CHAPTER 17
REPRODUCTION FROM RECORDS

By F. LaNGForD-SMITH, B.Sc., B.E.
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SECTION 1: INTRODUCTION TO DISC RECORDING

(1) Methods used in sound recording (&) Principles of lateral recording (i) Fre-
quency range (iv) Surface noise and dynamic range (v) Processing (vi) Turntables
and driving mechanism (vii) Automatic record changers.

(i) Methods used in sound recording

There are many methods which have been used for sound recording, but these may
be arranged in the following principal groups :

1. Magnetic recording includes magnetic wire and magnetic tape. See Refs.
258 (Chapter 29), 272, 316, 318.

2. Sound on film finds its principal application in cinema films, The Philips-
Miller engraved film system is used to a limited extent for broadcast transcription.
Film is also used for embossed lateral recording for some special applications. The
high cost of the film precludes the use of this medium in most other fields. See
Ref. 258.

3. Mechanical groove recording is used in various forms including

(a) the cylinder (e.g. dictaphone)
(b) the disc, which is the only type of recording considered in this chapter.

Two methods of recording are used with discs :

1. Vertical recording (*‘ hill and dale *’), which has had only a limited field of
application, and appears unlikely to be used extensively in the future.

2. Lateral recording which is the method used most generally, and is the subject
of this chapter.

Lateral recording is uscd with five types of discs—

(a) The 78 r.p.m. *‘ shellac *> pressings,

/b) The 33-1/3 r.p.m. fine groove, otherwise known as microgroove or long-
playing (LP) records,

(¢) The 45 r.p.m. fine groove records,

(d) Lacquer discs used for direct playback—see Sect. 8,

(¢) Discs used principally for broadcast transcription recording, usually operated
at 33-1/3 r.p.m.—see Sect. 9.
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702 (i) METHODS USED IN SOUND RECORDING 17.1

The nominal speed of rotation is interpreted for recording as follows :

Supply frequency 50 c/s 60 c/s (R.M.A)
78 r.p.m. nominal 77.92 78.26 r.p.m. (R.M.A))
33-1/3 r.p.m. nominal 33-1/3 33-1/3 r.p.m. (R.M.A)

Tolerance in speed of rotation -+ 059, 4+ 0.3% (N.AB.)
The speed is usually checked by means of a stroboscope illuminated by a lamp
supplied from a.c. mains. The usual arrangement is :

Supply frequency 50 c/s 60 c/s (N.ALB.)
Number of bars on stroboscope 77 92 for. 78 r.p.m.
180 216 for 33-1/3 r.p.m.

At either 78.26 or 33-1/3 r.p.m. not more than 21 dots per minute in either direction
may drift past a reference point (N.A.B. for recording).

See Reference 89 for a “ Glossary of disk-recording terms.” See Reference 105
for a ““ Bibliography of disc recording ” (1921 to 1947).

See References 2, 87, 237 and 260 for American Recording Standards. .See Sect. 2
for current English and American practice.

(ii) Principles of lateral recording

In lateral recording the groove forms a spiral either from the outside to the inside
(as with all commercial ‘‘ home > recordings) or from the inside to the outside (as
with some transcription discs). The groove undulates horizontally from side to side
of the mean path so as to deflect the stylus (needle) and armature of the pickup in
accordance with the recorded sound (Fig. 17.1). The undulation of the groove is
called *“ modulation ”’ and the movement to one side of the mean path at any instant
is called the amplitude of the modulation. The stylus is wedged in the groove by the
effective vertical pressure due to the weight of the pickup, and moves radially about
the pivot of the armature (Fig. 17.2).
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FIG, 17, ¢ FIG, 17. 2

Fig. 17.1.  Unmodulated (left) and modulated (right) groove of lateral recording.
Fig. 17.2. Motion of siylus vp with lateral recording.

If the recorded sound is of sine-wave form, the maximum transverse velocity of the
stylus tip will occur at O and zero velocity will occur at B and B’, the two extremities
of travel. This is an example of simple harmonic motion (see Chapter 6 Sect. 4).
The maximum transverse velocity is 2afA where f is the frequency in ¢/s and A4 is
the peak amplitude. The r.m.s. transverse velocity is given by 1.41 #fA4.

The recorded level may be specified in terms of r.m.s. velocities at 1000 c¢/s,
or in decibels with a reference level 0 db = 1 cm/sec. lateral r.n.s. stylus velocity.
The following tables are based on this usage.

(A) 78 r.p.m.—Cross-over frequency = 500 c/s
Velocity Peak Comments

Level r.m.s. amplitude*
+ 10 db 3.16 cm/sec 0.56 mil R.M.A. Frequency Test Record No. 1(A)
+ 16 db 6.31 cm/sec 1.1 mils R.M.A. Frequency Test Record No. 1(B)
+ 18 db 7.94 cm/sec 1.4 mils max. velocity (1000 c¢/s).
+ 22 db 12.6 cm/sec 2.2 mils
+ 26.8 db 22 cm/sec 3.8 mils Max. instantaneous programme peak.

* Over constant amplitude portion.
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(B) 78 r.p.m.—Cross-over frequency = 250 c/s
Velocity Peak
Level r.m.s. amplitude* Comments

+ 10 db 3.16 cm/sec 1.1 mils

+ 12 db 3.98 cm/sec 1.4 mils

+ 15 db 5.62 cm/sec 2.0 mils Normal maximum level
+ 18 db 7.94 cm/sec 2.8 mils

N.B. 1 mil = 0.001 inch.

(C) 45 r.p.m,

Velocity
Level r.m.s, Comments
+ 14.3 db 5.2 cm/sec  RCA Test record 12-5-31 (1000 c/s)
+ 229 db 14.0 cm/sec  Max. instantaneous programme peak.
+ 25.1 db 18.0 cm/sec  Max. level on R.C.A. Test Record 12-5-37.
(D) 23-1/3 r.p.m. (LP)
Velocity
Level r.m.s.
4+ 7.5 db 2.4 cm/sec  Columbia Test record RD-103 (1000 c/s).
+ 229 db 14.0 cm/sec  Max, instantaneous programme peak.

There are two basic methods of recording sounds of different frequencies—constant
velocity and constant amplitude. * Constant velocity ”’ refers to the maximum
transverse velocity of the stylus tip at the zero axis, this being held constant as the
frequency changes. A diagrammatic representation of constant velocity recording
for two frequencies is given in Fig. 17.3.

/4, Max. Slope
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FIG. 17.3 FIG, 17. 4

Fig. 17.3. Diagram of constant velocity recording for two frequencies f and 2f.
Fig. 17.4. Diagram of constant amplitude recording for two frequencies f and 2f.

It may be shown that constant velocity recording has the following characteristics
for constant power at all frequencies-—

1. The peak amplitude is inversely proportional to the frequency.

2. The maximum slope of the curve is the same for all frequencies.

In the general case when the power is changing, the maximum velocity at any fre-
quency is proportional to the peak amplitude. With an ‘“ideal ” electro-magnetic
pickup, which inherently follows a constant velocity characteristic, the output voltage
for sine waveform is proportional to the maximum velocity at all frequencies.

Constant velocity recording is not suitable for use over a very wide frequency ratio,
owing to the large variation in peak amplitudes. For example, over a range of 8
octaves the ratio of maximum to minimum amplitude is 256 to 1.

“ Constant amplitude ”’ recording indicates that the maximum amplitude is
held constant when the frequency changes, for constant power output (Fig. 17.4).
It may be shown that the maximum slope is proportional to the frequency.

Constant amplitude recording is very suitable for low frequencies, but is not satis-
factory with large amplitudes at the highest audio frequencies because the transverse
velocity of the needle tip becomes excessive, leading to distortion in recording and in
reproducing. On the other hand, constant velocity recording is satisfactory over a

*Over constant amplitude portion.
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limited frequency range of medium or high frequencies. Therefore most recording
systems employ an approximation to constant amplitude recording at low frequencies
and an approximation to constant velocity recording for at least part of the medium
and higher frequency range (see Sect. 5).
It may be shown (Ref. 146) that the minimum radius of curvature at the peak of
the curve is given by
p = 0.025x2/4 ¢))
where p = radius of curvature in inches
A = wavelength of sine-wave curve in inches
and A4 = peak amplitude of curve in inches.
Equation (1) may also be put into the form
A4 = 0.025 A*/p. 2
Any stylus is unable to fit accurately an undulation in the groove with a radius of
curvature at the point of contact less than its own radius of curvature. We may there-
fore apply eqn. (2), taking p as the radius of curvattre of the stylus, to give the maxi=
mum amplitude (called the critical amplitude) for correct operation,
Ac’n‘t = 0.025 /\2/P (3)
where p = radius of curvature of stylus, in inches.
But since the r.m.s. transverse velocity is equal to 1.41 nf4 we can determine the
critical velocity in cm/sec,
Critical velocity rm.s. = 11.3 4., cm/sec 4
where A4 ., = critical amplitude in inches.

(iif) Frequency range

The maximum recorded frequency in commercial shellac records manufactured
prior to 1940 was of the order of 6000 c/s. At the present time most new recordings
are recorded up to at least 8000 ¢/s, while many manufacturers record up to 10 000
or 15000 c/s. Recordings up to ultrasonic frequencies (20 000 c¢/s) have been made,
and are claimed to provide improved fidelity even thougkh the higher frequencies are
inaudible (Refs, 195, 271).

The lowest recorded frequency is of the order of 30 c¢/s, although some record
manufacturers do not publish their recording characteristics below 50 c¢/s.

(iv) Surface noise and dynamic range

Surface noise (needle scratch) is unavoidable with any method of disc recording,
but the maximum signal-to-noise ratio may be made quite high. The maximum
dynamic range will be greater than the measured signal-to-noise ratio on account of
the nature of the noise, which approaches the characteristics of random noise if there
are no resonances anywhere in the equipment—see Chapter 14 Sect. 7(v).

Surface noise is not really objectionable if it is reasonably low in level and if it can
be described as ““ silky.” ‘This latter criterion can only be attained when the pickup
and loudspeaker both have smooth response throughout the whole frequency range.
If the pickup has a prominent resonance within the audible frequency range—even if
correctly equalized—the noise will not be * silky ** and will tend to become objection~
able.

In all cases the high frequency range of the equipment should be limited by a suit-
able filter giving a choice of cut-off frequencies. Filters with very rapid cut-off
characteristics are undesirable on account of distortion effects, but a combination
of a “ roll-off ” characteristic and a filter with an ultimate attenuation of at least 12
db/octave appears to be satisfactory. Any other method of achieving a *‘ rounded
cut-off characteristic would probably also be satisfactory.

The maximum signal to noise ratio of shellac pressings varies considerably. The
older shellac pressings had a maximum signal to noise ratio* of the order of 30 or
35 db. The most recent English shellac pressings have 2 maximum signal to noise
ratio* of 50 db (Ref. 88) for a new record. The best of recent American 78 r.p.m.
shellac recordings have a maximum signal to noise ratio* of 45 or 46 db when new

*Measured with flat frequency response.
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(Refs, 255, 254). The average post-war shellac record, taking into account all the
various types of records on the market, both English and American, has 2 maximum
signal to noise ratio* of about 38 db (Ref. 256),

A new vinyl fine groove record can have an average surface noise, measured on a
system whose response is flat on a velocity basis from 500 to 10 000 c/s, about 56 db
below the peak recording level ; if measured on a system whose response is the inverse
of the recording characteristic, the surface noise is approximately 62 db below peak
recording level. The B.B.C. “ D Channel > recording has a weighted signal to noise
ratio greater than 60 db (Ref. 297).

The surfacé noise increases with the use of the record. After 100 playings with a
2 ounce pickup some shellac records showed negligible increase in noise level while
others showed 5 db increase, the average being about 2.5 db (Ref. 181). After 200
playings of a fine groove vinyl record (LP) the surface noise increased by 2 db (Ref.
308).

The cost factor limits the use of polyethylene (Ref. 181) which has a scratch level
even lower than that of vinyl. See also Sect. 9(ii) for the measurement of noise in
accordance with NAB standards for transcription records.

{v) Processing

The processing of shellac pressings is described in Refs. 7, 10 and 25. The pro-
cessing of vinyl (IP) records is described in Ref, 308,

(vi) Turntables and driving mechanism

Turntables should be strongly constructed, free from flexing, and shoudd ryn true.
The typical home-type turntable and motor is unsatisfactory for good fidelity on
account of insufficient motor power, insufficient flywheel action and insufficient
mechanical rigidity ; it suffers from rumble, wow and (with some pickups) hum due
to the proximity of the motor, The motor should be as far as possible from an electro-
magnetic pickup. Motor and turntable vibrations are transmitted through the mount-
ing board and pickup arm to the pickup head and are finally reproduced in the loud-
speaker as rumble, Steel turntables may be used without bad effects with crystal
pickups and high level moving iron types, except that in the latter case the turntable
should be solid, without perforations. Steel turntables are unsatisfactory with some
low-level pickups, particularly moving coil types.

Either rim or centre drive may be used, and first class products using both metheds
are available. In the moderate price class, it seems that (for the same price) the rim
drive is generally the more satisfactory arrangement, '

The specification for a motor and turntable unit should include—

1. Type of motor,

2. Voltage and frequency range.

3. Power consumption.

4, Torque to brake the turntable from the nominal speed to a lower speed
(e.g. 78 to 77 r.p.m.), the torque being expressed in oz-ins and the applied
voltage and frequency to be stated.

5. Turntable diameter.
6. Form of automatic stop.

(vii) Automatic record changers

With most record changers it is important to adjust the vertical angle between the
stylus and the record so that the deviation from normal is the same (although opposite
in direction) at both the top and bottom of a stack of records.

Care should be taken to minimize the impact of the stylus on to the record surface
when the arm is released by the changer mechanism.

There are three types of trip mechanisms, one being the velocity trip in which the
changer mechanism is triggered by a sudden change in groove pitch. This system has

*Measured with flat frequency response.




706 (vii) AUTOMATIC RECORD CHANGERS 171

the advantage of not requiring adjustments for different inside diameters. It has the
disadvantage of requiring, in most designs, that the stylus, cartridge and arm operate a
spring tension as they move inwards. This presses the stylus against the outside wall
of the grooves and tends to produce differential wear as well as other undesirable
effects.

The second type of trip mechanism operates when the stylus reaches a specific inside
diameter, and the eccentricity of the inside groove has no effect. The disadvantage
of this arrangement is that there are large differences in the inside diameters of the
various types of records, so that an adjustable (preferably continuously-variable)
control is required. This method is used in 45 r.p.m. record changers, where there
is no eccentric inside groove.

The third type is the eccentric groove.

Difficulty is often experienced in an attempt to incorporate automatic record
changers in high fidelity equipment owing to rumble and, in some cases, hum pickup.
In addition, some high fidelity pickups are unsuitable for use on any automatic record
changers. The choice of a pickup for use with an automatic record changer is neces-
sarily a compromise, and many high fidelity enthusiasts prefer to use a good quality
turntable with manual operation.

Automatic record changers for 45 r.p.m.

The R.C.A. record changer is described in Ref. 263. The tripping mechanism
requires an extremely small lateral force from the pickup arm, since the work of put-
ting the mechanism into cycle is supplied by the moving turntable.

SECTION 2 : DISCS AND STYLI

(7) General information on discs (it) Dimensions of records and grooves (iff) Styli
(tv) Pinch effect (v) Radius compensarion (vi) Record and stylus wear.

(i) General information on dics

Shellac discs are used only with 78 r.p.m. standard groove records. The material is
hard, and has no appreciable elastic deformation under pressure.

Vinyl* is used for all forms of fine groove discs, and has appreciable elastic de-
formation under pressure. As a consequence, high peak accelerations are reduced
as compared with the same recording in shellac. For the effects of elastic deformation
see Ref. 212. Vinyl has the defect that it becomes electrified and collects a consider-
able amount of dust. The effect of dust collection on vinyl records through electro-
static attraction may be avoided by the use of a liquid anti-static agent which may be
sprayed or wiped on to the surface of the record.

(ii) Dimensions of records and grooves
(A) 78 r.p.m.

The usual nominal sizes of shellac pressings are 10'in. and 12 in. diameter. Dimen-
sions and tolerances as recommended by the American Radio Manufacturers’ Associa-~
tion and as used by English and American manufacturers are tabulated opposite.

European continental records do not differ in any significant respect from English
practice. The outside diameters are 25 cm (9.85 in.) and 30 cm. (11.8 in.) and the
hole diameter is 0.284 inch.

On the basis of these dimensions, the ratio of maximum to minimum R.M.A.
groove diameter is 3.07 to 1 for a 12 inch record, providing a groove speed from
approximately 3.9 to 1.3 feet per second (47 to 15.3 inches per second).

. *The name vinyl is a general name covering unfilled vinyl co-polymer resins, which may vary somewhat
in their physical characteristics.



DIMENSIONS OF RECORDS AND GROOVES (78 r.p.m.}.

U.S.A.
(in inches)

English*

Present range

Recommended

Outer diameter : 12 in,
10 in.

Thickness : 12 in.
10 in.

Centre hole diameter

Centre pin diameter

Outermost groove diameter : 12 in.
10in.

Innermost groove diameter
Grooves per inch

Width of groove at top
Depth of groove

Radius at bottom of groove
Angle of groove

113 4+ 1/32¢t

§ £ 1/32%

0.090 + 0.010f

0.080 + 0.010%

0.286 + 0.0017
— 0.002

.02835 4 .0005

114 + 0.02%

93 -+ 0.02%

not less than 3}

88, 96, 104, 112, 1201

6.5 — 8 mils}
not standardized
2.2 max. mils}
87° — 97°t

11-15/16 — 11-27/32
9-15/16 — 9-27/32

0.092 — .082
0.080 — .070
0.292 — 0.284
0.282 — 0.280
11.500 — 11.395
9.515 — 9.485
3.875 — 3.750
103 — 72

113 — 11-27/32

9% — 9-27/32
0.090 — .080
0.080 — .070

0.2845 — .2835

0.2825 — .2820
11,500 + 0.015
9.500 + 0.015

(84 to 96 usual on classical recordings)

6.5 — 8 mils

08 — 2.5 mils
82° — 98°

3.875

104 — 72

6.5 — 6.7 mils
2.9 mils

15 — 1.8 mils
85° — 90°

"NB. 1 mil — 0001 inch.

*Based on Ref. 235 for most dimensions ; Refs. 131, 174 for recommended groove cross-sectional dimensions.

tR.M.A. REC-103 (Ref. 260). 1R.C.A. Victor practice

Additional data (REC-103)

Eccentric stopping groove diameter 3% in. ; run-out relative centre hole 0.250 + 0.015 in. ; groove minimum depth 0.003 in.
Lead-in spiral : at least 1 complete turn between outer edge of record and recording pitch.
‘Lead-out spiral : Nominal pitch § in. minimum.

2'Ly
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The wavelength for 78 r.p.m. is given by
X = (1.3rd)/f 6)
where A = wavelength in inches for 78 r.p.m.
d = groove diameter in inches
and f = frequency in c/s.

Equation (5) gives the following values—

Frequency 50 250 500 10 000 c/s
Wavelength-—ourermost groove 0.94 0.19 0.094 0.0047 in.
Wavelength—innermost groove 0.31 0.061 0031 0.0015 in.

The effective width of the stylus with dimensions as in Fig, 17.5B is about 4 mils,

giving a radius of curvature of 2 mils. Using eqn. (3) of Sect. 1,
Apie = 0.025 A2/0.002

and for 10 000 c/s the critical amplitude is—
Aeie = 0.000 28 in. for outermost groove
Aers = 0,000 028 in. for innermost groove.

The critical velocity is given by egn. (4) of Sect. 1,

Critical velocity ram.s. = 31.6 cm/sec at outermost groove
= 3.16 cm/sec at innermost groove.

The critical velocity at the outermost groove is more than sufficient for the highest
level of recording, but as the groove diameter decreases a point will be reached where
the peak recorded velocity is greater than the critical velocity—thus leading to dis-

. tortion and loss of high frequency response.

A slightly higher critical velocity could be obtained by the use of a somewhat smaller
stylus radius, since the two values are inversely proportional.

The maximum instantaneous peak recorded velocity is about 15 cm/sec (American
practice) so that there is every likelihood that the critical velocity will sometimes be
exceeded on the smaller diameter grooves. The saving feature in practice is that
maximum amplitude does not normally occur at 10 000 ¢/s with either speech or music,
except when cymbals are recorded at maximum amplitude.

(B) 45 r.p.m.*

The R.C.A. Victor 45 r.p.m. fine groove records are only made with a nominal
diameter of 7 inches, and are primarily intended for ready use in record changers.
The inner portion of the record forms a collar which is thicker than the playing area,
thus preventing the playing surfaces from touching. The groove dimensions are

Width across shoulders 3.0 mils + 0 — 05
Angle 92° + 3°
Radius at bottom of groove not greater than 0.25 mil.

The recommended vertical stylus force is 5 4 1 grams,

The grooves per inch vary from 178 to 274. The maximum instanianeous pro-
gramme peak recording velocity is 14 cm/second (about 4 db below 78 r.p.m. records).

1 6875 +-005"DIA

\
;’OZI"Z-oo:"—l — 030008 . .
Fig. 175A. Cross- -021 %:002"—, ~092Max,L .030+-004 L
sectional viewof R.C.A. | _____ T TT TS =TT
7 inch 45 r.p.m. record ¥ [}
(Ref. 254). | \5% =

Recard o be ‘ouokh) ~oo: thicker ot outer
FIG. {7.5A edge of raised portion than ot inner edge.

The cross-sectional view of a record is shown in Fig. 17.5A. 'The outermost music
groove is 6§ inch diameter, while the innermost music groove is 4.875 inches mini-
mum diameter—the latter gives 109, intermodulation distortion and a groove velocity
of 11.5 inches per second.

The maximum playing time is 5} minutes. A lead-in groove extends from the
edge of the record and makes from 1 to 1} turns before entering the first music pitch.
There are from 1 to 1} turns of unmodulated music pitch before the start of music.
There is from 0 to } turn of unmodulated music pitch at the end of music. The

*For R.C.A. 45 r.p.m. Extended Play records see Supplement.
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lead-out groove makes from $# to 1} turns from the music pitch to 1-15/16 inch radius,
beyond which it makes from 1 to 2 turns to the concentric circle (3-13/16 inch dia-
meter).

The central hole is 1.504 4+ 0.002 inches in diameter.

References 254, 263, 264, 265.

(C) 33-1/3 r.p.m. (LP)

The long-playing microgroove records revolve at 33-1/3 r.p.m. and are made with
outside diameters of 12, 10 and 7* inches.

The R.C.A. Victor records are identical to the 45 r.p.m. records with respect to
groove shape, recording pitch, recorded level and recommended playback stylus.

Dimension ‘ Columbia | R.C.A, Victor
Groove angle 87° + 3° 92° 4 3°
Radius at bottom of groove less than 0.2 mil 0.25 mil
Width across shoulders of groove — 0.0025 in.
Maximum amplitude 0.9 mil —
Max. instantaneous programme peak velocity| — 14 cm/sec
Lead-in groove pitch — 35 to 40 lines/in.
Blank grooves (normal pitch) — 1to2
Grooves per inch (normal pitch) 200 to 300 | 178 to 274
Grooves per inch (usual values) 224, 260 —_
Lead-out groove — 4 grooves/in.
Thickness — 0.070 to 0.085 in.
Thickness depressed label area — 0.060 in. min,
Maximum diameter (12 in.) — 11-7/8 + 1/32 in,
(10 in.) — 9-7/8 £+ 1/32 in.
+ 0
Outer music groove dia. (12 in.) - 11-15/32 _ 3/64 in,
+ 0
(10 in.) - 9-15/32 _ 3/64 in.
Inner music groove dia. 4-3/4 4-3/4 in.
Nomin. dia, of eccentric groove — 4-7/16 in.
Eccentric groove off~centre — 0.125 + 0.008 in.
Centre hole — 0.286 in.
Label diameter — 4-1/16 in.
QOuter edge, included angle — 80°
edge radius e~ 1/64 in.
Maximum playing time 12 in. 22-1/2 — mins.
10 in. 15 — mins.
7 in. 5-1/2 — mins.
Optimum stylus force { (6).21 (5)1§ olux%::ms.

References to L-P microgroove : 159, 166, 178, 179, 232, 236, 255, 262.

(iii) Styli
(A) Styli used with shellac pressings arc in five principal groups :

(1) Ordinary steel needles which are ground to shape by the abrasive in the
record. The exact shape of the needle point when new is not so important as with
permanent or semi-permanent styli. For examples of record wear see Ref. 10 Part 4.

(2) Semi-permanent needles such as chromium plated steel. The needle shape
is important and * shadow-graph ”’ needles are recommended. For the best results
these should not be used for more than one playing of a 12 inch shellac record (for
photograph of wear see Ref. 274). Alloys such as osmium are also used.

*Columbia only.
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(3) “Permanent ” styli employ a jewel such as a diamond, sapphire or ruby,
asually in the form of a jewel tip. The tips of permanent needles should be accurately
ground to shape, and highly polished. Diamond tipped needles have a life of several
thousands of playings of shellac records for good fidelity. Tungsten carbide is also
used., For stylus wear see Sect. 2(vi).

(4) Fibre needles are used by some enthusiasts in the belief that they reduce
scratch and record wear. While it is true that they reduce scratch they do so by
attenuating all the higher frequencies, and they do this no more efficiently than an
electrical attenuator. The attenuation of a fibre needle at 4000 ¢/s is 19 db down
as compared with a loud tone steel needle in a typical pickup (Ref, 7). After the first
few grooves they wear sufficiently to occupy the whole of the groove and thereby
spread the weight of a heavy, stiff pickup of old design. If such pickups are used,
contrary to all good advice, then fibre needles are possibly the best compromise be-
cause a soft needle damps down the pronounced high-frequency resonance of the
pickup. There is evidence to indicate that abrasive particles from the record become
embedded in the fibre and thereby cause wear, even though the fibre itself is softer
than the record. With modern pickups having light weight and high lateral and
vertical compliance the wear from a well polished sapphire point is undoubtedly
less than that from a fibre needle.

For photographs of new and worn fibre needles see Ref. 274.

(5) Thorn needles are very much harder than fibre, but the amount of needle
wear is very much dependent upon the pickup compliance and stylus force. With
suitable lightweight pickups, the needle wear is reasonable up to 6 playings (Ref. 309),
but some loss of high frequency response is inevitable. If sharpened with the use of
very fine glasspaper, there is risk of glass dust becoming embedded in the needle——
this danger may be avoided by the use of a very fine rotary cutting wheel (Ref. 309,
April 1951).

Since thorn needles are normally in contact with the whole of the bottom of the
groove, they will tend to remove all dust from the groove. It therefore seems pro-
bable that the noise from a record which has been played exclusively with thorn
needles will be no greater at the bottom of the groove than on the sides.

Fine point thorn needles have also been used with fine groove (LP) records
(Ref. 309).

The shape of the stylus tip to give optimum results with most English and
American recordings may be taken as (RTMA Standard REC-126-A, Ref. 260) :

Radius of tip Angle
Metal point 2.7 (+ 0.2 - 0.3) mils 40° to 50°
Sapphire 3.0 (4+ 0.2 - 0.3) mils 40° to 50°

A cross-sectional view of a correct size of sapphire stylus point in a typical groove
is given in Fig. 17.5B. It will be seen that the stylus does not reach to the bottom of
the groove ; this is very important because the abrasive dust collects at the bottom
of the groove. In addition, there should be some allowance for the stylus to wear
on the sides without the bottom of the stylus coming too close to the bottom of the
groove.

FIG. 17.58 In some modern records, as well as in transe
86'S scription discs, a tip radius of 2 mils may be used,
. / P \, but in other (and particularly older) recordings it is
likely to scrape the groove bottom and suffer from

¢ groove skating >’ and single point contact.

One interesting suggestion is to combine a 2 mil
radius with a “flattened” extremity (actually a
3.5 mil radius). Although more expensive to pro:
duce it seems 1o have distinct advantages (Ref. 244).

o
Bottom of

Groove has J
Radius 00015

» Fig. 17.5B. Cross-sectional Oval - sapphire styli are available with a minor
view of typical record groove axis of 1.5 to 2.0 mils and a major axis of 2.5 to 3.5
and needle tip. mils, These should be used with the major axis
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at right angles to the centre-line of the groove, and will permit better response to high-
amplitude high-frequency recordings.

The NLA.B.  secondary standard ?* stylus (permanent point) has an angle of 40°
1o 55° and a bottom radius of 2.5 + 0.1 mils. It provides a compromise suitable
for the reproduction of both transcriptions and shellac discs.

The use of larger styli (radius 4 mils) is advocated by some engineers (Refs. 223, 225)
bur it does not appear to be the best all-round compromise.

Needles are made in various sizes. The ordinary steel needles used in mechanical
reproducers are used in the stiff heavy weight pickups whose frequency response
does not exceed about 6000 c/s; they are also used in some ¢ needle armature ”’
pickups. For.the best high frequency response the *“loud tone ” or * full tone
needles should be used, because of their smaller size and weight, ¢ Soft tone »* and
* trailing ”* needles (as used with acetate discs) cause severe treble attenuation when -
used with typical pickups. Most light weight pickups with a frequency response
extending to 10 000 c/s or over use miniature needles to enable the armature resonance
1o be at a high frequency. A typical example is the H.M.V, Silent Stylus or Columbia
99 (chromium-plated long-playing). Thorn needles are also made of similar size,

Efforts have been made to develop a stylus tip suitable for both 78 rp.m and fine
groove (see Refs. 279, 281) but a considerable degree of compromise is necessary
and the best results are not obtainable from either type of recording.

@) Styli for fine groove records

With a few exceptions, all styli for fine groove records are permanent types—usually
jewels. Diamond tips are the only really satisfactory ones for long life, although
expensive to purchase in the first case.  Sapphire tips are very common,
but wear rather rapidly—see Sect. 2(vi) for stylus wear. Other materials used are
tungsten carbide, osmium and other metal alloys.

Dimensions of styli for fine groove records
(RTMA Standard REC-126-A, Ref. 260, for home phonographs)
Radius of tip 0.001 + 0.0001 — 0.0002 inch
Included angle of tip 40° to 50°.

Note : With a 90° groove angle, a tip with a radius of 0.001 inch has an effective

radins of 0.0007 at the point of contact.

(C) Colour codes for styli

1. RTMA REC-126-A for home phonographs (Ref. 260). Needles with a 0.001
inch radius shall be colour coded red.

2. English Gramophone Equipment Panel of the Radio and Electronic Component
Manufacturers’ Federation (Jan. 1951). Red—0.0010 in.; lemon—0.0020 in.;
gteen—0.0025 in. ; french blue—0.0030 in. ; orange—0.0035 in. ; violet—universal ;
sky blue—oval tip. Material (marked by band on shaft) black—hard metal ; white—
diamond ; no colour—sapphire.

(iv) Pinch effect

Owing to the fact that the cutting is done by a stylus having an effectively flat cutting
face, the width of the groove measured at right angles to the groove is narrower at two
places in each cycle (see Sect. 6). As a result of this effect, the stylus tip should rise
and fall twice in each cycle—only a limited number of pickups, however, make ade-
quate provision for this movement.

The flexibility of the stylus, if mounted at an acute angle to the record, together
with that of the record itself, tends to prevent the needle from riding merely the peaks
of the vertical undulations. The pinch effect undoubtedly increases needle wear
and possibly also record wear (Ref. 212).

Various forms of * bent shank ” needles have been developed to provide some
vertical compliance. All ““ bent shank ” needles tend to give a drooping high-fre-
quency response the amount of which varies considerably from one make to another ;
it may, of course, be compensated if desired.

(v) Radius compensation

Radius compensation does not appear to be used with shellac discs, although it

is used with LP discs (R.C.A. Victor) and in transcription discs.
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(vi) Record and stylus wear
Record wear is a complicated effect depending upon many conditions of operation
including :
1. Vertical stylus force.
2. Lateral mechanical compliance at stylus tip.
3. Vertical mechanical compliance at stylus tip.
4. Lateral and vertical pivot friction in pickup arm, or lateral spring tension.
5. Mechanical resonances of pickup and arm.
6. Tracking error.
7. Shape, material and polish of stylus tip.
8. Maximum transverse velocity of record grooves.
9. Record material.
10, Dust,
It is understood that the turntable is free from vibration and wobble and that the
record is neither eccentric nor warped ; if not, these are additional causes of record
and stylus wear, '

The vertical stylus force for use on shellac records should preferably not exceed
about 1 ounce weight (28.35 grams) and it should be as light as possible to reduce
record and stylus wear to the minimum. However care should be taken to provide
sufficient force to ensure satisfactory tracking, otherwise the wear will increase. In-
creased force, say up to 2 ounces (about 60 grams), causes very little additional record
wear provided that a well-polished jewel pointis used and the pickup has high lateral
compliance.

The stylus force with fine groove records is quite critical, but is a function of the
pickup. Forces approximating 6 grams weight are common, but it is safer to err
slightly on the high side than on the low side. Some manufacturers give a ¢ minimum
tracking weight > and a ‘‘ normal ** value—the latter is the correct one to use.

If the required vertical pressure is not known, it may be determined by using an
intermodulation test record, decreasing the pressure until the distortion commences
to rise—and then increasing by a margin of, say, 509%,.

High lateral compliance at the stylus tip is one of the most important require-
ments for low record and stylus wear, In general, high Jateral compliance and light
weight go together.

Vertical compliance at the stylus tin permits the tip to maintain contact with the
groove in spite of the *‘ pinch effect.”” Bent shank styli reduce record wear in cases
where the pickup has insufficient vertical compliance.

Mechanical resonances of the pickup are serious causes of record and stylus
wear. Both the ““ arm resonance ”’ (if it comes within the recorded frequency range)
and the ““ armature resonance > affect the record and stylus wear, even if electrically
equalized.

Tracking error is discussed in Sect. 4 ; if reduced to the usual low values, record
and stylus wear from this cause are very slight.

The shape and polish of a jewel stylus tip are of the utmost importance in regard
to record wear.

Wear of shellac records

One example is a record which had been played 1000 times with a 1.35 ounce (38
grams) pickup and a sapphire stylus and was then demonstrated as giving fidelity
virtually unaffected (Refs. 128, 131). It may be stated as a rough guide that the limit
of life of an average shellac record is about 4000 playings under good conditions.

Unmodulated grooves on shellac records will wear indefinitely with a jewel stylus
on which the vertical force does not exceed 1 ounce (30 grams). By far. the most
significant cause of wear is the dynamic action of the stylus in the grooves. If the
dynamic force at any moment exceeds the elastic limit of the record material, the
shellac crumbles. This permits the stylus to drop down a little deeper in the groove,
eventually increasing the bearing area of the needle by contact with the bottom of
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the groove. At this point with a pickup having low stylus force, the wear apparently
stops. This wear does not produce any apparent change in quality of the reproduced
sound, although it can be seen as a light streak on the surface of the record. Both
lateral and vertical forces must be considered in producing the wear (Ref. 155). Where-
ever there is excessive stylus wear, it is always accompanied by excessive record wear.

It is important to distinguish berween visible wear and audible wear. Visible
wear does not necessarily cause any audible defect. It is possible that visible wear
may occur earlier with a diamond tip, but audible wear, which is caused by actual
widening of the groove at corners, will occur far more rapidly with a worn sapphire
or metal tip. The flats on the sides act as scrapers in attempting to negotiate sharp
bends in the record groove. A well polished spherical diamond or sapphire tip is
believed to cause less record wear than a metal alloy tip.

Wear of vinyl records

Wear of vinyl fine groove records is very slight, provided that the stylus force does
not exceed about 7 grams, that a pickup of ample lateral and vertical compliance is
used, that the jewel tip is well polished, that there are no marked mechanical reson-
ances, and that dust is excluded. Dust is the most important cause of record and
stylus wear with vinyl records in the home, and care should be taken to reduce it to
a minimum-—see Sect. 2(i). Wear in vinyl records shows itself principally in widen-
ing of the groove thus leading eventually to distortion and rattles (Ref. 155).

Wear of sapphire styli

The wear of sapphire styli is a function of the material of whichthe pressings are
made, the lateral and vertical compliance of the pickup at the stylus tip, the dynamic
mass of the pickup at the stylus tip, the characteristics of the armature (high frequency)
resonance and the pickup arm (low frequency) resonance, and the stylus force. Ad-
ditional wear may be caused by  skating >’ (due to the use of a tip radius which is too
small for the groove), by insufficient vertical force to maintain the stylus always in
contact with the groove, and by warped or eccentric records or turntables, When
using a pickup with high lateral and vertical compliance and low dynamic mass at the
stylus tip, an increase of stylus force has only a minor effect in increasing the wear on
the stylus tip. It has been shown (Ref. 282) that with such a pickup (GP20) on a
heavily modulated shellac record, an increase from 7.5 to 14.5 grams in stylus force
causes increased flats on the stylus tip resulting in a drop of only 3 db at 10 000 ¢/s
on a test record. Such a stylus and pickup may be used for 800 playings of a 12 inch
shellac record with reasonably good fidelity, or 2000 playings with fair fidelity (— 5
db at 10 000 ¢/s on a test record).

On the other hand a typical light-weight pickup with a stylus force of 1 ounce (28
grams) has been shown to produce wear on sapphire styli on shellac records as follows
(Ref. 59).

Wear just noticeable after 50 playings of 12 inch disc.

; ::3} g::: :g::. 3(5)8 gi:?;ﬁg: The 'effect of ﬂqts on distortion is covered
2.5 mil flats after 1500 playings in Sect. 6(iv).

It is obvious that this pickup produces much greater wear than the one with high
lateral and vertical compliance (GP20) described earlier. It is probable that the
greater wear is due principally to the lower lateral and vertical compliance, although
the increased stylus force would also be a contributing factor.

Some excellent photographs of stylus wear are given in Refs. 274 and 290.

The use of a test record at, say, 10 000 c/s to indicate wear of the stylus tip requires
careful interpretation of the results. The level of recording of the test record is lower
than that which may be reached with music, while the effect of wear of the stylus tip
is shown less prominently towards the outer diameter of the record than it would be
with a smaller groove diameter.

It is wise to avoid using sapphire or other permanent stylus tips on records which
have been played previously with steel needles. For a photograph of wear after 20
playings under such conditions see Ref. 274.
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Stylus wear with fine groove records

Apparently stylus wear is far more rapid on microgroove than on standard groove
vinyl records ; a rough estimate is about three times faster (Ref. 290). For this
reason, diamond styli are much to be preferred to sapphire or osmium, even for home
use, where high fidelity is required.

In one case, when tested on 12 inch long playing records, with a GE RPX-041
pickup having 8 grams pressure, a diamond stylus showed a slight flat after 37 hours
playing time, whereas a sapphire under similar conditions was badly worn after
5% hours (15 playings)—see photographs Ref. 290.

There appear to be considerable variations on the hardness of the sapphires, which
are practically all made of synthetic sapphire (Ref. 302), so that it is impossible 1o
quote any figures of stylus wear which can be regarded as typical. In all cases the
stylus life is very much affected by the pickup.

Osmium tipped styli have a life only two fifths (Ref. 290) or one sixth (Shure) that
of sapphire. This makes the effective life with an osmium tipped stylus, for high
fidelity, extremely short.

Method for giving positive indication of stylus condition

Obtain a lacquer disc with unmodulated grooves cut on both sides of it—one side for
a 3 mil stylus and the other for a 1 mil stylus. Both types of grooves may be on the
one side of the disc. Whenever in doubt, play two or three grooves on this disc  If
the stylus leaves the grooves unchanged in lustre and smoothness, it is in good con~
dition. If, however, the groove walls show score marks or any other difference when
compared with the unplayed grooves, the stylus needs replacement. An ordinary
magnifying glass will be of assistance (Ref. 298).

SECTION 3 : PICKUPS

(#) General survey (it) Electro-magnetic (moving iron) pickups (&) Dynamic
(moving coil) pickups (1v) Piego-electric (crystal) pickups (v) Magnetostriction pickups
(vi) Strain-sensitive pickups (vii) Ribbon pickups (vitt) Capacitance pickups (ix)
Eddy-current pickups.

(i) General survey

The performance expected from good quality pickups includes—

1. Wide frequency response with the minimum of equalizing. No sharp peaks
over + 2 db. For most applications a slight droop in the high frequency response
is not undesirable as it may be used to compensate for the pre-emphasis in .most
recordings. '

. Low stylus pressure,

. High lateral compliance.

. High vertical compliance at stylus tip.

Low effective vibrating mass of armature at high frequencies.

. Fairly high output level.

. Low distortion. .

. Freedom from major resonances over the useful frequency range (see below).
The low frequency (arm) resonance should be below 30 ¢/s so that it will have a negli-
gible effect on record wear. The high frequency (armature) resonance should be
as high as possible—certainly over 8000 ¢/s—and preferably above the useful frequency
range. Even so, the resonance should be effectively damped.

9. Minimum °‘ needle talk ”’ (direct acoustical radiation).

10. High signal to hum ratio.

11. Negligibly small voltage generation from vertical movement of the stylus tip.

12. General ruggedness.

13. Freedom from the effects of excessive humidity. Pickups having a restricted
frequency range (say from 70 to 6000 c/s) should meet the same requirements as
good quality pickups, apart from frequency.

0 NS U WD



173 PICKUPS—(i) GENERAL SURVEY 715

Pickups which have sufficient vertical compliance are sometimes fitted with needle
guards to reduce or prevent damage to the pickup from accidentally dropping it.

Pickup manufacturers sometimes quote the minimum vertical stylus force to pro-
vide perfect tracking. It is generally regarding as sound practice to adopt a stylus
force at least 1.5 times this minimum value, thus making some provision for warped
and eccentric records.

For styli, see Sect. 2(iii).

Single purpose pickups for home use often incorporate a fixed spring counter-
balance. Dual purpose pickups usually apply a higher stylus pressure for 78 r.p.m.
than for fine groove records. In some cases the pickup head (or cartridge) includes
the additional weight for 78 r.p.m., in other cases this is provided by an adjustment
of spring tension or by a counterbalancing weight,

It is desirable in all cases to keep the moment of inertia about both vertical and hori-
zontal pivots to a minimum.

Where a spring counterbalance is used, it should be checked periodically for pres-
sure ; during weighing, the height of the stylus from the baseboard must be exactly
the same as the top of the record.

Up and down movements of the stylus tip, due to the pinch effect and small record
surface irregularities should be absorbed by the vertical compliance of the stylus,
without generating any output noise, .

Pickups for 78 r.p.m.

A stylus force not more than 1 ounce (say 30 grams) is desirable, with 2 ounces as
the upper limit.

One of the difficult problems with permanent tipped styli is provision for changing
needles without adding seriously to the armature mass. Certain pickups are designed
for use with miniature needles pushed into place and gripped by a wedge against
which they are held by the pressure from the record. There are two troubles which
may occur. The first is that the needle may rotate about its axis, thus placing its
“ flats ” at some unknown angle to the groove—such a case is known to the author.
This may be eliminated by tightening the clutch or by using a little cement. "The
second trouble is ¢ buzz,” which is more serious because there appears to be no cure ;
however it only seems to occur on deeply modulated recordings of complex wave-
form, and is only apparent when the frequency range is extended.

Nearly all high fidelity pickups have the stylus permanently fixed to the armature—
this appears to be essential for the high frequency resonance to occur above 10 000 ¢/s.

Pickups for fine groove records
The maximum desirable needle pressure is 6 grams (0.21 ounce) and high lateral
compliance is cssential. Pickups have been produced by many manufacturers,
mainly using diamond, sapphire or osmium tips. :
Careful pickup arm design, specifically for fine groove recording, is of paramount
importance. It is inadvisable to use a fine groove pickup head or cartridge on an
arm other than that designed for it.

A very simple and effective test for the tracking efficiency of a pickup and arm for
fine groove records is known as the McProud Test (Ref, 314). A 45 r.p.m. record
is placed on a standard turntable running at 45 r.p.m. with the maximum possible
eccentricity (1} inches swing), and the pickup is required to track the record satis-
facrorily.

Dug; purpose pickups have been designed which have two opposed needles 180°
apart, suitable for playing either standatd 78 r.p.m. or fine groove records.

Pickups employ many principles of operation, but most types are basically either
constant velocity or constant amplitude. For example both electro-magnetic (moving
iron) and dynamic (moving coil) pickups are basically constant velocity, while piezo-
electric (crystal) types are basically constant amplitude. Since the recording charac-
teristic includes both constant velocity and constant amplitude sections, either group
is satisfactory although requiring different equalization.
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Resonances in pickups

Most pickups have two major resonances. The arm resonance occurs at some
frequency below 100 c¢/s, while the armature resonance occurs at some frequency
about 3000 c/s. Both resonances have deleterious effects in increasing record wear.
The arm resonance tends to cause the pickup to jump out of the groove when a high
amplitude is recorded at the frequency of resonance—the frequency of resonance
(if undamped) should be well below the lowest frequency for which acceptable track-
ing is required ; say from 15 to 25 c/s.

A recent development is the use of pickup arms with high viscosity oil or other
viscous fluid to damp arm resonance. The damping may be applied as a viscous
film in a ball and socket (hemispherical) joint between the pickup arm and the mount-
ing socket, and gives damping in both horizontal and vertical directions, The arm
is pivoted at a point which is the centre of both ball and socket, and above the centre
of gravity of the arm. The clearance between the two surfaces is about 0.006 inch.
By this means the resonant force is greatly reduced, improved resistance to external
shock is obtained and protection against damage from accidental dropping of the pickup
head is achieved. The amount of mechanical resistance is not a critical value—
the upper limit is reached when it interferes with the tracking of records having reason-
ably small values of eccentricity or warpage. With the usual values of suspension
compliance and mass, this would occur at several times the amount of resistance neces-
sary to give critical damping of the arm resonance. Even if the damping is con-
siderably below critical, it still has quite a beneficial effect. The viscosity of the fluid
is a function of temperature, but the variation does not seriously affect the performance
over a reasonable temperature range. Ref. 311.

The armature resonance has a serious effect on needle scratch (see Sect, 1).
“ During operation the needle is subjected to a continuous shower of blows, and
although highly damped by rubber buffers, it is in a state of perpetual oscillation at its
own resonance frequency » (Ref. 229). In any quality pickup, the armature resonance
with the recommended needle should be over 8000 c¢/s ; many light-weight pickups
have the resonance at a frequency over 12 000 ¢/s—in some cases over 18 000 c/s.

Pickups tend to be rich in harmonics at frequencies in the region of half the armature
resonance frequency. In all cases the armature resonance should be effectively
damped. Damping material used to obtain smooth response characteristics may
adversely affect the tracking capabilities of the pickup, and therefore should be in-
vestigated carefully and used judiciously (Ref. 285).

The frequency of the armature resonance is affected by the record material—for
example, a change from a lacquer disc to a shellac pressing causes in one case an
increase in the resonant frequency in the ratio 1:2 approximately (Ref. 276). A
pickup with an armature resonance well outside the a-f range on shellac discs, shows
a much lower resonance frequency on vinyl—usually inside the a-f range. This is
an unfortunate characteristic of vinyl. The only pickups known to the author with
armature resonances above 15 000 c/s on vinyl fine groove recordings are of the ribbon
armature type.

There is a third resonance caused by the pickup head and arm rotating about the
arm. With heavy pickups this resonance occurs at frequencies between 100 and 400
c/s, but with light-weight pickups the frequency would be higher. This resonance
does not have any effect on the general tonal balance, and in any case should be very
slight with good mechanical design.

Crystal pickups have a fourth resonance which occurs at a high frequency—the
resonance of the crystal itself.

References to resonances in pickups : 10 (Part 2), 17 (second letter), 276, 283, 285,
311, 331.
The testing of pickups

The testing of pickups for frequency response characteristics is covered by R.M.A.
REC-125-A which states that the test record sh2!! be R.M.A. Frequency Test Record
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No. 1 when available. This is recorded on side A at a r.m.s. velocity of 3.16 cm/sec
(4 10 db). Crystal pickups are terminated by a load resistance of 1 megohm (or
5 megohms for ammonium phosphate crystals) shunted by a capacitance of 100 wuF.
Other types of pickups should be terminated as required. The response should be
stated in decibels (0 db = 1 volt).

Pickups should be tested under the same conditions with which they will operate
in normal service. Pickups intended to be used on shellac records should be tested
on shellac discs ; pickups intended for use on vinyl records should be tested on vinyl
discs, while those intended for use on either type of disc should be tested separately
on each. Pickups which are satisfactory on vinyl discs give, in some cases, quite
poor results on shellac discs owing to the increased stiffness of the material and the
reduction in damping by the record. This also applies to pickups with very limited
vertical compliance-—while passable on vinyl, they are poor on shellac.

The variable speed turntable is sometimes used as an alternative to the standard
frequency records for the calibration of pickups—see Refs, 273, 295,

In the design and production of pickups it is usual to supply some form of electro-
mechanical calibrator such as in Ref. 284,

For distortion in pickups and the procedure for determining the “ tracking”
capabilities of a pickup see Sect. 6(vi).

(i) Electro-magnetic (moving iron) pickups

All ““ moving iron > pickups have a steady field supplied by a permanent magnet,
a coil wound over the magnetic circuit, and an iron armature in the magnet gap.
The old type of heavy pickup of this type used with shellac records weighed about
3} ounces (say 100 grams) and had low lateral compliance, It will not be further
described.

The more recent light-weight models are capable of good fidelity, and some models
are among the best pickups available. The increased fidelity and higher compliance
are obtained at the cost of lower output level—very much lower in some cases.

Electro-magnetic pickups may arbitrarily be divided into three groups, based on the
output voltage developed across the pickup with recorded velocity 3.16 cm/sec
(4 10 db).

(a) High level-—output voltage above 100 millivolts.
(b) Medium level—output voltage from 20 to 100 millivolts.
() Low level—output voltage below 20 millivolts.

Some typical representatives in each group are described below. In most cases
the descriptions are based on published information supplied by the manufacturer.
The inclusion of certain models should not be taken as indicating their superiority
over types not included.

(a) High level pickups
Decca ffrr pickup type D (English) — standard groove

This pickup is of the needle armature type, having a hollow armature firted with
a sapphire, tungsten carbide or diamond stylus. The armature suspension and damp-
ing are of rubber ; the stylus, armature and rubber suspension are replaceable as
one unit. The low frequency resonance is 25 c/s, while the armature resonance is
about 17 000 c/s. The impedance of the pickup is 4200 ohms at 1000 c/s and the
output 0.2 volt at the same frequency ; lower impedances are also available. The
frequency response corresponds to the velocity characteristic of the ffrr record within
+ 1 db. The whole armature including stylus and damping blocks is replaceable
by the user. The stylus tip is available in both round and oval shapes.

Lateral compliance 1.1 x 10-% cm/dyne
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Impedance at arm resonance frequency (approx.) 17000 dynes/sec./cm.
Distortion in pickup less than 29,

Stylus force 22 to 24 grams (0.78 to
0.85 ounce).
Load resistance 100 000 ohms

(b) Medium and low level pickups
Connoisseur Super Lightweight pickup (English)—standard and microgroove

This is a high-fidelity pickup with interchangeable heads, Heads are available
with 1 mil, 2.5 mil and 3 mil radii sapphire tips. The frequency response is level
+ 2 db from 25 t0 15000 ¢/s. The 25 ohm model gives 10 millivolts output, or
300 millivolts from a 1 ;50 transformer. The 400 ohm model gives 40 millivolts,
or 200 millivolts from a 1:6 transformer. The armature mass is 20 milligrams,
and the dynamic mass* is 0.8 milligram. The stylusforce is 8-10 grams (standard)
or 4-6 grams (microgroove). The pressure is automatically corrected by weights
in the plug-in head.

Goldring Headmaster (English)—standard and microgroove

This is a high-fidelity pickup with interchangcable heads. Heads are available
with 1 mil, 2 mil, 2.5 mil and 3.5 mil radii sapphire tips. The frequency response
with 2.5 mil needle is level to 7000 ¢/s, — 1 db at 10 000 c/s, +- 1 db at 16 000 ¢/s,
0 db at 17 000 ¢/s and — 5 db at 20 000 c/s ; at the other end it rises smoothly from
100 to 30 ¢/s where itis + 3 db. The output is 40 millivolts (from the pickup itself)
and stylus force 20 grams (0.7 ounce). It has high lateral stylus compliance, low
inertia, and high vertical compliance. This is a good-all-round pickup for home
gramophones. '

Pickering cartridges (American) standard and microgroove

Model S-120M (sapphire stylus), or D-120M (diamond), is for standard record-
ings, and has a 2.7 mil radius tip. A stylus force of 15 grams is sufficient for tracking.

Model S-140S (sapphire), or D-140S (diamond), is for microgroove recordings,
and has a 1.0 mil radius tip. A stylus force of 6 grams is recommended.

Both models give an output of 70 millivolts with a recorded velocity of 10 cm/sec.
The frequency response with a load resistance of 27 000 ohms is level from 30 to
9000 c/s, + 2db at 20 ¢/s, + 2.5 db at 12 000 c¢/s and falling above that frequency.
A lower load resistance attenuates the higher frequencies, while a higher load re-
sistance reduces the damping on the pickup, decreases the signal-to-noise ratio, and
is generally undesirable.

Constants of moving system

Lateral moment of inertia 11 mg cm?
Lateral compliance of stylus 1.0 x 10~% cm/dyne
Vertical compliance of stylus 0.2 X 10~° cm/dyne

Pickering Turn-over pickup (American)—all records

This model 260 pickup may be turned over for either 78 r.p.m. or microgroove
operation. It has an output of 30 millivolts at a recorded velocity of 10 cm/sec.
It is available with diamond stylus only.

* Dynamic mass (also known as equivalent mass or effective mass) is that mass which, if concentrated
at the stylus point, would possess the same inertance as that of the moving system.
Sce also Refs. 248, 283,
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G.E. variable reluctance pickup (American)—standard and fine groove

This is a magnetic pickup having almost ideal characteristics except that the output
voltage is low (10 millivolts at 4.8 cm/sec.). It has no * needle talk ” and has con-
siderable resistance to shock. It has a large degree of vertical compliance, while
vertical movement does not cause any electrical output. The suspension is free from
any deleterious effects such as standing waves or cross-modulation, and the con-
struction is designed to reduce hum pickup. The frequency response is from 30 to
15,000 c/s. 4+ 2 db. The inductance is 520 mH for the home type, and 250 mH for
the broadcast types (RPX-046 and RPX-047) which also have a lower output (8 mV).
The normal stylus force is from # to 11 oz. (1 oz. on home type) with 78 r.p.m., or
6-8 grams on microgroove.

Dynamic mass of stylus 8 milligrams
Suspension compliance (lateral) 0.87 x 10-¢ cm/dyne
Load impedance, normal 6800 ohms.

The cartridge is fitted with interchangeable styli, including 1 mil, both diamond
and sapphire. For a suitable pre-amplifier see Fig. 17.26.

References 93, 106, 187, 234, Catalogues.

R.C.A. Light weight pickup—transcription and fine groove
Model MI-11874 pickup, MI-11875 arm. See Refs. 296, 313 and R.C.A. cata-
logues.

A plug-in pickup head is used, permitting immediate change from 1.0 to 2.5 mils
without necessitating any adjustment of arm balance. Stylus force is 8 grams for
1.0 mil and 12 grams for 2.5 mil. Diamond styli are used. Tone arm resonances
are outside of the operating frequency range The vertical and horizontal pivots
have very low friction. Frequency response (1.0 mil) at output from filter 50 to
12000 ¢/s + 1 db, 40 ¢/s at — 4 db. Voltage output at 1000 c/s on open circuit
= 11 mV with 6.1 cm/sec. test record. Output from filter — 64 dbm. Test record
460625-6. Hum level — 139 dbm with magnetic flux density 1 milligauss. Output
pickup impedance 135 ohms at 1000 c/s. Filter output should be connected to
unloaded input transformer of amplifier designed to operate from 250 ohm source.
Intermodulation distortion is low to the point where it is not possible to determine
accurately whether the distortion is in the record or the pickup.

E.M.1. Unipivot transcription pickup (English)—standard and microgroove

This Model 17 pickup has interchangeable styli for standard and microgroove,
and the arm has an oil damping system. Its impedance is 1 ohm at 1000 c¢/s, and the
output at the secondary of the transformer is 30 millivolts (high ratio), or 4 milli-
volts (600 ohms), or 2.25 millivolts (200 ohms). The frequency response is sensibly
level from 30 to 12 000 c/s with standard stylus (armature resonance above 15 000
c/s). Total harmonic distortion at 400 c/s is less than 59, for a recorded level of
+ 20 db (0 db = 1 cm/sec). The stylus force is 6 grams.

Audak Polyphase (American)—two styli

This has two separate styli, each with its own vibrating armature. One stylus force
(6-8 grams) is used for all records. Either sapphire or diamond styli may be used,
and may readily be replaced. Outpurt is about 20 millivolts, and frequency response
30 to 10 000 c/s, level & 1 db from 80 c/s upwards, with gradual rise to - 2 db at
30 ¢/s. Armature resonance is at 9000 c/s.

(iii) Dynamic (moving-coil) pickups
A dynamic pickup has a coil, with a stylus attached to cause movement of the coil,
mounted in a magnetic field and operating as a generator.

With good design this construction is virtually distortionless at low frequencies,
but the output voltage is very low and a high-ratio transformer is always used in con-
junction with it. One possible difficulty is hum which may arise either through
induction from the turntable motor to the moving coil, or through hum picked up



720 (ili) DYNAMIC PICKUPS 17.3

by the transformer ; special mu-metal shielded transformers may be necessary to
obviate the latter trouble.
Fairchild dynamic pickup (American)-—transcription

The low frequency resonance is at 18 c/s and the armature resonance is over 12 000
c/s with only 2 db rise at the latter frequency. Tracking may be obtained on a flat
and true record with a needle pressure of only 5 grams (say 0.2 ounce) but the normal
needle pressure has been increased to 25 grams (say 0.9 ounce) for best performance
under all conditions. The moving coil is supported by two plastic vanes, and a
diamond point is used. Ref. 57.

Leak dynamic pickup (English)—home type

A diamond stylus is standard in the latest moving coil pickup developed by
H. J. Leak. The height of the pickup is adjustable. The turntable should be non-
magnetic. Spring loading is used without any counterweight. = Gimbal mounting
is used, with hardened steel pivots. This pickup cannot be used with automatic
record changers., The frequency response is level + 1 db 40-20,000 c/s, the high
frequency resonance being above 27,000 ¢/s (21,000 £ 2000 for LP). The low fre-
quency resonance is 20 + 5 c¢/s. The output is 11 mV per cm/sec. recorded r.m.s.
velocity. The playing weights are 5-6 gm. on 78 r.p.m. and 2-3 gm. on long-playing
records.

(iv) Piezo-electric (crystal) pickups

A piezo-electric crystal is one which, when strained, produces electric charges on
certain of its faces, the magnitude of these charges being directly proportional to the
strain. In practice, two slabs of a suitable piezo-eleciric material are usually cemented
together with one electrode between the slabs and another in contact with both outer
faces. The slabs are cut in such a manner that a torque (in the case of a ° twister ”
crystal) or a flexure (in the case of a * bender ” crystal) will produce a potential
difference across the electrodes. This assembly is known as a * bimorph,” the tor-
sional variety being used in most crystal pickups. The output from a crystal pickup
is directly proportional to the amplitude of the stylus displacement.

The most commonly used crystal is sodium potassium tartrate (Rochelle salt).
This is seriously affected by both high temperatures (over 125°F) and high humidity ;
some units are protected from humidity by a water-tight casing.

Other materials include ammonium dihydrogen phosphate (Ref. 158) which is not
affected by high temperature or humidity, and ceramic piezo materials (barium
titanate etc.). The latter is described on page 721.

The equivalent circuit of a crystal pickup is a capacitance in series with a generator
of zero impedance. At 1000 c/s the impedance of many typical pickups is about
0.5 megohm, indicating a capacitance of about 0.0003 wF. One manufacturer (W.E.)
produces pickups with impedances from 0.08 to 0.2 megohm, indicating capacitances
from 0.002 to 0.0007 pF respectively. . )

Some crystal pickups are fitted with bent styli to provide vertical compliance for
the “ pinch effect ” and to reduce ‘“ needle talk,” while others make provision for
vertical compliance inside the pickup. .

Crystal pickups may be divided into general-purpose types and light-weight high-
fidelity types, although there are some with intermediate characteristics. General-
purpose crystal pickups have fairly high output, about 1 volt at 1000 c/s, with both
arm and armature resonances within the working frequency range. A simple equal-
izer circuit is Fig. 17.29, zithough these pickups are frequently used without any
equalizer. - The stylus force of modern types is usually less than 2.5 ounces (70
grams)., Some crystal pickups are available—both standard and fine groove—with
a highly compliant drive and capable of tracking with a stylus force of about 8 grams
(e.g. Shure  vertical drive ).

The output from a crystal pickup, which may be 1 volt at 1000 ¢/s, may rise to
more than 3 volts r.m.s. at frequencies around 100 to 250 ¢/s—if no equalizing is used,
there is danger of overloading the first valve in the amplifier. A resistance attenuator
may be used to reduce the voltage to any desired value. .



17.3 (iv) PIEZO-ELECTRIC PICKUPS 721

One manufacturer (Electro-Voice) produces a torque-drive pickup in which vertical
movement of the needle produces no output voltage, thereby reducing noise and rumble
(Refs. 142, 158).

High fidelity crystal pickups have outputs between 0.5 and 1 volt at 1000 ¢/s and
stylus forces between 0.5 and 1.5 ounces (14-42 grams). The frequency response,
when equalized, is approximately flat from a low limit of 25, 30, 40 or 50 c/s to a top
limit of 8000, 10000 or 12000 ¢/s. Suitable equalizer circuits are given in Figs.
17.31, 17,32, 17,33, The lateral needle tip impedance of a typical model (Acos
GP12) is 1300 grams per centimetre (compliance = 0.8 X 10-® cm. per dyne).

References to crystal pickups : 81, 106, 120, 142, 158, 301.

The ceramic pickup described in Ref. 178 uses barium titanate in the form of a
ceramic. It is free from any appreciable effects from temperature from — 70° to
+ 70°C, and is also independent of humidity effects. The output obtained from the
pickup is 0.75 volt at 1000 c¢/s and the stylus force is 22. grams (0.8 ounce). The
dynamic mass at the stylus point is 4 milligrams at 10000 ¢/s. The lateral com-
pliance at the stylus point is 0.5 x 10~¢ c¢m. per dyne or better. The equivalent
capacitance of the pickup is about 900 puF and the optimum load impedance is one
megohm. The unequalized output voltage curve is free from sharp peaks and extends
from 50 to 10 000 c/s, maximum output occurring at 200 to 400 c/s and falling by
6 db at 50 ¢/s and 15 db at 10 000 c/s.

A ceramic pickup has been developed for fine groove reproduction with a needle
pressure of 6 grams, an output voltage of 0.25 volt at 1000 c/s on a standard test
record, and a lateral compliance of 0.75 x 10~% cm/dyne (Ref, 178).

(v) Magnetostriction pickups
Magnetostriction is that property of certain ferro-magnetic metals, such as nickel,
iron, cobalt and manganese alloys which causes them to shrink or expand when placed
in a magnetic field. Conversely, if subjected to compression or tension, the magnetic
reluctance changes, thus making it possible for a magnetostrictive wire or rod to vary
a magnetic field in which it may be placed. This is true for lateral as well as for
longitudinal strains, and on this principle the magnetostriction pickup works.

In the pickup a permanent stylus is fastened at right angles to the centre of a piece
of nickel wire. Two pickup coils are placed over the magnetostriction wire on each
side of the stylus, and the wire is given a slight twist and placed between the poles of
a permanent magnet. This effectively gives a push-pull output.

The TM pickup described (Ref. 82) has an output of 0.086 volt from the secondary
of the step-up transformer loaded by 0.1 megohm. The stylus force is 0.7 ounce
(20 grams). The frequency response (Ref, 76)-is level within + 2 db from 200 to
8000 ¢/s and — 8 db at 15000 c/s; it rises to Fic.17.6 30pF ] _30721__1_

-+ 5 db at 100 ¢/s and + 6 db at 50 ¢/s. The Jrogoea] <+ ragcen
design is such that magnetic fields cause very little ° ] +300v
hum pickup.

References 76, 82. il
(vi) Strain-sensitive pickups

This pickup is based on the principle that the | a3 >
resistance of a conductor changes when the con- R
ductor is strained. Direct current is passed %“mon.ooas,‘r_ N
through the conductor while in operation. Some ' T
low impedance designs are described in Ref. 234 ; ahss l (So000ng
these all require a step-up transformer. Ma l"“;

A recent high-impedance commercial type is =
the Pfanstiechl which has a resistance of about Fig. 17.6. Pre-amplifier for use
250 000 ohms, giving an output of about 10 to with strain-sensitive pickup (Ref.
15 millivolts and a noise level of about 5 micro- 336)
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volts.  Since the pickup is a constant-amplitude device, special methods are required
for frequency compensation. The pre-amplifier of Fig. 17.6 gives the required fre-
quency compensation with continuously-variable controls (see Ref. 336 for settings
for some American records) and an output of about 2 volts with types 6AU6 and 12AU7.
The final stage is a cathode follower. Refs. 96, 303, 336.

A later model of the pickup has a resistance of 125,000 ohms, an output of 5
to 10 millivolts, and a compliance of 1.2 x 10~ cm/dyne.

(vii) Ribbon pickups

Ribbon pickups operate on the same general principle as the ribbon microphone,
and the output is necessarily very low. For this reason a high ratio step-up trans-
former, magnetically shielded, and a high gain pre-amplifier are required. One
design is described below.

Brierley ribbon pickup (English)-—home type (Type 4)

This pickup has two gold ribbons backed by a material selected for its self-
damping properties. ‘There is, in consequence, no measurable high frequency reson~
ance and this is largely responsible for an extremely low level of buzz. For vibrations
in the direction of the groove the damping is independently controlled and very high,
but for lateral movements the restoring force is extremely low—lower than that:of
any other pickup known to the author. The vertical compliance is high, although
only half that of the Pickering transcription pickup. The pickup is supplied with
a transformer in a mu-metal case, the secondary being loaded by a 0.1 or 0.25 megohm
resistance. This pickup may be used on any type of record, including microgroove,

without changing tracking force. However the force on microgroove can be
halved.

Normal tracking pressure 1/8 ounce (3.5 grams)
Lateral compliance 13 X 10-% cm/dyne
Vertical compliance 0.09 X 10~% cm/dyne
Arm resonance 5 c¢/s

Armature resonance not less than 32000 c¢/s.

Frequency response flat from 30 to 20 000 c/s, rising to 4 2 db at 20 ¢/s.
Voltage output (across secondary) 10 millivolts

Dynamic mass about 2 milligrams,

Stylus tips are either diamond or tungsten carbide, the life of the latter being claimed
to be much longer than that of sapphire under similar conditions (Refs. 157, 277).
Stylus tip radii are 1 mil and 2.5 mils.

It seems likely that the signal to hum ratio of the pickup itself is approximately
the same as that of a multi-turn moving coil pickup—however see Ref. 312. The hum
introduced in the pickup leads and the hum introduced by the transformer are more
significant with the ribbon pickup, but may be reduced to very low values by good
design.

(viii) Capacitance pickups

A capacitance pickup, in which the movement of the stylus causes a change of
capacitance, provides such a small output voltage that it normally requires a very
high gain pre-amplifier. However, when it is used to change the frequency of an
oscillator, and the output from the oscillator is applied to some form of F-M detector,
the output voltage is ample to operate the usual 2-stage amplifier in a radio receiver.
In the case of a F-M receiver, the output from the oscillator muy be coupled directly
to the aerial terminal or to some convenient point in the circuit. Care must be taken
to avoid radiation on any band used for radio communication.

A simplified arrangement is shown in Fig. 17.7 in which V, is used as an oscillator
tuned to resonance by L, C;. The inductor L, in the grid circuit is made self-resonant
at a frequency near that of the plate circuit. Conventional grid-resistor biasing is
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FIG. 17.7
v, Co
s S\ Fig. 17.71. Using a capacitance
G L Dickup to provide audio frequency
i’ AN ourput from an oscillator (Ref. 119),
" i "JI' " RF.C.

B+ 8- m\I—o
A-F
Ci Output

provided by R,C,. The capacitance pickup is connected between grid and plate,

and any variation in capacitance will affect the amount of feedback and therefore also

the amplitude of oscillation and the voltage drop across R,. The latter, filtered by

REC and Cj, provides the a-f output which is of the order of 1 volt (Ref. 119).
References to capacitance pickups : 14, 45, 50, 119.

(ix) Eddy-current pickups

In this type of pickup the stylus moves a high-resistance vane in proximity to the
inductor of a resonant circuit in an oscillator. The motion of the vane changes the
resistance reflected into the tuned circuit and thereby produces amplitude modulation
of the oscillator by varying the losses. The amplitude modulation is detected to
provide the a-f output voltage. In the Zenith * Cobra » the total harmonic distortion
does not exceed 2% and the frequency range extends from 50 to nearly 4000 c/s,
with a sharp cut-off at 4000. The level from 1500 to 3500 c/s is 8 db below that at
500 c/s (Ref. 65).

SECTION 4 : TRACKING

(5) General survey of the problem (if) How to design for minimum distortion (313
The influence of stylus friction.

(i) General survey of the problem

With any pivoted pickup arm it is obvious that the angle between the axis of the
pickup and the tangent to the unmodulated groove must change as the pickup moves
across the record. This results in (1) harmonic and inharmonic spurious frequencies
caused by frequency modulation ; (2) side thrust on the record grooves ; (3) increased
record wear (in extreme cases only).

It is therefore advisable to take steps to reduce these effects to satisfactorily small
values. The condition for minimum angular tracking error does not provide mini-
mum distortion, because the tracking angle is most critical at the innermost groove,
As a matter of interest, it is possible to design a pickup with an angular tracking error
not exceeding 24° with a length of about 7} inches, but this is not the optimum design.

References to methods for minimizing angular tracking error : 54 (correction in
Ref. 55), 56, 85.

The following summary is based on the detailed analysis by Baerwald (Ref. 228).
The subject has also been dealt with in more popular form by Bauer (Ref. 52). The
frequency modulation effect is a frequency modulation of the signal by itself, which
produces “ side band ” frequencies. When the signal is a pure sine-wave of frequency
7> the dominant *“ side band ” frequency is 2f, which is the same as the second har-
monic. The distortion may therefore be treated as second harmonic distortion, the
value being given by :

Percentage 2nd harmonic = (wd«/V) x 100 ¢))
= (vea/V) x 100 2
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where o = 2af
A = maximum groove amplitude in inches
a == tracking error expressed in radians (=-angle in degrees d1v1ded by 57.3)
V = longitudinal groove velocity in inches per second.

and o9, = maximum transverse velocity in inches per second = w4.

Equations (1) and (2) indicate that

(1) Distortion is directly proportional to the maximum transverse velocity.

(2) Distortion is directly proportional to the maximum groove amplitude at any
one frequency.

" (3) Distortion is directly proportional to the tracking angle.

(4) Distortion is inversely proportional to the revolutions per minute. For equal
distortion, more careful tracking angle correction is required with 33-1/3 r.p.m. than
with 78 r.p.m., other conditions being the same

(5) Distortion is constant over the ‘‘ constant velocity ” portion of a recording
characteristic, other conditions being unaltered

(6) The angular tracking error may be increased in the same proportion that the
radius is increased, for the same distortion (roughly 3 : 1 ratio over a 12 inch record).
Example of distortion

Consider the distortion with a 12 inch 78 r.p.m. record having 2° angular tracking
at the innermost groove, recorded with a sine wave having a peak amplitude of 0.002
inch at a frequency of 250 ¢/s (this being the cross-over frequency), the r.m.s. velocity
being 6.31 cm/sec.

Here « = 2/57.3 radians; A = 0.002; @ = 2r X 250; r = 1.875 inches;
V = 27rr(78/60) 15.3 inches/second.

From equation (1)

27 x 250 x 0.002 X 2 x 100
ic == — o,
Percentage 2nd harmonic 573 % 153 0.729, .

If the cross-over frequency had been 500 c/s, with the same recorded velocity
(i.e. half the amplitude), the distortion would have been the same. Some frequency
test records are recorded with a velocity less than 6.31 cm/sec, so that the distortion
due to tracking error would be less than the value stated above. The harmonic
distortion as determined for sinusoidal signals gives a fair estimate of the relative
tracking distortion produced by complex signals over the “ constant velocity
portion of the characteristic.

v
g 10— o 10
ES g Characteristic for
r o
E Constant Velocity % Constant Amplitude
Characteristic > of Needlt Point
g s [
g £
G S 3s
2| 2 [
5 §
& &
o 2 P o

1066 " 5000 18o00  ° 1060 5000 10,000
Frequency (c/s) F16. 17. 9 Frequency (c/s) FIG. 17. 10
Fig. 17.9. Constant velocity recording characteristics showing relative variation of
groove amplitude with frequency.
Fig. 17.10. Freguency characteristic of ideal constant wvelocity pickup, for constant
amplitude of needle point.

The constant velocity recording characteristic provides a groove amplitude which is
inversely proportional to frequency (Fig. 17.9). The ideal constant velocity pickup
(a high-fidelity electro-magnetic type is a close approximation) provides an output
voltage which is proportional to the frequency, for constant amplitude at the stylus
point. It follows that with tracking distortion (or any other form of distortion caused
by the groove, needle, or pickup) the harmonics are accentuated in proportion to
their frequencies. This effect has been taken into account in the derivation of equa-
tions (1) and (2).
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It has been proposed (Ref, 228) that a suitable upper limit for tracking distortion
is 2% with 0.001 inch peak amplitude as for transcriptions or 49, with 0.002 inch
peak amplitude as for shellac discs ; it seems that 19 is a preferable limiting value
for good fidelity. On this latter basis the maximum tracking error for 12 inch discs
will be 2.8° for 250 ¢/s cross-over frequency, or 1.4° for 500 c/s crossover frequency,
both measured at the innermost groove, or three times these values at the outermost
groove.

No additional record wear occurs due to tracking error with permanent needles
having spherical tips. Additional record wear may occur with steel needles or with
worn sapphire tips if the tracking error is serious.

(ii) How to design for minimum distortion

A straight-arm pickup (not offset) is shown in Fig, 17.11 where D represents the
distance from the centre of the record to the pivot of the pickup arm, L represents
the length of the arm measured from the pivot to the needle point while », and r,
represent the radii of the outermost and innermost grooves. In this example the
pickup is mounted so that the needle point will pass over the centre of the record,
but this is not the position giving the best results. It is obvious that the axis of the
pickup is not a tangent to the groove.

Minimum distortion is always obtained from a straight-arm pickup when it is
‘ underhung,” that is when the needle point comes short of the centre of the record
by a small distance d, the optimum value of which is given below.
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= B Needle - -B Needle

Point ] Point

\ n Outer n Outer
Inner Groove Inner Groove
Groove Groove
FIG. 17,11 FIG. 17,12
Fig. 1711, Straight-arm pickup Fig. 1712, Offset-arm pickup
on record. on record.

Straight-arm—not offset (Fig. 17.11)

: _ '’
Optimum underhang = d,,; = Lo + 18 €))
For 10 inch discs d, 3.04/L.

For 12 inch discs d,,, = 3.18/L.
These are based on the values : ‘

For 10 inch discs r, = 4.75 r, 1.875 inches.
For 12 inch discs r, = 5.75 r, = 1.875 inches.
With L = 8 inches, d,,, = 0.380 inch for 10 inch discs
= 0.397 inch for 12 inch discs.

bl
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These values for d,,, are critical, and should be measured accurately. It is safer
to keep below than to go above the optimum overhang.

The angular tracking error « at any position on the record is the angle between
the axis of the pickup and the tangent to the groove at the needle point. (Figs. 17.11
and 17.12).

With a straight arm, using any value of underhang (Fig. 17.11),

~ 57 ( r d )
LR 3 3L + ; C)]
with an error less than 1°.

The optimum value of underhang is given by eqn. (3) ; using this value and also
the values of », and 7, as for 12 inch discs, with + = r, (innermost groove) and L = 8
inches, the corresponding value of tracking error is approximately 18.6°. The dis-
tortion is therefore approximately 6.79%, at this point, on the constant velocity charac-
teristic.

Fig. 17.12 shows a pickup with an offset arm for the purpose of reducing dis-
tortion due to tracking error. This differs from the straight arm in that there is an
offset angle B between the axis of the pickup and the straight line joining the pivot
to the needle point. Note that this angle £ is not equal to the angle of the bend in
the arm. In this case minimum distortion is always obtained when the pickup is
“ overhung,” that is when the needle point passes beyond the centre of the record
by a distance — d, the optimum value of which is given below, on the assumption
that the optimum value of offset angle is used.

When a pickup is mounted to provide minimum tracking distortion when used
with ordinary needles, the use of bent-shank or trailing type needles will seriously
affect the tracking distortion. In cases where either type of needle may be used, a
compromise may be necessary. When bent-shank needles only will be used, the
increased length of arm should be allowed for.

Offset arm (optimum offset angle) (Fig. 17.12)

r12r22

Optimum overhang dypi LOGF ' F rmad 5
For 10 inch discs —d,,, = 3.99/L.
For 12 inch discs —d,,; = 4.60/L,

When L = 8 inches:
For 10 inch discs —d,,, = 0.499 inch.
For 12 inch discs —d,,; = 0.575 inch.

The optimum offset angle (8 in Fig. 17.12) is given by

. rirs(ry + 13)
sin Bo,. (6)

L{}(r, + r* + rrsd
For 10 inch discs sin 8,,, = 2.96/L.
For 12 inch discs sin §,,, = 3.26/L.
When L = 8 inches :

For 10 inch discs B,,: = 21°41".
For 12 inch discs 8,,: = 24°3.

The harmonic distortion with optimum overhang and offset angle is given for 12
inch discs approximately by
5.5

Percentage 2nd harmonic distortion &y —(———sr—r
A/ Lt — 11,6
If L = 8inches, 2nd harmonic distortion &2 0.76%.

iii) The influence of stylus friction

The stylus friction gives rise to an undesirable excess pressure on the inner groove
wall when the optimum offset angle is used. A moderate amount of side-thrust is
not detrimental, because it helps to overcome pivot bearing friction, but unduly large
values of side-thrust tend to pull the pickup and needle out of the groove towards the
centre of the record ; this effect is most pronounced towards the inner groove of the
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record. In automatic record changers it is sometimes necessary to use an offset

angle smaller than the optimum value, accompanied by a reduction in *‘ overhang,”

and to put up with the increased distortion. With light-weight pickups, manually

operated, the side-thrust is harmless when the design is based on minimum distortion.
References to tracking : 52, 53, 54, 55, 56, 85, 228, 249,

SECTION 5: RECORDING CHARACTERISTICS, EQUALIZERS
AND AMPLIFIERS

(i) Recording characteristics (1) Pre-amplifiers for use with pickups (i) Intro-
duction to equalizers (iv) High-frequency attenuation (scratch filter) (v) Equalizers
for electro-magnetic pickups (vi) Equalizers for crystal pickups (vit) Equaligers
applyving negative feedback to the pickup (viii) Miscellaneous derails regarding equal-
izing amplifiers (ix) Complete amplifiers (x) Pickups for connection to radio re-
cervers (x1) Frequency test records.

(i) Recording characteristics

If a constant input voltage is applied to a recording amplifier, the curve relating
frequency and the r.m.s. velocities recorded is known as the recording characteristic
Some ideal theoretical recording characteristics are shown in Fig. 17.13.

FIG. 17.13
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Fig. 17.13. Ideal recording characteristics.

The recording characteristic is usually regarded as having three sections—

1. A constant amplitude characteristic from the lowest recorded frequencies to
the cross-over frequency. This has a slope of 6 db per octave.

2. A flat characteristic (constant velocity) from the cross-over frequency to the
frequency at which high-frequency pre-emphasis commences.,

3. A high-frequency pre-emphasis section.

When examining recording characteristics it is helpful to be able to convert readily
from db per octave to db for a frequency ratio of 10* :

6 db/octave = 20 db/10 times frequency ratio.
3 db/octave = 10 db/10 times frequency ratio.

The recorded velocity is proportional to the output voltage from an “ ideal *’ electro-
magnetic pickup. When using such a pickup it is necessary to boost the output
voltage at frequencies below the cross-over frequency, and to attenuate at frequencies
covered by the pre-emphasis. This frequency selective amplification is called equal-
izing.

*A table of frequency ratios, octaves and decades is given in Chapter 7 Sect. 3(v), page 368,
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Creoss-over frequency

The most popular cross-over frequencies are 250, 300, 350 and 500 c/s, and these
are compared in Fig. 17.13 on the basis of equal peak amplitude in the constant
amplitude sections. For convenience the 250 c/s cross-over point has been taken as
0 db The constant velocity section :of thé characteristic with 300 c/s cross-over
frequency is at a level of -+ 1.5 db, while that of the characteristic with 500 c/s cross-
over frequency is at a level of + 6 db relative to the characteristic with a 250 c/s
cross-over frequency.

Thus it is possible to increase the level of recording of the constant velocity section
of the characteristic without increasing the maximum amplitude, provided that the
cross-over frequency is increased, This appears very attractive at first sight since it
increases the signal-to-noise ratio, but for an increase of 6 db above the cross-over
frequency it involves

(a) Twice the recorded velocity,

(b) Twice the tracking distortion,

(c) At least twice the harmonic distortion from a given pickup,

(d) An additional 6 db of ¢ equalizing ”’ amplification of low frequencies, tending
to cause trouble with hum and rumble.

There is no * optimum > cross-over frequency because the choice is necessarily
a compromise. Where distortion is the principal criterion, a low cross-over fre-
quency from 250 to 350 c/s will be adopted for standard groove 78 r.p.m. Where
needle scratch is troublesome with 78 r.p.m. a high cross-over frequency of say 500
c/s may be adopted. With fine groove recordings a cross-over frequency of 400 or
500 ¢/s is about the optimum choice.

In practice the sharp knee between sections 1 and 2 is rounded off ; the cross-over
frequency is then defined as the frequency of intersection of the two asymptotes,
provided that the recording characteristic at this frequency is not more than 3 db below
the point of intersection of the asymptotes.

If the recording characteristic includes high-frequency pre-empbhasis, it is necessary
to re-draw the curve for the condition without high-frequency pre-emphasis before
determining the cross-over frequency as described above.

High-frequency pre-emphasis

The third section of the recording characteristic is the high-frequency pre-emphasis
ourve. 'This may, in the ideal case, be taken as a straight line with a slope of, say,
3 or 6 db/octave as in Fig. 17.13. Of course in practice the sharp junction is rounded
off and the recording characteristic gradually approaches the ‘‘ ideal * straight line.
Alternatively the pre-emphasis may be specified in the form of a time constant such
as, say, 100 microsecond pre-emphasis. The latter method is covered in Chapter 15
Sect. 1(vi) ; it is restricted to an asymptotic slope of 6 db/octave, but the time constant
determines the frequency at which it becomes effective as tabulated below :

Time constant 40 50 75 100 150 psecs.
Rise of 3 db at 4000 3220 2150 1610 1075 ¢/s.

All modern American and some English records use some degree of high-frequency
pre-emphasis*, although they differ in degree. Assuming that in each case the am-~
plifier is equalized* to provide a level-play-back characteristic, the greater the pre-~
emphasis the greater the possible dynamic range and the lower the scratch level.

However there are two factors which place a limit on the amount of pre-emphasis
which may be used. The first of these factors is the radius of curvature of the groove
which at high frequencies and high amplitudes, especially towards the inner portion
of the record, cannot be tracked accurately. The radius of curvature is inversely
proportional to the maximum amplitude of recording. If the maximum amplitude
is reduced, the high frequency pre-emphasis may be increased and in the extreme
case constant amplitude recording may be used throughout (Ref. 240).

" *Any equalizing which is necessary to correct deficiencies of any of the components of the recording
system is corrective equalization, not pre-equalization. The distortion of the frequency characteristic
fiox? ;l;_;) (from air to record track) to some other characteristic is pre-equalization or pre-emphasis
(Ref. 3

There is reason to believe that some record manufacturers who nominally adopt 16 db pre-emphasis
at 10 000 c/s use part of this for corrective equalization for deficiencies of their equipment at high
izeﬁuem):ics, and only the balance for true pre-emphasis (Refs. 247, 256 ; 193 discussion by E., W.

ellogg). -
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The second factor is the peak frequency spectrum characteristic of the music being
recorded. The effect of the decreased amplitudes at high frequencies in speech and
music has been investigated (notably Ref. 42) but there is insufficient information
available concerning the instanfaneous distribution of energy within the recorded
spectrum. Curves based on the work of Sivian, Dunn and White indicate that ** no
large increase in distortion occurs in reproducing the 16 db pre-emphasized continuous
spectrum . . . yet the addition of a few prominent tones to this spectrum in the
region above 2000 cycles will result in intolerable distortion ” (Ref. 42).

Pre-emphasis on shellac discs

If the tracking* difficulty could be overcome, it is possible that the N.A.B. pre-
emphasis characteristic would not be excessive (Ref. 193) but unfortunately it is the
tracking™® problem which is the stumbling block. In one test, three records were cut
simultaneously with different values of pre-emphasis and played back on a system with
the maximum de-emphasis. The record with the 6 db pre-emphasis * reproduced
more highs and cleaner highs than the one with the 15, indicating that the overload on
the latter was so bad that it was not being tracked* ” (Ref. 193, discussion by J. P.
Maxfield).

The use of the full N.A.B. pre-emphasis (16 db at 10 000 c/s) on standard shellac
discs has come in for much criticism. It is claimed that the cymbals and certain
brass instruments will overload the system at high frequencies, although this could be
taken care of by the use of a limiting amplifier which reduces the gain for the short
period required (Ref. 197). Another writer states that trouble had been experienced
through overmodulation by second and third harmonics of the soprano voice when a
rising characteristic between 1000 and 5000 c¢/s had been introduced (Ref. 174).
Another writer refers to the “ muddiness > and “ smearing * in the high level, full-
orchestra passages of many records (Ref, 117). Still another writer states that the
present N.A.B. pre-emphasis curve effectively guarantees excessive distortion and
he refers to the insufficient attention which is paid to the difference between transient
response tests and the steady state (Ref. 257). Another refers to the fact that the
N.A.B. characteristic unduly weights the importance of the signal to noise ratio and
produces the undesirable condition of signals having high velocity with high amplitude
(Ref. 189). Another again states *‘ since the pickup stylus can track* the recorded
high frequencies more clearly without excessive pre-emphasis, the high frequency
reproduction from such records is notable for its clarity ” (Ref, 241). Other criticisms
have also been published (Refs. 155, 174).

It is interesting to note that one leading American manufacturer, R. C. A. Victor,
limits the high-frequency pre-emphasis on home records to a maximum value of
12.5 db at 10 000 ¢/s in place of 16 db as with the N.A.B. characteristic, while the
AES Standard Playback Curve provides for 12 db pre-emphasis at 10 000 c/s.

Pre-emphasis with fine groove recordings

Owing to the lower recording level, smaller radius stylus tip and more elastic
material with fine groove records, a higher value of high frequency pre-emphasis
may be used than with 78 r.p.m. shellac discs, for the same distortion in both cases.

Measurement of recorded velocities

The recorded velocities may be measured either by the light-pattern method (see
(v) below) or by the use of a special high-fidelity pickup. These two methods do
not give the same result, owing partly to the mechanical characteristics of the record
material and partly to the finite needle size which causes tracing distortion (see Sect. 6).
It is current practice to use the special pickup at low frequencies and the light-pattern
method at high frequencies ; the latter may be checked by the pickup after allowing
for the loss caused by tracing distortion. It has been stated that the mechanical
impedance limits at the reproducing point should be included in any standardization
of frequency characteristic (Ref. 131).

*Tt is unfortunate that the word “ tracking > should be used both here (meaning that the stylus tip
is capable of following the modulations in the groove) and also in “ tracking distortion ” which is due
to the angle between the axis of the pickup and the tangent to the unmodulated groove (see Sect. 4).
No alternative nomenclature seems to be in cufrent use.
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Practical recording characteristics

There does not appear to be any generally accepted definition of published recording
characteristics. In most cases, however, it is fairly safe to assume that the user is
expected to provide an equalizer amplifier. characteristic which is the inverse of the
recording characteristic. - Of course, some discretion is required inusing full equaliza-
tion for extreme high and low frequencies—this may be provided in the form of tone
controls.

The recording characteristics used by English, Australian and the majority of Euro-
pean manufacturers are shown in Fig. 17.14. Curve 1 is that used by the E.M.IL.
group of companies for all normal 78 r.p.m. recordings. Curve 2 is that used by the
Special Recordings Department of E.M.I. Studios Ltd. and is notable in that it
extends to 20 000 ¢/s. Curve 3 is that used by Decca ffrr (1949). Curve 4 that used
by the B.B.C. for transcriptions (Ref. 294).

The Decca (London) LP characteristic is not shown on the curves, but is — 17,5
db at 30 ¢/s, — 14 db at 50 ¢/s, — 9 db at 100 ¢/s, — 3 db at 300 c¢/s, 0 at 1000 c/s,
+ 14'db at 10 000 ¢/s and -+ 16 db at 15 000 c¢/s (Jan. 1951).

The recording characteristics used by most American record manufacturers are
shown in Fig. 17.15. Curve 1 is that used in the Columbia long playing micro-groove

+10 T
s 141
@ T el
___________ - """‘u«’
0 = I i L,..._A._@
gb \,
s A
pEe 0)
—10 » S Curve E.M I, 78 rpm.
@ ,1'@ €.M.1. Studios Special Recordings
-5 tdl @ Decca ffrr
’
, @ B.B.C. Tronscripkion
;
1 ‘ ‘ { ' l ‘ ! ; ‘ { { (
z > s 7 ] s 7
100 1,000 10,000
Frequency (c/s) FIG. 17. 14

Fig. 17.14. Recording characteristics used by all English, Australian and the majority
of European record manufacturers for 18 r.p.m., rogether with B.B.C. transcriptions.
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Fig. 17.15. Recording characteristics used by most American record manufacturers.
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records. Curve 2 is the N.A.B. (lateral 1049) standard for transcriptions. Curve 3
is that used by R.C.A Victor for 78 r.p.m. shellac discs, 45 r.p.m. and 33-1/3 t.p.m.
fine groove, Curve 4 is that used by Columbia for 78 r.p.m. shellac discs—the cross-
over frequency is 300 c¢/s. Curve 5 is that used for Orthacoustic transcription re-
cording—it follows very closely the N.A.B. curve from 60 to 10 000 c/s but is ex-
tended down to 30 c/s (— 20 db) and up to 15 000 ¢/s.

Standard Playback Curve

For many reasons it has been impossible to achieve a standard recording character-
istic, even in a single country and for a specified cross-over frequency. An entirely
different approach has been made by the Audio Engineering Society of U.S.A. which
has put forward a Standard Playback Curve with the idea of getting this adopted by
all designers of equipment for reproduction from records (Ref. 307). The onus would
then be on the record manufacturers to produce records which sound well when
played with such equipment. The curve (Fig. 17.15A) is based on the frequency
of 1000 c/s as a reference point, and the de-emphasis at 10 000 c/s is 12 db, being
Iess than the N.A.B. de-emphasis at this frequency. However the AES playback
curve is extended to 15000 ¢/s with a de-emphasis of 15.5 db. Both the straight
portions of the curve have slopes of 6 db/octave, and the intersections of the extensions
of these straight portions with the reference axis occur at 400 c/s (the cross-over
frequency) and 2500 c/s.

This playback curve may be duplicated on a flat amplifier with two sections of RC
equalization, as shown in Fig. 17.15B, which is on¢ possible arrangement. Alter-
natively the network of Fig. 17.15C may be used.
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Fig. 17.15A. AES Standard Playback Curve (Ref. 307).
See Supplement for new Standard Playback Curve.
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FIG. 17.15B
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It seems that this Standard Playback Curve is what is really needed by the designers
of equipment for reproduction from records. Even if record manufacturers do
not accept it, the error for any cross-ovet frequency from 325 to 500 ¢/s is not more
than 2 db, and no problems will be encouritered’ifi the reproduction of NAB recording,
all fine groove records and most 78 r.p.m. discs except those with a cross-over fre-
quency of 250 ¢/s and without any high frequency pre-emphasis. The latter may be
covered by a separate network.

The C.C.I.R. (Geneva, June 1951) proposed a compromise characteristic with a 450
usec. curve below 1000 c/s and a 50 usec. curve above 1000 c/s, giving turnover
frequencies of 360 and 2800 c/s, for radio programmes for international exchange.

1 La Ca Ry Rz
(Obms)| (H) | (uF) [(Ohms)|{Ohms})

150 |o0-sa4s5|24:08] 123"} 30

250 | 0-910 | 14.441 204 SO

s00 | 181 | 722 | 408 [ 100
"[\C3 600 | 2:18 | 02 | 491 | 121
FIG. 17.15C

Fig. 17.15C. Low impedance network to provide close approximarsion to standard
playback curve, with total insertion loss 20 db at 1000 c¢/s (Ref. 307).

General comments

It has been shown that the choice of recording characteristic is necessarily a com-
promise between many factors.

By careful attention to all aspects of record manufacture, particularly the material
used for the pressings, it is possible to produce records having extremely fine per-
formance.

The best of the fine groove records have demonstrated by results that the per-
formance obtainable is equal to that from the best shellac discs, and superior as re-
gards noise. The fact that there are many mediocre recordings of all kinds proves
nothing from the technical angle.

Reference to recording characteristics : 62, 63, 88, 131, 155, 156, 174, 197, 214,
240, 247, 307,

(ii) Pre-amplifiers for use with pickups

Pickups may be divided into three groups, those of the high impedance type (e.g.
crystal) normally always used with direct connection to a grid circuit, those of the low
impedance type normally always used with a step-up transformer, and those which
may be either used with or without a transformer.

In all cases, pickups should be loaded by a substantially resistive load of the value
specified by the manufacturer, or determined expcrirnentally—see also Sect, 3. A
change in load resistance usually results in a change of frequency characteristic.

The equalizer may be incorporated into the first stage of the pre-amplifier—see
Sect. 5 : 2(iii), (v), (vi) and (vii)—or it may follow a normal pre-amplifier stage, In
the latter case its design is quite straight forward and follows the general principles
of r.c.c. amplifiers—see Chapter 12 Sect. 2 for triodes and Sect. 3 for pentodes ; also
Chapter 18 Sect. 2 for microphone pre-amplifiers.

Pre-amplifiers for pickups with high output level (e.g. crystal) may usually be
designed without special regard to hum or noise. In other cases the pre-amplifier
should be designed as for a microphone pre-amplifier—see Chapter 18 Sect. 2.

A modified cathode follower for use as a low-noise input stage for a crystal micro-
phone or pickup is described in Chapter 18 Sect. 2(vi)D and Fig. 18.6B.

(iii) Introduction to equalizers
(A) Low-frequency equalizers

The amount of bass boosting required by various *“ ideal » recording characteris-
tics is given below. It is assumed that a constant amplitude characteristic is main-~
tained below the cross-over frequency.
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Cross-over frequency 250 300 350 400 500 800 ¢/s
Bass boost at 70 ¢/s  11.0 12.6 138 15.1 17.1 21.1 db
Bass boost at 50 c¢/s  14.0 15.6 168 18.0 20.0 24.0 db
Bass boost at 30 ¢/s  18.4 20.0 21.2 225 245 28.5 db

Cheap pickups usually have a peak in the bass region which reduces the amount
of bass boosting required, and in some cases no bass boosting whatever is provided
by the amplifier.

Some practical recording characteristics have an approach towards a constant
velocity characteristic below some low frequency (e.g. Fig. 17.15 Curves 1, 2 and 5).
The equalizing circuit should be designed to suit the individual recording characteris-
tic. The following treatment, however, is based on the 6 db/octave constant ampli-
tude characteristic as approached by Fig. 17.14 Curve 1 and Fig. 17.15 Curves 3 and 4.
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Fig. 17.16. Bass equalizer characteristics (A) ““ideal® characteristic with slope of

6 db/octave (B) characteristic with single stage r-c equalizer having total boost of 20 db

and max. slope 4.9 db/octave (C) characteristic with two r.c. stages in cascade, each
having total boost 10 db and max. slope 3 db/octave (circuit as Fig. 17.17).

Conventional resistance-capacitance equalizing circuits
The form of bass boosting which is normally used results in a “ saturation ” shape
of curve as in Fig. 15.4. Maximum slope is obtained at the point of half total boost,
the value being a function of the total boost (Chapter 15 Sect. 2) :
Total boost 20 15 10 6 3 db
Slope at half-boost point 4.9 4.1 3.0 2.0 1.0db /octgve
The desired slope is 6 db/octave, so that there is an appreciable error even with
a total boost of 20 db or more. This is plotted in Fig. 17.16 for a total boost of 20
db with alternative frequency scales for 250 and 500 c/s cross-over frequencies. Witha
cross-over frequency of 250 c/s the error isabout — 1 dbat50¢/s and — 2.§ flb at30 c_/_ S5
which is generally acceptable, even though there is inevitably some additional loss in
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the extreme bass, due to coupling condensers. In the case of a cross-over frequency
of 500 c¢/s, however, the error is — 3 db at 50 ¢/s and — 4 db at 40 c/s, here again
increased by the effect of coupling condensers. . Some designers adopt a total boost
of as much as 40 db to provide a satisfactory characteristic for use with high cross-
over frequencies such as 800 ¢/s. In either case, it is good practice for the amplifier
to include a bass tone control which will permit an adjustment to suit the circumstances.
If no tone control is fitted, it is usually desirable to attenuate the extremely low fre-
quencies ; a value of coupling capacitance may be chosen to give, for example, an
additional 3 db attenuation at 70 c/s and 5 db at 50 ¢/s.
In the circuit of Fig. 15.3 suitable values of components would be :
V, = 6]5 (half 6SN7-GT); R, = 50000 ohms ; R, = 20000 ohms ; R, =
1 megohm ; R, = 2800 ohms ; C = 0.25 pF for very good bass response or
0.05 uF for bass attenuation. Voltage gain at 1000 ¢/s = 1.5 times = -+ 3.5 db.
Total boost = 20 db. C, = 0.2 uF for cross-over 250 ¢/s or 0.1 uF for 500 c/s.
Alternatively the total boost of 20 db could be obtained in two separate stages
each having a total boost of 1.1 db at the cross-over frequency. By this means a
maximum slope of 6 db is obtained at a frequency of 100 or 200 ¢/s with a cross-over
frequency of 250 or 500 ¢/s and more accurate equalizing is possible. The frequency
characteristic obtained is shown with a broken line (C) in Fig. 17.16, and the circuit
diagram is given in Fig. 17.17.

Fig. 17.17. Circuit diagram
of two stage bass equalizing
amplifier with bass boosting
in each stage. Pin 4 of the
6SN7-GT should be used for
the input circuit.  Total boost
is 20 db and max. slope 6
db/octave. C = 025 puF

—O+ 200V

200009 200008

o 12,0000, 10008, for good bass response or 0.1

\ prye ’ uF for some bass attenuation ;

INPUT 88 c e c e TPV C, = 0.1uF for cross-over
souf(( $° 3% Jsour T T 250 ¢/s or 0.05 uF for 500 c/s.

= ) ‘ F,G.{I)Z " Voltage gain at 1000 ¢/s = 22

times = 26.8 dbuvg.

Instead of having two networks separated by a valve, the complete two-section
equalizer may be incorporated into a single network as in Fig. 17.18. The maximum
slope is 7 db/octave which is adjustable down to 3 db/octave by means of control R,
which should be tapered ; maximum slope is obtained with maximum value of R,.
The plate load resistors may be increased if it is desired to increase the gain. This
circuit provides 25 db bass boosting with a very close approach to the true 6 db octave
slope (when R; is correctly adjusted) and has the additional merit of incorporating
a tone control providing a total control of 13 db in the region 20 to 50 c/s depending
on the cross-over frequency. With an input voltage of about 50 millivolts, the output
will be about 1 volt.

Frequency-selective feedback to provide equalizing

A resistance-capacitance network may be used in the feedback loop of an amplifier
to provide bass boosting which gives a close approximation to the correct degree of

Fig. 17.18. Two section

equalizer to provide for

3 walues of cross-over : Zuma 230009,

Sfrequency and adjust-

able slope of characteris-

tic (Ref. 127). V, + o Lon
500,
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027mMa  C27Mn e liV 5 *OSuF

Vy = 6SL7 or 6SC7 or
7F7 or any high-mu
triodes.
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Fig. 17.19A. Circuit diagram of equalizing amplifier using negative feedback to

provide bass equalizing (1) 250 ¢/s (2) 300 ¢/s (3) 500 ¢/s (4) 750 ¢/s (5) 1200 c/s cross-

over frequency. A choice of four high-frequency de-emphasis circuits is provided
(1) flar (2) ffrr (3) R.C.A. (4) N.A.B. (Ref. 239).
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Fig. 11.19B. Frequency characteristics of Fig. 17.19C. High frequency
circuit of Fig. 17.19A with high frequency de-emphasis characteristics of
control in ““ flat> position (Ref. 239). the crcuit of Fig. 17.19A
(Ref. 239).

equalizing. The principle is demonstrated in the circuit of Fig. 15.11 and the fre-
quency characteristics of Fig. 14.12, which are limited to a maximum boost of 12 db.
Increased bass boosting could, of course, be obtained by increasing the feedback.
With the value of capacitance used in Fig. 15.11 (0.005 uF) a satisfactory compromise
is obtained for a cross-over frequency of 250 c/s; half this capacitance would be
suitable for 500 c/s.

This same principle is used in the circuit of Fig. 17.19A to produce the low fre-
quency characteristics of Fig. 17.19B (Ref. 239). The low-frequency control is a
shorting type, while the 10 megohm resistors are click suppressors. ‘This circuit also
provides four values of high frequency de-emphasis (curves Fig. 17.19C).

Another variation of the same general principle is incorporated in Fig. 17.20 (Ref.
144). It is suitable for use with the GE variable reluctance pickup, or any other low
level electro-magnetic pickup which has been equalized to give a constant-velocity
characteristic. The values of components are designed for a cross-over frequency
of 500 ¢/s and a high-frequency hinge frequency of 2000 c/s with a slope of
6 db/octave,
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Fig. 17.20. Circuit diagram of equalizing amplifier for -low-level electromagnetic
Erakup using negative feedback over the second stage to accomplish equalizarion (Ref. 144),

1

A different form of frequency-selective feedback is used in Fig. 17.21 which pro-
vides correct equalizing for English (.M.V.) records from 25 to 8500 c/s within
25 fdb. V, is the first pre-amplifier valve having a series tuned circuit L, C, (With a
minimum impedance below 25 ¢/s) in its cathode circuit so that at higher frequencies
an increasing proportion of the input signal is fed back. The condenser C, in series
with R, serves to flatten the response above 1000 c¢/s ; no provision is made for
de-emphasis. The level between 250 and 1000 c/s is flattened by the network L,C,R,
in which L, and C; are tuned to 250 ¢/s. R, and L, carry the plate current of the
valve, and the value of R, primarily determines the degree of feedback at 1000 c/s.

FIG, 17.21

INPUT/

L2 FIG. 17, 22

c.I Tcz

Fig. 1721. Frequency, selective negative feedback Fig. 17.22. Bass equalizer
used to provide equalizing for English records. incorporating L, C and R
(Ref. 199). V, = MH4 (p = 40, r, = 11000 (Ref. 188).
ohms), load resistance = 50000 ohms.
Bass equalizers incorporating L, C and R

A network incorporating L, C and R may be used to provide a very close approach
to the 6 db/octave ideal characteristic, or even higher values if desired. The simpli-~
fied circuit is shown in Fig. 17.22 in which L, is tuned by C, to the cross-over fre-
quency, R, controls the shape of the band and R controls the slope of the characteris-
tic,

Suggested values for a cross-over frequency of 400 c/s are—L, = 2.9 henrys ;
C, = 007 uF; C; = 1.0 uF; R, = 6800 ohms ; R, = 2200 ohms.

For a slight change in cross-over frequency only C; and R, need be altered (Ref. 188).

References to equalizers (general) : 15, 54, 106, 108, 109, 113, 117, 120, 126, 127,
133, 144, 187, 188, 197, 198, 199, 209, 220, 226, 239, 240.
(B) High-frequency equalizers (de-emphasis)

A shunt capacitance provides for attenuation at the nominal rate of 6 db/octave
(see Chapter 15 Sect. 6). The attenuation is 3 db when the reactance of the shunt

condenser is equal to the resistance of the circuit across which it is connected, that
is when

C = 1/@2nf.R) (H
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or capacitance in microfarads = 157 000/(f,R) (2)
where C = shunt capacitance in farads
fo = frequency at which the attenuation is 3 db (it is also the ** hinge point ”
of the ideal 6 db/octave line)
and R = resistance of circuit across which C is connected, in ohms.

If it is desired to limit the attenuation to a specified value, while approaching the
nominal slcpe of 6 db/octave, the circuit of Fig. 17.23A may be used. Here R,
represents the resistance of the input circuit ; R; should be as high as is practicable—
it is assumed to be very much greater than R,. The maximum attenuation in decibels
will be given by

max. attenuation (x db) = 20 log,,[R./(R, + Ru)] 3)
Eqns. (1) and (2) may be used with reasonable accuracy for maximum attenuations
not less than 10 db—at lower values the attenuation at the * hinge point ”’ frequency
fo will be less than 3 db (the actual values are 2.4 db for 10 db total boost, 2 db for 6 db
total boost, 1.2 db for 3 db total boost). The frequency characteristic is indicated
in Fig. 17.23B.

FIG, 17,23 db
® 3 s
-3 R
X P
o |l Atten | N bHimits
R Attenuation
INPUT ouTPUT “Max. Atten. DN *
~
\ G,
\:‘a/o
R
%,
\F
o {—

Fig, 17.23.(A) Circuit providing high-frequency attenuation with a specified limit to
the attenuation (B) Frequency characteristics.

If the maximum attenuation is 10 db, the maximum slope (which occurs at half
maximum attenuation) is 3 db/octave. This may therefore be used to provide a
3 db/octave de-emphasis characteristic within the limitations of its range.

High frequency equalizers are incorporated in the circuits of Figs. 17.19, 17.20,
17.27.

For general treatment of equalizers see Ref. 258.

(iv) High-frequency attenuation (scratch filter)

In addition to the normal manual tone control it is advisable in good amplifiers
to incorporate a filter which provides very rapid attenuation above a certain frequency,
say 7000 c/s, so that the upper scratch frequencies on old or noisy records may be
rendered inaudible. This is provided by the circuit of Fig. 17.24A (Ref. 15) which
has negligible attenuation at 7000 ¢/s, — 60 db at 8700 c/s and over 36 db attenuation
at all frequencies above 8000 c/s.. - The filter is designed for an impedance of 24 000

50,0000 B+
FIG. 17.264 * 16pE
0-30H 0-40H
*on L 30,0008
Fig. 17.24A.  Amplifier
stage incorporating filter
- F | -coipF | % 1
E P soopr kit with 7000 c/s pass-band
and very rapid attenuation
* . .
'foo.,,p__.omz,,g__ L at higher frequencies (Ref.
5 o002 P T -2MQ; 15). V, = MH4, p =
s 40, r, = 15000 ohms.
= OuTPUT
22040
o
e —_— % Toterance * 2%
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High 2

-0t uF
I FIG,17.248

Fig. 11.24B. Circuit of pre-amplifier and filter circuit with high attenuation ar 10 000
c/s (Ref. 113).

ohms ; the plate resistance of V| is increased

to this value by means of a partially un-
bypassed cathode resistor, while the out- ¢
put end is loaded directly. See reference
for coil winding and other details.

An alternative method is used in the pre-
amplifier circuit of Fig. 17.24B to produce
the response characteristic of Fig. 17.24C. -0
This is suitable for use with low level
electro-magnetic pickups. The 10.6 Kc¢/s
parallel-T network provides a maximum _q
attenuation of 34 db, while .the 6 Kc/s
parallel-T network in the feedback loop re-
moves the attenuation which would other- v
wise occur at this frequency and thus give —%
a sharper knee (Ref. 113). v

There appears to be substantial evidence
that too sharp a knee on the attenuation ~ 40\ yaar "
characteristic gives an unpleasant effect to Frequency ~ Kilocycles /Sec
the listener. If the knee is initially too FiG. 17.24C
sharp, it may be slightly rounded by the Fig. 17.24C. Response curve of am-
addition of a “roll-off” characteristicat some pfier and filter shown in Fig. 17.24B
suitable point—e.g. in the preceding stage. (Ref. 113).

=

(v) Equalizers for electro-magnetic pickups

The gencral principles of equalizing have been covered in the earlier portion of
this section, and may be applied directly to electro-magnetic pickups (Figs. 17.17,
17.18, 17.19, 17.21, 17.22, together with high-frequency de-emphasis). Fig. 17.24B
is directly applicable.

With any form of electro-magnetic or dynamic pickup the pickup itself has an
impedance which, above about 1000 ¢/s, is almost entirely inductive reactance. If d
capacitance is connected in shunt with the pick-up, or across the secondary of the
transformer, this capacitive reactance will resonate with the inductive reactance of
the pickup at some frequency determined by L and C. As a result, the output voltage
is boosted at the frequency of resonance and falls rapidly at higher frequencies. If,
now, a variable resistance is also connectad in shunt with the pickup or across the
secondary of the transformer, there will be found a value at which the resonance peak
just disappears—this value of shunt resistance is the maximum which can be used to
permit the condenser to act purely as an attenuator. For an analysis of this effect
on the E.M.I. No 12 pickup see Ref. 109 and for that on the Pickering and GE. -
variable reluctance pickups see Ref. 117. The inductance of the E.M.I. No. 12
pickup is of the order of 1 mH. The inductance of the Pickering pickup is approxi-
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mately 100 mH and that of the G.E. pickup*120 mH. The correct value of shunt-
resistance is given by
R (ohms) = 1.2 f. for the Pickering pickup
and R (ohms) = 0.9 f, for the G.E. pickup
where f is the frequency at which the attenuation is 3 db. Beyond this frequency
the rate of attenuation is approximately 15 db/octave,
The shunt capacitance required for various values of the cutoff frequency is :

Frequency 4000 5000 6000 7000 c/s
Capacitance Pickering 0.02 013 .009 - .0065 uF
G.E. 0.03 .019 013 0095 nF
Fig. 17.25, Equalizer for e T T T T T T T -
use with EXM.I. and Mar- 5 %00
coniphone  Model 12A4 LINK
pickup. Output as shown RU. | | L |
is 200 ohms; with link WPUTHI
closed, output is 600 ohms. | | ouTPuT
For English E.M.I. re- | 1l -
cords. join terminals 1 and 1

2, also 3 and 4; for :
N.4.B. and American records leave unjoined. (E.M.I. Australia).
Pre-amplifier for E.M.I. and Marconiphone Model 12A

A suitable equalizer is shown in Fig. 17.25 which gives the following output levels
at 1000 c/s with Decca Z718 frequency record.

Termination Equalizer English Equalizer N.A.B
200 ohms — 49 dbm — 50 dbm
600 ohms — 54 dbm — 55 dbm

Pre-amplifier for use with G.E. variable reluctance pickup

The circuit of Fig. 17.26 is suitable for use with the G.E. variable reluctance pickup.
This pickup gives an output of about 10 mV (with recorded velocity of 4.8 cm/sec.),
the amplifier has a voltage gain of 35 db at 1000 c/s, so that the output voltage is
about 0.6 volt. The input shunt resistor of 6800 ochms (which is suitable for the N.A.B.
characteristic) may be varied to control the frequencv response, a higher value in-
creasing the high frequency response. A low plate voltage is desirable. A slight
improvement in response may be effected by shunting the 0.01pxF condenser by a
resistance of 180 000 ohms (Ref. 187). See also Fig. 17.34 for input transformer
arrangement and Fig. 17.24B as an alternative pre-amplifier.

+100V 33,0000 680000 Q2pF
65,000-\'1 QUTPUT
j_sa,ooon 3 )
Threpr T6pF P Fig. 17.26. Pre-amplifier and equalizer
o- ‘ for use with the G.E. pickup (Ref. 187).
INPUT %6,500“
oO—

FiG, 17.26

Continuously-variable equalizing pre-amplifier

If a sufficiently flexible equalizer is used, it does not require any additional tone
control. Such a circuit is shown in Fig. 17.27A in which the additive method of
equalization is employed. This has three transmission channels, one channel having
a characteristic which is essentially flat below 1000 c/s, falling off at the rate of 12
db/octave at higher frequencies ; a second channel having 40 db more gain than the
basic channel at very low frequencies but with its gain falling off at the rate of 12 db/
octave above about 50 ¢/s'; and a third channel whose gain rises at the rate of 12 db/
octave up to 15 000 c/s, above which frequency its gain is 40 db more than the basic

*Later models of G.E. pickups have inductances of 250 mH (Broadcast type RPX-046) and 520 mH
(Home type).
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N
. [] A\
= 3 5678 00 3 4 67'0000 2 3 4 56789 2
]
FREQUENCY (c/s) FIG. .7: 27¢

channel. Outputs from the three channels are added in a single valve feedback sum-
ming amplifier ; potentiometers which add flat loss in the auxiliary channels permit
control of the resultant rransmission characteristic. The input allows for the con-
nection of two G.E. variable reluctance pick-ups simultaneously. The maximum
output is of the order of 1 volt, and the pre-amplifier may be: used at a moderately
remote location, owing to the cathode follower output.

The frequency characteristics. are given in Figs. 17.27B and C (Ref. 246);
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Equalizers applying feedback to the first pre-amplifier stage

It has been demonstrated by Ellis (Ref. 209) that the feedback circuit may be made
frequency-selective to give a close approach to the required equalizing characteristic
for an electro-magnetic pickup, as in Fig. 17.28. This circuit does not apply any
appreciable feedback to the pickup itself, owing to the isolating resistor R,. The
cross-over frequency may be adjusted by changing either C or R,, but changing R,
without making a similar change in R, affects the gain. This arrangement is said to
be “ the quietest and most stable > (Ref. 287), and a very low hum level is possible
if the cathode is well by-passed. The input impedance of the stage is low, owing to
the feedback circuit. The resistor R; should be at least 10 times the nominal im-
pedance of the pickup. The normal gain, above the cross-over frequency, is approxi-
mately (R,/R,), so that unity gain is obtained when R, = R,. By making R, > R,
this circuit can provide gain as well as bass boosting, but this reduces the available
increase for low frequencies, since the upper limit of gain is the normal gain of the
valve without feedback.

Fig. 17.28. Egualizer which applies negative feedback riG. 1728 B+
to an electro-magnetic pickup (Ref. 209). Original
values were V, = EF36, R, = R, =1 MQ,R; = 0.22
MO, Ry, = 2.2 MQ, C = 600 pupF, E,, = 250 wvolts,
unity gain.
Suggested adapration for 19 db gain and bass boost of
26dbis: V, =6J7 or 1620, R, = 0.1 M2, R, =1 M%,
R; — 047 MQ, R, — 3.0 MQ, C = 330 uuF for
500 c/ss or 510 puF for 300 o/s, or 620 wuF for 250 ¢/s.
V, may also be replaced by a high-mu triode (64T6)
where R, = 0.1 MQ, R, = 033 MQ, R, = 022 MQ,
R, omitted, C = 1200 puF for 500 ¢/s, 2000 puF for
300 ¢/s or 2400 puF for 250 ¢/s, giving gain of 8 db and bass boost of 26 db (see
Ref. 287).

A modification of the circuit of Fig, 17.28 is described in Ref. 280 which gives both
bass boosting (with a ¢ very low frequency roll-off >’) and high frequency de-emphasis.
Values of components are: R, = 0.33 megohm, R, = 1.0 megohm, R; = 0.22
megohm, C = 600 uuF approx. (adjustable), C, = 25 puF approx. (adjustable)
shunted across R,, and V, = EF37.

A different modification of this circuit is given in Fig. 15.13; see Chapter 15
Sect. 2(iv)C  This modified circuit enables adjustment to be made for any cross-
over frequency by means of a continuously variable potentiometer ; unfortunately
no measured frequency characteristics have been published but this circuit seems to
be close to the ideal for simplicity and to provide a response charactceristic as good as
that of any other RC feedback amplifier,

OUTPNY

INPUT :

(vi) Equalizers for crystal pickups

A crystal pickup, when working into a high load resistance of the order of 2 to 5
megohms gives a practically level response characteristic over the constant amplitude
section of a gliding-tone frequency test record (A in Fig. 17.30). If the load resistance
is decreased to 0.5 megohm (Curve B) the output at 50 c/s may fall in a typical case
by 6 db, the attenuation ratio at other frequencies being inversely proportional to the
frequency.

High temperatures cause a reduction in bass response ; an increase from 68°F to
104°F causing a decrease of about 5 db at 50 ¢/s in a typical case (Curve B).

The output from a crystal pickup is so high that, if it is not attenuated between the
pickup and the first amplifier stage, it may overload the valve. Unless the equalizer
provides heavy attenuation, it is advisable to place the volume control between the
pickup and the first grid.

Above the cross-over frequency the output voltage from an unequalized high-
fidelity crystal pickup tends to fall at the rate of 6 db/octave. In popular types there
is usually a resonance peak which gives some additional lift to the top end of the charac-
teristic, thus decreasing the amount of equalization required.
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A simple equalizer for use with crystal pickups is [ FIG.17.29
shown in Fig. 17.29. If R, = 0.5 megohm, R, may e
be taken as 10R, or 5 megohms. This gives an attenua- m
tion at very low frequencies of 20.8 db. The effect of ‘v
variation of C; is shown in curve C Fig. 17.30 ; these Cathode
response curves are only satisfactory when considerable =
high-frequency de-emphasis is required. Fig. 17.29. Simple equal-

Better equalization is obtained when R, = 40R,, zer crcuit for a crystal
thus giving a maximum attenuation of 32 db. Suitable pickup.

values. are : R, = 5 megohms, R, = 0.125 megohm, C; = 100 ppF. The resultant
response curve is shown in curve D.

A more flexible equalizer suitable for use with a high-fidelity crystal pickup is
shown in Fig. 17.31 (Ref. 127). This gives a choice of three load resistors, thus giv-
ing some control of the bass, and three values of capacirance suitable for three cross-
over frequencies.

An improved equalizing circuit suitable for use with the Acos GP12 high-fidelity
pickup is shown in Fig. 17.32 (Ref. 120), This gives correct equalization for H.M.V.
records within + 2.5 db, — 3.5 db from 30 to 8000 c/s.

An equalizer suitable for use with the Brush high-fidelity pickup is shown in Fig.
17.33 (Ref. 106). Position (1) is for quiet shellac records with a 500 c/s cross-over

db
+10 @
SO S
~
I
° 2
*0a57
-10
~
-
+10
v—
o I
6&°Fr b ’HT-«"" N"“\‘Ng
L 7
e 2
-10 \ o~
\—-\
+10 -t B Cl.so"h
/u.»@ 0db=0.14y w
o ST el 100 P
R N e 3]
]
T‘ .\2k§.\\
-10 T~ N
\\ -
+10 ua
® |t 09005,
= H =
-
) 100 500 1,000 500 &
FREQUENCY (C/8) FIG. 17.30

Fig. 17.30. Response curves of typical crystal pickup. (A) load resistance 2 megohms

temperature 68° F ; (B) load resistance 0.5 megohm, (zerzzperazure 68° and 1%4°F :

(C).with simple equalizer circudt as Fig. 17.29 having R, = 0.5 megohm, R, = 5 meg-

ohms 3 (D) with Ry = 0.125 megohm, R, = 5 megohms, C; = 100 ppF. Test record

Audiotone for (A4), (B) and (C); Columbia M-10 003 for (D). Curves based on
data for Astatic FP-18.
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FIG. 17.31

240 HHF TRANSITION
e————ﬁrnaoumcv
1140, ppF 5
H-F aoorr SOOpNF
-00SpF Volume Control

To
Pickup 22MA To
Amplitier

o

5 FIG. 17.32
Fig. 17.31. Flexible equalizer for high-fidelity crystal pickups (Ref. 127).
Fig. 11,32, Egualizer for Acos GP12 high fidelity crystal pickup, for 250 ¢ /s cross-over
Jrequency (Ref. 120).

frequency ; (2) for scratchy and noisy shellac records ; (3) good Orthacoustic trans-
criptions and (4) noisy transcriptions. The low frequency filter reduces rumble and
hum.

See also Sect. 5(x).

Switch for
L=F Filrer

FIG. 17.33
Fig, 17.33. Equalizer for use with Brush Mhgh-fidelity crystal pickup (Ref. 106).

(vii) Equalizers applying negative feedback to the pickup

It is advantageous in all cases to apply negative feedback to the pickup, whether
electro-magnetic or crystal. This may be accomplished in any conventional manner
and the feedback reduces non-linear distortion and the effects of mechanical reson~
ances.

Various possible combinations of CR and LCR in the feedback network of both
crystal and electro-magnetic pickups are described in Ref, 220. Most of these apply
a very limited amount of feedback, but the same principle could be applied to a high-
gain pre-amplifier stage with increased feedback. It is evident that any type of
pickup may be equalized by this method, with the additional advantages of increased
damping on the pickup. It seems that more detailed investigation of the subject
is well merited.

(viii) Miscellaneous details regarding equalizing amplifiers

Position of equalizer

In general it is preferable to place the equalizer following the first stage of the pre-
amplifier in the case of low level pickups. With high level pickups it may be possible
to incorporate the equalizer in the main amplifier.

Input transformers

Although input transformers are not necessary with electro-magnetic pickups,
they have some distinct advantages. The step-up ratio provides useful gain, while
they permit the use of a balanced-to-earth input line which gives improved signal-
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To Grid E i
E £5, g
To Cathode E§ &
FIG. 1734 & =
Fig. 1734. Low impedance pickup

with balanced-to-earth input to step-up
transformer.

to-noise ratio (Fig. 17.34). With low
level pickups the transformer improves
the signal-to-hum and signal-to-noise
ratios.

Rumble

Rumble may be reduced, if necessary,
by a filter which cuts off sharply below,
say, 50 ¢/s. The cut-off frequency and
attenuarion necessary are dependent
upon the motor, turntable and amount
of bass boosting in the equalizer and
tone control. One example is incor-
porated in Fig. 17.35B.

(ix) Complete amplifiers

Complete amplifiers for the repro-
duction of sound from records may in-
clude—

1. A suitable pickup.

2. An equalizer to provide constant
velocity output (only required for elec-
tro-magnetic pickups, and even then
only when not provided as part of the
main equalizer). :

3. A first stage pre-amplifier (only
required in the case of a low level pick-
up).

4. A main equalizer, preferably pro-
vided with adjustable cross-over fre-
quencies and variable high-frequency.
de-emphasis.

5. A tone control, preferably com-
prising separate bass and treble controls.
If the main equalizer has flexible adjust-
ments of its characteristics, it may be
used in place of a separate tone control.

6. A rumble filter, preferably with
switch to cut in or out (may be omitted
if response is attenuated below 70 c¢/s).

(Continued on page 748)

Fig. 17.35A.  Circuit of 25 watt ampli-
fier using G.E. variable reluctance or
Pickering 120M  pickup (Ref. 240).
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(ix) COMPLETE AMPLIFIERS

Res

745

Reo

N0
350V
TCeu
Ry
Qutput to Tone
MCyy 54 oo N™ Compensation Stages
L‘MM-—_J off WYpv—

S Rae an

ﬁ

FIG, 17,356

Fig. 17.35B. Williamson pre-amplifier including egualizer and high-pass filter (rumble

attenuator). Ref. 270. In the original amplifier Vi, = V4 = V,; == type EF37,
Vis and V,, may be replaced by type 6]J7 or 1620'¢f R,, = 1600 Q.
Type Rating Tolerance
R;, Value 1o suit trans- | High-stability carbon
' Sormer
Ry, 0.1 MQ High-stability carbon P14 209%
Ry, 0.68 MQ High-stability carbon iw 209,
Rg; 0.22 MO High-stability carbon 1w 209%
R, 4700 £ High-stability carbon 209,
Rgs 0.22 MQ Composition 109%
Ry, 20000 Composition
Rgs 22 000 Q2 High-stability carbon 1w 209,
Ry 0.22 M Composition 109%
R, 0.20 MQ* Composition
Rgy 4.7 MQ Composition 5%
Ry 1.0 M@ Composition by 209,
Ry, 0.22 MQ Composition iw 209%
R, 2200 @ Composition 209%,
2 20 MQ Composition 19% or
matched
R,, 2.0 M@ Composition 1% or
matched
R, 1.0 MQ Composition 19 or
matched
R 10 MQ Composition 5%
R, 47 000 Q Composition 109,
R, 1000 Q Composition 209,
R, 47 000 2 Composition 1w 209,
R:y 0.22 M@ Composition 209,
Ry, 10000 2 Composition 1w 20%
Ry, 022 MQ W
Ry, 0.22 M@ W
Res 47 000 £
Ry, 100 2
All resistors may be }W rating, tolerance 20% unless otherwise specified.
*May require adjustment.
(V dec.
working)
Cso 0.5 uF Paper 250 20%
Cy 50 uF Electrolytic 12
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Csso 16 pF Electrolytic
Cys 0.02 uF Paper 109%,
Cy, 4000 uuF Silvered mica 109,
Cis 100 puF Silvered mica 10%
Cse 50 uF Electrolytic
Cyy 50 uF Electrolytic
Css 0.01 uF Silvered mica 19 or
matched
Csy 0.25 uF Paper 209,
Cyo 5000 ppF Silvered mica 1% or
matched
Ce, 5000 puF Silvered mica 19% or
matched
Cas 7000 ppF Stlvered mica 10%,
Cys 0.5 uF Paper 209,
Caq 160 uF Electrolytic
Cos 4 uF
Cas 2 uF
CG’I 0.1 [LF
Sy single pole single throw
Ss single pole single throw
o
3sov' % =t
Ryy ‘CJ_ “J:CO
Input from 5 S TT
Pickup or "[_\05 °
Pre-Amplifier Ry o
© | G _{l ';?_Vo
Sidvg _I_ ',:, Qutput
o i LS SRl ®
R“ Bi* 55 { Amplifier
Radio .
Tnput 5“ >'-1§7 q
Z I
8 s 2%

FIS. 17.35C

Fig. 171.35C. Williamson tone compensation and filter unit (Ref. 270).

amplifier V, =

l ac,
—o

In the original

Vie = Vi = type EF37. All may be replaced by type 9002, or by
type 6AU6 with a shight increase in gain, or by type 6]7 (or 6]5 rriode) with a shght

decrease in gain.

Rating Tolerance

R 0.25 MQ log.
Ry, 47 000 Q 1w
Ry 47000 £ 1w
Ras 3300 Q
Ry, 0.25 ML log.
R, 100 000
Ry, 6800 . 2

10 000 @

0.1 MQ linear
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Ry 100 000 £
Ry 2200 2
Ry, 0.1 MQ2
Rys 0.47 MR
R, 0.47 MR
R;, 33000 2
Ry, 100 000 £
R, 3300 Q
R, 1 MQ
Ry, 0.1 MQ
R;; 0.1 MQ
R 50 000 ©
R57 100 @

(ix) COMPLETE AMPLIFIERS

1w

1w
1w

747

1% or marched
1% or matched
1% or matched

All resistors may be }W rating, tolerance 20% unless otherwise specified.

Rating
Type (V de. Tolerance
wor king)
Ciz 50 uF Electrolytic 12
Cis 8 uF Electrolytic 450
Cis 0.25 uF Paper 500 20%
Cso 150 puuF max. Preset
Cy 0.01 uF Paper 250 209,
Cy, 0.05 pF Paper 250 20%
Chs 1000 puuF Stlvered mica 20%
Cia 50 pF Electrolytic 12
Cos 0.05 uF Paper 500 209,
Cas 100 ppF Silvered mica 5%
C., | 200 ppF Silvered mica 5%
Cys | 300 ppF Silvered mica 5%
Czs 500 puF Stlvered mica 5%
Cjo 50 puF Silvered mica 5%
Can 100 puF Silvered mica 59%
C;. 250 ppF Silvered mica 5%
Cis 50 uF Electrolytic 12 209,
Cia 0.05 uF Paper 300
Cas 8 uF Elecrrolytic 450
Cses 20 | 15 puF Silvered mica 1% or
matched
Cses o1 | 100 puF Silvered mica 1% or *
matched
Casy ¢z | 150 upF Silvered mica 1% or
matched
Cag 45 | 200 ppF Silvered mica 1% or
matched
Cus 150 puF Silvered mica 19 or
matched
Cys 200 puF Silvered mica 1% or
matched
Cye 300 puuF Silvered mica 1%, or
matched
Cy, 400 puF Silvered mica
Cys 16 uF Electrolytic 450
Cis 16 uF Electrolytic 500

Choke ;. CH, 50 H at 20 mA. Resistance about 1500 Q.

Mains Transformer—

Primary : 200-220-240 V, 50 c/s.

Secondaries : 1. 325-0-325 V, 20 mA d.c.

2. 63V, 0.64.
3. 63V, 154,
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Switches—
S, Single pole single throw.
Sy Double pole single throw.
Sy Single pole single throw.
S, 5 bank, 5 position selector switch.

7. A high frequency attenuator or filter for worn or noisy records (may be omitted
if a sufficiently flexible tone control is fitted). One very effective form of filter is a
capacitance connected across the secondary of the output transformer—see page 214.

An example of a complete amplifier is given in Fig. 17.35A. This is a 25 watt
amplifier suitable for operation from a G.E. variable reluctance pickup, or Pickering
120M. ‘The total harmonic distortion is under 1%. The pre-amplifier consists of
a triode with proper compensation in the output circuit. Bass boosting is obtained
by the use of frequency-selective negative feedback in the second and third stages.
Hum from the heater is reduced to the vanishing point by making the heaters of
the first two twin triodes part of the cathode resistor of the output stage. The output
stage draws approximately 300 mA, which is the correct current for the heaters of
the 6SL7 valves, and the additional bias required for the output valves is obtained
by a resistor (Ref. 240).

Another example of a complete amplifier is that due to D. T. N. Williamson (Ref.
270) shown in Figs. 1735 B, C, D, E, F and G. The main amplifier (Fig, 17.35F)
is a new version of the earlier Williamson amplifier of which one adaptation is Fig. 7.44.
The circuit differs in minor details only from Fig. 7.44 ; the balancing adjustment
on V; and V, has been omitted as unnecessary, provided that R;R; R;; and R,, have
the specified values and tolerances, while ‘a transitional phase-shift network Ry5Cp
has been added to increase the margin of stability at high frequencies.

Output transformer specifications (3.6 ochm secondaries)—Williamgon Amplifier :

Core : 1% in. stack of 28A Super Silcor laminations (M. and E.A.). The winding
consists of two identical interleaved coils each 1§ in. wide on paxolin formers 1} in.
X 1% in. inside dimensions. On each former is wound :

5 primary sections, each consisting of 440 turns (5 layers, 88 turns per layer)

of 30 S.W.G. enamelled copper wire interleaved with 2 mil. paper,
alternating with

4 secondary sections, each consisting of 84 turns (2 layers, 42 turns per layer)

of 22 S.W.G. enamelled copper wire interleaved with 2 mil. paper.
Each section is insulated from its neighbours by 3 layers of 5 mil. Empire tape. All
connections are brought out on one side of the winding, but the primary sections may
be connected in series when winding, two primary connections only per bobbin being
brought out. Windings to be assembled on core with one bobbin reversed, and with
insulating cheeks and a'centre spacer.

Curves showing the loop gain and phase-shift characteristics of the main amplifier
are shown in Fig. 17.35G.

The pre-amplifier Fig. 17.35B has a voltage gain of 250 times from the grid of the
first valve to the voltage across the output terminals. The input grid voltage must
not be less than 0.8 mV ; this minimum voltage can readily be provided by a suitable
transformer from any pickup. Care should be taken to avoid overloading the pre-
amplifier by too high an input voltage. The overall frequency response, when
tested with an ideal * velocity ” pickup on an English Decca disc is level within
1 db from 20 to 14000 c/s ; below 20 c/s there is attenuation at the rate of 30 db/
octave to eliminate rumble. For the English E.M.I. characteristic, switch .S, should
be opened. Other recording characteristics can be handled by the use of the tone
compensation unit.

This overall frequency characteristic, which provides bass boosting and high-
frequency de-emphasis to suit the recording characteristic, together with a rumble
filter, is provided by a careful combination of

(1) bass boosting by V', together with the feedback network Csy Cus Res R,

(2) Attenuation produced by the combined inter-valve couplings.
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(3) Feedback over V,, through the parallel-T network. This provides a peak at
20 ¢/s which is used to give a sharp knee to the frequency characteristic instead of
the gradual attenuation produced by the inter-valve couplings. (Note that the
recording characteristic contributes 6 db/octave to the slope below 20 c/s).

The final stage V;; is merely a cathode follower to permit the use of long leads
between the pre-amplifier and the tone-compensation unit.

If a high-impedance output is permissible, and an attenuation of 8 db at 10 ¢/s is
sufficient to reduce the rumble, stage V;; may be used as a single stage pre-amplifier
with a gain of 11 times. Under these circumstances Cs; = 0.05 uF, C 5; = 4000
ppF, Rgy = 22 000 ohms, Ry == 2.2 M2, Ry, is omitted, and the output is taken from
the junction of C;; and Rg.

In the cathode circuit of V,,, closing the switch S; reduces the gain to zero in about
1 second for use while changing records.

The noise level, with R;, adjusted for minimum hum, is about 3 to 5 uV at V,;
grid, excluding the noise due to the pickup transformer and auxiliaries. The total
harmonic distortion of the pre-amplifier and tone compensation units combined, is
considerably less than 0.19.

The tone compensation and filter unit Fig. 17.35C provides—
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(1) A universal tone control (switches S,S; and controls ‘R ;R,,) with frequency
characteristics-as Fig. 17.35E. The curves may be shifted bodily along the hori-
zontal axis by modifying the capacitance values shown by. the arrows in Fig, 17.35E.

(2) A low-pass filter with nominal cut-off ~values of 5000, 7000, 10 000 and 13 000
¢/s, together with a flat position (switch:S,) providing response characteristics as
Fig, 17.35D. This characteristic is provided by a parallel-T network in the feed-
back loop. of Vy, which gives a symmetrical valley at the frequency of resonance.
A capacitor from the grid of V,; to earth introduces a lagging phase shift which gives

5:25mA 1OmA 1 125ma
G‘: T Cy
3gv | |
28 J p Cox "
R B Vs \
¥ E, Vy i
Cs {3V =
- ]
M Jasv | SRy :
R 4O ]
o |
vy output |
O {
v R, - : aC
i
105V (& - Ru |
L. i
Ry “ Ve K :
t
J
]
FIG. 17,35F

Fig. 1135F. Williamson main amplifier—new version (Ref. 270). Voltages under-
lined are peak signal voltages ar 15 warts ourpur.

R, 1 MQ % wart + 209,
R, 33000 £ 1 warr + 209,
R, 47 000 2 1 watr + 209,
R, 470 Q2 } warr + 109
Ry, R, 22000 R 1 wart + 59,
(or matched)
R, 22000 Q 1 wat: + 209
Rg, R, ) 0.47 M 1 warr + 209,
10 300 O + wart + 109,
Ry, Ry, 47 000 2 warr - 59,
(or matched)
Ry Ry 0.1 MQ 1 warr + 109
16> Rag 1000 @ + warr + 209,
Rygs Rig 100 L warr & 209,
w Ray - 100 2 2: watt wirewound variable
22 150 2 3 warr + 209,
Ry 1200 2 x 4/speech cail impedance
watt
Ry 4700 2 1 wart + 209
Cys Gy Cyy Cy 8 uF 500V wke. %
C; C, 0.05 uF 350V wke.
Ce C, 0.25 uF 350V wkg.
gg SO(’;F . 600V wke.
1o fm 350V wkg.
CH, 30H ar 20 mA ke
CH, 10H ar 150 mA
T Power transformer

Secondary 425-0-425V, 150 md, 5V, 34, 6.3V, 44 tre-
Vi, V, 2 x L63 fir 6.’]5, 6SN7 or B65 > 44, centre-tapped

3 V4 0. do.
Vi, Ve, KT66, V, Cossor 53KU, 5V4.
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positive feedback below resonance and negative feedback above resonance, thereby
unbalancing the characteristic and giving a sharp knee before the attenuation com-
mences. The addition of an independent RC network controlled by §,, gives
further treble attenuation and leads to the final result in Fig. 17.35D.

(x) Pickups for connection to radio receivers

When a separate pickup and turntable unit is used in conjuncrion with a radio
receiver, it is often most convenient for the user to operate the device at some distance
(say up to 15 feet) from the receiver. The most desirable arrangement is a Record
Player in the form of a small cabinet enclosing the motor, turntable, pickup, and
(possibly) volume control, pre-amplifier and equalizer, with the top of the cabinet
about 20 inches from the floor so as to be accessible from an easy chair.

The design problem hinges on the use or otherwise of a pre-amplifier. If no pre-
amplifier is permissible, on account of cost or other factors, it is necessary to
employ a pickup delivering a high output voltage or whose output voltage is capable
of being stepped up by a high ratio transformer.

When pickup terminals are fitted to receivers, they usually provide a resistive load
of the order of 0,5 megohm, with some capacitive shunting. The input voltage
required to give full power output is usually about 0.25 volt, although some receivers
require a higher voltage. If a receiver is being designed specially for good perform-
ance with a pickup, full power output should be obtained with an input voltage
not exceeding 0.1 volt. This usually demands a pentode first a-f amplifier, especially
if negative feedback is used.

If bass equalization of 20 db is required for use with an electro-magnetic pickup,
the available voltage must be at least 10 times the input voltage to the amplifier, e.g:
1 volt and 0.1 volt respectively There is a strong temptation to use a popular pickup
which provides at least part of the bass boosting by arm resonance, but this is very
undesirable on account of record wear, distortion and heavy stylus force required.
There are electro-magnetic pickups capable of providing an output of about 1 volt
from the secondary of a transformer, which do not employ arm resonance in the vicinity
of 100 ¢/s ; these are much to be preferred to those employing arm resonance. How-
ever, the high cost of a good quality transformer, and the hum and poor frequency
response with a cheaper transformer, make this a rather unsatisfactory arrangement.
The necessary bass boosting may be provided by a resistor and capacitor in series,
connected across the secondary of the transformer. A choice of cross-over frequency
may be provided by a tapping switch and several values of capacitance. High-fre-
quency de-emphasis may be provided by one or more values of shunt capacitance,
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although there is. danger of pickup resonance unless an isolating resistor is
used, with consequential loss of gain. Volume control may be provided by a potentio-
meter having a total resistance preferably-not exceeding 50 000 ohms. A screened
cable may be used to link the record player to the pickup terminals of the receiver.

If a crystal pickup is used, it is quite satisfactory to incorporate the equalizer
and volume control in the Record Player. ‘In this case there is no danger of hum from
the pickup or transformer. With a general-purpose c¢rystal pickup the arrangement
of Fig. 17.29 may be used in which R, = 2 megohms, R; = 0.5 megohm and G, =
0.000 25 uF for a cross-over frequency of 250 ¢/s or half this value for 500 ¢/s. Some
measure of tone control may be provided by a variable resistance of 1 megohm in
series with Cj.

With a high fidelity crystal pickup, the circuit of Fig. 17.31 or any similar equalizer
may be used.

In all cases it is advisable for the listener, if possible, to set the volume control on
the record player to about half-way, then to adjust the volume control on the receiver
for satisfactory operation under normal conditions, and to make all adjustments
(during listening) with the control on the record player.

There will be some inevitable loss of the higher frequencies due to the screened
cable. This may be kept within reason by arranging that the total effective impedance
of the line, under operating conditions, is of the order of 50 000 ohms or less. For
example, the equalizer of Fig. 17.32 may be modified by changing the 0.1 megohm
fixed resistor into a volume control.

If a pre-amplifier is used, both it and the equalizer will normally be incorporated
into the receiver chassis. A volume control may readily be fitted across the pickup,
and shunt capacitances may be used in conjunction with a tapping switch for high
frequency de-emphasis, with due precautions against résonance. With this arrange-
ment it is difficult to make any adjustment for cross-over frequency in the record
player.

Alternatively the pre-amplifier and equalizer may be incorporated into the record
player, thus giving the maximum flexibility of control. The final stage in the record
player may be either a cathode follower, or a general-purpose triode with a low ratio
transformer in its plate circuit. The record player may incorporate a power trans-
former, rectifier and filter, or it may obtain its plate supply from the receiver. Trouble
may be experienced with hum owing to the proximity of the motor, transformer and
pre-amplifier, particularly if a low level pickup is used. However, in spite of these
design problems, the arrangement is practicable.

(xi) Frequency test records

Frequency test records are of two general types—banded tone and gliding tone.
Banded tone records are recorded with a number of constant frequencies which may
be played in sequence'; they are génerally used when measurements are being made.
Gliding tone records are useful when it is desired to check for peaks but may also be
used for frequency response measurements by appropriate timing. These normally
commence at a high frequency f,, mainrain constant velocity characteristics down to
the: cross-over frequency f;, then follow the recording characteristic down to the final
frequency f, (approximately at the rate of 6 db/octave). In some cases the high-
frequency response follows the recording characteristic—details are given in the table.
The frequency response may be checked to a fair degree of accuracy by the optical
method (see below). Over the ““ constant velocity  range the width of the light pattern
should be constant, while over the “ constant amplitude >’ range the width should
taper: downwards in proportion to the frequency.

References to frequency test records : ‘Refs. 161, 254, 260 ; record catalogues.

The optical method of testing frequency test reécords

A frequency teést record, either of the' stepped-frequency or gliding-tone type,
may be checked optically to indicate the amplitude at all parts of the record, with a
possible error of about 1 or 2 db. The lamp should have a concentrated filament and
clear bulb ; it should be at least 8 feet from the récord and only high enough above
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the plane of the record to give a brilliant pattern. The eye should be directed vertic-
ally downwards on to the side of the record nearer to the lamp, and should be as far
above the record as possible,

A pair of dividers may be used to measure the width of the reflected light pattern
for each frequency ; the width of the light pattern is proportional to the voltage
output from a perfect constant-velocity pickup. This method becomes increasingly
less accurate below the cross-over frequency, although it is very satisfactory at higher
frequencies.

The theoretical analysis and calculation of errors is given by Ref. 243,

References 25 (Part 5), 99, 219, 243, 258, 293.

TABLE 1: GLIDING FREQUENCY RECORDS

Record fi fo (cross-over) fa
English
Decca ffrr K1802 14 000 c/s 10 ¢/s
K1803 14000 c/s 300 c/s 10 ¢/s
American
R.C.A. 12 in. (12-5-5) (10000 c/s 500 c/s (—1.5db)| 30c/s
London (album LA-32)
T-499612in. 78 r.p.m. |14 000 ¢/s (+8 db) 250 c/s (—1db) [100 c/s (—5 db)
T-4997 12in. 78 r.p.m. {14 000 ¢/s (+8 db) (250 ¢/s (—1 db) 10c/s (—33 db)
Universal D61B Band 1 |10 000 c/s (0 db) 500 c¢/s (0 db)
Band 2 500 c/s (—7 db) |200 ¢/s (—7 db)
Band 3 200 ¢/s (—14 db) | 50 ¢/s (—14 db)
Columbia XERD281 12
in. 10 000 ¢/s 500 c¢/s 50 ¢c/s

TABLE 2: COMBINED GLIDING FREQUENCY AND BANDED FRE-

QUENCY RECORDS

S

fo (cross-over)

fo

R.M.A. Standard REC-128 78 r.p.m.
No. 1 Side A

10 000 c/s 500 c/s ‘ 30 c/s
Constant frequencies 1000 (+ 10 db),
10 000, 9000, 8000, 7000, 6000, 5000,
4500, 4000, 3500, 3000, 2500, 2000, 1500,
1000, 700, 500, 400, 300, 250, 200, 180,
160, 140, 120, 100, 90, 80, 70, 60, 50,
40, 30.

Voice announcements.

Constant frequency 1000 c¢/s at levels
+10, +12, 14, 416, -+18 db.
Then alternate gliding and constant fre-
quencies from 3000 to 30 c/s at level
416 to +18 db (1000 c/s).

No. 1 Side B
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TABLE 3 : BANDED FREQUENCY RECORDS

English and Australian
(78 r.p.m.)
E.M.1. Australia (ED1189)

20 000, 18 000, 16 000, 14 000, 12 000, 10 000, 8000,
6000, 4500, 3500, 2000, (arbitrary 0 db); 500 (—1),
160 (—5.5), 70 (—12 db). 19000, 17 000, 15 000,
13 000, 11 000, 9000, 7000, 5000, 4000, 3000, 1000
(arbitrary 0 db) ; 250 (—3), 100 (—8.5), 50 (—14 db).

E.M.I. Australia (ED1190)

13000 (—1.2 db), 12000 (—1.3), 11000 [ .0.4),
10 000 ( —0.2), 9000 (—0.2), 8000 (—0.2), 700C (+0.4),
6000 (+0.2), 5000 (+0.2), 4000 (40.7), 3060 (+1.2),
2000 (+0.6),- 1000 (0 db arbitrary. level), 500 (+90.2),
250 (—2.9), 140 (—6), 100 (—8.9), 70 (—10.4), 50
(—12.8), 35 ¢/s (—14 db).

E.M.L. Studios JG449 (1)

@

20 Ke/s, 18, 16, 14, 12, 10, 8, 6, 4.5,3.5, 2 Kc/s (0 db) ;
500 ¢/s (—1), 160 c/s (—5.5), 70 c/s (—12 db).

19 Kc/s, 17, 15, 13, 11, 9, 7, 5, 4, 3, 1 Ke/s (0 db) ;
250 c/s (—3), 100 c/s (—8.5), 50 c/s (—14 db).

Columbia LOX-650

1000 (0 db), 10 000 (—1), 9000 (—1.6), 8000 (—1.6),
7000 (—1), 6000 (—0.8), 5000 (~0.8), 4000 (—0.8),
3000 (—0.8), 2000 (—0.8), 1500 (—1), 800 (—0.8),
500 (—0.8), 300 (—3.4), 200 (—5.2), 150 (—17.1),
100 (—9.4), 70 (—11.2), 50 (—13.6 db).

Decca Z718

50, 170, 100, 160, 250, 500, 1000, 2000, c/s
—14 —-11 -8 —4 0 O 0 0 db
3000, 3500, 4000, 4500, 5000, 6000 c/s

0 0 0 0 0 0 db

Decca K1804

14000 to 400 c/s (constant velocity) 250 to 30 c¢/s
(constant amplitude) ; in steps. Level +10 db at
1000 c/s.

American
R.M.A. Standard } No. 2(A)
REC-128

78 r.p.m. No. 2(B)

R.CA. (12-5-19) 12 in.)
78 r.p.m.
Unfilled vinyl, SF

R.C.A. (12-5-25)
(==460625-6) 12 in. 33-1/3
r.p.m. Unfilled vinyl, SE

R.C.A. (12-5-31) 7 in. 45
r.p.m.
Unfilled vinyl, D.F.
(Opposite side of 12-5-29),

Constant frequency bands at same frequencies as
No. 1 Side A without announcements.

8000, 6000, 4000, 2000 (+10 db); alternate gliding
and constant frequencies 3000 to 30 ¢/s (+16 to 18
db) ; 8000, 6000, 4000, 2000 (410 db).

Approx. const. vel. 10000 ; 9000; 8000; 7000 ;
6000 ; 5000 ; 4000 ; 3000; 2000, 1000; (0 db =
8.6 cm/sec. approx.) 800 ¢/s ; 500 (—1.5 db) ; Const.
ampl. 300 ; 200 ; 100; 50; 1000 (—2 db); 10 000.
12000 (—2.5 db); 11000 (—3); 10000 (—1.5);
approx. const. -vel. down to 700 (—0.5 db) ; 400 (1.2
db below const. ampl.); 300 (0.6 db below const.
ampl.). Also 400 and 4000 c/s tone for intermodula-
tion testing. Groove has bottom radius less than 0.5
mil. Max. stylus radius 3 mils.

Approx. const. vel. 10 000 (--0.5 db) ; 9000 ; 8000 ;

7000 (—1); 6000; 5000 (—1.3); 4000; 3000
(—1); 2000; 1000, (0 db = 5.2 cmy/sec.); 700
(—05); 400 (—1.5); approx. const. ampl. 400 ;

300; 200; 100;
= 5.2 cm/sec.

50 ; 1000. Velocity at 1000 c/s
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Columbia
TL-1 LP microgroove
33-1/3 r.p.m.

TL-2 LP microgroove
33-1/3 r.p.m.

RD-103 LP microgroove
33-1/3 r.p.m.
12 in. Bands

RD-103A LP microgroove
33-1/3 r.p.m.
12 in. Bands

(10003-M) 78 r.p.m.
12 in. shellac

(10004-M) 78 r.p.m.
12 in. shellac
Audiotone
78-1 78 r.p.m.

London Gramophone
T4998 12 in. 78 r.p.m.

Clarkstan
(2000S) 78 r.p.m.

(20002S) LP microgroove
Cook

Series 10, 10 in. Plastic

DEFE. Side A 78 r.p.m.
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10 000 (412 db) ; 9000 (+12); 8000 (+11.5); 7000
(4+11); 6000 (+11); 5000 (+10); 4000 (+7.5);
3000 (45.5) 5 2000 (+3); 1500 (+2); 1000 (0 db =
1cm/sec.r.m.s.) 3 800(—1); 500(—2.5); 400(—4);
300 (—6); 200 (—8.5); 150 (—10); 100 (—11);
70 (—12); 50(—13). This record is cut with the
microgroove recording characteristic including high-
frequency pre-emphasis.

10 000 (+5.5 db); 9000 (+5.5); 8000 (+5); 7000
(+5.5); 6000 (+5); 5000 (+7); 4000 (+7.5) ; 3000
(+7); 2000 (4-4.5); 1500 (+6.5); 1000 (+7.5);
800 (+7.5); 500 (+7.5); 400 (+6); 300 (+3.5);
200 (—0.5); .150 (—3.0); 100 (—6); 70 (—17.5);
50 (—10.5); 30 (~-12db). 0db = 1 cm/sec. r.m.s.
10000 (+5 db); 9000 ; 8000 ; 7000 ; 6000 (+5);
5000 ; 4000 (+7); 3000; 2000 (+5); 1500; 1000
(+7.5); 800; 500 (+7.5); 400 ; 300 ; 200 (0 db) ;
150 ; 100 (—6); 70; 50; 30 c/s (—12); O db =
1 cm/sec. Essentially flat over constant-velocity
portion, with cross-over 500 ¢/s.

10 000 (+12 db) ; 9000; 8000 ; 7000; 6000 (+10
db) ; 5000 ; 4000 ; 3000 (+5); 2000 ; 1000 (0 db) ;
800 ; 500(—2.5); 400 ; 300(—6); 200; 100(—11);
70; 50 ¢/s (—13 db). 0 db = 1 cm/sec. Levels
arranged to reproduce 4 2 db of *“flat ” on correctly
equalized LP reproducing system.

1000 c/s ;10000 (—7 db); 9000 ; 8000 ; 7000 ;
6000 ; 5000; 4000; 3000; 2000; 1500; 1000
(—1 db); 800; 500; 300; 200; 150; 100; 70;
50 (—17 db). Cross-over 300 c/s. Level approx.
4.8 cm/sec. at 1000 c/s.

As (10003-M) but with cross-over frequency 500 c/s.

50 to 250 ¢/s (peak amplitude 0.0017 inch); 250 ¢/s
upwards (constant velocity).

14000 ¢/s (0db) ; 13000; 12000; 11000 ; 10000 ;
9000 ; 8000; 7000; 6000; 5000; 4000; 3000 ;
2000 ; 1000; 400 (0 db); 250 (—2); 100 (—6);
553 30 c¢/s (—16 db).

50 to 500 (constant amplitude) 500 to 10000 c/s
(constant velocity) in 17 steps.
One side recorded flat, other side with NAB curve.

Constant velocity (9 cm/sec.) above 500 c¢/s. with 3 db
knee at crossover. Bands 1000 c/s ; 20000 ; 17 000 ;
15000; 12000; 10000; 9000; 8000; 7000 ;
6000 ; 5000 ; 4000; 3000; 2000; 1500; 1000 ;
700 ; 500; 350; 250; 125; 62.5; 40; 35; 1000
c/s.

Side B: 33-1/3 r.p.m.; Band 1-LP spot check for
standard LP pre-emphasis—100 ; 1000 ; 3000 ; 6000 ;
10 000 ¢/s. Band 2-—100 and 7000 c/s intermodula-
tion test, with 7000 c¢/s 12 db lower than 100 c/s, on
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, flat basis.

1 crossover:

17.5

No pre-emphasis. Band 3—slow  sweep
frequencies  from 1000 c/s to 35 c¢/s with 350 c/s
Both sides cut for use with 1 or 3 mil
reproducer stylus.

TABLE 4: SPECIAL TEST RECORDS

R.C.A. Victor

(12-5-1) 10 in. 78 r.p.m.

Shellac DF

(12-5-3) 12 in. 78 r.p.m.

Shellac DF

(12-5-7) 12 in. 78 and
33-1/3 r.p.m. Shellac
DF '

(12-5-9) 12 in. 78 r.p.m.

Shellac SF

(12-5-11) 12 in. 78 r.p.m.
Shellac DF

.(12-5-13) 10 in. 78 r.p.m.
Shellac DF
(12-5-15) 12 in, 78 r.p.m.
Unfilled vinyl DF

(12-5-17) 10 in. 78 r.p.m.
Shellac DF

(12-5-21) 12 in. 78 r.p.m.
Unfilled vinyl DF

(12-5-23) 12 in. 78 r.p.m.
Unfilled vinyl DF

(12-5-29) 7 in. 45 r.p.m.

Unfilled vinyl DF
(12-5-35) 7 in. 45 r.p.m.
Unfilled vinyl DF

(12-5-37) 7 in. 45 r.p.m.
Unfilled vinyl DF (RL-
419)

(12-5-39) 12 in. 78 r.p.m.
Unfilled vinyl DF (RL-
420)

Unmodulated grooves at normal recording pitch with
lead out and eccentric. Same both sides.
Unmodulated grooves at normal recording pitch with
lead out and eccentric. Same both sides.

On 78 r.p.m. bands 2300 ; 1000 ¢/s. On 33-1/3r.p.m.
1000 ; 433 c/s.. Frequencies constant within 0.29
instantaneous (12-5-5 on opposite side).

Band 1—silent ; 2—400 ¢/s at 5.9 cm/sec. ; 3—1000
c/s at 9.6 cm/sec ; 4——silent. Frequencies constant
within 0.29 instantaneous.

Landing area with no lead-in spiral ; at least one un-
modulated normal pitch groove ; steep blank spiral ;
normal pitch inside groove ; lead out and eccentric
Same both sides.
As for (12-5-11). . Same both sides.

Warble frequency bands, sweep rate 5.5 ¢/s. Band
(1) 500—2500 ¢/s ; (2).750—1250¢/s; (3) 1250—1750
c/s 5 (4) 1800—2600 c/s. Same both sides.

As (12-5-15). Same both sides.
For checking automatic record changers. Three
modulated bands with large eccentric groove. Bands

define standard 10 and 12 in. landing areas without
lead in grooves. Inner band 936 ¢/s (1 minute). for
checking wow.

Various modulated bands joined by spiral grooves to
indicate limirs of standard recording dimensions
(12-5-21 on other side).

For checking landing and tmppmg action of changer
mechanisms. Bands 1000 ; 400; 1000c/s.

For checking landing and tripping action of changer
mechanisms ; for checking pickup sensitivity, turn-
table flutter and rumble.

Bands of 400 and 4000 c/s signals combined, the
4000 c¢/s being 12 db below the 400 c/s level. Peak
velocities from 3.8 to 18 cm/sec. in approx. 2 db steps.
0-db == 6 cm/sec. Intermodulation distortion in the
record is less than 49%,. For testing pickup ¢ track-
ing > at various levels and stylus forces (Ref. 285).
Bands of 400 and 4000 ¢/s signais combined, the 4000
¢/s being 12 db below the 400 c¢/s level. Peak re-
corded velocities run from 27 to 4.4 cm/sec. in approx.
2 db steps. 0 db = 9.1 cm/sec. Intermodulation
distortion in the record is less than 39;. Groove has
small bottom radius suitable for ‘testing with 1.0 or
3 Omil styli. Same use as 12-5-37.
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For routine testing of record changer operation with
1.0 or 3.0 mil styli. Standard R.M.A. landing areas
for 10 and 12 inch records are defined by short inter-
rupted tones. Short bands of 400 and 1000 c/s tones
are included for routine pickup sensitivity measure-
ments.

Clarkstan
1000 A 12 in. 78 r.p.m.
vinylite SF

1000 D 12 in .78 r.p.m.

vinylite SF.

Sweep frequency record for oscillographic observation
of equipment response. Frequency range 70 to
10 000 c/s, flat within 4- 1 db. Sweep frequency rate
20 times/sec. Crossover 500 c/s.

Sweep frequency record as 1000A but covering range
from 5000 to 15 000 c/s.

E.M.I1. Studios
JH138 10 in. 78 r.p.m.
for use with 2.5 mil

Side 1: 400 c¢/s (422.5 db) with approx. 4000 ¢/s
(+410.5 db) superimposed additively for I.M. testing of

pickups. Peak lateral velocity of combined wave is
equal to that of a sine wave at a level +24.5 db. The
succeeding 10 bands have levels of both tones reduced
2 db below those of the foregoing band.

Side 2: 60 c/s (+8.6 db) with 2000 c/s (+10.3 db)
superimposed additively. When the 2000 c/s is
reduced in the pickup bass correction equalizer by the
correct amount relative to 60 c/s (i.e. 13.7 db), its
effective level will be —3.4 db, i.e. 12 db below the
60 c/s tone. On a velocity basis, the peak lateral
velocity of the combined wave is equal to that of
a sine wave at a level 415.5 db. The peak combined
amplitude is equivalent to that of a 60 c/s sine wave
having a level of +10 db. The succeeding 10 bands
each have the level of both tones reduced by 2 db below
those of the foregoing band. 0 db = 1 cm/sec. r.m.s.
(Ref. 310).

radius stylus.

See Supplement for additional Frequency Test Records.

DISTORTION * AND UNDESIRABLE EFFECTS

(?) Tracing distortion and pinch effect (it) Playback loss (iti) Wow, and the effects
of record warping (1v) Distortion due to stylus wear (v) Noise modulation (vr)
Pickup distortion (wi) Acoustical radiation (viti) Distortion in recording.

SECTION 6:

(i) Tracing distortion and pinch effect
Tracing distortion (also known as playback distortion) is non-linearity introduced

in the reproduction of records because of the fact that the curve traced by the centre
of the tip of the reproducing stylus is not an exact replica of the modulated groove.

Detailed mathematical analyses of tracing distortion have been made (Refs. 41 and
213, 42, 224, 264) and some popular articles have been written (Refs. 40, 146). The
distortion arises from the shape of the cutter, which has a chisel edge, so that a spherical
tipped needle follows a different path—in other words it introduces harmonic dis-
tortion. Odd harmonics are shown up in the lateral movement of the needle, while
even harmonics make their presence felt through vertical movement of the needle—
the “pinch effect.”

* See also Chapter 37 Sect. 1 (vi) N for L.R.E. tests on phonograph combinations.
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Harmonic tracing distortion

It had earlier been believed (Ref. 42) that the dominant harmonic was the third,
but a more recent analysis (Ref. 264) has proved that the higher harmonics also should
be considered. The values of the fundamental and harmonics up to the seventh may
be calculated from the equations below. The harmonic distortion, when reproducing
with a constant velocity pickup, is given by the ratio of the harmonic to the funda-
mental, multiplied by the harmonic number (e.g. 3 for third harmonic)

1
Fundamental amplitude = 4 — 1—6R2A3{1 -~ 1A? + 6—A4 }+
el -}
445 i 2 — 8 47 —
768RA {1 $4 . } 73728RA 1 P G SN (¢))]
1 9
Third harmonic amplitude = — 1—6R2A3{1 — 342 + 6—A“ - } +
_Q_RAAs{l - 34% 4 } — i—R"/N{l _ } 3, @
512 T 40 960
Fifth harmonic amplitude = 178R2A5{1 — §A42 + .. } -+
5 N 625
4 45 — — A2 € 47 .
I P . S0 SN SENUR
1
N i —_ - 247 — —
Seventh harmonic amplitude = 02 4R A {1 . }
2401
4 — — —
6144R A7 {1 n } 368 640R 4 {1 } @
where A = 2ma/A
R = 2ar/A
a = amplitude of lateral modulation of groove, measured in the plane of
the record

.
and A

stylus radius
wavelength of sinusoidal modulation measured in the direction of an
unmodulated groove.

These formulae only hold when RA does not exceed V/2.

Example : Groove velocity 10 inches/sec., lateral groove velocity 2 inches/sec
for f = 4000 c/s,
r = 2.3 mils.
Wavelength = A = 10/4000 = 0.0025 inch.
Amplitude = a = 2/27(4000) = 1/4000x inch.
A = 2ma/) = 02.
R = 27(0.0023)(400) = 1.84n.
From (1) : Fundamental amplitude = 0.1839 (this is 91.99% of the groove ampli-
tude).
From (2) : Third harmonic amplitude = — 0.0113.
Percentage third harmonic with constant velocity pickup =
3 x 0.0113 x 100/0.1839 = 18.4%.
From (3) : Fifth harmonic amplitude = + 0.0035.
Percentage fifth harmonic with constant velocity pickup =
5 x 0.0035 x 100/0.1839 = 99%.
Total r.m.s. distortion = 209,

It

Intermodulation tracing distortion

The harmonic distortion so far discussed implies the existence of intermodulation
distortion which causes the most distressing effects on the listener and is still audible
when the offending harmonics are inaudible. The ratio of intermodulation distortion
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1o total harmonic distortion may be as high as 10 times (Ref. 110). Intermodulation
distortion may, in severe cases, be audible as a buzz.

Since the higher order harmonics are substantial, the most convenient method of
comparison for different conditions is given by intermodulation distortion (Ref. 264)
and four curves for selected operating conditions are given in Fig. 17.37A. Under
these operating conditions the upper limit for good reproduction is 10% intermodula-
tion—this does not hold for other conditions.

The minimum groove diameters for reasonable fidelity (less than 109 calculated
intermodulation distortion as given by Fig. 7.37A) are :

R.P.M. Stylus radius Min. groove diameter
78 3.0 mils 6.1 inches
45 1.0 4.9
33-1/3 1.0 6.5
33-1/3 23 10.1

Fortunately, owing to the smaller amplitudes which usually occur in both speech
and music at the higher frequencies, the actual distortion under the prevalent listening
conditions is usually less than the values given above. In addition, the yield of the
record material reduces the distortion (Ref. 265); this is appreciable with vinyl,
but negligible on shellac records. A further effect is the translation loss which may be
about 6 to 8 db at 10000 c/s at
the inner radius with 78 r.p.m. 1 LT JTIP | STYLYS v
standard groove, whereby both 1D0-78 MR
fundamental and harmonics are ot B : - MiD)[400~ 400
reduced. All these subsidiary 10335 33"’ 'O |4.44] ')
effects tend to decrease the actual ' 334]2:3 |4.44| 111
tracing distortion. \ 45 |10 (4-44] 111

However, the deterioration in A 78 |30 704! 176
both frequency response and \
fidelity is plainly audible to a o
critical listener as the groove ! \
radius decreases towards the end
of a record ; this applies to 78
r.p.m,, transcriptions and all
types of fine groove recording.

The effect of recording char-
acteristics on tracing dis-
tortion

Over the range of constant
velocity recording, the tracing
distortion is proportional to the
square of the frequency

With high-frequency pre-em-
phasis followed by the correct
amount of de-emphasis, at the

rate of 6 db/octave above a ' A\

“ hinge frequency *’ f, (P in Fig

17.37B) the third harmonic trac-

ing distortion at a recorded fre-
quency f, will be one third of the
value calculated by the procedure
outlined above provided the con- \

stants are the same in both cases. 035 2 yy 3 8 o 12 14 16

This relationship will, however, RECORD DIAMETER IN INCHES

not hold at any other point. For FIG. 17.37A

example, at frequency f, where g 17.37A. Variation of calculated inter-

f2 = 2fy, the amplitude at Q' modulation tracing distortion with record diameter
will be twice that at Q and the (based on Ref. 292).
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db

Fig. 17.37B.  Ideal recording char-
acteristic  for calculating  tracing
distortion.

-b|- —

A

]
Frequency (c/s) G 17. 378

distortion will therefore be four times as great with pre-emphasis : de-emphasis
as at point P. This may be expressed in the general form

H,9%, (constant amplitude) m? 5
H,% (constant velocity) = 3 ©)
where m = f./fi
f» = recorded frequency -
fi = hinge frequency of pre-emphasis
and the pre-cmphasis and de-emphasis are both at the rate of 6 db/octave above f;
Iffo = fi m =1 Ratio of H;% = 1/3
fo = 2#; m = 2 Ratio of H;Y% = 4/3
fo = 4f; m = 4 Ratio of H;% = 16/3

Other distortion effects

In the foregoing treatment it is assumed that the pickup stylus and armature are
able to follow ideally all the sharp and sudden changes in the modulation of the groove
which occur with complex sounds. In many cases this is obviously not the case, so
that additional causes of spurious intermodulation products (mainly inharmonic)
arise. These are reduced by the use of a really good pickup but in most cases it is
probably true that the best available pickup will introduce distortion additional to
the theoretical tracing distortion.

The distortion arising from overmodulation at high frequencies due to a high value
of pre-emphasis has already been covered in Sect. 5(i). Similar effects may occur
at low frequencies with organ music, but may be avoided by the use of a low frequency
limiter in the recording amplifier.

The effect of finite size of needle tip on the reproduction of the fundamental re-
corded frequency is covered in-Sect. 2(i), also translation loss.

The pinch -effect has already been mentioned. It causes increased combination
products, forced vibration of the armature at its high resonant frequency, increased
noise in the output voltage and needle talk, Fortunately these bad effects may be
considerably reduced by the introduction of vertical compliance either in the needle
(bent shank or trailer type) or in the pickup itself.

References to tracing distortion, intermodulation distortion and pinch effect :
11, 40, 41, 42, 47, 110, 146, 193, 212, 213, 223, 224, 225, 248, 264, 265, 285.

(ii) Playback loss

Playback loss has been defined as the difference between the recorded and the re-
produced level at the very same point of a record. It is due to the physical properties
of the record material, being evident as a loss of the higher frequencies, = A com-
paratively stiff and hard material such as is used with shellac pressings has very little
playback loss ;vinyl and lacquer are very much more flexible and exhibit appreciable
playback loss. It is also a function of the pickup used. Reference 227.

(iii) Wow and the effects of record warping

Wow is-a low-frequency modulation effect caused by spurious variations in groove
velocity, either in recording or in reproduction. In recording, the American N.A.B.
recommends that the maximum instantaneous deviation from the mean speed of the
recording turntable shall not exceed 4- 0.19% of the mean speed. The B.B.C. “D



17.6 (iii) WOW AND THE EFFECTS OF RECORD WARPING 761

channel ” limit is 4+ 0.05% (Ref. 297). In reproduction, most turntables used in
combination sets suffer from an appreciable slowing down on heavily recorded pas-
sages. This effect is reduced by the use of a light-weight pickup with high lateral
compliance. The effect may be noticed, in severe cases, by a movement in the pattern
produced on a stroboscopic disc at the commencement and end of a heavily recorded
passage.

A warped disc or wobbling turntable will produce greater wear and eventually
greater scratch level on the high portions of the record. This is much less with well-
designed light-weight pickups than with older models. However, it is important
that the stylus force should be considerably more than the minimum for correct
tracking on a perfectly flat record. A record with warp in excess of 1/16 inch is
likely to cause trouble.

An eccentric disc or turntable will tend to cause wow ; a very small amount of eccen-
tricity is sufficient to be noticeable in recording (max. + 0.002 inch N.A.B.; also
English—Ref. 235). This will produce a tonal pitch variatien of 0.1% on reproduc-
tion (10 or 12 inch records).

Flutter is similar to wow but at a high frequency ; the ear is very sensitive to this
form of distortion. This also may occur both in recording and in reproduction.

References to wow etc. in recording : 84, 90, 193, 231.

Reference 1o tests on wow in phonograph combinations : 267.

See also Chapter 37 Sect. 1 (vi) N for I.R.E. tests on phonograph combinations.

(iv) Distortion due to stylus wear

All theoretical work on disc reproduction assumes that the needle point is perfectly
spherical. A jewel or other form of permanent tip suffers wear on two opposite faces.
The wear is usually measured in terms of the width of the nearly flat portion. The
distortion arising from the worn stylus is independent of amplitude, and consists
principally of odd harmonics. The distortion is a function of d/!
where d = width of flat on needle
and ! = wavelength of recorded tone. ‘

The following table has been calculated from published data (Ref. 59) for standard
groove constant velocity recording :

at innermost groove
d/l fundamental H, H;
f =1000 c/s f =10000c/s
0.16 — 1 db 4.89%, 6.6%, d = 1.5 mil d = 0.15 mil
0.22 — 2 db 10% 12% d = 2.4 mil d = 0.24 mil
0.275 — 3 db 20% 17%, d = 3.3 mil d = 0.33 mil
0.36 — 5 db 449, — d = 4.1 mil d = 0.41 mil
0.5 —10 db — — — —

The distortion becomes very severe before there is any appreciable attenuation of
the fundamental caused by the needle wear. Although the harmonics of the higher
frequencies may be outside the frequency range of the equipment, the intermodulation
products will be apparent. :

If the recording characteristic is constant amplitude (6 db/octave high frequency
pre-emphasis followed by de-emphasis) the values of distortion in the table should
be divided by 3 and 5 for H; and Hj respectively. In this case pre-emphasis : de-
emphasis shows to considerable advantage over constant velocity, in that styli last
longer before requiring replacement, for the same distortion.

It is obvious that, for high fidelity, no observable stylus flat is permissible. This
seriously limits the life of sapphire styli, even when using a good quality pickup with
high lateral and vertical compliance—see Sect. 2(vi).

(v) Noise modulation
The noise level is usually measured as the high-frequency noise developed by an
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unmodulated groove. When a high degree of noise is present and the groove is
modulated by a single-frequency signal, it is found that the signal tends to modulate
the noise. The noise modulation reaches a maximum twice each cycle, and the peak
amplitude may be over ten times the peak amplitude of the meéasured noise in an
unmodulated groove. The use of pre-emphasis : de-emphasis is to reduce the noise
itself but to increase noise modulation. This effct is not apparent when the inter-
modulation is less than 49%.

This effect may be minimized during recording, by special means suggested in the
article.

Reference 145. See also Ref. 193 (proposed standards).

(vi) Pickup distortion

Non-linear distortion in a pickup may vary from practically nil in the best high-
fidelity types to over 59 total harmonics in some types. . The total harmonic dis-
tortion with a well designed crystal pickup is well under 2%, (Ref. 120).

The usual method to test harmonic distortion is to use a suitable frequency
test record, check it for distortion with a pickup which is known to have very low
distortion, then measure the distortion with a wave analyzer. A simple test is to use
a C.R.0., but this is not capable of indicating less than about 2%, or 39, total har-
monic distortion. The distortion is always a function of frequency, so that it should
be checked at all practicable frequencies. “ The minimum stylus force for a given
pickup to track a given frequency recorded at a given level can be determined
by the observation of waveform on an oscilloscope, The waveform produced by
failure to track has a characteristic ¢ spiked’ appearance, and a very small trace of
this form of distortion is easily detectable —Ref. 310(b).

Intermodulation distortion is preferable to total harmonic distortion as a general
indication of pickup performance. Recommended test frequencies are 400 and 4000
c/s, with the latter 12 db lower than the former. Test records are available with bands
recorded at different levels, from below normal level, increasing by 2 db steps to
-+10 db (e.g. R. C. A. Victor RL-419, R1.-420, E.M.I. JH 138).

In most cases the intermodulation distortion of a pickup increases very gradually
up to a certain level, and then rises very rapidly as the level is further increased.
This “ knee ” should occur at a level of about 16 db, on record RL.-420, that is at
about 18.2 cm/sec. A high fidelity pickup, tested on record RL-420 shows about
2.59%, intermodulation distortion at a level of 46 db ; most of this distortion is due
to the record (Ref. 291). Other modern lightweight pickups give up to 8%, inter-
modulation at 0 db (9.1 cm/sec.).

The ““ tracking * capability of a pickup may be checked by plotting a curve of inter-
modulation distortion against recorded level, for selected values of vertical stylus
force (for details see Ref. 285).

Intermodulation distortion may be measured either as the r m.s. sum or as the
arithmetical peak sum—see Chapter 14 Sect. 3(ii) and (v). An intermodulation
analyser using the peak sum method is described in Ref. 291.

(vii) Acoustical radiation

Acoustical radiation or needle chatter varies considerably among pickups. Some
pickups have no audible radiation. In other cases the radiation may be reduced,
if desired, by the use of a bent-shank needle or trailer type (Ref. 225).
(viif) Distortion in recording

If the distortion in the cutter head includes, say, 1% third harmonic distortion, this
will result in 49, third harmonic distortion if both the fundamental and the harmonic
frequencies are recorded and reproduced at constant velocity. On the other hand
pre-emphasis followed by de-emphasis will reduce this form of harmonic distortion,
although intermodulation products will still be present (Ref. 189).

See also Sect. 9(i) for distortion on original recordings.

Proposed standards for the measurement of distortion ih sound recording :
Ref. 193.
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SECTION 7 : NOISE REDUCTION

(©) Analysis of noise (i) High-frequency attenuation (iii) High-frequency pre-
emphasis and de-emphasis  (iv) Volume expansion (v) Olson woise suppressor (1)
Scott dynamic noise suppressor (vis) Price balanced clipper noise suppressor,

(i) Analysis of noise

Noise in the reproduction of sound from records may be diviciad into two distinct
groups, low frequency noise such as hum and rumble, which has already been dealt
with, and surface noise (scratch) which is the subject of this section.

Surface noise, when reproduced with a high fidelity pickup, covers the whole
audible frequency range and beyond, but is most distressing to the ear at frequencies
from about 1500 to 15 000 ¢/s. The surface noise per 1 ¢/s increases with increasing
frequency.

When a pickup is used which has a pronounced peak in the region of 3000 to 6000
c/s, the noise in the output appears to have a peak at this frequency. This effect is
due partly to the increased response of the pickup at the frequency in question (which
could be removed by equalization) and partly to shock excitation of the pickup arma-
ture. The remedy is to use a better quality pickup.

References 15, 21.

(ii) High-frequency attenuation

The distressing effects of surface noise on the listener may be reduced by any form
of high-frequency attenuation. Soft needles, such as fibre, thorn, bent shank or
trailer type, introduce attenuation of this kind but it is not controllable and, in the
case of fibre and thorn needles, variable.

Electrical attenuation is to be preferred, although it may be combined with the
use of, say, a bent shank needle. Best results are obtained with a combination of
two attenuation characteristics—

1. A very rapid attenuation above a fixed frequency (say 7000 c/s, or a choice be-
tween 4500, 7000 or 10 000 c/s) for use with old or noisy records. A suitable circuit
is Fig. 17.24A.

2. A gradual attenuation characteristic with a hinge point at about 1500 ¢/s with
variable rate of attenuation up to at least 6 db/octave, in addition to any de-emphasis
as such. Some possible circuits are described in Chapter 15 Sect. 6. See also
Figs. 17.19, 17.23 and 17.27. Crystal pickups used without an equalizer give an
attenuation approaching 6 db/octave.

If it is not practicable to have two independent attenuation characteristics, a single
characteristic may be used provided that it is capable of giving an attenuation of at
least 30 db at 7000 c/s, for use with worn records.

(iif) High-frequency pre-emphasis and de-emphasis

This method has already been described, and reduces the noise by approximately
half the amount of pre-emphasis at 10 000 c¢/s (for characteristics which follow the
time-constant roll-off).

(iv) Volume expansion

Volume expansion provides an increase in the dynamic range and, effectively,
reduces the surface noise level with reference to the maximum power output. Full
details are given in Chapter 16, On account of the limitations of available types of
volume expanders, a maximum expansion of 8 db is suggested as a satisfactory com-
promise.

A combined volume expander and scratch suppressor is described in Ref, 211,

(v) Olson noise suppressor
The Olson noise suppressor works on the principle of the threshold effect. If the
noise is below a certain low threshold value it is not amplified. The output versus
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input voltage characteristic is approximately horizontal for an"“input up to, say, 0.5
volt ; this may be accomplished by means of a network incorporating voltage-delayed
diodes (such as 6H6) or germanium crystal diodes. -The . distortion products (all
harmonic and ‘most of the intermodulation) are eliminated by splitting the high fre-
quency part of the amplifier into channels each covering only one octave. Some
possible combinations are

1. 0-3000 c¢/s ; 3000-6000 c/s (2 channels).

2. 0-2000 c/s ; 2000-4000 c/s ; 4000-8000 c/s (3 channels).

3. 0-1500 ¢/s5 1500-3000 c/s; 3000-6000 c/s; 6000-12 000 c/s (4 channels).

Filters are used which provide attenuation at the rate of approximately 30 db/octave
at both ends of each channel, except the low frequency end of the first channel. A
filter network for two channels is given in Ref. 115, while one for four channels is
given in Ref. 138.

The only known defects are that signals below the threshold value are lost, and
that there  are some intermodulation products.

(vi) Scott dynamic noise suppressor

The Scott dynamic noise suppressor controls the bandwidth of the amplifier by
means of separate high-frequency and low-frequency tone controls which dre auto-
matically controlled by the signal. Fig. 17.38 shows one simple application suitable
for home use (Ref. 251 based on Ref. 114). V, is an amplifying stage which also
provides the voltage for application to both high-frequency and low-frequency control
circuits which in turn control the grid voltages of V, and V,. The parallel resonance
between L, and C, provides an attenuation at high frequencies and a high attenuation
above the normal operating range ; it may also be used as a whistle filter. V,is
used as a reactance valve providing variable capacitive reactance which, together with
G, and its companion series condenser, forms a series resonant circuit with L,. 'The
low-frequency gate including V, is quite readily understood. Switch S, allows the
suppressor to be opened, providing maximum frequency range when no suppression
is desired. When S, is closed, R; controls the amount of suppression. For bad
records, switch S, allows restriction of the maximum frequency range. Switch S,
closes the high-frequency gate and leaves the low-frequency gate open.

The frequency characteristics of an experimental model built in our Applications
Laboratory is given in Fig. 17.39 (Ref. 251). Scott recommends that C, should be
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Fig. 17.38. Simple Scotr dynamic noise suppressor (Ref. 251 based on Ref. 114).
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adjusted for minimum output at 9000 c/s, but it was found preferable to tune C; and
L, for minimum output at 7500 c/s to avoid too great a rise in output between the two
frequencies of maximum attenuation. This simple circuit cannot provide a response

extending above about 6000 c/s.
A more recent model with minimum output at 10 000 c/s is described in Ref. 184,

Performance data of a more flexible dynamic noise suppressor built into a complete
amplifier are given in Ref, 173.
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Fig. 11.39. Frequency characteristics of circuit of Fig. 17.37 (Ref. 251).

A modified circuit for home use is that used in the Goodell radio-phonographs
(Ref. 133 Fig. 1). This includes provision for a switch to short-circuit the high-
frequency filter (LG, in Fig. 17.38) ; the sharp cut off is at a frequency from 10 000
1016 000 ¢/s. 'This and the Scott amplifier (Ref, 173), are to be preferred to the earlier
circuit of Fig. 17.38.

A more elaborate circuit, which also includes a pre-amplifier suitable for use with
a low-level electromagnetic pickup, a 3 stage power amplifier; frequency-compensated
volume control and bass and treble tone controls, is described in detail in Ref. 250.
See also Ref. 188 for further information.

A simpler modification is described in Ref. 165 in which a combined equalizer
suitable only for use with low-level ¢lectro-magnetic pickups (such as G.E. or Picker-
ing). ‘This uses one 128G7 valve and two 12817 twin triodes, with d.c. heater supply.
Much more elaborate dynamic noise suppressors for use in broadcast stations are

described in Refs 114, 133, 275.
An analysis of the filter characteristics for the dynamic noise suppressor are given

in Ref. 140.
References to Scott dynamic noise suppressor : 83, 114, 133, 165, 173, 184, 188,

250, 275.

To obtain the best results from the dynamic noise suppressor requires intelligent
attention from the operator, using the minimum degree of suppression rather than
the maximum. The level should be controlled at some point after the suppressor

(see comments, Ref. 149).
A comparison between the Scott, Fisher and Goodell versions of the dynamic noise

suppressor is given in Ref. 182.

(vii) Price balanced clipper noise suppressor

This is a modification of the Olson noise suppressor described above. It differs
from the Olson design in that a push-pull clipper is used in order to eliminate second
harmonic distortion and thus permit an increase in the frequency coverage of each
high-frequency channel. Possible arrangements are 0-3500; 3500-8000 c¢'s or
0-3000 ; 3000-7000 ; 7000-15000 c/s (Ref. 150).

The principle of operation is open to the objection that it will respond to certain
intermodulation products, more so than the Olson design. '
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SECTION 8: LACQUER DISC HOME RECORDING (DIRECT
PLAYBACK)

(i) General description (if) Recording characteristic (1) Curting siylus  (iv)
Cutter head (v) Equalization of cutter (vi) Motor and turntable (vit) Amplifier
(viti) Pickups for use on lacquer dises (ix) Recording with embossed groove.

(i) General description

Lacquer discs for home recording usually consist of a thin coating of cellulose
nitrate on an aluminium disc, but other coating and disc materials are also used.
‘There are considerable differences in the performance obtained with the best quality
discs as compared with others.

The principal defects shown by some lacquer discs are

1. High noise level.

2. Loss of high frequencies on play-back.

3. Distortion, particularly due to drying out after cutting.

Lacquer discs can be used either with a standard stylus or a fine groove stylus. The
following details apply to the standard stylus except where otherwise indicated.

With a suitable light-weight pickup, as many as 100 playings are possible. The
discs may be processed for making a large number of pressings (for studio use). The
signal to noise ratio with the best lacquer discs under the best conditions with a
standard stylus may be between 50 and 60 db, the noise level being lowest at the
greatest recording diameter and increasing by 2 to 8 db at a recording diameter of
5 inches. With a fine groove stylus the signal-to-noise ratio may be about 58 to 60
db at 10 in, recording diameter, 54 to 58 db at 8 in. and 40 to 50 db at 5 in. diameter.
The signal-to-noise ratio may be less than the values quoted above, owing to the use
of poor discs and technique ; the difference between a good and a poor disc may
exceed 10 db. The overall distortion under the best conditions may be less than 59,.

Discs are available with diameters of 5, 6, 7, 8, 10, 12, 13} and 16 inches. Discs
for home recording are usually limited to 12 inches. If recording is made at 33-1/3
r.p.m. it is wise not to record below a diameter of 8 inches, owing to the loss of high
frequencies and increased noise. With 78 r.p.m. it is wise not to record below a
diameter of 5 inches, for good fidelity.

The thread (swarf) is highly inflammable, and should be disposed of in water or a
closed metal container,

References : 9, 163, 189, 218, 230, 274.
Standards for “ Disc Home Recording ”
(based on R.M.A. REC-105, Aug. 31, 1947)

Drive pin at radius of 1 in. from centre of turntable.

Drive pin diameter 0.180 1o 0.185 in.

Drive pin hole 1/4 inch nominal.

Centre hole of rigid base discs, 0.284 in. min. diameter.

Cutting stylus length 5/8 im.
shank diameter 0.0625 in.
face angle 87°
heel angle 50°
shank flat length 3/8 in.
shank flat depth 0.010 in.

mnax. tip radius (if any) 0.002 in.
Cutting face to be parallel with stylus axis.

(ii) Recording characteristics

The most generally used cross-over frequency is 500 ¢/s. It is usual to adopt a
close approach to the N.A.B. pre-emphasis characteristic (+16 db at 10 000 c/s)
followed by de-einphasis. The soft coating material causes some loss of higher

frequencies during playback, so that a smaller amount of de-emphasis is required
than would be used with hard discs, such as shellac.
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(iii) Cutting stylus

The usual cutting stylus has a tip radius of about 2 mils with an included angle of
about 90°. The depth of cut is usually between 1.5 and 2.5 mils. Steel cutting
styli are cheap, but give poor performance all round, and only last for about 15 to 30
minutes of recording. Sapphire cutting styli are very much to be preferred ; they
may be reground when necessary  Some alloys (e.g. stellite) approach the sapphire
performance, and are readily re-ground.

The shape of the cutting stylus is vitally important ; it normally has burnishing
facete to produce a noise-free polished groove (Refs. 95, 222),

A hot stylus recording technique has been developed to reduce the noise level by
12 to 18 db while retaining- good high-frequency response. No burnishing facets
are required (Refs. 288, 289, 315).

(iv) Cutter head

The cutter head requires an available electrical driving power of at least 10 watts,
with a higher value preferred. Electro-magnetic cutters with good characteristics
(Ref. 233) are preferable but expensive. Crystal cutters with reasonably flat charac-
teristics from about 50 to 9000 c/s are cheaper and satisfactory for home use.

The cutter head is mounted on a feed mechanism which usually provides 96, 112
or 120 grooves per inch.

(v) Equalization of cutter

Equalization is required, firstly to correct any shortcomings in.the cutter itself,
and secondly to provide the desired recording characteristic. In home recorders
using electro-magnetic cutters it is usual to omit the first, and to limit the second to
high-frequency pre-emphasis. The cross-over frequency is thus fixed by the cutter
design.

High-frequency pre-emphasis (treble boosting) may be provided in a conventional
manner to give any desired characteristic. Home recorders usually limit the maxi-
mum frequency to 8000 c¢/s or less, with a maximum boost from 10 to 14 db.

If a crystal cutter is directly connected to the secondary of the output transformer,
and if the output resistance of the amplifier (reflected on to the secondary) is less than
the capacitive reactance of the crystal at the highest frequency, the recording charac-
teristic will be constant amplitude. The Brush RC-20 crystal cutter has a capacitance
of 0.007 pF, with a reactance of about 2500 ohms at 9000 c¢/s. The maximum signal
voltage across the cutter (RC-20) should be about 50 volts ; the step-down ratio of
the transformer should be calculated to provide this voltage at maximum power
output. The English Acos cutting head requires an input of the order of 150 volts
for 1 mil amplitude. This method is only satisfactory with triode valves.

If pentode valves are used it is necessary to connect a suitable shunt dummy load
to provide correct matching at about 500 c/s.

The conventional constant velocity characteristic above a specified cross-over
frequency may be achieved with a crystal cutter by designing so that the impedance
of the driving source is equal to the capacitive reactance of the cutter at the cross-over
frequency. With a low impedance source it is necessary to use a series loading re-
sistance.

(vi) Motor and turntable

Motors and turntables for recording purposes must be specially designed for the
purpose, as higher power, less vibration and more constant speed are required than
with play-back alone, Some equipments are designed for 78 r.p.m. alone, while
others are designed for either 33-1/3 or 78 r.p.m.

(vii) Amplifier
The amplifier should be capable of an output of at least 10 watts, with low dis-
tortion and good frequency response. The noise and hum level should be at least
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45 10 50 db below maximum power output (40 db is an extreme limit for poor re-
cordings). The amplifier .should preferably have push-pull triodes with negative
.feedback, although triodés without féedback or beam powér valvés with feedback may
be used.

(viii) Pickups for use on lacquer discs

The pickup must be a light-weight type, preferably well under 1 ounce (28 grams)
needle pressure. The play-back needle should be of the permanent type, usually
sapphire, with a point radius of about 3 mils. The needle or pickup must have
vertical compliance, and a trailer type of needle is frequently used.

“Reference 252.

(ix) Recording with embossed groove

An embossed groove in place of a cut groove has, so far at least, had very limited
use. One application (Ref. 103) makes use of 33-1/3 r.p.m. discs with 220 grooves
per inch which provide 15 minutes playing time on each side of a 7 inch disc. The
frequency range is from 150 to 4000 c/s, being suitable for dictation machines.
Smaller discs provide 7} minutes playing time. A special application called for 330
grooves per inch with 30 minutes playing time on each side of a 7 inch disc, working
at 22 r.p.m.

See also Refs. 63, 210, 242.
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SECTION 9 : REPRODUCTION FROM TRANSCRIPTION DISCS

(¢) Imtroduction (i) Characteristics of record material, wear and noise (m) Sound
track  (#v) Recording characteristics and equahzanon (v) Translation loss and radzus :
compensation.

1) Introduction : e
Reproduction from transcription discs follows the same general principles as other
disc reproduction, and will only be dealt with briefly. “The special features of trans-
scription disc recording and reproduction have been adequately covered in the litera-
ture, to which a number of references have been given. -
The principal characteristics of N.A.B. (Ref. 237) and B.B.C. (Ref 214) 16 1nch
33-1/3 r.p.m. transcription discs are-given below: :

|
Detail i N.A.B. (1949) " 'B.B.C.
Outer diameter 15-15/16 -+ 3/32 16 ins.
Outermost groove diameter 15-1/2 + 1/16 15-1/2 ins.
(for inside start, .
15-9/16 ins . max.)
Innermost groove diameter 7-1/2 ins. min, -
Grooves per inch 96, 104, 120, 128, | 120
136 etc.
Width of groove at top < -4.0 mils —
Radius at bottom of groove 1.5 mils max. 1.5 mils
Angle of groove 88° 4 5° | 90° i
Turntable speed 33-1/3 4 0.39% " | 33-1/3 r.pm.
Wow factor ¥ + 01% e
Reproducing stylus : Angle 40° — 55° —
Bottom radius (primary standard) 2.0 4+ 0.1 mils 2.5 mils
(secondary standard*) 25 4 0.1 mils —
Recordcd levelt (1000 c/s) A Peak velocity = - —
7 cm/sec.
Direction of recording either outside-in

Some 10 inch and 12 inch discs are also used, but these have been covered in Sect. 2.

The pickups to be used with transcription discs should have a stylus force not
exceeding 1-1/2 ounces (42 grams). Only permanent points should be used.

The total harmonic distortion on an original recording at 1000 ¢/s or less, in accord-
ance with good practice, would be less than 29, (Ref. 219). )

Intermodulation distortion measured on recordings made by:three recording lieads;
with low frequency peak amplitudes of 2.5 mils and high fréquency velocity 12.db
lower, were apptoximately 1.0, 9.2.and 529, (Ref. 269). The first:head is one giving
exceptionally low distortion, while the second is representative of good practice.:
The readings were very little affected by the choice of low or high frequency. When
the level was reduced 6 db, the I.M. distortion was reduced to 239, with the third"
recording head (say 69, harmonic distortion). Cah e T

References to transcription recording (general) : 4, 7, 63, (92, 99, 163), (135, 205,
146), 189, 214, 216, 218, 219, 230, 237. . ) .

Standards : Refs. 2, 87, 214, 237 : Specifications : 185 ; Bibliography : 105.

(ii) Characteristics of record material, wear and noise

Most processed transcription disc are made of vinyl. Viny] records will reproduce
up to 1000 playings with a suitable light-weight pxckup and permanent tip. For the
effects of elastic deformation see Ref. 212

*Compromxse for reproduction of both lateral transcnpnons and 78 r.p.m. shellac discs.
+This is the deflection of a standard volume indicator. 'Programme peaks up to 21 cm/sec. would

be anticipated.
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Wear of stylus tips is covered in Sect. 2(vi).

The N.A.B. (1949) standard for signal to nois€ ratio states that the noise level
measured with a standard volume indicator (ASA Standard C:.16.5-1942) when re-
producing a record on a flat velocity basis over a frequency range between 500 and
10 000 c¢/s shall be at least 40 db below the level obtained under the same conditions
of reproduction using a tone record of 1000 c/s having a peak velocity of 7 cm/sec.
Response of the system at 500 c/s shall be 3 db below the response at 1000 ¢/s, and
the response shall fali at the rate of at least 12 db/octave below 500 ¢/s, Response
of the noise measuring system at 10 000 c¢/s shall be 3 db below the response at 1000
¢/s and the response shall fall at the rate of at least 12 db/octave above 10 000 c/s.

The standard N.A.B. pre-emphasis will increase this value by approximately
8 db, resulting in an effective signal to noise ratio (under minimum conditions) of
48 db. The peak signal to noise ratio will be at least 10 db better than this figure,
with normal programme material—say 58 db. Lacquer discs (direct recordings)
under similar conditions may have peak signal to noise ratios up to 68 db or even higher
(Ref. 63).

(iii) Sound track

The ratio of maximum to minimum groove radius (N.A.B.)is 2.07 : 1. The groove
speed varies from 27 to 13.1 inches per second. As the groove diameter approaches
7-1/2 inches there is a progressive loss of high frequencies and increase in harmonic
distortion during both recording and play-back. For an analysis of the radius of
curvature see Ref. 146, For tables giving groove/land ratios see Ref. 205.

(iv) Recording characteristics and equalization

The recording characteristic standardized by N.A.B. (1949) is given in Fig. 17.15
Curve 2, while that used by the B.B.C. is given in Fig, 17.14 Curve 4, 'The Orthacous-
tic recording characteristic is given in Fig. 17.15 Curve 5.

Equalization has been covered in Sect. 5. De-emphasis of the high frequencies
(N.A.B.) may be accomplished by a capacitor connected across a resistive network.
The value of the capacitance is given by

C = 100/R ey
where C = capacitance in microfarads
R = total circuit impedance (supply resistance and load resistance in parallel)

) across which C is placed
and 100 = time constant in microseconds.

This provides de-cmphasis of approximately 16 db at 10 000 c/s.

(v) Translation loss and radius compensation

Translation loss is defined as the lossin the reproduction of a mechanical recording
whereby the amplitude of motion of the reproducing stylus differs from the recorded
amplitude in the medium (N.A.B. 1949). The translation loss is a function of the
record, the needle tip radius and the pickup. Usual values are from 8 to 16 db at
10 000 c/s at ‘the inner groove.

Radius compensation (diameter equalization)

In order to reduce the loss of high frequencies during play-back some recording
organizations boost the higher frequencies during recording, the degree of boosting
increasing as the stylus approaches the innermost groove. It is important to re-
member that the purpose of radius compensation is to give, as nearly as practicable,
constant output at all frequencies and at all positions along the groove, when played
by a pickup with the recommended needle tip dimensions.

The R.C.A. automatic recording equalizer MI-11100 provides two degrees of
radius compensation. The low setting gives 10.8 db at 8 inches diameter and 8 db
at 9 inches, both for 10 000 ¢/s. = ‘The high setting gives 13.5 and 9.9 db respectively
under the same conditions.
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The B.C.C. have 2 maximum radius compensation of 10 db, but the frequency at
which it reaches 10 db is decreased as the diameter becomes smaller (minimum 8-3/4
inches).

There is no doubt that with certain kinds of music it is impossible to apply the
full N.A.B. pre-emphasis of 16 db at 10 000 ¢/s together with the necessary amount
of radius compensation to provide a nearly level frequency characteristic without
serious over-modulation and distortion. The only answer seems to lie in the use of
fine groove recording.

Referencss 4, 99, 189, 214, 227.
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