteristics of, 475-476

Battery chargers, 489-497

Beacons, 1-f marker. 601

radio landing. 617-618

u-h-f two course, 6WMJ01
(See alto Radio beacon)

Heam-power tubes. 200-207

amplifiers (see Amplifiers)

Beams, electron, deflection of. 739-740

Heat-frequency oseillutors, 304-305

Bcndix landing system, 019

Beverage antenna, 681-683

Blanking level, 730
blind landing, radio aids to, 616-625

Blind-landing system. Air Track, 610

Bcndix. 019

CAA Indianapolis, 610

I OrenK, 018-610

Blocking-osrillator-typc generator, 740
bridge, Anderson. 227

Carey Foster. 210

Carey Foster mutual inductance, 228

errors in, 210-221

guard circuit for. 223-225

Hay. 225

Kelvin. 210-217

Maxwell, 225

measurements, a-c, 217-228

Bridge, measurements, d-c, 214-217
Owen, 225

resonance, 220
Schering, 222

slide wire. 215-210

stahiliiation of oscillators, 298-299
transformers, 219
Wion. 220

Broadcast antennas, 051-060

adjustment of array, 600

receiving. 684-089

Broadcasting, audio-frequency range in.

770, 775
international, 826
program monitoring, 817-819
station signal coverage, 800-875

transmission Lines, 057, 060

transmitting system, 771

radio, 821-820

requirements, 822

volume range in, 775

wire lines in. 815

Broadcasting system, elements. 709-770

high quality, frequencies to be trans-

mitted in, 774

C

CAA Indianapolis blind lauding system.

819

CAA-MIT microwave landing system.

620-021

Cubic, facsimile submarine. 765

Camera signal. 701

Camera tube, 092

Cameras, television, 705

Capacitance. 30-31. 100-124

calculation of. 109-110

condenser, effect of frequency on, 1 1

1

direct. 222-223

and inductance coupling, combinations

of, 404

interclectrode, 278 279, 301

measurement of. 280-281

measurement, 122-124, 202-203

resistance-capacitance amplifier, 304-

308

standards of, 122

units of, 100

(See alto Amplifiers, impedance

cupacitance coupled, design of;

Impedance-capacitance coupled

amplifier)
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Capacity altimeter, 024

Carbon microphone*, 784-780

Carbon recording. 759

Carey Foster bridge. 216

Carey Foster mutuul-inductauco bridge.

228

Carrier operation, variable, 549-550

Carrier suppression. 324, 550-551

Carrier transmitters, Hupug, 549—550

Cascade amplifiers. 404—405

Cathode-coupled amplifier, 720-721

Cathode-ray tubes, 275-278

deflection sensitivity of. 277

picture, 734

Chargers, battery, 489-197

wind driven, 485-4SD

Charging storage batteries, 470

Chircix-Mciuy beam antenna, 670

Choke, filter, 508 509

design, 509 -511

for d.c. 511-512

swinging. 508

Circuita, a-c, 34—40

applications of LCIl. 154-157

Armstrong. 554-555

attenuator, 794

audio, scries Losses in, 133-135

shunt impedance lor-.-es in, 13:1 135

rapneitive, current flow in, 38

time constant of, 38

for code, tone control, 585-580

constants. 5-9

coupled, 149 154

Crosby. 655-666

electric and inapnetic. 27 47

equations, 30-38

for transient currents in, 125-129

facsimile rocciving, 702-703

frequency discriminator. 157

f-m, Weir stabilization for. 837

guard, for bridge. 223-225

h-f. interstage coupling. 545- 540

inductive, current flow in. 38. 72-70

inductive, power in. 70-77

limiter, 50 1. 582-583

magnetic. 40 44

Morrison. 550. 557

neutralizing. 408-410

non-linear, amplitude-modulated waves
in. 327-329

oscillator trnrkiuc. 145-147

Circuits, for out-of-phasc voltages and
currents. 156-157

parallel resonant, impedance in, 140

design of. 143-145

parameters, 36 *

Q of LCR. 132 -133

r-f, band pass, 164-155

scanner amplifier, 751

scries resonant, design of. 138

as equalizers, 138-139

for frequency regulation, 138

steady-state currents in, 129-135

tapped tank, 147 -148

television, separation, 731 -734

transformer rectifier, for transmitter*,

403-408

transmission-line tank. 547

t-r-f. 447-448

u-h-f, 547-548

voltage doubter, 491

wire-line telephone facsimile. 705 700

Civil Aeronautics Authority, 589

{Set alto CAA)
Click filter, 586

"Clipper" tube, 731

Coaxial conductors, 160

Codan receiver, 605-406

Code, business. 664

character formation, 566-567

commercial receiving-center problem*,

583

Continental, 565

on short waves. 570

required frequency range for, 507-5*18

speeds attainable, 50S

standard, 504

tone-control circuits for. 585-580

transmission, multiplex, 560

and reception, 564-588

Coefficient, of coupling, 149-154

griil current. 251

Cocrcivity. 41

Coils, calculating inductance of nir-cors,

90 '.Hi
,

capacity of, rfiect on inductance, 84

and condensers, impedance of, 129-132

reactance of. 129-132

honeycomb. 85, 87

inductance, design of. 80-87

iron core, 88

inductance of, 81-83

measurement of, 78 80

INDUX 933

Coils, Uu wire, 87

multilayer, 93-96

for short-wave receivers, 88-89

Colpitis oscillator, 284

t'miuniiuicatioii, point to point, 570-571
ship to shore and ship to ship. 571

Concentric-line terminations, 850-863
Condenser capacitance, cficct of fre-

quency on, 1 1

1

Condenser microphones, 783-784
Condensers, charged, energy of. 100-101
combinations of, 110-111
design equations for variable air. 117-

120

electrulytie. 112-115

applications of, 115
testing. 115

filter, 513
fixed, types of, 111-112
gang. 117

loud-speaker, 907 908
puper, 111

reactonec of, 129-132
variable, type* of, 116-117

Conductance, grid. 251

plate. 248-250

Conductivity table, soil, 616
Conductors, coaxial. 160

linear, radiation from, 030

reactances of. 636
table of materials as. 50

Cone markers, u-h-f, 601-603
Cone of silence, 001

marker antenna, 675
r":iM:mts, mathematical and physical. 5
Contact potential, 230
Contrast of television images, 742 744
Conversion gain, 339
Converjioa transeonduetnnee, 330
1 "avi rtcrs, frequency, 338-340, 432-433

design of, 433
P'ctitugrid. 202-204

superheterodyne frequency. 339
f upper oxide modulators. 335-337
Copper oxide rectifiers. 495-496
Copper sulphide icctifiers, 495
Copper wire tables, 10-13
Core materials for receiver construction,

42

Counterpoise. 653-054
Coupled circuits. 149-154

Coupling, coeliicicnt of, 149-154
combinations of inductive and capaci-

live, 404

Coupling circuits, interstage, for hi* 545-
546

Crosby circuit, 555-556
Cross modulation, 252, 327
Crystal microphone, 781-783
Crystal oscillators, 287-294
Crystal speaker. 908
Crystals, piezoelectric, mountings lot.

292-294

temperature control, 291-292
tourmaline. 291

Current-measuring instruments, 180-197
Current meters, h-f, I80-1U2
Current sensitivity of n galvanometer. 183
Currents, alternating. 31

in circuits containing inductance. 72-76
continuous, 31
distribution in antennas. 635
How of, ia capacitive circuit, 38

in inductive circuit. 38
grid, 251

normal emission, 245
and potentials, measurements of pulsat-

ing, 198-200

space. 240 248.

standards of, 179

steady state, 30, 129-135
transient. 30. 70

equations for, 125-129
and volluges, out-of-phasc, circuits for,

156-157

Cutoff frequencies. 108

D

Damping resistance, critical, 183
Durk-spot signal, 707
Davisson. C. J., 245
Decibel, 775

chart, 15

Decibel table. 199

Decimal equivalents, 1

Decoupling filters. 155-156
Deflection, of electron beams, 739-740

sensitivity of ralhodc-rny lubes, 277
Detection, and modulation. 322-358

video, 730-731

Detectors, 340-353
for o-o bridge, null. 218-210
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Detectors, diode, 730

(See «•*. lor Diode)

diode pgnk. 341-344

frequency, 352-353

grid, 34 348

infinite impednnce, 350-351

null, sensitivity of, 215

phase, 353

plate, 348-350

square law. 348

Dialogue equalizer. 801

Diamond-grid radiator antenna. 005

Diaphragm* of loud-speakers, 899-903

Dielectric absorption. 100

Dielectric constant, 102

Dielectric materials. 101-102

Dielectric power-factor tublc for insulat-

ing materials, 105-108

Dielectric strength, 104

Diesel-powered electric generating sets,

481

Dingley induction-type landing system,

023

Diode limtters, 353-354

Diode performance, 344-34U

Diode ponk detectors, 341-344, 730

Dipole, 028

Direct current, characteristics of, 400-401

choke design for, 51 1-512

measurement of, 400-401

Direction finders, 450-457

on airplane, 01 1-013

I-car. 023

Direction-finding system. Uobinson, 011-

012

Directional antennas, 580

Directive anteunu arrays, mechanical

design of. 071-072

Directivity diagrams, antenna, 040. 048

Directivity patterns, calculation of, 048

Disk engraving, lateral and vertical, 802-

804

Disk recording, sound on, 801-802

Disk records, 807

Distortion, aperture, 749
in amplifiers, measuring, 393

calculation of. 250-257

modulation, 252, 327

Diversity elTect, 078

Diversity reception, 530, 582, 083-084

Doherty amplifier. 420-422, 828

Doublet, 028

Dry-cell primary batteries, 408-471

Dynamic speakers, 005

Dynamotors, 4S4

Dynatron. oscillator, 300-302

E

Earth currents, 705

Eddy currents, 83

Einthovcii siring gnlvatiutru-ler, 180

Electric charge, 27

Electrical measurements. 170-230

Electrical units, 21, 31

Elcctrodynamomclcr. 187

Electrolyte characteristics of storage

batteries. 475-470

Electromagnet it- field, electrons in. 233

Electromagnetic structures, 41—42

Electrometer, Kelvin absolute, 200

E.M.F.. 29

Electron. 27, 231

in electromagnetic field, 233

in electrostatic field, 231-233

free, 28

space charge due to, 233

Electron beams, deflection of, 739-740

Electron charge, 5

Electron-coupled oscillators, 317-318

Electron emission, 230

Electron guns, 735

Electron-tube meters, 205-210

Electron velocities, 232

Electrostatic field, electrons in, 231-233

Electrostatic voltmeters, 200

Emission characteristic, 245

Emission current, normal, 245

Equalization, 100-101

in amplifier systems, 391-392

Equalizer, dialogue. 801

series resonant circuits as. 138-139

Evaporation process, 203

Exponential and hyperbolic funclionSi

18-19

F •

Facsimile, detail required in, 749-750

modulation in, 752

operating standards in, 7G7

phototubes used in. 750

precision required in, 750

requirements for. 509

INDEX 935

Facsimile, scanning in, 748—751
synchronizing in, 703-704
wire-line telephone circuits in, 705-700

(See also Tape-facsimile system)
Facsimile problems, 704JT.

Facsimile receiving circuits, 702-763
Facsimile reception, 757-703
Facsimile submarine cable, 705
Facsimile systems, typical operating

standards of. 701

Facsimile transmission, 747-708
Fadera, 793, 795-790
Fading, 515, 528-531

selective, 078
Fan marker, u-h-f, 003-004
Fun-marker antenna, 075-070

Farld, 30

Feedback, in amplifiers, degenerative,
380-388

in transmitter, degenerative, 830-832
Feedback oscillators, 284-280
Fidelity of receivers, 425
Field-intensity measurements. 808-809
Field strength for radiotelegraphv, 569-

570

Filament calculations, 237-239
Filament characteristic, 245
Filter condensers. 513

ratings, 512-513

Filter-design formulas', 173-177
Filter reactors, 42-43

Filter section, basic, 108-109
Filtering, 441-442

Filters, band pass. 405-407
of superheterodyne, 424

choke, 508 -509

design, 509-511

click, 580

constant-K\ 109-171

decoupling, 155-150

end terminations of, 172-173

low pass, 503-505

si derived, 170-171

multisection, 171-172

RC, 101

resistor capucitor, 505-508
scratch, 139

wave, 108-177

(See alio Tuned-filter oscillators)

Fluorescent screens, 270

Mutter, 804
Flux density, 70

Force factor, 903
Form factor, 32

Frame-repetition rate, 097
Frequency, best operating, 530-538

in high-quality broadcast system. 774
maximum usable. 520, 538

Frequency allocation, 530
in United States. 535

Frequency comparison. 211-212
Frequency conversion. 322

Frequency converters. 338-340, 432-433
design, 433

Frequency detectors, 352-353
Frequency discriminator circuit, 157
Frequency measurement. 203
Frequency meter, vibrating reed, 203

Frequency modulation, 325
pereus a.m., 842-843

Armstrong, 839

precmphnsixed, 555

receivers, 455, 502-563

siibearrier. 753

transmitters, 553-557

measurements, 843

Weir stabilization circuit for, 837
Frequency-modulation systems, 835,/r.

Frequency monitor, 819-820

Frequency multipliers. 354 -355. 422, 540
static, 573

Frequency range for code, required, 507-
508

Frequency-ruiige table, 537

Frequency ranges of musical instruments,

882

Frequency response control in amplifier

systems, 391-392

Frequency stabilisation of oscillators. 280-

287

Frequency standards, 180

Frequency tolerances, 537

G

Galvanometer, current sensitivity of, 183

differential, 184

d-c, 183

Einthovcu string, ISO

moving coil, 181

moving-coil vibration, 1S5-18U

Gas-filled tubes. 268-275

Gasoline-electric generating sets. 478
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Gnu*.. 40

Generator, blocking-oscillator typo. 740

Diesel-powered electric. 481

fuel driven, 480-433

gasoline electric, 478

motor, 483-485

saw-toothed. 740

shading correction. 714

synchronization signal, 710-713
video signal, 705

wind opera tctl, 485-480

Ghosts, tele vision, OSS

Gilbert. 40

Goldschinidt Alternator, 573

Goniometer, 581

(or aircraft radio, 507-598
Gradation of television images, 742-744
Greek alphabet, 1

Grid, effect of. 243-244

Grid conductance, 251

Grid-current coefficients, 251

Grid detectors. 340-348
Grid-glow tubes, 270
Grid modulators, 330-333

Ground-station equipment for aircraft

radio. 004-005

Ground systems for antennas. 652-053

Ground wave, 514-515

propagation of, 515-518

Guard circuit for hridge, 223-225

II

Half-wave rectification. 102

Hammond brake speed control. 751!

Hapug carrier transmitters. 549 550
[larmoaic, 32

suiipression of. 848-853

transmission lines for, 850
Harmonic content, computing, ;2l-25

Elarmouir-wirc antennas. 000

Hnrinonic-wirc end-lire prujerror*. 005

Hartley oscillntor. 284

design, 320
Hay bridge. 225

Hearing characteristics, 884-8S8
Hcavisidc layer, 518
Heterodyne oscillator. 21 1-212. 304
H.f.. insulating materials for. 533

interstage coupling circuits for, -545-546

H-f broadcast station coverage. 873-875
H-f compensation in television, 710

H-f transmitters, technical features of
538-547

H-f waves, 514-530
" Homing" service, 014

Horns. 890-899
Hyperbolic functions, 18-10

I

Impedance, 34-30

of coils and condensers, 120-132

comparison of, 212-213

input, 301-302

loud-speakers, mutual radiation, 890-

804

radiution, 888-889

mutual. 39

parallel resonance. 148 -149

power factor of, 213
r-f line, 104-106

at resonance in parallel resonant cir-

cuits, 140

of transformer and an iron-core react-

ance, measuring, 394
of transmission line. 158 -159

vector, 74-76

Impedance-capacitance coupled amplifier,

300-368

design. 374

Impedance-coupled amplifier, 398-400

Impedance losses, shunt. 133-135

Impedance-matching transformer*. 380-

3S2

Impedance measurement. 201-202
Impedance stabilisation of oscillaturs.

290 298
Ice. removal from nntennns. 575. 577

Iconoscope-. 705. 708
Ignitron tube. 273, 494-495
Image-dissector. 705. 708 7011

liauge-frequoucy interference, 445
Image-frequency ratio. 447-14S

Image response. 340
Imuge iconoscope. 70S

Incremental permeability. 82
'

Indicator. " terrairi-cleurauce." 625

Inductance, 30, 70-99

definition and units, 71-72

effect of. on coil capacity, 84

of iron-core coils, measurement. 78-80

mutual, 30, 97

calculation of, 90

INDEX

Inductance, mutual, measurement* of,

97-90

of various windings. 20

Inductance balance, mutual, 227

Inductance bridge, Carey roster mutual-,

228

Inductance coils, design of. 80-87

Inductance measurements, at high fre-

quencies. 80-81

at low frequency, 77-78

Turner cnnstnnt-impcdaiic-r method. 80

Inductance standards. 00-97

Inductances, iron core. 81 -83. 89-90. 431

Induction, 40

Induction field. 44, 630

Induction regulator, use of, 210-211

Induction-type landing system. Diagley.

623

Inductive and capneitive coupling, com-
binations of, 404

Inductive-output tubes, 268
Inductor* at rodio frequencies, 83-84

Inductors, types of, 84-85

variable, 86-87

Infra-black region in television. 700. 737
Ink recorder. 587

Input impedance. 301 302

la-ulaling materials, dielectric constant

and power-factor table. 105-108

for h.f., 539

Insulating oils, properties of. 13

Integrating meters, 477

Inii-lliirjbility tests. 877
Interclcctrode capacitance, 278-279, 301

measurement of, 280-281

Interference, " monkey chatter,** 455
Interference problems, superheterodyne,

444-146

Interlaced field. 694

I'Tinodulation, 327
Ion spot, 739-740
Ionization, 28, 234

Ionosphere, 518
Ionosphere characteristics. 525-528
Iron, magnetic properties of. 41
Iron-corc inductors, 89-90, 431

J

J"ule, 30

K

Kelvin absolute electrometer. 200

Kelvin bridge. 210-217

Kennolly-IIenvi.sidc layer. 518

Kerr cell reenrding, 799

Keying signals. 712

King oscillator. 311

Kirchhoff's Inw. 37

Klystron oscillator. 314—315

Klystron tube, 268

L

Labyrinth speaker. 014

I. iGunrdia Kicld, radio facilities of. 00(1

Landing beacon, radio, 017-018

Landing system. Army. 021-025

llcrtdix. 019

CAA Indianapolis, 619

Dinglcy induction type, 023

Loreui, 018-019

I.angmuir's equation, 241

LC chart,

LC table. 5-0

1 .i-m direction finder, 023

Light, velocity of, 5

Light-valve recorder, 800

Limitcrs, amplitude, 353
diode, 353-354

threshold. 354

Limiting circuits. 561. 582-583

Linear conductors, radiation from, 630

reactances of. 636

Lilr. wire coils. 87

Logarithmic decrement. 38

Logarithms. 10-17

Loktnl base. 282

Loop antennas, 677

Lorcnz blind-landing system. 018-O19

Loudness level curves, 885

Loud-spcakcr. baffles, 909-910

bam reflex. 910 911, 913

condenser, 907-908

crystal, 908
dynamic. 905

high fidelity. 455

labyrinth. 014

magnetic armature. 007

multiple. 890. 893-809
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Loud-speaker, mutual-radiation imped-

ance of. 890-894

power requirements of, 918-319

radiation impedance of, 888-889

ahapc of, 901

mis!.- piston, 889-890

temperature size in. 000

Loud-spenkcr cone, 901

breakup. '.101-903

Loud-speaker diaphragms, 899-903

Loud-speaker efficiency. 908-909

Loud-speaker horns, 890-899

Loud-speaker motor, 903-908

Loud-speaker tests, indoor, 927

listening or subjective, 924-927

objective. 921-924

outdoor, 927

Loud-speakers and room acoustic*. 870

928
L.f., neutralisation at, 541-545

I.-: compensation in television. 710

I<-f marker beacons, 001

M
Mngnctic circuits. 40-44

Magnetic flux. 70

Magnetic moment, 40

Magnetic neuor* for loud-spcukcra. 904

Magnetic properties of iron and steel, 41

Mngnctic saturation. 41

Magnetomotive force. 40

Magnetostriction oscillators. 294-205

Magnetron oscillator, 312-314

Marconi-franklin beam antenna. 005.

609-070

Murine transmitters, 577 578
antennas for, 000-002

Marker nnteitna, cone of silence, 075

Marker beacons, low frequency, 001

Markers, u-h-f cone, 001-003

n-li-f fan. 003-004

Mark-to-space rntio, 508

Maxwell, 40

Maxwell bridge, 225

Mcacham, L. A., 208
Measuring instruments (see Electrical

measurements; also Power-level in-

struments, and Individual headings}

Mechanical-electronic oscillators, 315-310
Megger. 201

Mercury-arc rectifiers, 494

Metal tubes. 204

Meters, electron tube. 205-210

h-f current, 189-102

hot wire. 189

integrating. 477

moving diaphragm, 204-205

rectifier, 192 198

ahunt ami multiplier data, 25-20
thermocouple. 189-192

VU. 190

(Sec also Electrical measurements)
Microphone, calibration and testing. 785-

789

carbon, 784-780

cnrtliod directional, 781

condenser, 783-784

crystal, 781-783

amplifier for, 782
moving cuil or dynamic, 778-780
parabolic, 780 787

placement, 789-791

studio technique. 780-798

unidirectional ribbon. 780-781

velocity, 777-778

Microwave landing system, CAA-MIT,
020-021

Modulated amplifiers. 418 420

Modulated oscillator, 335

Modulation, amplitude, 323-324

cross, 327

and detection. 322-358

in facsimile. 752

frequency. 325-320

high level, 832

low level. 832

phase. 325-320

subcarrier frequency, 753
velocity. 322
video. 723-725

(,SVr uN" Cross modulation; lntcr-

inodulation: Velocity-modulated

lube)

Modulation design. 333 835

Modulation distortion. 252. 327

Modulation equipment. 832-835

Modulation monitor. 820-821

Modulutors. amplitude, 329-337

Armstrong frequency, 839

balanced. 333, 550

class D, 835

copper oxide, 335-337

double balanced. 330

frequency, 337-338

INDEX 93!)

Modulators, grid, 330-333

phase, 337

plate. 333-335

ring, 330

variable reactance. 830
"Monkey chatter" interference, 455
Monitor, frequency, 819 820

I modulation, 820-821

Monitoring, program. 817-810
Morrison circuit, 550, 557
Motor, magnet ie, 904

moving coil, 004

Motur-genernlor sets. 483-485
Moving-coil a-c measuring instruments.

180-187

Moving-coil galvanometer, 181

Moving-coil (or dynamic) microphone,
778-780

Moving-coil motor, 905
Moving-coil vibration galvanometers.

185-180

Moving-diaphragm meters, 204-205
Moving-iron measuring instruments, 1X8-

189

Multiplex telegraphy, 585

Multipliers, frequency, 354-355
Multivibrator, 307. 740
Ml'SA antenna, 080
Musical instruments, frequency ranges of.

882

peak power of. 773. 880 881
Mutual impedance of antennas, tt42

Muiuul-iiiduglnnco balances. 227
Minimi-inductance bridge, Carey poster.

228

Navigation and position determination,

aircraft. 010-015
Networks, recurrent. 157-178
T. 228-230

Neutralization at l.f., 541-545
-Night errors. 597
Nodal point, 029
Noise, 884

in amplifiers, 722
«" limiting factor in reception, 531-535
in receiving systems. 439-441
'hernial agitation. 440. 531-532. 722

Now,, levels. 883
Noise measurements, 632

Noise reduction, 080-088
Noise voltage table. 534
Null detector, for a-c bridge, 218-219

sensitivity of, 215

O

Octal base, 282

Octalox base, 282
Oersted. 40

Ohmmcter, direct reading, 200-201
Ohm's law. 20-30, 48, 129

Orthucoustio system. 814

Orthicou. 705, 707-708

Oscillation, amplitude control uf, 299 300
parasitic. 845-848

Oscillators, uulomutic-frcqucncy control

for. 310-317

Harkhuuscu-Kurlx, 314
Harrow. 31

1

beat frequency, 304-305
bridge stabilization of, 298-299
classification of, 283-284

Colpitis. 284

dyiialron. 300 302

electron coupled. 317-318
feedback. 284-280

frequency stabilization of, 280-287
Hartley. 284

design, 320

heterodyne. 211-212. 394

h-f. 309-310

impedance stabilization of, 290- 208
King. 311

klystron, 314-315

magnet ostrict ion, 294 295

magnetron. 312-314

mechanical electronic, 315-310
modulated, 335
negative resistance, 309. .304

Peterson, 310

piezoelectric crystal, 287-288

power, design. 318-319

power relations in class C, 319-320
relaxation, 300 309

resistance stabilization of, 290
resonant line, 309-311

Scott. 305-300

tracking circuits, design of, 145-147

(rausitron, 302-303
tuning fork. 310
vacuum tube, 283 321



!)S0 THE RADIO ENGINEERING HANDBOOK

Oscillators, van dec Pol. 308
Owen :>i i. If.-. 225

P

Parabolic microphone. 786-787

Parallel resonance, 130-145

iliq>ed:ince. 148--I40

Parallel-resonant circuit ile^iRii. 143-145
Parameters, circuit, 3(1

Parasitic oscillations. 544-545. 845-848

Peak power of musical instrument*, 773,

880-881

Pedestal. 700

Pcntagrid converters, 262-264

Peutodc-tuhe amplifiers, 255

(See also Amplifiers)

Pcrnicnljility, 40

o-c, 43-44

Peterson oscillator, 310
Phase. 32

Phase detectors, 353

Phase inverters. 380

Phase modulation. 325-32(1. 337
Phase-rotation system, 552

Phonograph with radio. 452. 454
Photoelectric emission. 234

Photoelectric tubes, 278

used in facsimile. 750

Photographic recorders. 757-750
Picture elements in television, 1194

Picture-tube power supplies, 738
Picture tubes, contrast in, 7311

Piezoelectric crystal oscillators. 287-288
Piezoelectric crystals, 288-294
mountings for. 202-204

Piezoelectric effect . 205
Pilot, automatic, 013

Piston directivity, 804 80 li

Planck's constant, 5

Plato conductance. 248
Plate detectors, 348-360
Plate modulators. 333-335
Plate resistance. 248-250
Playback reproducer, 807
Point-to-point communication. 570-571
Pointer-type llWIlllHf instruments, 184-

185

Pool-cathode tubes. 272
Potential, 20

contact. 230

Potential, power. 32-33

in inductive circuit, 70-77
Power-amplifier triodes. 254-255
Power amplifiers, 2,'ili. 3ti2 30,3

design. 530-545

push pull. 382 385

Power difference. 102 104

Power equipment, aircraft, 007 008

E'owrr (actor. 77. 102-104

of impedance. 213

measurement of, 203

table for electric insulating materials,

105-108

Power-level instruments, [05-198

loss, 102-104

Power-oscillator design. 318 319
Power output, calculation of. 250-257
Power relations in class C oscillators, 310-

320

Power requirements for loud-speaker, 918-

910
Power supply, 844-845

for amplifiers, 388-380

commercial code receiving equipment,

583-584

ond null detector for a-c bridge. 218- 219

picture tube, 738

Power-supply systems, 450- 513
Power transformers, 42
Preamplifiers. 707-708

television, 700, 711

Precipitation static. 501-502. 1109

Precision required in facsimile, 750

Printing telegraph equipment, 588
Program amplifiers. 707
Program monitoring. SI7-8P.I

Propagation characteristics of aviation

radio frequencies. 502 500

Propagation constant of transmission line.

150

Propagation curves, sky wave. 871

Protons. 27

Push-pull power amplifiers, 382-385
Push-pull recording, 800

Q

Q of LCR circuits, 132-133

R

Radiation, 44-47

from antennas, 042-045

INDEX
94 I

Radiation, front antennas, coil. 45
loop, 45

from linear conductors, 630
Kadiation lield. 44, 030
energy in, 47

Radiation formula, 631
Kadiation impedance of loud-speaker,

888-SU4
Radiation mass, 888
Kadiation resistance, 030-037, 638. 030

888
Uadio. aircraft. 580-027

{See aim Aircraft radio)
u-h-f, for aircraft, 592

Hadio aids to blind lauding, 610-625
Itadio-bcacon system, rotating. U 14-015
Hadio broadcasting transmitters. 821-820
Kadio equipment, airport. 00(1

Uadio facilities, aircraft. 500
of LaGuurdin Kiel. I. 60U

Hadio frequencies, for aviation, 501
propagation characteristics of aviation

502 -590

Uiidio-freqiiency amplifiers, 305-422. 428-
430

Radio-frequency power amplifier*, 412-
413

Hadio installation, airplane, 607-010
Hadio landing beacon, 617-618
Kadio-plionogmph combinations. 452. 454
Hadio range-beacon and weather-broad-

cast stations, 596-597, 015
Hadio shielding and bonding in aircraft,

008-(>09

Hadiotclegraphy, field strength for, 509-
570

Uiiiigo-beacon courses, alignment of. 590
"augc-beacon stations and weather-

broadcast stations, radio, 590-597
Hange-lieacon system, radio, 615
Hi :irtancc, ;i."i

of uiitenmi. h-f, 40
coils and condensers, 129-132
inductive, 73
linear conductors, 636

(See also Modulators, variable reacts
ancc)

Reactance standards, 180
"'-uctanco tube, 550
H '"ietors, filter. 42-43
Receivers, aircraft radio. 010

remote control. 005-OOB

Receivers, all wave, 44!)

n-e-d-e, 454
automobile, 449—452, 453
Codan, 005-000

construction, core materials for, 42
fidelity of, 425
f-m. 4.55, 502 -503

h-f. 454-468

long wove. 579 580
overload level of, 425
power supply, television, 461
regenerative, 424. 448
selectivity, 425
sensitivity, 425
ship to shore, 580-581
single signal. 457-458
single side band, 601-502
superheterodyne, 423 424
superregencrative, 424-425. 448-440
tuned r-f. 423
u-h-f, 558-550

Receiving antennas, t'.7ii-l>84

broadcast, 084-089
Receiving circuits, facsimile. 762-783
Receiving equipment, short wave, 581-582
Receiving wis. method of rating, 425
Receiving systems. 423 45s
antenna input. 420-428
noise in. 430 441

Reception, code, 564-588
diversity. 530. 582. 083-084
facsimile. 757-7113

Recorders, dimensions. 750
hot air, 750
light valve. 800
photographic. 757-759

Recording, carbon. 750
constant amplitude, 803
constant velocity. 803
electrochemical. 759-760
equipment, 7S0-79H
Kerr cell, 700
mechanism-. 700, 762
orthacouatie, 814
push pull, 800
sound on disk, 801-802
variable area, 709
variable density, 799

(See alto Re-recording)
Recording head, 810-81

1

Recording sheets. 700
Record-reproducing facilities. 812-814
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Records. disk, S07

Rectifier Lust ru men is. 102-105

Rectifier meters. 102-105

Rectifiers. 489-407

copper oxide. 192-105. 495--10fl

copper sulphide. 495

half wave. 192

mercury lire, 494

selenium, 490

Itecurrent networks. 1S7-178

Reference levels in broadcasting. 775-770

Reflection uHimeter. 024-025

Regeneration in amplifiers, 407-408

Regenerative receivers, 424. 448

Relaxation oscillators. 300-309
'

Reluctivity, apparent. 44

Remote-control receiver ior aircraft radio.

605-(V0(i

Re-recording, 809-810

Resistance, 48-09

antenna, 40

critical damping. 18.')

effective, 40

negative. 33-34

plate, 248-250

quarter-deflection method of measuring,

2ia

radiation, 039-037. 038, 039. S88

specific. 49

stabilization of oscillator*. 290

temperature cneflicicnt of. 49

units of. 40

(See aim Osrillntors. negative resist-

ance)

Resistance-capacitance enupled amplifier.

3(14-300

Resistance-coupled amplifier. BOB 8 fl

chart, 309 373

compensation in. 157

Resistance pads. 101-104

Resistance standards. 179-180

Rfsislanre-vnrialitin melius! of measuring

resistance, 213

Resistivity, volume, 49

Resistor-capacitor filter. 505-590

Resistors, carbon. 57

composition of, 01

competition type, 57

fixed wire wound. 54

metalizcd filament, 57

R.M.A. color code. 01-03

topers. 07

Resistors, tent specifications of, 03-05

types of. as to power, 55-50

variable earhon type, 05-07

wire wound, 50-57

wire wound, rating of, 55

Resolution, horizontal. 095

vertical. 094

Resolution ratio, 095-000

Retrace ratio, 093. 094

Resonance, parallel. 130-145

series, 135-130

Resonance bridge, 220

Resonance curves, parallel. 141-143

Resonance impedance, parallel, I4S-149

Resonant circuits, parallel. 140

design. 143-145

Resonaiu-tine oscillator. 309-311

Retardation time of transmission line, 150,

100

Retcntivily. 41

Reverberation. 010-918

Rhombic antenna. 072-073, 078

Richardson's i*qiuitiun, 234

Ring modulator. 330

Robinson direction-finding system. 111 I—

012

Rochelle salt crystals, 205

Room acoustics. 915-921

8

Saw-toothed generators. 740

Saw-toot lied waves, 099

Scanner amplifier circuits. 751

Scanning, in facsimile, 748-751

interlaced. 093

linear. 092

ill television, 740-742

Scanning mechanisms, 754-757

Scanning wave forms, 099-700

Scanning yokes. 742

Sehcring bridge. 222

Seliotiky effect, 240

Scott oscillntor, 305-300

Scratch fillers. 139

Screen-grid amplifiers. 257-201

Screens, fluorescent, 270

Selectivity, adjacent channel. 405

adjustable, 407

distant channel. 405

of receivers, 425

variable, 454 -455

IXhEX 943

Selenium rectifiers, 490

Self-impedance of antenna, 037, 039

Sensitivity, of cathode-ray tubes, deflec-

tion, 277

of receivers, 425

Series losses in audio circuits, 133-135

Series resonance, 135-139

Series-resonant circuit, design, 138

as equalizers, 138-139

for frequency regulation. 138

Shading correction, 707

Shielding, 44

1

and bonding in aircraft. 008-009

Ship-to-shorc and ahtfl In llllp communi-
cation, 571

receivers, 580-581

Short wave on code. 570

Short-wave high-speed automatic oper-

ation, 582

Short-wave receiving equipment, 581-582
Short-wave technique, 578-579
Shot effect. 440. 722
Shunt, Ayrton-Mnthcr universal, 184
Shunt impedance losses in audio circuits.

133-135

Sliunt meters. 25-211

Side-band transmission, vestigial. 725
Skin cITccl, 51. 187

Skip distance. 520
Sky wave. 515

propagation of, 518-521

curves, 871

Sleet melting on antenna urrays. 072
Slide-wire bridges. 215-210
Soil conductivity table, 510
Solenoid, single layer. 02 93
Sommerfeld's formula. 515
Sonic altimeter, 024

Sound o:i disk recording. 801-802
Space charge. 233. 239-240
Space current of three-electrode tube,

calculation of, 240-248
spnrk absorber and click filter. 5S0
Speakers (seo Loud-speakers)

Speech urticulntion and naturalness. 878
Hpofwll Immt amplifiers, 797-798
Speech power. 877
Speed control, Hammond brake, 750
Speeds, code. 508
Sputtering process. 293
Square root, evaluation of. 25

Static, 533

precipitative. 591-592. 009

Static frequency multipliers, 573
Steady-state currents. 30. 129-135
Steel, magnetic properties of, 41

Stcrba antenna curtain, 005

Stcrbu directional antenna array, 070-071
Storage butteries, 471-480
Subcarricr frequency modulation, 753
Submarine cable, facsimile, 705
Superemitron, 705
Superheterodyne, characteristics. 441

choice of the i.f„ 440 447
frequency converters, 339

interference problems, 444 448
spurious responses in, 340

Superheterodyne receivers, 423-424
Supcrrcgcncrative receivers, 424—425. 448-

449

Suppression harmonics, 848-853
Surge and protector tubes, 273-274

Susceptibility K, 40-41

Swinging choke, 508
Synchronization, in facsimile, 703-704

signal generator, 710-713

in television. 740-742
Synchronizing pulses. 704

T

T networks, 228-230

Tank circuits, transmission line, 547
Tape-facsimile system, 706-707
Tape transmitter. 584-585
Tupped-tank circuits. 147-148

Tclefunken. directional antenna. 0UH
"pine-tree" antenna, 005

Telegraph equipment, printing, 588
Telephone. 204 205
Telephone circuits in facsimile. 705-70:1

Television, 091 740

pairing in, 094

separation circuits for. 731-734
Television cumeros, 705
Television channels, allocation of. 720
Television ghosts, 085

Television receiver power supply, 401
Temperature control of piezoelcctrir

crystals, 291-292

"Terrain-clearance" indicator, 025
Tetrodes. 255-256

Thermal agitation noises. 440. 531-532.

722 723
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Thermionic emission. 234

Thermocouple meter, 180-102

Therinophones, 205

Thomson. Sir J. J.. 231

Threshold liniiti-rn. 8H .

Thyratrons, 209. 270. 272

Time constant of enpacitive circuit, 38

Tone control. 130. 3!I2, 434-430

Tone-control circuits for code. 585-580

Tourmuline crystals, 2U1

Tower radiators. 052

Transconductnncc, 250

conversion, 330

Transfer characteristic of picture tube,

735-730

Transformer and iron-core reactor, meas-

uring impedances of. 304

Transformer constant*, calculation of.

375-377

Transformer-coupled amplifiers, design

of. 379

theory of, 377 370
Transformer-rectifier circuit for trans-

mitters. 4113-408

Transformers, audio. 42-44. 374-377

bridge. 210

impedance matching, 380 382

low power, 497-503

design. 408

power, 42

Transient current, 70

equations for, 125 120

Transient-phenomena studies, 210

Transilron osrillator. 302-303

Transmission, code, 504-688

facsimile, 747-708

multiplex code. 500

scsqui-side hand, 725

side hand, 725
" single " 725

vestigial side baud, 725

Transmission formula. Austin-Cohen, 500

Trnnsiuission-liiif calculations. 853 N5ii

Transmission-line tank circuits, 547

rTrnnsmission lines, antenna circuit ter-

minations for r-f. 853
artificial. 101

attenuation constant. 159. 100

audiofrequency. 150-100

for broadcasting, 057ir

impedance. 158-130, 104-103

propagation constant. 150

r-f. loss in. 804

Transmission lines, retards lion time, I5ti

100

to suppress hnrmonics, 850

wave-length constant. 150

Transmitters, aircraft radio, tiOO-OlO

arc. 373-574

asymmetric. 551

degenerative feedback in, 830-832

frequency modulation. 533-557. 843

Elapug carrier. 540 550

of h-f, technical features, 538-547

marine. 577-378

radio broadcasting. 821-820

for shipboard. 578

single-side hand. 552 553
suppressed carrier. 550-551

tape. 584-585

transformer-rectifier circuit for, 4ii3-408

vestigial. 551

Transmitting antennas, directive, 006-

673

transmitting. 000-002

Transmitting system, broadcast. 771

Trigonometric functions, 2 -4

Triodes, general purpose. 253-234

power amplifier. 254-255

Tube, ticuru receiving. 205

ballast. 274

bases, 281-282

Loktel, 282

Octal. 282

Octal ox. 282

beam power. 200-207

camera, 002

cathode ray, 275 278

picture. 734

"clipper," 731

contrast in picture. 730

gas filled. 208 275

grid glow. 270

ignitron type, 273

inductive output. 208

keyers, 580

Klystron, 208

metal, 204 •

mutual characteristic uf, 244

oscillators (sec Oscillators)

photoelectric, 278

picture. 735-730

power supplies. 738

pool cathode, 272

reactance, 550

static characteristics of. 244-245

INDEX 945

Tube, surge and protector. 273-274
three electrode, space current of, 240-

248

thyralrons, 200, 270. 272
transfer characteristic of, 244

t wo electrode. 241 242

lor u.h.f., 548-549

j-h-f. 204-208

vacuum. 231-282

velocity modulntcd. 208, 315
voltage regulator, 274 275
water cooled, 843-844

Tuuod-filtcr oscillators. 295-200
Tuning, single dial, 442
Tuning controls, push button, 442-443
Tuning-fork oscillators. 310
Tuning indicators. 439
Turner constant-imncdnnce method of

measuring inductance, 80
Turnstile antenna. 073. 074

U
I'.h.f. for aircraft radio. 592
propagation of. 522-525
tube* for, 548-540

I -h-f antennas. 073-070
I'-ti-f circuits, 547-548
l'-li-f coue mtrkes. 001-003
1 -h-f fan marker. 003-004
I '-h-f receivers, 558-559
l"-li-f two-course boueon, 500-001

V

Vacuum-tube oscillators (mo Oscillators)

Vacuum-tithe voltmeters, 205-207
Vacuum tubes (s« Tube)
vnn der Pol oscillator. 308
Variable-mil effect. 201

Variometer, 85-80
Vector impedance, 74 70
Velocity of wind. 480
Velocity microphone, 777-778
^'hieity-inodulalcd lube. 208. 315
^ ' locity modulation. 322
••rtigbl side-hand signal. 324-325
Y'-tiKial side-band transmission. 725
Video amplification, 715-723
V jdeo amplifiers, transient response of, 721
' ideo detection, 730-731
^jdeo modulation. 723-725
Video signal. 700
Video-signal generator, 705
v "ice-frequency carrier control, 585

Voltage amplification, 300-301

Voltage divider, 502

Voltage-doubler circuits. 401
Voltage-measuring instruments. 200
Voliage regulator tubes. 274-275
Voltage standards, 180

Voltage wave, saw-toothed, 308
Voltages, comparison. 210-211

and currents, circuits for out-of-phasc.

150-157

shot effect, 440
Voltammcter, silver. 170

Voltmeters, electrostatic, 200
vacuum tube, 205-207

Volume-control system, 430
Volume controls. 793, 795-700

acoustically compensated, 435
automatic, 430-437

delayed, 437-138
Volume indicators, 790-797
Volume range in broadcasting, 775
Vl\ 775. 790
VU meter. 190

W
Wagner ground, 224

Wnlmslcy antenna. 008-000
Wave antenna, 081

Wave filters, 108-177

Wuve form. 31-32

scanning, 099-700

Wnve-lengtli constant of transmission
line, 159

Waves, in non-Iilienr circuits, amplitude
modulated, 327-329

saw-toothed. 009

voltngc. 308
Weather-broadcast stations, aircraft, 590

597

Weir stabilization circuit for f.m., 837
Weston cell, 29
Wien bridge. 220
Wind velocity, 480
Wire-line telephone circuits in facsimile.

705-700

Wire lines in broadcasting. 815
Wire-table chart. 14

Wire tuhles, copper. 10-13
Work function, 230-237

B

Zero level (see Reference levels ia broad-

casting)
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