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Three New Pocket Calculators 
Smaller, Less Costly, 
More Powerful 
HP's  second-genera t ion  pocke t  ca lcu la to r  fami ly  now 
inc ludes  a  bas ic  sc ien t i f i c  mode l ,  a  p rogrammab le  
sc ien t i f i c  mode l ,  and a  bus iness  mode l .  

by Randal l  B .  Nef f  and Lynn T i l lman 

IN 1972, HEWLETT-PACKARD INTRODUCED the 
HP-35 pocket scientific calculator,1 the first in a 

family of calculators that eventually grew to include 
six members, from the original HP-35 to the sophisti 
cated fully programmable HP-65.2 

Now there is a second generation of HP pocket cal 
culators. Currently this new calculator family has 
three members, designated HP-21, HP-22, and HP- 
25. The HP-21 (Fig. 1) is a basic scientific calculator 
that replaces the HP-35, the HP-22 (Fig. 2) is a busi 
ness calculator, and the HP-25 (Fig. 3) is a program 
mable scientific calculator. State-of-the-art technology 
has been applied in the new family to achieve the ma 
jor design goal of low cost with no sacrifice in reliabil 
ity or quality. 

Most parts are common to all three calculators, the 
fundamental differences occurring in the read-only 
memory (ROM) that contains the preprogrammed 
functions. In each calculator is an integrated circuit 
that is a small, slow, but powerful microcomputer. 
It executes microprograms that are stored in the 
ROM. When the user presses a key, a microprogram 
is activated to perform the function corresponding to 
that key. 

The ROM comes in blocks of 1024 ten-bit words. 
Each block adds factory cost. But until all of the ROM 
has been allocated, features can be added, omitted, or 
modified and functions can be made more or less 
accurate without increasing factory cost at all. The 
firmware designer's challenge is to make these no- 
cost choices in some optimal way for each calculator. 

HP-21 Scienti f ic  
The HP-21, the first calculator in the new family, 

was designed as a direct replacement for the HP-35. 
Because the HP-21 was to have 33% more micropro 
gram ROM than the HP-35, everyone involved in the 
project wanted additional features and functions. 

New features were packed in until all the ROM was 
used. The HP-21 has all the functions of the HP-35 
plus controlled display formatting, polar to rectangu 
lar conversions, radian mode in trigonometric calcu 
lations, and storage arithmetic. 

One major change in these HP-21 family calcula 
tors from the HP-35 family is a shorter twelve-digit 
display. The HP-35 display had fifteen digits: two 
signs, ten mantissa digits, two exponent digits, and a 
decimal point. The new twelve-digit display was re 
quired because of the narrower plastic case of the 
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Fig.  1 .  HP-21 Sc ient i f ic  Calcu la tor  

new family. 
In spite of the shorter display, there was still a re 

quirement that the calculator have ten-digit preci 
sion. To meet this requirement, the decimal point 
was moved so that it appears next to a digit. Also, a 
decision was made to show a maximum of eight man 
tissa digits when an exponent is displayed, so two of 
the display digits do double duty, sometimes as man 
tissa digits, and other times as exponent sign and 
digit. 

The HP-21 never gives a misleading zero answer. 
When the user has specified fixed notation and the 
non-zero answer of a function would be formatted as 
a zero, the HP-21 changes to scientific notation for 
that answer. When the HP-21 shows zero, it means the 
answer is zero to ten digits. 

lated with the i+ key. In combination, the arithmetic 
and statistical functions allow calculation of such 
things as exponential and logarithmic regression, 
power curve fit, and trend lines with uneven periods, 
a powerful set of computational tools for the financial 
analyst and forecaster. 

Greatly expanded storage is available to the user. 
There are ten user-addressable registers with storage 
arithmetic similar to that of the HP-25. There are also 
five financial storage registers â€” one associated with 
each of the basic financial parameters (n, i, PMT, PV 
and FV). The basic functions defined by these five 
top row financial keys are the same as those in the 
HP-70 and HP-80.4 

These registers combined with internal status indi 
cators (one for each parameter) and an internal data- 
input counter form a flexible system for solving finan 
cial calculations. When the calculator is turned on, 
the system might be thought of as looking like this: 

Status Indicators (none set) 

D  D  D  

n  R e g i s t e r  i  R e g i s t e r  P M T  R e g i s t e r  P V  R e g i s t e r  F V  R e g i s t e r  

Data Input Counter 

The financial functions require that the contents of 
exactly three of the financial parameter registers be 
specified as input data, that is, three status indicators 
must be set and the data input count must equal 
three. 

When data is entered the associated status indica 
tors are set and the data input counter is incre 
mented. For example, if two items of data have been 
entered (say n = 360 and PMT = 341.68) the system 
might look like this: 

D  D  

HP-22 Business 
The HP-22, the business member of the new calcu 

lator family, was intended to be an "HP-70-Plus". 
Again, experience from programming the HP-70 and 
many new microinstructions allowed the product to 
grow functionally until it provided an array of mathe 
matical, statistical, and storage capabilities in addi 
tion to the financial functions we had originally 
hoped to add. 

The HP-22 is the first of our financial calculators to 
include ex and In functions on the keyboard. It is 
also the first of our financial calculators to provide 
linear regression and linear estimate. These func 
tions, as well as arithmetic mean and standard devia 
tion, are executed using data automatically accumu- 

n  R e g i s t e r  i  R e g i s t e r  P M T  R e g i s t e r  P V  R e g i s t e r  F V  R e g i s t e r  

Data Input Counter 

If a status indicator is already set, entering data for 
that parameter will simply overwrite the previous 
register contents. For example, pressing n in the above 
situation would cause the 360.00 to be overwritten 
with whatever was in the display. The status indica 
tor would remain set and the counter would remain 
at 2. Once three status indicators are set, pressing a 
financial key for which the status indicator is not 
set will trigger an attempt to execute that function. 

â€¢  n :  number  o f  t ime  pe r i ods ;  i :  i n t e res t  r a te  pe r  pe r i od :  PMT:  paymen t  amoun t ;  PV :  p resen t  va lue  o r  
p r i nc i pa l ;  FV :  f u tu re  va lue  
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Fig. 2. HP-22 Business Calculator 

Say the system looks like this: 

3 6 0 . 0 0  .00 

n Reg i s ter  i  Reg i s ter  PMT Reg i s ter  PV Reg i s ter  FV Reg i s ter  

Data Input Counter 

Pressing PV will cause calculation of PV in terms of 
n, i  and PMT while pressing FV will cause calcula 
tion of FV in terms of n, i and PMT. 

When a function is executed and an answer is cal 
culated, the answer is stored in its associated register 
for possible later calculations. The status indicators 
and counter  remain unchanged because the  input  
parameters have not changed. 

There is a reset function, which resets all five sta 
tus indicators and resets the counter to zero, allow 
ing a different combination of input parameters to 
be specified. However, the data remains in the regis 
ters and can be recalled using the RCL prefix key. 

Besides the new flexibility in the basic financial 
functions some new functions have been added: %Â£ 
(percent of sum), ACC(accumulated interest), BAL 
( r e m a i n i n g  b a l a n c e ) ,  a n d  t h e  a n n u i t y  s w i t c h  
(BEGIN E END). 

A running total can be kept using the i+ key. The 
%Â£ function can then be used to find what percent of 
that total any given number is. 

Accumulated interest and remaining balance are 
also new. Just enter the loan amount PV, the periodic 
interest rate i, and the payment amount PMT. To find 

the accumulated interest between two periods, say 
from payment 13 through payment 24 enter the pay 
ment period numbers in storage registers 8 and 9 and 
press â€¢ ACC. If you then press â€¢ BAL the HP-22 
will calculate the remaining balance on the loan after 
the payment indicated in register 9 is made (in this 
case after payment 24). 

Annuities are often referred to as being "ordinary 
annuit ies" or  "annuit ies  due".  These terms dist in 
guish situations where periodic payments are made 
at the beginning of the period (for example, rents or 
leases are annuities due) from payments made at the 
end of the month (a mortgage, for example, is an or 
dinary annui ty) .  The HP-22 features  the  annui ty  
switch to make this distinction. Place the switch in 
the BEGIN position and any annuity calculations will 
be made assuming that payments occur at the begin 
ning of the payment period. Place the switch in the 
END position and annuity calculations will be made 
assuming that payments occur at the end of the pay 
ment periods. 

The HP-22 uses the same general  solution tech 
niques for the financial functions as the HP-80.4 Execu 
tion of the equations involves numerous internal sub 
rout ine  ca l ls  to  + ,  - ,  x ,  ~ ,  y" ,  and In  ( th is  i s  par  
ticularly true for the iterative solutions for i). This 
means that  the standard round-off  errors in these 
routines are compounded by the time the final solu 
tion is reached. To improve the final results given by 
the HP-22, improvements were made to the standard 
HP-21-family arithmetic subroutines. The yx algo 
rithm was extended to handle negative numbers to 
integer powers â€” for example ( â€” 2)2 or ( â€” 2)~2 â€” and 
a subroutine was developed to calculate the expres 
sion ( l+y)x,  which occurs frequently in f inancial  
equations. 

HP-25 Programmable Scient i f ic  
The HP-25 was originally conceived as an ad 

vanced scientific calculator. It was specified as hav 
ing 2048 microinstructions, twice as many as the 
HP-21. Also, it was to contain a new integrated cir 
cuit, a sixteen-register data storage chip. Because 
of improved microinstructions and experience 
gained by microprogramming the HP-21, the HP-25 
finally appeared not only as a scientific calculator 
with many more functions than the HP-21, but more 
importantly, with 49 steps of user programming. 

The real power of the HP-25 is its easy program 
ming. The programming is based on key phrases 
rather than keystrokes. A key phrase is simply a se 
quence of keystrokes that together perform one func 
tion or operation. For example, both f SIN and 
STO + 5 are key phrases, but they contain two and 
three keystrokes, respectively. The program memory 
contains numbered locations for 49 key phrases. When 
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Fig .  3 .  HP-25 Programmable  Sc ient i f i c  Ca lcu la tor  

the user writes a program, the calculator merges key 
strokes into key phrases and stores the instructions in 
program memory. 

Editing a program is particularly easy. In program 
mode, the display shows the step number and the 
key phrase stored there (see page 6). The key phrase is 
displayed as the row-column coordinates of the key 
strokes that make it up. The digit keys are represented 
by a zero followed by the digit, and the other keys are 
described by a row digit followed by a column digit. 
For example, the f key is in the first row of keys and 
the fourth column, so its coordinate is 14. The key 
phrase f SIN appears as 14 04, and STO + 5 appears as 
23 51 05. 

One innovative feature of the HP-25 is the behavior 
of the SST {Single Step) key in run mode. This key 
was designed to help the user debug programs. It al 
lows the user to execute his program one key phrase 
at a time. When the SST key is held down, the display 
shows the line number and the key phrase that is to 
be executed next. Releasing the SST key executes just 
that key phrase, and the numerical results appear in 
the display. This new feature makes debugging pro 
grams quite easy because the user can tiptoe through 
his programs, seeing both the key phrases and their 
results, one phrase at a time. The display when the 
SST key is held down includes the step number, so 
checking program flow and branching is easy. 

The HP-25 contains a number of functions that 
make programming simpler. In program mode, the 
SST key and the BST (Back Step) key allow the user to 
step forward and backward through the program mem 

ory. Eight comparisons allow the program to react 
depending on the data in the calculation stack. To 
gether with the GTO (Go To step number) operation, 
programs can branch and loop based on numeric 
results. A function that is new to pocket calculators is 
PAUSE. When encountered in a program, the calcula 
tor stops for a second, displays the most recent result, 
and then continues the program. This is useful when 
programming iterative functions because one can 
watch the function converge or diverge. 

The HP-25 has line-number-based static program 
ming. Key phrases go into numbered locations in mem 
ory, overwriting the previous contents. Branching 
in the program is to the step number of a phrase. This 
is in contrast to the HP-65 type of programming.3 In 
the HP-65, keycodes shift around in the unnumbered 
memory as steps are inserted and deleted, and 
branching goes to label keycodes contained in the 
memory. 

The HP-25 merges keystrokes into key phrases us 
ing a microcoded finite state machine. The machine 
carefully checks for undefined key sequences. When 
a valid key phrase is completed, an eight-bit code is 
fabricated. If the calculator is in run mode, the code 
is immediately decoded and executed. In program 
mode, the code is copied into the program memory 
and then decoded to generate the row-column dis 
play. The data registers used for program storage are 
56 bits long. Each register can contain seven key 
phrase codes. Seven such registers comprise the pro 
gram memory, so all together there are 49 key phrase 
locations. 

The HP-25 contains a data storage integrated cir 
cuit with sixteen registers of 56 bits each (14 BCD dig 
its). Seven registers are for user programming, eight 
are for user data, and one is used for the LAST x 
function. 

Another innovative feature of the HP-25 is a new 
mode of formatting the displayed result, called engi 
neering notation. This is a selectable format that 
makes calculated answers easier to understand. Imag 
ine a problem that deals in physical units of mea 
sure, such as seconds. Say the answer to the problem 
in scientific notation is 5.00 -05. Now this is a 
valid answer, but not as clear as it could be. Setting 
the HP-25 into engineering notation gives the answer 
as 50.0 -06 which is easy to read instantly as 50 
microseconds. Engineering notation forces the 
power-of-ten exponent to be a multiple of three and 
adjusts the decimal point to give the correct answer. 
If the above answer is multiplied by 10, it gives 
500. -06 or 500 microseconds. Multiplying again 
by ten gives 5.00 -03 or five milliseconds. 

Design Detai ls 
Several improvements in the instruction set of the 
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An Example of HP-25 
Programming 

A  s i m p l e  e c o l o g i c a l  m o d e l  o f  i n t e r a c t i n g  p o p u l a t i o n s  c o n  
s is ts  of  rabbi ts  wi th an in f in i te  food supply and foxes that  prey 
on  them.  The sys tem can be approx imated by  a  pa i r  o f  non l in  
ear,  f i rs t -order d i f ferent ia l  equat ions:  

h 
â€¢â€¢ =  2 r  -  a r t  

I â € ” * -  

(change in  rabbi ts  wi th  t ime)  

(change in  foxes wi th  t ime)  

where r  is  the number of  rabbi ts ,  f  is  the number of  foxes,  and 
a  i s  a  p o s i t i v e  c o n s t a n t  t o  s h o w  h o w  f r e q u e n t l y  r a b b i t s  a n d  
foxes  meet .  When a  =  0  the re  a re  no  encoun te rs ;  the  rabb i t s  
k e e p  b r e e d i n g  a n d  t h e  f o x e s  s t a r v e .  F o r  a  s p e c i f i c  a ,  t h e  
p robab i l i t y  o f  encoun te r  i s  p ropor t i ona l  to  the  p roduc t  o f  the  
n u m b e r s  o f  f o x e s  a n d  r a b b i t s .  A  r e a s o n a b l e  c h o i c e  f o r  a  i s  
0.01. 

One way to  so lve th is  prob lem numer ica l ly  is  a  s imple Euler  
method,  so lv ing equat ions o f  the form:  

xn+1 = xn + h â€¢ f (xn) 

using a smal l  step size h, where h represents a smal l  increment 
o f  t ime.  The equat ions  become:  

rn+1 = rn + h â€¢ (2rn - arnfn) 

fn+1 = fn + h â€¢ (-f  + arnfn) 

The features of  the HP-25 make i t  ideal ly sui ted for problems 
o f  th is  type.  The resu l ts  can be p lo t ted  by  hand on a  graph o f  

7 0 0  

foxes versus rabb i ts .  Note  that  the ca lcu la t ions g ive  ten-d ig i t  
f loa t ing-po in t  numbers ,  but  the d isp lay  is  a lways t runcated to  
an integer. 

Example: 
a =  0 . 0 1  
h =  0 . 0 2  
r 0 =  3 0 0  
f 0 =  1 5 0  

A plot of foxes versus rabbits is a circular loop with a period of 
about  is  t ime uni ts  (250 i terat ions) .  The rabbi t  min imum is  14,  
the maximum is 342 on the f irst loop. The fox minimum is 54 and 
the maximum is  478 on the f i rs t  loop.  

r0  = 100,  f0  = 200 is  a  constant  so lu t ion.  
H P - 2 5  P r o g r a m  F o r m  

T i t l e    f y t t x + s  v s  K x e s  
S w i t c h  t o  P R G M  m o d e ,  p r e s s  [ f ]  f  " M M  I  ,  t h e n  k e y  

HP-25 Program Form 
Foxes 

J -  K e y  i n  p r o y r a r r  
i  S - t w ,  < x  ? 

h 
sra 
Â«TO 

Â» 

100 

p r t x j & f *  h o p s ,  p a u t i n a  
- toQ i te .  3  dua l  d /sp i i y  

rabbits â€¢ foxes â€¢-Â£*Â« 
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HP-21-family microprocessor made life much easier 
for the microprogrammer. Three of the most useful 
improvements were 12-bit subroutine addresses, the 
digits-to-ROM-address instruction, and the data 
register instructions. 

In the HP-35 microprocessor, the microinstruction 
address was only eight bits long. Each 256-word 
ROM would turn itself on or off as ROM-select instruc 
tions dictated. There was only one level of subroutine 
and the return address had only eight bits. The HP-21 
microprocessor uses a twelve-bit address. A given 
ROM responds only when it sees an address it con 
tains. Subroutines can be located on different ROMs 
and easily return to the correct next instruction. The 
new processor can save two twelve-bit subroutine 
return addresses. Two levels make it possible for one 
subroutine to call another. 

A new processor instruction takes two calculated 
digits as the next microprogram address. This in 
struction is exactly like a computed GO TO instruc 
tion in some programming languages. This instruc 
tion made the HP-25 possible. It is used for both key 
phrase execution and key phrase display. The eight- 
bit key phrase code is broken down into groups of 
phrases such as GTO codes, STO codes, f, and g 
codes. Then the code is either used to generate a dis 
play (for the SST key) or is executed (run mode). 

The data storage chip used in the HP-35 family 
required that a calculated address be sent from the 
processor to activate one register. Then the register 
could be written into or read from. When the HP-25 
data storage chip was designed, this mode of opera 
tion was retained, because a calculated address is 
needed for STO, RCL, and programming. However, 
enough microinstructions were available to define 
separate instructions to read or write in each register. 
This simplified the HP-22 microprogramming by al 
lowing any financial register to be accessed internal 
ly with a single microinstruction. 

One change in the system design of the HP-21 
family was putting the display segment drive in the 
ROM integrated circuit. Which segment to power is 
determined by an accessory ROM composed of six 
teen words of seven bits each. The words 0 to 9 are 
used to generate the digits. One word, 15, is a blank. 
Three of the remaining words generate the letters E, 
r, and o, which the HP-21 family uses to spell "Error," 
telling the user that an operation is illegal. One re 
maining word generates the letter F. This is used by 
the HP-25 to spell "OF" when a storage register over 
flows. Since the display generator is a tiny ROM on 
the microcode ROM, it can be changed to create new 
characters for new calculators. 
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Inside the New Pocket Calculators 
The HP-21 type o f  ca lcu la tor  isn ' t  jus t  a  s t r ipped-down 
vers ion o f  o lder  HP pocket  ca lcu la tors ,  but  an ent i re ly  
new des ign.  

by Michael  J .  Cook,  George M.  F ichter ,  and Richard  E .  Whicker  

THE HP-21 AROSE FROM THE NEED to follow its 
predecessor, the HP-35, with a lower-priced 

hand-held scientific calculator. The HP-35 was, in a 
way, a tough act to follow. Its low-cost successor 
couldn't be merely a stripped-down factory special, 
for it isn't possible to change part of the HP-35 design 
without destroying the integrity of the design. 

Instead, the HP-21 required a totally fresh design 
with an integrity of its own, taking advantage of late 
refinements of technology in the areas of displays, 
integrated circuits, batteries, and assembly. 

The HP-21, for the most part, uses the architecture 
of the HP-35 but requires fewer integrated-circuit 
packages to implement all the functions found in the 
earlier chip set (see Fig. 1). Two reductions in pack 
age count were obtained by combining the anode 
drivers with the ROM into one 18-pin plastic package 
and by incorporating all the arithmetic, register, and 
control circuits on a second chip in a 22-pin plastic 
package. Clock driving circuits are contained on each 
chip, thereby saving one more package. 

Another improvement, both in cost and in appear 
ance, is the use of a smaller, two-cell battery. The 
nominal 2.5-volt supply must be converted to four 
volts for operating the displays, resulting in some loss 
of efficiency, but since the bipolar display cathode 
driver now used does not require a converted voltage, 
the loss is nearly made up. 

Ari thmet ic ,  Control ,  and Timing Circui t  (ACT)  
This circuit combines the functions of the first 

generation's arithmetic and register circuit, control 
and timing circuit, and clock driver circuit and in 
cludes several new capabilities. All of these circuits 
could not simply be put together unchanged because 
more pins would have been required than were on 
the package. To reduce this number, several pins are 
used for multiple functions. The cathode driver 

scans the key rows, so the ACT circuit needs only 
five lines to scan the key columns and one line to 
synchronize the cathode driver, instead of the pre 
vious design's eight lines for the key rows and five 
lines for the key columns. One line is used to send 
display data to the ROM and anode driver as well as 
to send addresses and receive instructions. The 
older design used ten lines for these functions. 

The addressing structure has been changed to al 
low direct addressing of 4096 instructions. This 
means that at the end of a subroutine, control can 
pass back to the calling location from any location, 
instead of from only 255 locations. An additional 
level of subroutine nesting is included, so one sub 
routine can be called from within another. The num 
ber of status bits is increased to 16, and a four-bit 
register has been added to remember the display for 
mat requested by the user. 

The original HP-35 stack is retained, but there are 
now two storage registers on the ACT circuit instead 
of only one. This is not readily apparent to the HP-21 
user unless he needs to use the full stack and do tran 
scendental functions at the same time. In the HP-35 
the highest entry of the stack was lost, whereas in the 
HP-21 it is not lost. The stack registers are labeled 
X (display), Y, Z, and T. The storage registers are M 
and N. There are three working registers: A (= X), 
B, and C. 

The ACT circuit also performs hexadecimal (modu 
lus 16) arithmetic in addition to decimal. This func 
tion is used in display formatting in the HP-21 and 
HP-25, but may be of more interest to designers if the 
ACT circuit is to be used in instruments. 

Data Storage Chip 
This optional chip is used in the HP-22 and HP-25. 

To allow it to store programs, it was arranged that 
keycodes could be sent either to the ROM or to the A 
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Program 
and Data 
Storage 

Fig. of . and three members of the HP-21 family differ in the amount of read-only memory and data 
s torage they conta in.  Keys act ivate microprograms stored in  the ROM, causing the ar i thmet ic ,  

cont ro l ,  and t iming c i rcu i t  to  per form the ind icated funct ion.  

register on the ACT chip, and that the A register 
could send previously stored keycodes to the ROM. 
The C register communicates with the data storage re 
gisters, so by exchanging portions of the contents of 
the A and C registers, keycodes could be sent to and 
retrieved from the data storage registers. To aid in 
editing programs (i.e., sequences of keycodes), a cir 
cular shift function was added to the A register. This 
enables the data in the A register to be rotated with 
out losing information. 

The data storage chip is more versatile than its pre 
decessor in that direct register addressing is pos 
sible, that is, the instruction itself contains the number 
of the register into which data is to be stored, or from 
which data will be retrieved. Previously a register 
number had to be built up in the C register, and then 
two instructions used, "C to data address" and either 
"C to data" or "data to C." These indirect data regis 
ter addressing instructions are also still available. 

ROM 
The ROM consists of 10,240 bits of read-only mem 

ory, organized as 1024 words of 10 bits each. Four 
pages of microinstructions can be stored on one chip, 
and up to four chips can be addressed directly by the 
ACT circuit. 

12-bit addresses are received on the instruction/ad 
dress (Is) line, least significant bits first. The two 
most significant bits enable one of four chips to out 
put instructions onto the Is line. Thus, up to 4096 mi 
croinstructions may be programmed in a maximum 
system. Unlike the HP-35 quad ROM, any 12-bit ad 
dress sent to the ROM chip will be recognized, regard 
less of previous addresses. 

Display Circuit  
During each 56-bit word time, the ACT chip sends 

information to the ROM/display chip for displaying 
one digit. A character ROM in the display circuit con- 
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verts the input to seven-segment format and then 
multiplexes through the segments sequentially. 
With a 12-digit display, the duty cycle for each seg 
ment is 1/96 or about 1%. This requires a peak current 
of 30 mA to maintain an average current of 300 /u,A. 
This is a relatively high current for MOS and requires 
devices well over 100 mils (0.25 cm) wide. 

To allow the use of multiple ROMs without dupli 

cating the display function, a mask option can elimin 
ate all power consumed in this portion of the chip. 
Typically, ROM 0 contains the display function and all 
other ROMs do not. 

Five of the characters in the display ROM may be 
reprogrammed to any seven-segment character. 
Three of these characters generate E, r, and o to 
spell Error. 

Packaging the New Pocket 
Calculators 

by Thomas A.  Hender  

O b j e c t i v e :  d e s i g n  a  " s h i r t - p o c k e t "  c a l c u l a t o r  p a c k a g e  f o r  
minimum factory cost,  with rel iabi l i ty equal to or better than that 
of  the HP-35 fami ly .  HP qual i ty  s tandards must  be mainta ined.  

Sh i r t -pocke t  s i ze  was  ach ieved  by  reduc ing  the  number  o f  
keys from 35 to 30 (one less horizontal  row) and by spacing the 
keys c loser  together .  Spacing is  the min imum deemed comfor t  
ab le  fo r  the  ma jo r i t y  o f  users .  A lso ,  the  d isp lay  was  reduced  
f rom 15  to  12  d ig i t s ,  and  dec ima l  po in ts  share  pos i t i ons  w i th  
their digits. 

The  HP-21  uses  on ly  two  rechargeab le  s i ze  AA N l -Cad  ba t  
ter ies instead of the three required in the HP-35 family. This fea 
ture saves almost thir ty grams of weight.  The total  weight of the 
HP-21 is  1  65 grams.  Apar t  f rom the obv ious weight  sav ing ac 
c o m p a n y i n g  i t s  s m a l l e r  s i z e ,  t h e  H P - 2 1  p a c k a g e  c o n t a i n s  
fewer  par ts :  no backbone suppor t ,  no key-spac ing gr id  and no 
display window welding f rame. Structural  r ig id i ty is  designed in 
to  the monocoque or  box shape o f  the bat tery  compar tment  in  
the  bo t tom case ,  and  in  the  hea t -s taked  egg-c ra te  con f igu ra  
t i o n  o f  t h e  t o p  c a s e  a n d  k e y s w i t c h  p r i n t e d  c i r c u i t  a s s e m b l y  
(plast ic posts on the top case f i t  through holes in the keyswitch 
printed circuit assembly; heat is then applied to deform the ends 
of  the posts  and r ivet  the two par ts  together) .  

Lower  p roduc t i on  cos t s  o f  t h i s  package  a re  ma in l y  due  t o  
min imal  assembly  t ime,  inc lud ing test ing.  Only  two screws fas 
ten the HP-21 togetherâ€” a reduction of ten from the HP-35. The 
d isp lay  i s  an  in tegra l  p lug- in  assembly .  Modu la r  cons t ruc t ion  
eases  hand l i ng  and  any  necessa ry  t ouch -up  ope ra t i ons ;  f o r  
ins tance,  there  are  no  e lec t ron ic  components  or  so lder ing  on  
the  keyswi tch  pr in ted c i rcu i t  assembly .  

The bat tery pack case doubles as part  of  the calculator 's  bot  
tom ou ts ide  sur face ,  e l im ina t ing  a  separa te  ba t te ry - re ta in ing  
panel .  The bat tery  jumper  spr ing prov ides the force that  ho lds 
the  pack  in  the  ca lcu la tor ,  so  la tches are  not  needed.  Bat te ry  
terminals  are automat ica l ly  assembled in to the log ic  board dur  
ing  fabr ica t ion.  Th is  feature  e l iminates  the manual  w i r ing  and 
t e r m i n a l  f a s t e n i n g  r e q u i r e d  i n  t h e  p r e v i o u s  g e n e r a t i o n ' s  d e  
s i g n .  T h e  a c  t e r m i n a l  p i n s  a r e  m o u n t e d  s i m i l a r l y .  E l e c t r i c a l  
i n t e g r i t y  i s  p r o v i d e d  b y  a  f l o w - s o l d e r i n g  o p e r a t i o n  w h i c h  
connects a l l  e lect ronic components to the logic board.  Al l  keys 
except the blue pref ix key are molded in two clusters, which are 
mechan ica l l y  separa ted  dur ing  load ing  in to  the  keyboard  bez  
e l .  T h i s  r e d u c e s  t h e  n u m b e r  o f  p a r t s  h a n d l e d  f r o m  t h i r t y  t o  
t h r e e  a n d  m i n i m i z e s  a s s e m b l y  o p e r a t o r  e r r o r s  a n d  f a t i g u e .  
Tha t  th i s  i nnova t ion  works  i s  l a rge ly  because  o f  the  c rea t i ve  
e f fo r ts  o f  the  p las t i c  mo ld  des igners  and c ra f tsmen o f  the  HP 
Manufactur ing Div is ion,  whose cont inuing h igh standards of  ex 
ce l l ence  con t r i bu ted  much  to  t he  success  o f  t he  HP-21 .  The  

o v e r - c e n t e r  b r e a k a w a y  t a c t i l e  f e e l  o f  o u r  f o r m e r  c a l c u l a t o r  
keys has been retained, and the molded design of the key-str ip 
actuat ing surfaces on the undersides of the keys el iminates the 
cont ro l  bumps needed on ear l ie r  models .  

Acknowledgments  
I  want  to  express my thanks to  Tom Holden and Cra ig  San-  

ford for their f ine assistance in the design and documentation of 
th is package and to Denny Thompson and his group and to Bi l l  
Bo i l e r  o f  t he  HP Manu fac tu r i ng  D iv i s ion  fo r  see ing  to  i t  t ha t  
necessary things were done on t ime. Final ly,  recognit ion is due 
to  the  coopera t i ve  peop le  i n  p roduc t ion  and  to  Gabe  Bon i l l a  
and Cl i f f  Planer of  the model shop for their  painstaking ef forts,  
par t icu lar ly  dur ing the concept  phase of  the pro ject .  
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ply and recharger, Ed Liljenwall for the industrial de 
sign, and Ernst Erni and Chung Tung for their sup 
port throughout the project. Â¿? 

Fig.  2 .  Ar i thmet ic ,  cont ro l ,  and t iming ch ip .  

driver 
Ironic 

Richard E.  Whicker  
Rich Whicker ,  pro ject  leader  for  
the HP-21 ser ies,  graduated f rom 
the Universi ty of  I l l inois in 1966 
wi th  a BSEE degree.  For  the next  
six years he did MOS logic design 
fo r  a  semiconduc tor  company,  
then cont inued in  that  specia l ty  
af ter  jo in ing HP in 1972,  Born in 
San Francisco,  Rich now l ives in 
Santa Clara,  Cal i forn ia.  He's mar 
r ied and has three ch i ld ren,  a  
daughter  and two sons.  For  a  
change of  pace f rom the job Rich 
p lays  p iano ,  bu i l ds  rad io  con  
t ro l led models  and,  l i ke  a  bus 

who goes for  a  dr ive  on h is  ho l iday,  works out  e lec-  
ideas of  h is own. 

Cathode Driver  
In designing the cathode driver circuit for the 

HP-21 calculator, the main objective was to have a cir 
cuit with extremely low power consumption, a prime 
requirement for the HP-21 since only a two-cell bat 
tery pack is used. Functionally, the custom designed 
bipolar driver chip consists of a 12-bit shift register, 
twelve cathode drivers each with a current limiting 
feature, low-battery detection circuit, input buffer, 
and timing control gating. The 12-bit shift register 
turns on the twelve cathode drivers one at a time. 

The LED digit display drive technique used in the 
HP-21 is different from that employed in the HP-35. 
In both cases the segment drivers (anode) and the dig 
it  drivers (cathode) are scanned one digit at a 
time, one segment at a time, but the HP-21 does it by 
switching dc voltages while the HP-35 uses an induc 
tive charge-discharge method. When they are on, the 
anode drivers of the HP-21 are dc sources for the in 
dividual LED segments, while the anode drivers for 
the HP-35 drive each LED segment indirectly by first 
charging an inductor which then discharges through 
the LED segment. The HP-21 method requires signifi 
cantly fewer components. 

Acknowledgments  
The authors would like to thank the following peo 

ple for their contributions to this project: Bosco 
Wong for the design of the cathode driver chip, Les 
Moore for the assembly and debugging of the bread 
board, Mark Linsky for the design of the power sup- 

Michael  J .  Cook 
â € ”  M i k e  C o o k  d e v e l o p e d  t h e  A C T  

â € ¢ P ^ ^ " ~  -  c h i p  f o r  t h e  H P - 2 1  s e r i e s .  H e  
i l l  '  '   j o i n e d  H P  i n  1 9 7 3  w i t h  a n  e x t e n -  

i [ > ' ( l \  '  s i v e  b a c k g r o u n d  i n  t h e  d e s i g n  o f  
f c f A L - " Â »  M O S  L S I  c i r c u i t s .  B o r n  i n  W a t f o r d ,  
\ V  "  H e r t f o r d s h i r e ,  E n g l a n d ,  M i k e  
)  e a r n e d  h i s  B S c  a n d  M S c  d e g r e e s  

. : '  . ,  i n  e l e c t r i c a l  e n g i n e e r i n g  a t  t h e  
^ j ^ ^ P i  -  U n i v e r s i t y  o f  S o u t h h a m p t o n  i n  

1963 and 1966, then came to the 
Uni ted States to work for  an ai r -  
c ra f t  company as  a  sys tems 

" ^  d e s i g n e r .  L a t e r  h e  j o i n e d  a  s e m i  
conduc to r  company ,  des ign ing  

l ^ l L ^ ^ ^ f l  n o r e  t h a n  5 0  M O S  L S I  c i r c u i t s  a n d  
serving brief ly as MOS applications and marketing manager for 
that  company in  Germany.  He speaks German and French as 
wel l  as Engl ish and is  a s tudent  of  comparat ive l inguis t ics.  
Mike is  marr ied,  has three daughters,  and l ives in  Cupert ino,  
Cal i fornia.  His interests include classical  music,  color pr int ing, 
and sketching.  

Correction 

T h e  a r t i c l e  e n t i t l e d  A c t i v e  P r o b e s  I m p r o v e  P r e c i s i o n  o l  T i m e  I n t e r v a l  M e a s u r e m e n t s  
(Hew le t t -Packa rd  Jou rna l .  Oc tober  1975)  unders ta ted  t r i e  accu racy  ach ieved  by  the  Mode l  1  722A 
Osc i l l oscope  in  t ime  in te rva l  measuremen ts .  The  accu racy  o f  t he  Mode l  1  722A fo r  mam t ime  base  
s e t t i n g s  b e t w e e n  1 0 0  n s . ' d i v  a n d  2 0  m s . ' d i v  i s  s p e c i f i e d  c o n s e r v a t i v e l y  a s  - 0 5 %  o f  m e a s u r e m e n t  
Ã   O  0 2 %  o f  f u l l  s c a l e  f o r  m e a s u r e m e n t s  l e s s  t h a n  1  c m .  a n d  Â ± 0 5 Â ° =  o f  m e a s u r e m e n t  r O . 0 5 %  
o f  f u l l  a r e  f o r  m e a s u r e m e n t s  g r e a t e r  t h a n  1 c m  T y p i c a l  m e a s u r e m e n t  a c c u r a c i e s  a r e  m o r e  t h a n  
th ree  spec i f i ed  be t te r  than  th is .  The  t ime base  ca l ib ra t ion  per iod  has  no t  been  spec i f i ed  because  i t  
has not  cal ibrat ion a s igni f icant  contr ibutor  to inaccuracy Exper ience shows that  year ly cal ibrat ion may 
b e  s u f f i c i e n t  f o r  i n s t r u m e n t s  m a i n t a i n e d  i n  a  l a b o r a t o r y  e n v i r o n m e n t .  T h e  t i m e  b a s e  t e m p e r a t u r e  
c o e f f i c i e n t  i s  s p e c i f i e d  a s  Â ± 0 . 0 3 % / C C  a n d  s h o r t  t e r m  s t a b i l i t y  i s  b e t t e r  t h a n  0 . 0 1 % .  
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Thomas  A .  Hender  
Tom Hender  was  respons ib le  fo r  
t h e  p r o d u c t  d e s i g n  a n d  p a c k  
aging of the HP-21 ser ies.  Born in 
Cobourg ,  Ontar io ,  Canada,  he  
served in the Royal (Bri t ish) Navy 
dur ing the second wor ld war,  then 
attended Bri t ish Admiral ty Col lege 
(Devonpor t  Div is ion) ,  graduat ing 
in  1947 w i th  a  BSc degree in  me 
chan ica l  eng ineer ing .  H is  en  
g ineer ing career  inc ludes work  
on  punched-ca rd  mach ines ,  
line printers, point of sale terminals, 
a n d  r e l a t e d  p e r i p h e r a l  m e c h a n  
isms.  He jo ined HP in  1973.  Tom 

is  marr ied,  has three daughters,  and l ives in  San Jose,  Cal i for  
n i a .  H e  s e r v e s  h i s  c h u r c h  a s  c h o i r  d i r e c t o r  a n d  e n j o y s  p h o  
tography ,  chess ,  and  mode l  ra i l road ing .  

I  

George M.  F ichter  
George F ich ter  des igned the  
read-only memory for  the HP-21 
ser ies .  A nat ive o f  New York Ci ty  

.  ( B r o o k l y n ) ,  h e  g r a d u a t e d  f r o m  
.  I  S t e v e n s  I n s t i t u t e  o f  T e c h n o l o g y  

^ ^ ^ L  ^ L  L  w i t h  a  B S  d e g r e e  i n  1 9 6 5 ,  s p e n t  
^ ^ B | T . W *  M X  y e a r s  a s  a  U . S .  A i r  F o r c e  m e -  

m t  M  I  t e o r o l o g i s } ,  a n d  t h e n  r e t u r n e d  t o  
j M  W ^ .  i \  s c h o o l  a t  t h e  U n i v e r s i t y  o f  W a s h -  

ÃL.  ng ton.  earn ing  a  BSEE degree in  
: '  ^ ^  1 9 7 2  a n d  a n  M S  i n  c o m p u t e r  

sc ience in  1973.  He jo ined HP in  
1973.  George is  marr ied  and has 
a  son  and  a  daugh te r .  An  accom 
pl ished musician, he plays French 

horn and exper iments wi th  computer  music  us ing an HP 2100 
Computer. He's also learning to f ly and hopes to get his private 
pilot's license this year. The Fichters live in Los Altos, California. 

F E A T U R E S  A N D  S P E C I F I C A T I O N S  

s i n  x ,  c o s  x  a r c  c o s  x  t a n  t  
c tangu la r  po la r  coord ina te  c  

orage regis ter  

arc Ian x 
nvers ion .  degrees-  

i n .  o r  d i v i s i o n  

n  poss ib le  dec imal  

HP-21 Scientif ic Calculator 

P R E P R O G R A M M E D  F U N C T I O N S  
A R I T H M E T I C  * ,  - ,  Â « .  -  
LOGARITHMIC .  e * .  I n  x ,  l og  x ,  10  
T R I G O N O M E T R I C  s i n  x  
O T H E R  y " ,  \ " x 7  1 / x .  ,  

radians mode select ior  
R E G I S T E R  A R I T H M E T I C  a d d i t i t  

opera t ions can be per formed on 
N U M E R I C  N O T A T I O N  

FLOATING POINT 10  d ig i t  man t i ssa  and  s ign  
S C I E N T I F I C  A  s i g n  a n d  i n t e g e r  f o l l o w e d  b y  u p  t o  s e  

p laces.  The exponent  cons is ts  o f  a  s ign and two d ig i ts .  
M I X E D  F L O A T I N G  P O I N T  A N D  S C I E N T I F I C  M i x e d  n u m e r i c  n o t a t i o n  m a y  b e  

en te red  as  da ta  A f te r  per fo rmance o l  any  opera t ion  da ta  rever ts  to  f loa t ing  
point  or scient i f ic notat ion as appl icable.  

ROUNDING TO LAST DISPLAYED DIGIT In te rna l  opera t ions  are  ca lcu la ted  to  
within 1 0 digits 

D I S P L A Y  
NUMERIC  AND DECIMAL  POINT  6  i gh l -  segmen t ,  kgh t -emt t i ng  d iode  (LED|  

D i g i t  a n d  d e c i m a l  p o i n t  a r e  c o n t a i n e d  w i t h i n  a  s i n g l e  e i g h t - s e g m e n t  L E D  
digit 

S IGN Eight -segment  l igh t -emi t t ing  d iode 
12-digi t  d isplay including two sign digrts 
M A X I M U M  D I S P L A Y  N U M B E R  1  9  9 9 9 9 9 9 9  -  1 0 * * *  
D ISPLAY FORMAT F ixed  no ta t ion  and  sc ien t i f i c  no ta t ion  as  spec i f ied  
SPECIAL  INDICATIONS:  

O v e r f l o w  A l l  n i n e s  ( 9  9 9 9 9 9 9 9  9 9 )  
U n d e r f l o w  Z e r o  i n  s c i e n t i f i c  n o t a t i o n  I n  f i x e d  n o t a t i o n  a u t o m a t i c a l l y  

wou ld  o therwise appear  to  be zero  
L o w  B a t t e r y  I n v e r t e d  d e c i m a l  p o i n t s  t o r  3 0  s e c o n d s  t o  '  ;  h o u r  b e  

fore d isplay blanks 
I m p r o p e r  O p e r a t i o n  E r r o r  w r i t t e n  o n  d i s p l a y  

D Y N A M I C  R A N G E :  9  9 9 9 9 9 9 9 9 9  -  1 0 Â « t o 1  â € ¢  1 0  * *  a n d  0  
NUMBER OF KEYS:  30  1  on  o f f  sw i t ch .  1  deg ree  rad ian  sw i t ch  
MEMORY REGISTERS: sÂ« to ta l  

Four  work ing regis ters in  an operat ional  s tack 
One storage regis ter  
One h idden reg is ter  for  tngonometnc funct ion computat ion 

D A T A  E N T R Y  
Exponent  ent ry  
Negat ive  number  ent ry  (CHS) 

P A C K A G I N G  
High- impact ,  contoured beige p last ic  i  ABS) calculator  case 
Al l  sol id state electronics 
Light- emitt ing diode (LED) display 

SPEED:  a  one second max imum tor  a l l  p reprogrammed funct ions (200 kHz c lock  
speed) 

POWER 
Â«ECHARGEPS:  European.  103-127 and 206-254 Vac 50-60 Hz.  U K Desktop,  

206-254 Vac .  50-60  Hz.  Un i ted  S ta tes .  90-127 and 180-254 Vac .  50-60  Hz 
5  wat ts ,  p las t ic  box  Recharger  warm to  the  touch in  normal  opera t ion  

BATTERY 350 mW denved f rom 2-ce l l  Quick  recharge n icke l  -cadmium bat tery  
pack  Ope ra t i ng  t ime  3  t o  5  hou rs  App rox ima te l y  6  hou rs  t o  r echa rge  com 
p le te ly  d ischarged bat te ry  pack  when ca lcu la to r  i s  no t  tn  opera t ion  Approx i  
mately  1 7 hours lo  recharge complete ly  d ischarged bat tery pack when calcu 
lator is operating under maximum load lad 6 s displayed) Battery pack must be 
in p lace for  calculator  to operate 

WEIGHT  
C A L C U L A T O R  W I T H  B A T T E R Y  P A C K  6  o z  ( 1 7 0  g r a m s )  
RECHARGER 5  oz  1  142 grams)  
S H A P I N G  W E I G H T  1 ' i  f c  ( 6 8 2  g r a m s ) ,  a p p r o x i m a i e t y  

C A L C U L A T O R  D I M E N S I O N S  
L E N G T H  5 ' - i i n | 1 3 0 2 c m )  
WIDTH 2 1  1  16 in  (6 .83 cm)  
HEIGHT 1  3  16  i n  (3 .02  cm)  

PRICE IN U.S.A. :  $100.  

HP-22 Business Calculator 

FINANCIAL FUNCTIONS:  
n  N u m b e r  o f  p e r i o d s  
i  P e r i o d i c  i n t e r e s t  r a t e  

P V  P r e s e n t  v a l u e  o Ã   m o n e y  
F V  F u t u r e  v a l u e  o f  m o n e y  

12Â« Conver ts  year ly  per iods  lo  month ly  penods  
12  -  Conver ts  annua l  in te res t  to  in te res t  ra te  per  month  
ACC Compules accumulated mleres l  between any two t ime penods o< a  loan 
I N T  C a l c u l a t e s  s i m p l e  i n t e r e s t  
BAL  G ives  rema in ing  l oan  ba lance  a t  any  po in t  i n  t ime  
% i  P e r c e n t  o n e  n u m b e r  i s  o !  t o t a l  

:  C a l c u l a t e  p e r c e n t a g e  o f  a  n u m b e r  
A %  P e r c e n t  o f  d i f f e r e n c e  b e t w e e n  t w o  n u m b e r s  
B E G I N - E N D  S W I T C H  T h i s  s w i t c h  i s  a  s p e c i a l  c o n v e n i e n c e  w h i c h  w o r k s  m  

conjunction with the financial keys in calculating payments due at the beginning 
or  end o l  the per iod lor  annui t ies,  leases,  loans and other  t ransact ions 

S T A T I S T I C A L  F U N C T I O N S :  
Ã .+  P rov ides  t he  number  o f  en t r i es  and  sums  two  va r i ab les  
1  A d j u s t s  d a t a ,  c o r r e c t s  a n  i n c o r r e c t  I  -  e n t r y  
L  R  L inea r  reg ress ion ,  l i nea r  f unc t i ons  be tween  two  po in t s  

Ã ¯  M e a n  o r  a r i t h m e t i c  a v e r a g e  
s  S t a n d a r d  d e v i a t i o n  

M A T H E M A T I C A L  F U N C T I O N S :  
I n  C o m p u t e s  n a t u r a l  l o g a r i t h m  ( b a s e  e )  o f  v a l u e  i n  d i s p l a y  
e  N a t u r a l  a n t i l o g  r a i s e s  e  t o  v a l u e  i n  d i s p l a y  
y *  R a i s e s  n u m b e r  i n  Y  r e g i s t e r  t o  v a l u e  i n  d i s p l a y  
 x  S q u a r e  r o o t  o f  n u m b e r  i n  d i s p l a y  

AR ITHMETICAL  FUNCTIONS:  
Subtract 
Add 
Multiply 
Divide 

CHS Changes  a  pos i t i ve  number  to  a  nega t i ve  number  
MEMORY REGISTERS:  

10 separate addressable memories wi th fu l l  register  ar i thmet ic 
5 f inancial registers 
4 operat ional  stack registers wi th stack rol l -down for  review 

D A T A  M A N I P U L A T I O N S ;  D I S P L A Y  C O N T R O L :  S T O R A G E  F U N C T I O N S :  
x ^ y  E x c h a n g e  c o n t e n t s  o f  t h e  X  a n d  Y  r e g i s t e r s  
R |  R o l l s  d o w n  t h e  s t a c k  t o  r e v i e w  c o n t e n t s  
C L X  C l e a r s  d i s p l a y  

CLEAR Cleats d isplay,  s lack and storage registers,  resets f inancia l  s tatus 
indication 

RESET Rese ts  f i nanc ia l  s ta tus  ind ica to rs  and  c lears  on ly  s ta t i s t i ca l  da la  
ENTER'  Copies number  d isp layed in  X reg is ter  in to  Y reg is ter ,  a lso separates 

numer ical  entr ies by moving entr ies up m operat ional  s tack 
R C L  R e c a l l s  a  n u m b e r  t o  t h e  X  r e g i s t e r  f r o m  a  s t o r a g e  r e g i s t e r  
S T O  S t o r e s  d i s p l a y e d  v a l u e  i n t o  o n e  o f  t h e  1  0  s t o r a g e  r e g i s t e r s  
â € ¢ Ã  G o l d  s h i f t  k e y .  s e l e c t s  f u n c t i o n s  p n n t e d  m  g o l d  o n  k e y b o a r d  

D ISPLAY:  
10 signif ican) digits 16 - 2 digit  < 
F ixed  dec ima l  no ta t ion  w i th  au l  

notation 
Sc ien t i f i c  no ta t i on  w i t h  dynamic  range  o f  10  "  t o  1099  
Automat ic decimal  point  posi t ioning and select ive round-of l  
Ind icators  lor  improper  operat ions (Error  in  d isp lay)  and low bat tery  condi t ion 

(lighted dea ma I points) 
Light-emit i ing diode (LED) display recessed for better contrast m harsh l ight ing 

DESIGN SPECIF ICATIONS:  
OpÃ©rales 3 to 5 hours on rechargeable batter ies Â¡under 6 hours to recharge) 

H P - 2 5  P r o g r a m m a b l e  C a l c u l a t o r  

uponent displayed in scient i f ic notat ion) 
â€¢malic overflow and underflow mÃo scientific 

Spec ia l l y  des igned recessed p lug  to  prevent  

Sol id state electronics with al l  cr i t ical  connect ions gold-plated 
Tac t i l e  feedback  keyboard  Pos i t i ve  con tac t  ac t ion  assures  accura te  en t ry  o f  

dala 
Heavy gauge compact  case contoured lo  f i t  the hand 
Ui t rasoracaty welded impact  res istant  case 
Plast ic kquKJ-bamer shield und*> keyboard sealed to resist  entry of  moisture 
Keys are double infect ion moldeo:  to help prevent  me legend f rom wear ing of t  

PHYSICAL  SPECIF ICAT IONS 
C A L C U L A T O R  L E N G T H  S ' l  m  | 1 3 . 0 2  c m )  
CALCULATOR WOTH 2  1  1  16  i n  (6 ,83  cm)  
CALCULATOR HEIGHT 1  3  1  6  in  (3 .02  cm)  
CALCULATOR WEIGHT 6  oz  1  170.1  g )  
H E C H A H G E R  W E I G H T  5 o z i 1 4 1 . 8 g )  
SHIPPING WEIGHT approx  1" i  I t )  <680 g)  
OPERATING TEMPERATURE RANGE 32=  F  I t  
C H A R G I N G  T E M P E R A T U R E  R A N G E  5 Ã F  t i  

113=F (0Â°C to45tC) 
104  F  H5=C lo40*C)  

S T O R A G E  T E M P E R A T U R E  R A N G E  4 0 =  F  t o  1 3 1  F  ( 4 f f C  t o  S S ' C )  
P O W E R  R E Q U I R E M E N T S  

AC 1 00- 127V Or 200-254 V Â± 10%. 50 lo 60 Hz.  5 watts 
BATTERY 2  75  Vdc  mcxe l -cadmmm rechargeab le  ba t te ry  pack  

PRICE IN U.S.A.:  $165 

P R O G R A M M I N G  
Program wri t ing capabi l i ty 
Single step execut ion or inspect ion ol  a prog rar 
Pause (to display intermedÃate result] 
Program edit ing capabi l i ty 
8  re la t i ona l  tes ts :  x<y ,  x  =  y ,  x^y .  x<0 ,  x *0 ,  x^  
Condi t ional  branching 

K E Y B O A R D  C O M M A N D S :  
T R I G O N O M E T R I C  F U N C T I O N S  

3 angular  modes (degrees,  rad ians,  grads)  
S i n x  

A r c  C O S  x  

Tan x  
Are tan x 
Rectangular coordinales = polar coordÃnales 
Dec imal  ang le  ( t ime)  ^  Ang le  in  degrees (hours)  minutes  seconds 

LOGARITHMIC FUNCTIONS:  
L o g x  

10" 
STAT IST ICAL  FUNCTIONS 

Mean and standard deviat ion 
Posi t ive and negat ive s 

O T H E R  F U N C T I O N S  
Integer (gives only integer port ion ol  
Fract ion (gives only fract ional port ioi  
Absolute (g ives absolute value ol  x)  

g r v m g  n ,  i . x ,  i x * .  i y ,  I x y  

Hxed seÃ±al, chain or 
Register ar i thmetic in al l  B addressable register 
Addit ion, subtraction, mult ipl icat ion or division ir  

D A T A  S T O R A G E  A N D  P O S I T I O N I N G  O P E R A T I O N S  
Data entry 
Stack ro l l  down 
i  y  in terchange 
Data storage 
Data recall 
Change s ign 
Enter exponent 

MEMORY:  
4-register stack 
Las t  <  reg is te r  

6 addressable registers 
Program memory for  s torage of  up to  49 s teps 

L IGHT-EMITT ING OIOOE D ISPLAY:  
Disp lays up to  10 s ign i f ican)  d ig i ts .  8  p lus two-d ig i t  exponent  in  sc ient i f ic  and 
eng ineer ing  no ta t ion  and  appropr ia te  s igns  Three  se lec tab le  d isp lay  modes  
f ixed point  (wi th automat ic  overf low and underf low into soentrhc) .  engineer ing 
a n d  s c i e n t i f i c  w i t h  d y n a m i c  r a n g e  o f  1 0 9 9  t o  1 0  "  A u t o m a t i c  d e c i m a l  p o i n t  
posi t ioning.  Selectrve round-of f ,  range 0-10 dÃgi ts  m f ixed potn l .  0-8 d ig i ls  in  
s c i e n t i f i c  0 - 8  i n  e n g i n e e r i n g  n o t a t i o n  E r r o r  a p p e a r i n g  m  d i s p l a y  i n d r c a t e s  
improper operat ion:  low battery indicator 

G E N E R A L  S P E C I F I C A T I O N S :  O p Ã © r a l e s  o n  f a s t - C h a r g e  b a t t e r y  p a c k  o r  a c  
( B a t t e r y  r e c h a r g e s  i n  6 - 1 7  h o u r s )  T a c t i l e  f e e d b a c k  k e y b o a r d  P o l y e t h e l e n e  
i iQind -barr ier  shie ld under keyboard.  Compact case of  h igh- impact  p laste wi th 
r e c e s s e d  d i s p l a y  R e c e s s e d  r e c h a r g e r  a c  p l u g  r e c e p t a c l e  S o l i d  s t a t e  

O P E R A T I N G  S P E C I F I C A T I O N S  
P O W E R  A C . 1 1 5 o r 2 3 0 V .  r  1 0 % .  5 0 t o 6 0 H z .  5  w a t t s  B a t l e r y  S O O m w d e n v  

from mckel  -cadmium rechargeable cat tery pack 
WEIGHT HP-25  6  oz  (170  g )  w i t h  ba t t e r y  pack  Recha roe r  5  oz  (142  g )  
SH IPP ING WEIGHT App rox  1 .5  bs  (  7  kg )  
DIMENSIONS 

L E N G T H  5 . 1  i n c h e s  | 1 3 0  c m )  
WIDTH 2  7  inches  (6 .8  cm)  
HEIGHT 1 2  inches (3 .0  Cm) 

T E M P E R A T U R E  R A N G E  
OPERATING 32Â°F to 1 13Â°F (Q-C lo 45Â°C) 
CHARGING 59= to 104=F (15=C to 40"C) 

PRICE INU.S .A- :  S195  
M A N U F A C T U R I N G  D I V I S I O N :  A D V A N C E D  P R O D U C T S  D I V I S I O N  

19310 Prunendge Avenue 
Cupe r t i no .  Cak to r r t a  95104  USA 
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A New Microwave L ink  Analyzer  for  
Communicat ions Systems Carry ing up to  
2700 Te lephone Channels  
Mul t ip lexed communicat ions sys tems can operate  a t  fu l l  
capaci ty only when distort ions are at  a low level .  This new 
ins t rument  he lps  opt imize the per formance of  w ide-  
bandwidth systems.  

by Svend Chr is tensen and Ian Mat thews 

MICROWAVE LINK ANALYZERS, by detecting 
and displaying the transmission characteristics 

of microwave communications systems, help find 
the causes of distortion â€” distortion that unless cor 
rected would degrade signal-to-noise ratio, reduc 
ing system capacity. 

A new microwave link analyzer is designed to 
test communications systems that use an intermedi 
ate frequency (IF) of 140 MHz. A growing number of 
microwave links employ the 140-MHz IF which 
allows transmission bandwidths enabling trans 
mission of up to 2700 voice channels simultaneously. 

The wide bandwidth, however, also makes a system 
more vulnerable to those forms of distortion that af 
fect the higher modulation frequencies. Conse 
quently, the new microwave link analyzer (MLA) was 
designed to include functions involving baseband 
test signals as high as 12 MHz. 

As in earlier HP MLA's,1 the basic measurement 
principle used in the new MLA, HP Model 3790A 
(Fig. 1), is to explore the passband of a frequency- 
modulated system with a low-level, high-frequency 
test signal superimposed on a high-level, low- 
frequency sweep signal (Fig. 2). Applied to the sys- 

Fig.  1 .  The new microwave l ink  
analyzer  cons is ts  o f  a  t ransmi t ter  
( M o d e l  3 7 9 0 A ,  l o w e r  u n i t )  t h a t  
g e n e r a t e s  a p p r o p r i a t e  c o m m u n i  
c a t i o n s - l i n k  t e s t  s i g n a l s ,  a n d  a  
separa te  rece iver  (Mode l  3792A,  
u p p e r  u n i t )  t h a t  m e a s u r e s  t h e  
character is t ics  of  the test  s ignals  
a f t e r  t h e y  h a v e  b e e n  p a s s e d  
t h r o u g h  t h e  d e v i c e  o r  s y s t e m  
under  tes t .  Resu l ts  are  d isp layed 
as  measu red  quan t i t y  ve rsus  f re  
quency on the dual - t race CRT dis  
p l a y .  M e a s u r e m e n t s  a r e  m a d e  
with this system either at the base 
b a n d  l e v e l  o r  a t  t h e  n e w l y -  
adopted 140-MHz IF leve l .  

© Copr. 1949-1998 Hewlett-Packard Co.



Add 
A  and  C  

Composi te  
Signal 

B 
Recovered 

Test  Signals  

F i g .  2 .  T h e  M L A  m e a s u r e m e n t  
p r i n c i p l e .  T h e  c o m p o s i t e  s i g n a l  
f requency -modu la tes  the  sys tem 
u n d e r  t e s t .  L e v e l  v a r i a t i o n s  i n  
w a v e f o r m  B  a t  t h e  r a t e  o f  C  a r e  
processed and displayed as a plot  
of  l inear i ty  or  d i f ferent ia l  gain ver 
sus  f r equency .  Phase  va r i a t i ons  
in  B  w i th  respec t  to  A  a re  p roces  
sed and d isp layed as group delay 
or di f ferent ial  phase. 

tern under test, the low-frequency signal sweeps the 
high-frequency signal across the system's passband. 
Non-linearities and other distortions arising in the 
system affect the amplitude and phase of the high- 
frequency signal as it is swept. The disturbances in 
amplitude and phase are detected and displayed 
quantitatively at the receiving end of the system to 
provide a measure of the communication system's 
performance (Fig. 3). 

The MLA makes several measurements to analyze 
a system's characteristics. These are: 

Linearity 
Differential gain 
Group delay 
Differential phase 
IF amplitude response. 
It also measures gain, attenuation, power, and re 

turn loss, and it can provide a spectrum display for 
measuring FM modulator and demodulator sensi 
tivity by the carrier-null method. 

Sources of  Distort ion 
The disturbances in the received test signal result 

from three basic sources of distortion in a microwave 

F ig .  3 .  Typ ica l  d i sp lay  p rov ided  by  the  Mode l  3792A IF  IBB 
Rece iver ,  th is  one showing ampl i tude l inear i ty  (upper  t race)  
and group de lay  as  funct ions o f  IF  f requency.  The pu lses on 
the  upper  t race  are  f requency  markers .  

link. One is imperfect voltage-to-frequency and fre 
quency-to-voltage conversion in the modulators and 
demodulators. The other two are nonlinear phase re 
sponse and non-flat amplitude response. Nonlinear 
phase response incorrectly repositions the phasor 
components of the FM signal and non-flat amplitude 
response incorrectly reproportions them, as discussed 
on pages 18 through 20. Preservation of the amplitude 
and phase of each phasor ensures the absence of AM in a 
pure FM signal. Any random upset of the critical 
phasor lengths and directions generates AM simply 
because the signal is no longer purely FM. If a signal 
distorted in this manner were passed through a device 
exhibiting AM-to-PM (amplitude modulation to 
phase modulation) conversion, PM would be pro 
duced which would be detected along with the 
wanted FM, degrading the signal-to-noise ratio. 

Any of these distortions result in noise in telephone 
channels and impairment of television pictures. 

AM-to-PM Convers ion 
There are many influences that degrade a broad 

band communications system, some of which are well 
understood and readily corrected. The significance of 
AM-to-PM conversion, however, is not widely appre 
ciated so it deserves special consideration. 

To examine the effect of AM-to-PM conversion, 
consider an FM signal in which AM has been genera 
ted. If the modified signal were applied to a device 
whose phase response is sensitive to amplitude â€” 
TWT amplifiers and diode limiters are such de 
vices â€” phase modulation would result from the 
amplitude modulation. 

Two possibilities now arise. (1) If the AM had been 
generated by nonlinear phase response in a device, 
the phase modulation caused by AM-to-PM conver 
sion would be in phase with the signal phase modula 
tion and would affect the FM deviation. AM varia 
tions would then generate differential gain, the dif 
ference in system gain measured at two different fre 
quencies. (2) If the AM had been caused by non-flat 
frequency response, the resulting phase modulation 
would be in quadrature with the signal phase modu 
lation. In this case, AM variations would give rise 
to differential phase. These mechanisms are ex 
plained on pages 18 through 20. 
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Microwave 
Signal 

3790A IF  BB Transmit ter  Communicat ions System 
3792A IF/BB Receiver  

3793A Differential  
Phase Detector  

Fig. and communications block diagram of the microwave link analyzer and a typical communications 
s y s t e m .  T h e  a n a l y z e r  c a n  a l s o  m e a s u r e  t h e  p e r f o r m a n c e  o f  m o d e m s  a n d  t h e  o t h e r  c o m  

ponents of  a system. 

AM-to-PM conversion is not the only contributor to 
differential gain. Nonlinear phase response gener 
ates AM with a corresponding decrease in signal PM, 
as shown on page 18. Analysis shows that the differen 
tial gain caused this way is proportional to the/ourth 
power of the baseband frequency and so is much more 
significant in a 2700-channel system than in an 1800- 
channel system. When generated by nonlinear phase 
accompanied by AM-to-PM conversion, or non-flat 
amplitude response, differential gain is proportional 
to the square of the baseband frequency. For these 
reasons, it was considered important for the new 
MLA to have a test frequency at 12.39 MHz, the top 
end of the 2700-channel baseband. 

Besides degrading signal-to-noise ratio in tele 
phone systems, differential gain and differential 
phase have a pronounced effect on color TV transmis 
sions. In the NTSC system used in North America, for 
example, color saturation is determined by the level 
of the color subcarrier, and hue is determined by the 
phase. To preserve the integrity of the color satura 
tion and hue, it is important to minimize differential 
gain and phase occurring on the color subcarrier. 

MLA Basics  
The complete MLA system consists of two units 

with plug-ins as follows: Model 3790A IF/BB Trans 
mitter with Model 3 791 A BB Transmitter plug-in, 
and Model 3792A IF/BB Receiver with Model 3793A 
Differential Phase Detector plug-in. A simplified 

block diagram of the MLA system and its application 
to a microwave communications link is shown in 
Fig. 4. 

The low-frequency sweep signal is a 70-Hz sine 
wave originating in the IF/BB transmitter. To this is 
added one of eight low-level, high-frequency base 
band test signals from the BB transmitter plug-in. 
This combined signal can be applied to the system 
under test at the baseband level in place of the multi 
plexed telephone signal. 

Alternatively, the sweep and baseband signals can 
be used to generate a 140-MHz IF signal, swept up to 
Â±25 MHz across the IF band by the 70-Hz sine wave 
and modulated over a narrow band by the baseband 
signal. This signal can be applied to the IF channel 
of the transmission system. 

At the receiving end, either the demodulated sig 
nal or the IF signal may be applied to the receiver. If 
the IF signal is used, the sweep and baseband signals 
are recovered by a precision demodulator within the 
receiver. 

Filters separate the high-frequency and low-fre 
quency components of the baseband signal. The low- 
frequency sine wave is used for the horizontal sweep 
of the CRT display and the high-frequency baseband 
signal is rectified to derive a dc voltage proportional 
to the baseband signal level. This is applied to the ver 
tical deflection of the CRT. 

If measurements are made between the IF-in and IF- 
out ports of the transmission system, the CRT then 

15 
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Levelling 
Loop 

115-165 
MHz 

Swept Output  

BB and 
Sweep Output  

Fig.  5.  Block diagram of  the t rans 
m i t t e r .  L o w  i n t e r a c t i o n  b e t w e e n  
t h e  s w e e p  a n d  h i g h - f r e q u e n c y  
s ignals at  the IF level  is  achieved 
by the use of two independent fÃF 
oscillators. 

displays IF differential gain or linearity. If measure 
ments are made between BB-in and IF-out, it dis 
plays modulator linearity (allowing for IF response). 
Between IF-in and BB-out, it displays demodulator 
linearity. Between BB-in and BB-out, the display is 
of overall system linearity, if one of the lower-fre 
quency test tones is used, or differential gain if 
one of the higher-frequency test tones is used. 

The recovered high-frequency baseband signal is 
also compared in phase to a stable local oscillator 
that is phase-locked to the baseband signal average. 
The result of the comparison, a dc voltage, is applied 
to the CRT vertical deflection. The display then 
shows group or envelope delay if one of the lower- 
frequency baseband signals is used, or differential 
phase if a higher-frequency signal is used. 

Driving the transmitter's modulator with the 
sweep signal alone enables measurements of IF am 
plitude response. Driving it with only a baseband 
test tone allows measurements of gain, attenuation 
and power. 

The receiver is equipped with a meter that is used 
with an attenuator to give readings of average signal 
level, at either the IF or BB frequency. It is also used 
for readings of return loss when the facilities for that 
measurement are used (not shown in Fig. 4). 

Technical  Deta i ls  
Bearing in mind the MLA measurement principle 

(Fig. 2), it is evident that the amplitude and phase of 
the high-frequency baseband test signal must not be 

disturbed by the high-level sweep signal during mod 
ulation. Low interaction is achieved by employing 
separate modulators for the two signals and forming a 
composite signal in a mixer. 

The high-frequency test signal frequency modu 
lates a 510-MHz oscillator and the 70-Hz sweep fre 
quency modulates a 370-MHz oscillator, as shown in 
Fig. 5. The selection of oscillator frequencies was 
based on a computer-generated list of possible 
spurious mixer outputs, taking into account the re 
ceiver IF image frequency. Care was taken to prevent 
coupling between the modulation circuits for the 
two oscillators. 

The two oscillator signals are applied to the mixer 
and the resulting difference frequency is the 140- 
MHz IF. Buffers between the oscillators and the mixer 
minimize the possibility of interaction so the IF 
modulation due to the high-frequency test tone is 
unaffected by the low-frequency sweep. 

Following the mixer are two thin-film amplifiers 
having an amplitude flatness of 0.1 dB or better and 
group delay of less than 0.1 ns over a 50-MHz band of 
frequencies centered at 140 MHz. This performance is 
necessary to minimize distortion of the composite 
test signal. The first amplifier is located close to the 
mixer, presenting a resistive impedance to the mixer 
and a good match to the cable to the second amplifier. 
The second amplifier is located near the front panel 
so that the temperature-compensated levelling de 
tector, which is on the amplifier substrate, can be 
close to the output connector. 
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F i g .  6 .  T h e  a m p l i t u d e  r e s p o n s e  o f  t h e  t h i n - f i l m  a m p l i f i e r  
is  ad justed by us ing a hand-held probe to remove the bonds 
t h a t  i n t e r c o n n e c t  t h e  a r m s  o f  t h e  t h i n - f i l m  i n t e r d i g i t a l  c a  
paci tor  (upper center) .  

As would be required by any broadband amplifier 
that must have extremely flat amplitude response, 
means must be provided to allow compensation for 
production variances. This is accomplished by using 
a thin-film interdigitated capacitor, pictured in Fig. 
6 and shown as Cc in the diagram of Fig. 7. To adjust 
amplitude response during production test of each 
amplifier, a hand-held probe is used to remove bonds 
to the digits one by one until the capacitance needed 
for the best response is obtained. 

A broadband attenuator following the amplifier 
allows an output power range of +10 to -69 dBm in 

1-dB steps with an accuracy of Â±1 dB on all ranges 
(Â±0.5 dB at the +10 dBm output level). 

Test  Signal  Generat ion 
All the baseband test signals are derived from or 

locked to a 10-MHz master oscillator. The lower fre 
quencies (83.3, 250, and 500 kHz) are derived by 
direct division of the master oscillator frequency. 
The higher frequencies (2.4, 4.43, 5.6, 8.2, and 12.39 
MHz) are generated by an oscillator that has switch- 
able crystals. This oscillator is phase-locked to the 
master by dividing its output down to 1 kHz and ap 
plying it to a sampling phase detector driven by the 
10-MHz master oscillator. The resulting error signal 
phase-locks the switchable oscillator. 

For the low-frequency sweep, a sine wave that has 
all harmonics >45 dB below the fundamental is 
synthesized by a 10-stage shift register. The input to 
the shift register is controlled by a flip-flop that loads 
the register with 1's when it is set, and loads it with 
O's when it is reset. The outputs of all the shift-regis 
ter stages are connected through weighting resistors 
to a summing point with the resistors chosen such 
that half a sine wave, from the trough to the peak, ap 
pears at the summing point as the shift register is 
loaded with 1's. When the first 1 appears at the out 
put, the flip-flop is reset so O's are then loaded, gener 
ating the other half of the sine wave. The first 0 ap 
pearing at the output then sets the flip-flop again for 
the next cycle. 

The resulting waveform has a stepped appearance 
but the steps occur at the 1.4-kHz clock rate and are 
easily removed by low-pass filtering, leaving a low- 
distortion sine wave. 

( text  cont inued on page 20.)  

F ig .  7 .  C i r cu i t  d i ag ram o f  t he  IF  
ampl i f ier  output  s tage.  Frequency 
r e s p o n s e  i s  o p t i m i z e d  b y  a d j u s t  
i n g  f e e d b a c k  c a p a c i t o r  C c .  T h e  
f inal stage has a quiescent current 
o f  45  m A  g iv ing  +16  dBm ou tpu t  
i n t o  7 5  f t  w i t h  s e c o n d  a n d  t h i r d  
h a r m o n i c  l e v e l s  o f  - 4 8  d B  a n d  
-32 dB respect ive ly  a t  165 MHz.  

1 7  
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The Detection of AM-to-PM Conversion 
by Means of High-Frequency Test Signals 

The re  has  been  g row ing  i n t e res t  i n  r ecen t  yea rs  i n  d i s t o r  
t ions that  can occur  in  wideband FM communicat ions systems 
as  a  resu l t  o f  AM genera ted  in  a  ne twork  be ing  conver ted  to  
PM in  a  non l inear  dev ice  that  fo l lows.  The prob lem is ,  how to  
de tec t  these  so-ca l led  "coup led  responses . "  

The fo l lowing discussion,  involv ing phasor d iagrams and net  
work  phase  and  ga in  cu rves ,  dea ls  w i th  some phys ica l  mech  
a n i s m s  u n d e r l y i n g  t h e  g e n e r a t i o n  o f  d i f f e r e n t i a l  g a i n  a n d  
how i t  is  a f fected by AM-to-PM convers ion.  A pract ica l  method 
for  detec t ing  AM-to-PM convers ion is  presented.  

When a  sweep ing  s igna l ,  cen tered  fo r  example  a t  140 MHz 
and  ca r r y i ng  sma l l - dev ia t i on  f r equency  modu la t i on  (FM)  a t ,  
say,  5 .6 MHz is  passed through an a l l -pass network such as a 
m i c r o w a v e - l i n k  g r o u p  d e l a y  e q u a l i z e r ,  t h e  r e s u l t i n g  p l o t  o f  
d i f f e r e n t i a l  g a i n  w i l l  b e  i n  t h e  f o r m  o f  a  " W " .  T h e  n e t w o r k  
w i l l  h a v e  i n t r o d u c e d  A M  a n d  i f  i n  a  d e v i c e  t h a t  f o l l o w s  A M -  
t o - P M  c o n v e r s i o n  o c c u r s ,  t h e  d i f f e r e n t i a l  g a i n  " W "  w i l l  b e  
asymmet r i ca l .  The  appea rance  o f  asymmet ry  i s  t he  bas i s  o f  
th is  method o f  de tec t ing  AM-to-PM convers ion.  

USB Locus 
of R AF 

A 
Fig. 1. 

^~y 
Fig. 2. 

The Phasor  Representat ion 
Fig.  1  shows the phasor  representat ion of  a  smal l -dev iat ion 

FM s ignal .  S ince i t  is  necessary to  consider  only  phasor  move 
ments with respect to the carr ier ,  rotat ion of  the whole diagram 
coun te rc lockw ise  a t  t he  ca r r i e r  f requency  has  been  s topped  
a n d  o n l y  t h e  b a c k - a n d - f o r t h  o s c i l l a t i o n  a t  t h e  m o d u l a t i n g  
f r e q u e n c y  r e m a i n s .  T h e  m a x i m u m  a n g u l a r  d i s p l a c e m e n t ,  8 ,  
of the s ignal  phasor about i ts  mean posi t ion is the phase modu 
l a t i o n  i n d e x .  T h e  m a x i m u m  a n g u l a r  s p e e d  o f  t h e  p h a s o r  
d e t e r m i n e s  t h e  f r e q u e n c y  d e v i a t i o n  f r o m  t h e  u n m o d u l a t e d  
car r ie r  va lue .  For  s inuso ida l  modu la t ion ,  max imum f requency 
deviat ion occurs at  the centra l  posi t ion.  The locus of  the t ip  of  
the phasor  is  the arc  of  a  c i rc le .  

In Fig. 2, the f i rst  order lower sideband (LSB) is shown going 
b a c k w a r d s  ( c l o c k w i s e )  a s  t i m e  a d v a n c e s ,  w h i l e  t h e  u p p e r  
s i d e b a n d  ( U S B )  m o v e s  f o r w a r d  o r  c o u n t e r c l o c k w i s e ,  
b o t h  r o t a t i n g  a t  t h e  m o d u l a t i n g  f r e q u e n c y .  T h e  s u m  o f  t h e  
c a r r i e r  p h a s o r  C  a n d  t h e  t w o  s i d e b a n d s  i s  t h e  r e s u l t a n t  
R ,  a l s o  s h o w n  i n  F i g .  1 .  H o w e v e r  f o r  s i m p l i c i t y ,  t h e  l o c u s  
o f  t h e  t i p  o f  t h e  s w e e p i n g  p h a s o r  R  i s  n o w  s h o w n  a s  a  
straight horizontal l ine. 

Nonl inear  Phase 
F ig .  3a  and  3b  i n t roduce  the  e f fec t  o f  non l i nea r  phase .  I n  

pass ing through a network hav ing the phase curve shown,  the 
sidebands are phase-shif ted relat ive to the carr ier by +8Â° and 
-10Â° respect ively.  A l inear phase response that gives shif ts of 
+ 10Â° and -10Â° would be equivalent to a pure t ime delay that 
w o u l d  c a u s e  n o  d i s t o r t i o n  b u t  w h e n  t h e  L S B  i s  g i v e n  a  
counterc lockwise d isp lacement  of  8Â°,  the resul t  is  a  t i l t ing of  

Locus 

-152 
-160 

-170 

L S B  

Fig. 3a 
(Â»' < 

Fig. 3b. 

the phasor locus and a s l ight  reduct ion in  the maximum phase 
deviation. 

The  phaso r ,  s t i l l  osc i l l a t i ng  w i th  a  f i xed  pe r i od  o f  t ime  de  
te rmined  by  the  modu la t ing  f requency ,  now t rave ls  a  s l igh t l y  
reduced  angu la r  d is tance  and  there fo re  moves  w i th  reduced  
speed .  S ince  phasor  speed  i s  f requency  dev ia t i on ,  the  peak  
f r e q u e n c y  d e v i a t i o n  i s  r e d u c e d .  S i n c e  a  f r e q u e n c y  d i s  
c r im ina to r ,  such  as  a  m ic rowave  l i nk  demodu la to r ,  responds  
only to phasor speed or  f requency deviat ion,  the d iscr iminator  
ou tpu t  i s  a l so  reduced ,  g iv ing  r i se  to  d i f fe ren t ia l  ga in  as  the  
carr ier f requency, at ,  is swept.  

Note that  the maximum length and the maximum angular  de 
v ia t ion  o f  the  resu l tan t  occur  a t  the  same t ime.  The  AM is  in  
phase with the signal PM. If AM-to-PM conversion were to occur, 
w i t h  t h e  P M  i n  p h a s e  w i t h  t h e  A M  a s  i t  w o u l d  b e  i n  a  d i o d e  
l im i te r ,  t he  genera ted  PM wou ld  be  i n  phase  w i th  the  s igna l  
PM and would therefore af fect  i ts  value:  that  is ,  AM var iat ions 
w o u l d  c a u s e  d i f f e r e n t i a l  g a i n  i n  a n  F M  s y s t e m .  T h i s  i s  a c  
counted for  by the four th term of  equat ion 1,  g iven la ter .  

Fig. 4. 

The Network  Phase Curve  
Fig. fre is a plot of differential gain as the FM signal carrier fre 

quency is swept over the phase curve of an al l -pass network At 
r e g i o n s  o f  m a x i m u m  p h a s e  c u r v a t u r e ,  t h e  p h a s e  a n d  f r e  
quency deviat ions are reduced giv ing a dip in demodulated out 
put. car the point of inf lect ion of the phase curve, where the car 
r ier and f i rst  order sidebands can l ie on a straight l ine, there is 
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no phase distort ion of the f i rst  order sidebands, no t i l t ing of the 
phaso r  l ocus ,  and  no  reduc t i on  i n  phase  o r  f requency  dev ia  
t ion.  Second order s idebands would not  l ie  on the st ra ight  l ine 
a n d  s o  i n  b e  p h a s e - d i s t o r t e d ,  c a u s i n g  a  s l i g h t  r e d u c t i o n  i n  
the centra l  peak of  the d i f ferent ia l  gain curve.  

+ 1 dB + 1 dB 

AM-to-PM Conversion 
In  F ig .  5  the askew t r iang les o f  F ig .  4  are en larged and the 

effect of +1Â° per dB of AM-to-PM conversion is added. Fig. 5a 
shows a 1-dB increase in phasor length on the left. This is apositive 
i nc rement  o f  AM and  so  1Â°  i s  added ,  g i v ing  a  coun te rc lock  
wise shi f t .  On the r ight  of  F ig.  5a the phasor length is  reduced 
b y  1  d B .  T h i s  i s  a  n e g a t i v e  i n c r e m e n t  a n d  s o  1 Â °  i s  s u o -  
t rac ted ,  g iv ing  a  c lockwise  sh i f t .  The overa l l  resu l t  in  F ig .  5a  
i s  an  i nc rease  i n  phase  dev i a t i on  and  f r equency  dev i a t i on .  
T h e  p h a s e  a n d  f r e q u e n c y  d e v i a t i o n s  a r e  d e c r e a s e d  i n  
F i g .  5 b  b y  a  s i m i l a r  a r g u m e n t .  T h e  d i f f e r e n t i a l  g a i n  ( D G )  
resul t ing f rom AM-to-PM convers ion is  shown in  F ig.  5c.  

In Fig. 6, the differential gain contributions of Fig, 4 and 5 are 
added,  g iv ing the asymmetr ical  "W" form typical  of  an a l l -pass 
network fo l lowed by a device that  g ives AM-to-PM convers ion.  
Th is  appearance  o f  asymmet ry  i s  the  bas is  fo r  de tec t ing  the  
presence of  AM-to-PM convers ion.  

DG 
A  

DG 
B 

Gain 

USB 

-N-i 
L S B )  

Fig. 7. 

at  zero angular  dev ia t ion,  the AM is  in  phase quadrature wi th  
the  s igna l  PM.  In  th is  case ,  PM resu l t ing  f rom AM- to -PM con 
vers ion  i s  in  phase  quadra tu re  w i th  the  s igna l  PM and  sh i f t s  
the phase of the signal PM, leaving the signal phase-modulation 
index  unchanged .  AM var ia t ions  resu l t i ng  f rom non- f la t  ga in  
t he re fo re  g i ve  r i se  t o  d i f f e ren t i a l  phase  bu t  no t  d i f f e ren t i a l  
gain. 2. is shown analyt ical ly by the second term of equation 2. 

Gain 

D G  

Fig. 8. 

Network Gain Dip 
Fig.  8 shows a gain dip in an al l -pass network resul t ing f rom 

component loss. At the center of the gain dip, the carrier is atten 
uated relat ive to the sidebands, which are themselves of  equal  
a m p l i t u d e .  T h e  p h a s o r  t r i a n g l e  i s  c o m p r e s s e d  g i v i n g  a n  i n  
crease in phase deviat ion and therefore in frequency deviat ion. 
T h e  n e t w o r k  g a i n  d i p  g i v e s  a  d i f f e r e n t i a l  g a m  p e a k  t h a t  i s  
symmetr ica l  about  the center  o f  the ga in  d ip .  Analy t ica l ly ,  the 
ga in d ip  is  accounted for  by the second term of  equat ion 1 .  

The tes t  fo r  AM- to -PM convers ion  i s  no t  inva l ida ted  by  the  
gain or  provided that  the lat ter  coinc ides wi th the center ,  or  in  
f lec t ion point ,  o f  the network phase curve.  This  is  the point  o f  
max imum g roup  de lay .  No  asymmet r y  i s  i n t r oduced .  An  o f f -  
center gain dip,  however,  wi l l  cause asymmetry in the absence 
o f  AM- to -PM convers ion .  AM- to -PM convers ion  in  a  tes t  i tem 
is  then ind ica ted by  a  change in  the  asymmetry .  

DG 
A + B 

Fig. 6. 

The Ef fect  of  Network Gain Slope 
In Fig. 7 the effect of a gain slope alone is dealt with. There is 

no phase d is tor t ion,  only  changes in  phasor  lengths.  The USB 
is attenuated relat ive to the LSB. When the USB and LSB are in 
l ine and in opposit ion they no longer cancel exactly so an el l ipt i  
cal  locus results.  

Note that  s ince the maximum length o f  the resu l tant  occurs  

Quantitat ive Results 
Two methods have been used to quant i tat ively relate the AM- 

to -PM convers ion  coef f i c ien t  w i th  d i f fe ren t ia l  ga in  symmet ry .  
O n e  i s  t h e  w h i l e  t h e  o t h e r  i s  a  c o m p u t e r  s i m u l a t i o n  o f  t h e  
n e t w o r k ,  A M - t o - P M  c o n v e r s i o n ,  a n d  F M  s i g n a l ,  g i v i n g ,  a s  
ou tpu t ,  a  p l o t  o f  d i f f e ren t i a l  ga i n .  A  b r i e f  r ev i ew  o f  t he  f i r s t  
method is  g iven here.  

Terms of the fol lowing equat ion have already been publ ished 
and d iscussed.1 2  Here the terms,  separate ly  and in  combina 
t ion, are plot ted for a typical  network to show their  contr ibut ion 
to  d i f ferent ia l  ga in .  The p lo ts  are seen to  have the same form 
as  those pred ic ted  by  the  phasor  d iagram approach (F ig .  9 ) .  
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1 0 0  M H z  - - 6  '  "  

a" (x)  <um*/2 

Fig. 9. 

(c l  

KT'(X) o>m!/2 

Fig. 10(a).  Deferent ial  gain display generated 
by an al l-pass network with no fol lowing AM to 
PM conversion. The "W" form arising from the 
p h a s e  c u r v e  i s  s u p e r i m p o s e d  o n  a  c e n t r a l  
peak due to  the network gam d ip  which i tse l f  
resul ts  f rom component  loss.  

(d) 

+ a" (x) o>m!/2 + KT'(X) 2  - r '2  (x)  wm"/8 

D G ( x )  =  1  +  a "  ( x )  0 ) ^ / 2  +  K T ' ( X )  < o m 2 / 2  - r ' 2  ( x )  a > m 4 / 8 ( i )  
D P ( x )  =  T  ( x ) Ã ¼ > m  - K a '  ( x ) o ) m    ( 2 )  

where 
DG(x) Â¡s the baseband di f ferent ial  gain character ist ic 
DP(x)  is  the baseband d i f ferent ia l  phase character is t ic .  
a (x )  i s  the  normal ized ampl i tude response o f  the  network  
T(X)  is  the group delay of  the network 
x  is  the  swept  car r ie r  f requency 
K is the AM-to-PM conversion arising in the system under test 
&>m/27T is the test frequency 
' ,  " ,  a re  the  f i rs t  and second der iva t ives .  

T h e  e x a m p l e  i s  t a k e n  o f  a n  a l l - p a s s  n e t w o r k  h a v i n g  a  
p a r a b o l i c  g r o u p  d e l a y  r e s p o n s e  o f  7  n s e c  o v e r  Â ± 1 0  M H z  

Fig. 10(b). Dif ferent ial  gain display having the 
two  con t r i bu t i ons  o f  ( a )  w i t h  t he  add i t i ona l  
asymmetr ica l  contr ibut ion ar is ing f rom AM to 
P M  c o n v e r s i o n .  T h e  a p p e a r a n c e  o f  t h i s  
a s y m m e t r y  i s  t h e  b a s i s  o f  t h e  m e t h o d  f o r  
detect ing AM to  PM convers ion.  

c e n t e r e d  a t  7 0  M H z ,  a n d  h a v i n g  a  g a i n  d i p  o f  0 . 4 5  d B  c e n  
t e r e d  a t  7 0  M H z .  A  c o m p u t e r  p r o g r a m  e v a l u a t e s  a "  a n d  r '  
f r o m  t h e  n e t w o r k  s i n g u l a r i t i e s ,  a n d  g e n e r a t e s  t h e  p l o t s  
s h o w n  i n  F i g .  9 .  F i g .  9 ( b )  a n d  ( d ) ,  w i t h o u t  a n d  w i t h  A M - t o -  
P M  c o n v e r s i o n  r e s p e c t i v e l y ,  s h o u l d  b e  c o m p a r e d  w i t h  t h e  
photographs in Fig.  10 (a)  and (b)  which show di f ferent ia l  gain 
d isp lays on a  Microwave L ink  Analyzer .  

Ian  Mat thews 
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Receiver Circuits 
The main function of the IF/BB receiver is to derive 

from the input signal information that can be used 
for quantitative display of disturbances in phase and 
level of the baseband signal, disturbances that arise 
from nonlinearities in the system under test. If the 
system under test supplies the baseband signal to the 
receiver, the low-frequency sweep and the high- 
frequency test signal are separated by straightforward 
filtering and appropriately amplified for detection 
and use by the display. 

In the IF portion of the receiver, the amplifier fol 
lowing the input attenuator is a thin-film type to 
minimize the distortion that would arise from 
non-flat group delay and amplitude response. The 
input common-base stage presents a return loss of 
better than 38 dB to the input attenuator and serves as 

a buffer to the thin-film balanced detector that fol 
lows. The response of this detector is flat within 0.02 
dB over an input range of 115 to 165 MHz. 

The heart of the IF portion is the tracking demodu 
lator, shown in Fig. 8. To provide useful measure 
ments, this must be more linear than any demodula 
tor likely to be encountered in a communications 
system. 

High demodulator linearity is achieved in effect by 
heterodyning the incoming signal with a frequency- 
following local-oscillator signal to give a nearly- 
constant difference frequency of 17.4 MHz. The dif 
ference frequency is applied to the frequency dis 
criminator and the discriminator output is used as an 
error signal to control the local oscillator, main 
taining the 17.4-MHz difference. 

The gain around the frequency control loop is 80 
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115-165 MHz 
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Fig .  8 .  An  IF  s igna l  i s  p rocessed  
t h r o u g h  a  t r a c k i n g  d e m o d u l a t o r  
i n  t h e  r e c e i v e r ,  r e c o v e r i n g  t h e  
h i g h - f r e q u e n c y  t e s t  s i g n a l  w i t h  
high f idel i ty. 

dB so a 50-MHz frequency variation of the IF signal 
is reduced to 5 kHz at the discriminator input. This 
residual sweep is small enough to give, in effect, a 
demodulator of high linearity since discriminator 
nonlinearities are not being traversed by the 17.4-MHz 
IF. The baseband test signal is thus faithfully repro 
duced at the discriminator output. Baseband test sig 
nals as high as 5.6 MHz are recovered with low distor 
tion by this method. 

P r e c i s i o n  S w e e p  
The control signal applied to the tracking-loop's lo 

cal oscillator is, of course, comparable to the 70-Hz 
sweep but because of nonlinearities in the oscilla 
tor's frequency/voltage characteristics, it is not a 
pure sine wave. A pure sine wave is required, how 
ever, to maintain a linear frequency scale for the 
horizontal axis of the CRT display. Therefore, a 
sine wave -is synthesized in a separate circuit and 
phase-locked to the 70-Hz error signal. 

The sine wave is synthesized in the same manner 
as in the transmitter but with the phase-lock error sig 
nal controlling the clock oscillator. However, precise 
â€¢  I I  e i the r  the  8 .2 -  o r  12 .39 -MHz tes t  s igna ls  i s  used ,  an  ex te rna l  w ideband  demodu la to r  mus t  be  em 
p l o y e d  i t  I F - t o - I F  o r  B B - t o - I F  m e a s u r e m e n t s - a r e  t o  b e  m a d e  

synchronization is required so the display's horizon 
tal axis can be related to frequency. The question 
now arises, where on the recovered sweep waveform 
is synchronization to be accomplished? Because of 
the nonlinearities of the waveform, the only points 
where voltage can be precisely related to frequency 
are at the maximum and minimum values (waveform 
points B and D in Fig. 9). 

Pinpointing the location of these points is difficult, 
however, because of the near-zero rate of change 
around these points. Instead, two points where the 
steep-rising parts of the waveform intersect a dc vol 
tage are detected (points A and C). The time interval 
between the two points is measured and half this 
value is used to locate the time of occurrence of point 
B. The zero-level axis was arbitrarily chosen for 
points A and C although any other level could have 
been used because of the symmetry of the waveform 
about B. 

As shown in the diagram, a limiter squares the re 
covered sweep waveform to delineate points A and 
C more sharply, and the squared waveform gates 
clock pulses to a counter. When the waveform termi 
nates the count, the result retained in the counter is 
shifted one place as it is transferred to a storage regis- 

(147.6 MHz) 
B 

Comparator  
L.O. 

Control 
Voltage 

F i g .  9 .  R e c o v e r e d - s w e e p  p r o  
c e s s o r  p r e c i s e l y  l o c a t e s  t h e  
p e a k  B  o f  t h e  r e c o v e r e d  7 0 - H z  
wave fo rm by  measur ing  the  t ime  
between points  A and C and d iv id  
ing by two.  
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ter, effectively dividing the count by two. On the 
next cycle, the stored count is compared to the instan 
taneous count in the counter and when the two are 
equal, a trigger pulse is generated. The stored count 
is then updated. 

Phase-locked to this trigger is the sine wave 
generated by the shift-register synthesizer. 

, iMiinrirL_r~LJinnjiM 

i_n   ruiJUL_ 

F i g .  1 0 .  M a r k e r  g e n e r a t o r  u s e s  a  D - t y p e  f l i p - f / o p  a s  a  
mixer  to  der ive a pulse that  spans the zero beat  between the 
incoming s igna l  and a  re fe rence.  

Markers 
For calibrating the frequency scale of the CRT dis 

play in terms of IF frequency, two types of markers 
are provided. One type is a crystal-controlled fre 
quency comb that puts pulses on the CRT trace at 
either 2-MHz or 5-MHz intervals. The other is a single 
marker that can be moved along the trace to identify 
the frequency of any point on the frequency scale. 
The control that positions this marker has a four- 
place digital readout that gives precise indication 
of marker frequency over a range of 115 to 165 MHz. 

The marker generation technique is based on the 
detection of zero beats between the incoming signal 
and a locally-generated signal of known frequency. 
The circuit design was influenced by two factors: (1) 
marker generation must not be affected by the FM sig 
nals' sidebands, and (2) marker width should not be 
affected by a change in sweep width. The first factor 
is dealt with by substituting a local oscillator signal 
for the incoming IF and phase-locking the oscillator 
to the IF signal. The bandwidth of the frequency con 
trol loop is restricted so the local oscillator tracks the 
sweep but not the relatively high-frequency FM. 

Marker width control, the second factor, is accom 
plished in the circuit shown in Fig. 10. This uses an ECL 
D-type flip-flop as a mixer with the incoming signal 
applied to the D input and the locally-generated refer 
ence applied to the clock input. The normal output of 
such a circuit in the \ncinity of a zero beat is shown 
by waveform Ql and Ql in Fig. 10. The flip-flop out 
puts, however, drive capacitors (C) that are charged 
quickly by transistor pull-up, but that discharge 
more slowly through_resistors (R), thus giving the 
waveforms Q2 and Q2. Hence, the Schmitt trig 
ger circuits are triggered only when the width of the 
Ql and Ql pulses is wide enough to allow the vol 
tage on C to fall to the trigger level. 

The Schmitt trigger outputs (Q3 and Q3) are OR'd 
to get waveform Al , which also drives a capacitor cir 
cuit obtaining waveform A2. This waveform is in 
verted and smoothed (Bl) and used to drive the out 
put Schmitt trigger. The Schmitt output is a single 
pulse that spans the zero beat. 

Marker width is controlled by varying the voltage 
Vc, which controls the rate of capacitor discharge. A 
steeper discharge for C causes the first Schmitt cir 
cuits to trigger both earlier and later in the zero-beat 
cycle, widening the output pulse. 

The automatic marker width control varies Vc to 
keep the marker width constant at 2 mm of display for 
IF sweep widths from 10 MHz to 50 MHz. Below 
10 MHz, the markers widen, reaching 10 mm typi 
cally at a 3-MHz sweep width. 

When the instrument is used in the spectrum dis 
play mode to check the modulation index of an FM 
signal by the carrier-null method, the phase-lock loop 

2 2  
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is opened and the local oscillator is controlled by an 
internally-generated sweep-voltage. The LO signal is 
mixed with the incoming FM signal and the result is 
low-pass filtered, giving a display of the spectrum 
of the incoming signal. The markers can also be 
added to this display. 
Phase Detector  

Measurements of group delay and differential 
phase are made by phase-comparing the high-fre 
quency test signal, separated from the sweep signal 
in the receiver, to the output of a crystal-controlled 
oscillator. To avoid the effects of slow drift, the crys 
tal-controlled oscillator is phase-locked to the test 
signal, the bandwidth of the loop being restricted to 
10 Hz so as not to affect the wanted phase information 
which occurs at 70 Hz, the sweep rate. 

As shown in the block diagram of Fig. 11, the out 
put of the 1-MHz crystal oscillator is divided down to 
match the frequency of the lower test frequencies 
(83.3, 250, and 500 kHz) for phase detection. The 
higher test frequencies are heterodyned down to 250 
kHz for comparison with the phase-locked oscillator 
frequency divided by four. The oscillator used for 
the down-conversion uses switched crystals for stable 
frequency control. 

The phase display is calibrated by switching in a 
fixed delay on alternate sweeps. The CRT then dis 
plays two phase traces, with the vertical separation 
determined by the amount of added phase. 

The calibrated phase delays are achieved with 
switched RC networks. Since frequency deviation 

and phase modulation are not changed by mixing the 
higher test frequencies down to 250 kHz, the phase 
calibration steps hold for all these frequencies in 
terms of degrees or radians. The lower frequencies 
are passed directly through the phase delays with 
out mixing and are therefore given in nanoseconds 
of delay. 

Amplitude displays are calibrated by switching a 
precision attenuator into the signal path on alternate 
sweeps. 
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