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A Pair of Program-Compatible Personal 
Programmable Calculators 
One is  a  smal l ,  por tab le  pr in t ing  ca lcu la tor  and the o ther  
is  a  hand-he ld  vers ion wi thout  a  pr in ter .  Both  vers ions 
fea tu re  a  " smar t "  magne t i c  ca rd  reader ,  and  each  can  
run the o ther 's  programs.  

by Peter  0 .  D ick inson and Wi l l iam E .  Egber t  

TWO POWERFUL NEW fully programmable per 
sonal calculators in the tradition of the HP-65 

(the first fully programmable pocket-sized scientific 
calculator)1 are the pocket-sized HP-67, Fig. 1, and 
the HP-97, Fig. 2, a briefcase-portable calculator that 
has a built-in thermal printer, a buffered keyboard, 
and a large easy-to-read display. Both new calculators 
can read and record programs on magnetic cards 
using their built-in firmware-controlled magnetic 
card reader/recorders. 

A novel feature of these two new calculators is that 
they have exactly the same programmable instruction 
set. Even the instructions that are used to control the 
thermal printer on the HP-97 can be programmed on 
the HP-67 and are interpreted as meaningful display 
commands when executed by the HP-67. Programs 
stored on magnetic cards are written in a code that can 
be properly interpreted by either an HP-67 or an 
HP-97. Programs written on either machine can be 
run on the other with appropriate key codes dis 
played (see Fig. 3). 

Design Phi losophy 
The basic design goal of the HP-67 and HP-97 de 

velopment was to provide moderately priced comput 
ing tools capable of easily solving real-world prob 
lems. To achieve this goal, previous HP calculators 
were analyzed for possible improvement. The suc 
cessful HP-65 contained many innovative features, 
including its magnetic card reader. Other features 
that have been well received by users include fully 
merged key codes, engineering notation, and a pause 
function. A selection of the best features of the HP 
calculator line can be found in the instruction set of 
the HP-67 and HP-97. 

Speed and memory capacity were also considered 
during the design of the HP-67 and HP-97. Portable 
operation was desired, so battery capacity placed a 

major limitation on speed. After several alternatives 
were considered, the low-cost, moderate-speed micro 
processor used in the HP-91 and the HP-21/22/25 
series2 was chosen; it yields a system speed roughly 
equivalent to that of the HP-65. 

After examination of hundreds of HP-65 application 
programs it was decided that data memory should be 
easy to address and efficient to use, since 17. 3% of the 
operations in a typical program were found to be data 

C o v e r :  T h e  H P - 9 7  a n d  t h e  
HP-67 are fu l ly  programmable 
po r tab le  ca lcu la to rs  tha t  can  
r u n  e a c h  o t h e r ' s  p r o g r a m s .  
T h e  H P - 9 7  h a s  a  b u i l t - i n  
t h e r m a l  p r i n t e r .  T h e  H P - 6 7  
a n d  H P - 9 7  a r e  d e s c r i b e d  i n  
t h e  a r t i c l e  o n  p a g e  2 .  T h e  
printer and the HP-9 1 Calcula 

tor  that  was the f i rs t  to  use i t  are descr ibed in the 
ar t ic le  on page 9.  
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F i g .  1 .  H P - 6 7  i s  t h e  f u l l y  p r o g r a m m a b l e  s u c c e s s o r  t o  t h e  
H P - 6 5 .  B e s i d e s  h a v i n g  m o r e  c o m p u t i n g  p o w e r  t h a n  i t s  
predecessor ,  i t  is  program-compat ib le  wi th  the HP-97 shown 
in Fig. 2. 

store and recall operations. It was also felt that a 
balance should be provided between program mem 
ory and data memory. The HP-67 and HP-97 have a 
program memory consisting of 224 fully merged 

program steps and a data memory consisting of 26 
data storage registers. Fig. 4 shows the register struc 
ture of the HP-67 and HP-97. 

A final design goal was to provide useful new fea 
tures within the framework of an RPN (reverse Polish 
notation) logic system. Some of these features include 
a "smart" card reader, data read and write capability, 
program merging, a round function, an improved 
pause, and several types of indirect addressing. 

All HP-67 and HP-97 programmable features are 
implemented as microprogrammed firmware for the 
built-in microprocessor. Since these microprograms 
form the basic structure of the calculators, a great deal 
of effort went into producing efficient debugged 
code. To aid in program development, a cross assem 
bler and a sophisticated simulator/debug system were 
developed for use on an HP 2100 minicomputer. 

Final  f i rmware was implemented in  mask-  
programmable read-only memories. It was quickly 
recognized that a significant cost reduction for the 
HP-67 compared to the HP-65 would require im 
proved packaging of the logic circuits. The multichip 
hybrid and multilayer printed circuit board that made 
the HP-65 possible was an expensive solution, so a 
new chip was developed that combined 1024 10-bit 
words of ROM with 16 56-bit registers on a single 
chip. This chip was designed to be packaged in an 
8-pin plastic package, allowing all the HP-67 logic to 
be assembled in discrete packages on a conventional 
two-sided printed circuit board. Fig. 5 shows a com 
parison of the HP-65 and HP-67 logic boards. 

F i g .  2 .  H P - 9 7  i s  a  f u l l y - p r o  
g r a m m a b l e  p r i n t i n g  c a l c u l a t o r  
t h a t  f i t s  i n  a  s t a n d a r d  a t t a c h e  
c a s e .  I t  w e i g h s  o n l y  1 . 1 3  k g  i n  
c lud ing bat tery  pack.  
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Fig.  3 .  HP-67 and HP-97 programs are exact ly  the same,  but  
s o m e  o p e r a t i o n s  a r e  p r e f i x e d  i n  t h e  H P - 6 7  a n d  n o t  i n  t h e  
HP-97 .  P rograms reco rded  on  magne t i c  ca rds  a re  au tomat i  
ca l ly  loaded cor rec t ly  fo r  the  ca lcu la tor  be ing used.  

Improved production techniques were also studied 
as a means of improving manufacturing efficiency 
and reducing cost. One of the most significant new 
tools developed for the HP-67 and HP-97 is an au 
tomatic on-board 1C tester designed to speed up pro 
duction testing and service. The programming capa 
bility of the HP-67 and HP-97 made it possible to write 
self-testing diagnostic programs to aid in the produc 
tion process. 

New Features  
Program memory in an HP-67 or HP-97 is com 

posed of 224 8-bit steps. Programs are stored in the 32 
56-bit registers contained on two of the new data/ 
ROM chips. To increase programming efficiency all 
programmable operations are stored as single 8-bit 
instructions. Since eight bits only allow 256 different 
operations, a new form of display formatting and 
segmented data storage were used to achieve a fully 
merged instruction set. The HP-67 and HP-97 use 250 
of the 256 possible instructions. 

Among the new features of the instruction set is a 
round function, which rounds the internal represen 
tation of a number to correspond with the number 
shown in the display. This allows rounding to a 
specified number of digits after the decimal point, or 
rounding to a number of significant digits, depending 
on the type of display format chosen. The round fea 
ture is particularly useful in financial programs to 
assure that dollars and cents are properly rounded 
during chain calculations. 

An improved pause function allows the keyboard 
to become active during a pause. Data can be entered, 
functions executed and magnetic cards can be read 
during a pause, after which the program will automat 
ically resume execution. 

A u t o m a t i c  M e m o r y  S t a c k  A d d r e s s a b l e  S t o r a g e  R e g i s t e r s  

Primary Registers 

i  F  
R E |  

LAST X 
R c L  

RoL 

Protected 
Secondary Registers 

Fig. 4.  The HP-67 and HP-97 have a four-register operat ional  
stack and a register that retains the last number in the X-regis- 
te r ,  wh ich  i s  the  d isp lay  reg is te r .  There  a re  26  addressab le  
da ta  s to rage  reg is te rs ,  i nc lud ing  the  l - reg is te r ,  tha t  can  be  
used can ind i rect  contro l .  Protected secondary regis ters can 
not  be accessed d i rect ly  wi th  sm and RCL keys.  These reg is  
ters are used most of ten for  stat ist ical  funct ions and program 
ming,  but  they can be accessed f rom the keyboard us ing the 
p^s  key.  

Program merging permits the user to add to or alter 
a program that is already in the calculator. The user 
specifies the last step of the current program to be 
preserved, presses f MERGE (HP-97), and loads a card 
containing the new program. The new program then 
replaces the current program starting with the step 
after the one specified. 

An assortment of indexed and indirectly addressed 
operations provide computing power, interest, and 
challenge for the sophisticated programmer. Besides 
indirect store and recall of data, other indirect fea 
tures include an indirect GO TO instruction, a form of 
indexed relative addressing, and indirect control of 
display formatting. To aid in editing, the HP-67 and 
HP-97 can go to any line number while in either run or 
program mode. 

Other new features include three-level subroutine 
nesting, ten user-definable functions, advanced 
statistical functions, and 14 conditional branching 
instructions. 

The thermal printer of the HP-97 can print pro 
grams, registers, the entire stack, or just the dis 
play register. A program can also be traced using the 
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H P - 6 7  HP-65  

F ig .  5 .  A  new comb ined  ROM and  da ta -s to rage  ch ip  makes  
i t  possible to put al l  the HP-67 logic in discrete packages on a 
convent ional  two-s ided pr inted c i rcui t  board.  Here the HP-67 
log ic  board  i s  compared w i th  the  HP-65 log ic  board .  

printer, with operations and intermediate results 
printed out step by step to simplify program debug 
ging. The printer itself is the same as that in the HP-91 
Calculator (see article, page 9). 

l -Register for Indirect Control  
Indirect operations are implemented using the 

I-register. The number in this register can be altered 
using the operations STO I, f xÂ±^l, f ISZ I, and 
f DSZ I on the HP-97, or the equivalent key sequences 
on the HP-67. The last two operations increment or 
decrement the number in the I-register by one and 
skip an instruction if the number left in the I-regis 
ter is zero. 

The value contained in the I-register can also be 
used to control other operations. The (i) (indirect] 
function combined with certain other functions al 
lows the user to control those functions using the 
current number in the I-register. (Â¡) uses the number 
stored in the I-register as an address. 

The indirect HP-97 operations that can be con 
trolled by the I-register are: 
DSP (i), when the number in the I-register is 0 through 
9, changes display formatting so that the number in 
the display contains the number of decimal places 
specified by the current number in the I-register. 
STO (i), when the number in the I-register is 0 through 
25, stores the value that is in the display in the pri 
mary or secondary storage register addressed by the 
current number in the I-register. 
RCL (i), when the number in the I-register is 0 through 
25, recalls the contents of the primary or secondary 
storage register addressed by the current number in 
the I-register. 
STO + (Â¡), STO - (i), STO x (Â¡), STO -=- (Â¡), when the 

number in the I-register is 0 through 25, performs 
storage register arithmetic upon the contents of the 
primary or secondary storage register addressed by 
the current number in the I-register. 
f ISZ (i), when the number in the I-register is 0 
through 25, increments (adds 1 to) the contents of 
the primary or secondary storage register addressed 
by the current number in the I-register. In a running 
program, one step is skipped if the contents of the 
addressed register are then zero, 
f DSZ (i), when the number in the I-register is 0 
through 25, decrements (subtracts 1 from) the con 
tents of the primary or secondary storage register 
addressed by the current number in the I-register. 
In a running program, one step is skipped if the con 
tents of the addressed register are then zero. 
GTO (Â¡), when the number in the I-register is 0 or a 
positive 1 through 19, transfers execution of a 
running program sequentially downward through 
program memory to the next label specified by the 
current number in the I-register. Labels A-E and a-e 
are treated as 10-19 for indirect branching. 
GTO (i), when the number in the I-register is a nega 
tive number between -1 and -999, transfers execu 
tion of a running program back in program memory 
the number of steps specified by the current nega 
tive number in the I-register. This can be used to 
branch rapidly to any step number of program memory. 
GSB (i), when the number in the I-register is 0 through 
19, transfers execution of a running program to the 
subroutine specified by the current number in the 
I-register. Like a normal subroutine, when a RTN is 
encountered, execution transfers forward and con 
tinues with the step following the GSB (i) instruction. 
GSB (i), when the number in the I-register is a nega 
tive number between -1 and -999, transfers execu 
tion of a running program back in program memory 
the number of steps specified by the current negative 
number in the I-register. Operation is then like a nor 
mal subroutine. 

If the number in the I-register is outside the speci 
fied limits when the calculator attempts to execute 
one of these operations, the display will show Error. 
When using the (i) function, the calculator uses for an 
address only the integer portion of the number cur 
rently stored in the I-register. Thus, 25.99998785 
stored in the I-register retains its full value there, but 
when used as address (i), it is read as 25 by the calculator. 

Fig. 6 is an example of a program that uses the in 
direct GO TO and indirect store and recall of data. This 
program, "Follow Me," converts the HP-97 into a 
learn-mode four-function calculator with percent key 
and automatic constant. 

Intel l igent  Card Reader 
Among the important features of the HP-67 and 
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Fig.  6.  A typ ical  HP-97 program i l lust rat ing theuse of  ind i rect  
data storage and recal l  and the indirect GO TO operation. This 
p rogram conver ts  the  HP-97 in to  a  learn-mode four - func t ion  
calculator.  

HP-97 is the "smart" firmware-controlled card 
reader. In the HP-65 a program was either recorded on 
or read from a single side of the card. The HP-67 and 
HP-97, however, allow both program and data cards 
to have either one or two sides of meaningful informa 
tion. The smart card reader allows either side of a 
two-sided card to be read first and properly stored. If 
the other side of a card must be read, the display 
shows Crd to prompt the user. Data and programs from 
cards are automatically recognized and stored in their 
proper locations in the calculator. A special merge 

function allows two programs on separate cards to be 
merged together in program memory to form a single 
unit. Either data or program cards can be placed in the 
reader while a program is running and read automati 
cally under program control. This allows up to 112 
additional program steps or selected data registers to 
be read into the calculator and acted upon without 
user intervention. 

To help reduce programming overhead the status of 
the calculator is normally initialized automatically 
when a program card is read. Display format, 
trigonometric mode, and user flags are set to the state 
they were in when the card was recorded. 

The HP-67 and HP-97 use the card reader de 
veloped for the HP-65. Although one of the more 
interesting challenges was adapting the card reader to 
the new desk-top package, thfc basic mechanical de 
sign and two-track recording scheme that have previ 
ously been described remained unchanged.1'3 In 
the HP-65 , however, the control of the card reader was 
accomplished in an entirely different fashion. The 
microprocessor was effectively bypassed during read 
and write operations and programs were transferred 
directly between the card reader and the program 
memory via the interface circuit. The smart card 
reader in the HP-67 and HP-97 is made possible by the 
new way that the card reader interacts with the mi 
croprocessor under firmware control. 

Fig. 7 shows the system organization of the HP-67. 
When a card is inserted into the card reader the motor 
switch is activated, setting an input flag on the card 
reader controller (CRC). The microprocessor, when it 
is not otherwise busy, interrogates the CRC via the Is 
line to see if a card is present. The CRC sends a pulse 
back to the arithmetic, control, and timing circuit 
(ACT) on the FLG line, indicating the presence of the 
card. If the PRGM/RUN swich is in the RUN position and 
the write data function has not been called for, the 
firmware sends an instruction to the CRC indicating 
that a read operation is about to take place and then 
instructs the CRC to set an output flag that turns on 
the motor by enabling the motor drive circuit on the 
read/write chip. As the motor drives the card over the 
head, flux reversals in the magnetic medium are 
sensed by the head, amplified and converted to logic 
levels by the read/write chip, and passed on to 
the CRC. 

The CRC loads the bits into a pair of 28-bit buffers. 
When one buffer is filled the CRC switches over to the 
other buffer and signals the ACT that data is ready to 
be transferred to it via the DATA line. There are 952 
bits on each side of the card, and the card cannot stop 
and wait for the microprocessor to be ready. There 
fore, once the bits start coming in, the ACT must 
receive, process, and store the contents of one 28-bit 
buffer in not more than the time it takes to load the 

6 
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F i l e  P r o t e c t  S w i t c h  & * * \  

F ig .  7 .  Sys tem o rgan iza t ion  o f  the  HP-67 .  The  ca rd  reader  
is control led by the microprocessor so i ts operat ion is natural  
and foolproof.  

other 28-bit buffer, so that no bits are lost. 
The card passes through the card reader at a nomi 

nal 6 centimeters per second. Since the recorded 
density is slightly greater than 160 bits per cm, the 
bits must be accepted at approximately a 1-kHz rate. 
But the microprocessor is capable of executing only 
approximately three microinstructions in the one 
millisecond between bits. With the CRC buffering the 
incoming bit stream, however, the microprocessor 
need only concern itself with the card reader every 28 
milliseconds, on the average. It therefore has approx 
imately 3 x 28 = 84 instruction times to process each 
28-bit record. 

The requirement that cards recorded on any HP-67 
or HP-97 be readable on any other HP-67 or HP-97 
made for additional considerations. First, the card 
reader speed can vary Â±5% of nominal from one cal 
culator to another. Second, the clock rate controlling 
the microinstruction execution rate can vary Â±5% of 
nominal from one calculator to another. The firmware 

had to be designed taking worst-case values into ac 
count, so a card recorded on a calculator with a slow 
card reader and a fast clock can be read on a calculator 
with a fast card reader and a slow clock without any 
bits being lost. This meant that the microprogrammer 
had to assure that each record could be processed in 
something less than 84 instruction times. 

Card Format  
Fig. 8 is a photograph of a magnetic program card 

with the recorded information made visible. The first 
28-bit record on the card is the header, which carries 
machine status information if the card is a program 
card. It must be decoded for one of six card types: 
â€¢ One-sided program 
â€¢ First side of two-sided program 
â€¢ Second side of two-sided program 
â€¢ One-sided data file 
â€¢ First side of two-sided data file 
â€¢ Second side of two-sided data file. 
The decoding of the header determines where the 
remainder of the information on the card should be 
stored and whether or not the user should be prompt 
ed to turn the card around and read it again by dis 
playing the message Crd. 

The next thirty- two 28-bit records are either 112 
program steps (3V2 program steps per record) or 16 
data registers (Vz data register per record). Since the 
program and data storage memories are actually iden 
tical groups of 56-bit shift registers, records must be 
packed, two per register, prior to storing. The pro 
cess of storing each record also includes adding it to a 
running sum of all the previously read records to form 
a checksum. This computed checksum is compared to 
the recorded checksum, which is the last record on 
the card, to see whether any errors occurred in the 
reading process. If an error did occur the firmware 
clears memory and notifies the user by displaying 
Error. 

H e a d e r  C h e c k s u m  ^  

  P r o g r a m  D a t a    W  

Side 1 

Side 2 

F ig .  8 .  A  t yp ica l  two-s ided  p rogram card  w i th  the  magne t i c  
i n f o r m a t i o n  m a d e  v i s i b l e .  T h e  h e a d e r  t e l l s  t h e  f i r m w a r e  
what kind of card i t  is and carr ies machine status information. 
Fol lowing the header are either 1 12 program steps or 16 data 
reg is ters .  The las t  record on the card  is  a  checksum.  
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Writing a card is fundamentally the same process in 
reverse. Writing is attempted if a card is inserted into 
the card reader with the PRGM/RUN switch in the PRGM 
position or if a write data command has been issued 
either from the keyboard or by the program in the RUN 
mode. When the card reaches the head, the head 
switch is activated. If the corner of the card has not 
been clipped to protect the card, the write protect 
switch will also be activitated and writing will com 
mence. The firmware generates and transfers to the 
CRC the 28-bit header record for clocking out onto the 
card via the read/write chip. Then the appropriate 
program or data registers are retrieved, unpacked, 
and transmitted to the CRC. Each record, as it is pro 
cessed, is added to the checksum, which is then re 
corded as the last record. If an attempt is made to write 
on a file-protected card, an error flag is sent from the 
CRC to the ACT, the firmware generates an Error dis 
play, and the card is passed without modification. 
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Bi l l  says, "My only hobby is turning science f ict ion that I read at 
home in to  sc ience fac t  a t  work . "  
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Portable Scientific Calculator Has 
Built-in Printer 
I t 's the f i rst  of  a new generat ion of smal l ,  portable, pr int ing 
ca lcu la tors  that  operate  on rechargeable  bat ter ies  or  
l ine current. 

by Bernard  E .  Musch and Rober t  B .  Taggar t  

IN THE FOUR YEARS SINCE the introduction of 
personal portable computing to the engineering 

and scientific community, calculator users have 
become increasingly more demanding in the capabil 
ities and features they require. This has led to a 
succession of progressively more powerful and less 
expensive calculators with improved performance 
in both functions (firmware) and hardware. The 
HP-91 (Fig. 1) is the first of a new series of HP pro 
ducts that follow this general trend. Two others are 
described in the article beginning on page 2. 

Not only will the HP-91 solve the user's engineering 
and scientific problems, but it will solve them more 
accurately than many earlier calculators, and it will, 
if the user wishes, write problems and answers down 
for him. There is nothing conceptually novel about a 
printing calculator. Long before electronic calcula 

tors, mechanical adding machines provided output 
on paper tape. What is new in the HP-91 is the thermal 
printing technology that provides a small quiet 
printer with 5.7-cm-wide tape, the desk-top-sized 
keyboard for ease of touch entry, and a large, easy- 
to-read display all in a 23x20X6-cm package that 
fits easily into a standard attache case and weighs 
only 1.13 kg including a self-contained battery pack. 

What I t  Prints 
One of the most important decisions that had to be 

made in functionally implementing the HP-91 was 
what information to print on the tape and in what for 
mat. Providing meaningful printout on a reverse 
Polish calculator did present some interesting chal 
lenges. Since we could easily get 20 characters on the 
tape, and since the longest possible number is 15 

F ig .  1 .  HP-91  Sc ien t i f i c  P r i n t i ng  
C a l c u l a t o r  f i t s  i n  a  s t a n d a r d  
a t t a c h e  c a s e  a n d  w e i g h s  o n l y  
1 .13 kg inc lud ing bat tery  pack.  
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P r o b l e m :  
Compute  the  leng th  (L )  o f  a  be l t  connec t ing  two  pu l leys  o f  known d i  

ameters (d i  and d2)  and center- to-center  separat ion (c) .  

(d2 -d i ) ( tan>A-4 )  
0 2  0 -  - -  

HP-91 Solution: 
A s s u m e  d i  =  1 5 0  m m  

Ãš2 = 250 mm 
c  =  6 5 0  m m  

M o d e  S w i t c h :  R A O  
Disp lay Mode:  FIX 5 
Key Sequence: 150 STO 1 250 STO 2 eso STO o RCL 2 RCL 1 - RCL 0+2 

+ COS"' STO 3 RCL 2 IT x RCL 2 RCL 1 - RCL 3 TAN RCL 3 

Print Switch: NORM 
C U M  

J 5U. DOMIC' 5 J 
Â¿50. 00000 Â¿ Ã­ 
o5Ãº. Ã¼ÃºÃ¼Ã¼Ãº i Ã¼ 

Ã¼ Ã­ 
Ã¼ 1 

> t 

. . u - , '  
:  ,  
R i 

f Â¿ 
â€¢ . 

It 3 
M  
â€¢ 

User presses PRINT x to print 
answer. 

Print Switch: ALL 
c u *  

JÃ u.Ã¼GOCii' .- 1 
Â¿50.00000 5 Â¿ 
Â»bu. 00000 Ã­ O 

* Â£ 
Â¿50. ÃœOÃœÃœD *** 

S  J  
15Ãœ.OQOOQ *** 

1U0.00ÃšOO Â«Â«Â« 
P O 

t.50. ÃºÃ¼Ã¼Ã¼t Â«t 

0 . 1  f i t Ã ­  Â » â € ¢  
Ã ­ .  O O O t l Q  *  
f. (Â¡~Â¿i'Â¿ *<* 

CDS- 
J.4."3bÂ£; MÂ» 

b 3 
Ã¼ Ã­ 

Â¿bÃ¼. OOOOÃi Â«Â»Â» 
â€¢ 

3 .  J 4 1 5 5  * Â « *  

f K .  3 S 6 1 6  Â » l  
li Â¿ 

_'Ã u. ÃœIAÃÃœÃ Â«Â«Â» 
li 1 

15Ãœ.ÃœOGÃšÃ1 *Â«Â» 

UIU.ÃœOuÃœLl â€¢Â«Â» 
Ã¼ J 

1 . 4S5Â¿0 *** 
M  

Â«Â«Â» 

J 1 . 4e7oÃ¨ Â«Â«* 

.. Joc5c *Â«* 

Fig .  2 .  Sample  prob lem i l lus t ra tes  HP-91 pr in tout  modes.  In  
ALL mode,  the  prob lem can be recreated s imply  by  press ing 
e v e r y  k e y  p r i n t e d ,  r e a d i n g  l e f t  t o  r i g h t  a n d  t o p  t o  b o t t o m ,  
and  i gno r i ng  a l l  answe rs ,  wh i ch  a re  i den t i f i ed  by  *  

characters long (ten mantissa digits, two exponent di 
gits, one decimal point, and two signs), there is 
enough extra room on a line for a single space and a 
four-character function mnemonic. The user may 

command the machine to print an answer by pressing 
the PRINT x key. To distinguish a printed answer the 
mnemonic field is flagged with * to catch the eye. In 
addition to PRINT x there are three functions that 
output only and have no effect on the calculator's 
memory or display; they merely list the contents of 
certain registers with appropriate mnemonics. LIST 
STACK lists the operational stack with stack designa 
tors, X,Y,Z, and T. LIST REG lists the contents of the 16 
data storage registers with register-number desig 
nators. LIST I lists the contents of the statistics regis 
ters with the designators N, SX, 2Y, 2X2, 2Y2, 2XY, 
since these are the values in these registers if their 
contents have been accumulated by means of the in- 
key. The calculator's response to the PRINT x or the 
LIST functions is the same in all print modes. In MAN 
(manual) mode the printer is disabled unless one of 
these functions is called for. 

A reverse Polish calculator is ideally suited to pro 
vide a recorded history of a problem. The mode that 
causes the HP-91 to do this is NORM (normal). In 
normal mode every keystroke, whether digit entry or 
function, is faithfully recorded on the tape. The de 
sign objective was to make it possible to recreate a 
problem merely by consulting a tape generated in 
normal mode. An example is shown in Fig. 2. Digits 
are printed as entered, regardless of display format, 
except that trailing zeros are added to fixed-point 
numbers, if possible, to fill out the field and line up 
the decimal points on the tape. Answers printed by 
the PRINT x key or LIST functions are in the user's 
chosen display format. Answers can be printed at 
any time by pressing PRINT x. When recreating the 
problem all the user needs do is press every key (digit 

Printing on the HP-97 

The HP-97 uses the same pr inter mechanism and electronics 
as the HP-91 . The tape format for the two machines is also very 
similar. Al l  the print ing operations of the HP-91 are found on the 
HP-97 as programmable instructions with the exception OÃLIST s 
wh ich  is  eas i ly  imp lemented by  wr i t ing  a  smal l  p rogram.  

Dif ferences between the two machines are, for the most part ,  
the resul t  of  the fact  that  the HP-97 is  programmable whi le the 
HP-91 is not. For example, the ALL mode of printing on the HP-91 
corresponds to the TRACE mode on the HP-97. When running a 
program, TRACE mode records the step number and mnemonic 
o f  each  ins t ruc t ion  as  i t  i s  execu ted  as  we l l  as  p r in t i ng  in te r  
mediate answers. Such a l ist ing can be used to trace the execu 
t i on  o f  a  p rog ram to  i so la te  e r ro rs .  The  HP-97  can  a lso  p r in t  
program l is t ings wi th  opt iona l  pr in t ing o f  keycodes.  Pr in t ing a  
program is ,  o f  course,  not  programmable.  Ef fec t ive use of  the 
HP-97 pr in te r  can s imp l i f y  the  task  o f  wr i t ing ,  debugg ing  and 
document ing a program and make output  resul ts permanent for  
later use. 

-Wi l l iam E. Egbert  
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C u r r e n t  
S o u r c e  

Data 
S t o r a g e  

B r k  T o  
R e v  M o t o r  
F w d  C o n t r o l  

F i g .  3 .  H P - 9 1  u s e s  t h e  m i c r o  
p r o c e s s o r  d e v e l o p e d  f o r  t h e  
HP-21 series of pocket calculators. 
Two new c i rcui ts  in  the HP-91 are 
the 14-digit  cathode driver and the 
p r i n te r  I n te r face  con t ro l  and  key  
board buffer Â¡PICK). 

entry or functions) printed in the tape reading left to 
right and top to bottom and ignoring all answers 
(numbers tagged ***). 

In ALL mode the answer for every function is print 
ed on the next line after the function key is pressed 
and its mnemonic is printed. One way to think of ALL 
mode is that the machine is doing an automatic PRINT x 
after any function that could change the value of the dis 
played X register (other than ENTER t, storage opera 
tions, or clearing operations). In ALL mode, functions 
that provide more than one number in an answer 
(P-Â»R, R-+P, LR, X, S, RCL i+) print both numbers with 
appropriate mnemonics to distinguish them. 

Hardware Organizat ion 
Fig. 3 shows the organization of the system hard 

ware. Regular HP Journal readers may recognize this 
system as being very similar to the HP-21/22/25 calcu 
lator series1 and in fact this is the case. The main 
system processor (ACT), the ROMs, and the data stor 
age circuit are essentially the same as those used in 
the hand-held calculators. Only two new integrated 
circuits had to be developed f or the HP-91, the 14-dig 
it cathode driver and the printer interface control and 
keyboard buffer circuit (PICK). 

Because the combination of complex scientific 
functions and shuttle-head thermal printing oc 
casionally keeps the system processor busy for ex 
tended periods, it was decided to buffer the keyboard 
so that keystrokes are recognized regardless of the 
state of the system. This is particularly important be 
cause the keyboard mechanism is specially designed 
for this series of calculators; it has a positive but light 
feel that is ideally suited for rapid key entry. 

Since the new PICK circuit was required for printer 
control anyway, we decided to include a seven- 
keystroke-deep buffer on this device. Every key- 
switch has two contacts, one connected to one of the 
four key lines that input to the PICK, and the other 
connected to one of the 14 digit drive lines from the 
cathode driver. Contact is made when the key is 
down. The reset cathode driver signal (RCD), which 
synchronizes the digit scan to the display informa 
tion in the ACT, is also fed to the PICK, so when one of 
the key lines is pulled down, an appropriate eight- 
bit code generated by a counter is loaded into a first- 
in-first-out shift register. The contents of the key buf 
fer are shipped out on the DATA line when the pro 
cessor is ready for another key. 

Since the main system key register is not used to in- 
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P u t  n u m b e r  t o  b e  p r i n t e d  i n  a  w o r k i n g  
register  (proper format) .  

G e n e r a t e  a  s t r i n g  o f  h e x a d e c i m a l  d i g i t s  
cor respond ing  to  the  P ICK ROM address  
of  the  des i red  mnemonic  characters .  The  
l e f t m o s t  d i g i t  m u s t  c o r r e s p o n d  t o  t h e  

address of  the carr iage return.  

Issue  mnemonic  
print instruction. 

S h i f t  n u m b e r  t o  b e  p r i n t e d  t o  C - r e g i s t e r  
( d a t a  l i n e ) .  I n s e r t  c a r r i a g e  r e t u r n  a t  

extreme left .  

I ssue  number  
print instruction. 

Fig.  4.  Flow chart  for  pr int ing a typical  l ine contain ing a four-  
character  mnemonic  on the r ight  and a 15-character  numeral  
f ield on the left .  

terrogate the keyboard, we connected the ACT key 
l ines  to  the  calcula tor ' s  three-posi t ion mode 
switches. Toggling the software-settable output flag 
on the ACT makes the ACT's key buffer respond to a 
dummy "key down" signal and as a result the con 
tents of the buffer indicate the position of the two 
mode switches at any time. 

The other function of the PICK circuit is to control 
the printer. The printer can print any of 64 5x7-dot- 
matrix characters, at least one of which must be a 
special end-of-line or carriage-return character. The 
characters are specified as mask-programmable ROM 
on the integrated circuit so that future machines can 
use other character sets and the characters may be 
shifted about to minimize the printing portion of the 
microprogram. For information exchange with the 
ACT, the PICK circuit resembles a high-order data 

storage device and the information to be printed is 
transmitted serially along the DATA line. 

Two of the printer-related instructions that actuate 
the PICK are translated as "Is the printhead in the 
home position?" and "Has the carriage-return char 
acter been encountered in this print line?" If either 
answer is true the PICK will pull up one of the ex 
ternal flag lines on the ACT. When it is determined 
that the printhead is in the proper position for print 
ing, one of five possible print instructions, which we 
call PRINT 0, PRINT 1, PRINT 2, PRINT 3, Or PRINT 6, ÃS 
issued. A six-bit address is required to select one of 64 
characters, but since the ACT processes data in either 
BCD or hexadecimal four-bit digits, it was thought ad 
vantageous for the printer to respond to four-bit ad 
dress inputs. This is particularly useful when print 
ing only numerals that have been built up into four- 
bit digits for display purposes. The PRINT o instruc 
tion causes the PICK to add 00 to each four-bit digit 
on the data line to complete the full six-bit address 
and print the appropriate character. PRINT i adds 01, 
PRINT 2 adds 10, and PRINT 3 adds 11. The PRINT 6 in 
struction takes the DATA line output and processes it 
six bits at a time to print any of the 64 characters. 

The data word is only 14 digits (56 bits) long, but 
the printer can print up to 20 characters in a line. Ad 
ditional print instructions may be issued after the 
head has printed the last character and has encoun 
tered the first carriage return, but before the printer 
control electronics has had time to reverse the lead 
screw driving the head and begin it on its trip home. 
For example, a typical line of print that contains 
both a four-character mnemonic on the right edge 
and a 15-character numeral field on the left can be 
printed using the flow of logic as shown in Fig. 4. 

Thermal  Pr inter  
The HP-91 printer is a moving head, thermal 

printer that prints alphanumeric characters using a 
5X7 dot matrix. It prints from right to left (right justi 
fied) and advances paper on the return stroke. Lines 
may contain from 8 to 20 characters; the short line ca 
pability gives more throughput for most applications. 

The HP-91 printer prints 20-character lines at less 
than one line per second and eight-character lines at 
1.5 lines per second. As the printhead moves from 
right to left it prints only the number of characters 
required before returning to the home position. An 
advantage of the relatively slow line speed is a re 
duction in the instantaneous power required; this is 
important in a battery-powered calculator. 

Thermal printing was chosen because the mech 
anism is simpler and lighter than an impact printer. 
In fact, an impact printer capable of printing alpha 
numeric characters, and small enough and light 
enough to fit inside the HP-91, did not exist. Electro- 
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static and electrosensitive printing do provide sim 
plicity and light weight, but we felt that thermal 
paper looked better than metallized paper. 

The choice of a moving head instead of a fixed head 
was based on cost. The technologies available within 
HP for making printheads are thick-film and thin- 
film. A cost comparison showed that, using either 
technology, the moving head concept would be less 
expensive than the fixed head concept. The addition 
al mechanism to move the head had to be kept simple 
for high reliability and low cost. A simple mechanism 
design combined with extensive use of injection 
molded plastic parts helped meet the cost goal. 

The choice between thick-film and thin-film tech 
nology was based on performance. Above 15 char 
acters per second the thermal mass of the thick-film 
resistor becomes critical, and the thin-film element 
becomes attractive. The HP-91 printer operates at 28 
characters per second, which means that the head re 
sistors must heat up to several hundred degrees centi 
grade and cool down below paper threshold tempera 
ture in less than 5.1 milliseconds. 

Each printed dot is the result of a color reaction in 
the paper, which is coated with two types of pulver 
ized thermoreaction compounds and a binder. When 
heat is applied, a chemical reaction takes place that 
changes the color of the paper at the point of heat. 

Thin-Fi lm Thermal  Pr inthead 
The printhead consists of a column of seven 

10-ohm thin-film resistors on a ceramic base 0.64 cm 
wide by 2.0 cm long. When energized by electrical 
pulses the resistors heat to 350Â°C. As the head travels 
across the width of the heat-sensitive paper the 
pulsed resistors leave a trail of dots that form the 
seven-dot-high-by-five-dot-wide printed characters. 

The printhead had to be mass-produced at high vol 
ume. This was another reason for choosing thin-film 

4.4V 

-  1  U  T ,  =  8 5  M s  
T p  =  1 0 0  M S  

= V.N 

= (4.4) (.922) 
= 4.05V 

T, = 52 MS 
Tp = 100 MS 

= 4.05V 

F ig .  5 .  P r i n t  i n t ens i t y  con t ro l  compensa tes  f o r  changes  i n  
bat tery vol tage by varying the duty cycle of  a f ixed-frequency 
signal. 

technology over the thick-film approach. 
The printhead substrate is 99.5% aluminum oxide 

ceramic. There are four layers on the substrate: an 
outer protective "wear-layer" of aluminum oxide, an 
aluminum conducting film for interconnections, a 
tantalum-aluminum resistive film forming the print- 
dot, and finally, a glaze that acts as a thermal barrier 
between the resistor and the ceramic body of the 
printhead. The three thin-film layers â€” the wear-layer, 
the aluminum, and the tantalum-aluminum â€” are all 
deposited by sputtering. Argon ions formed in a low- 
pressure glow-discharge are accelerated toward a 
cathode composed of the material to be deposited, 
e.g. aluminum. This ion-bombardment causes mater 
ial to be ejected or sputtered from the cathode and de 
posited on the substrate. This technique can readily 
be controlled to deposit films with reproducible com 
position, resistivity, and thickness. The resistor and 
conductor films are patterned by photolithographic 
techniques similar to those used to fabricate integrat 
ed circuits. 

The glaze underlying the print-dot must be thick 
enough to permit the resistor to retain heat and 
develop the paper but thin enough to allow rapid 
resistor cool-down to avoid elongation or "smear 
ing" of the printed dot. This thickness proved to 
be about 60 micrometers. Since each of the seven 
print dots undergoes, on the average, two 300Â°C tem 
perature cycles per character printed, the wear-layer, 
resistor film, and glaze must have compatible ther 
mal-expansion coefficients. In addition, the wear- 
layer must be chemical and abrasion resistant to pro 
tect the relatively thin (0.3-micrometer) resistor film. 
The interconnections, one common and one for each 
of the seven resistors, were required to add less than 
0.75 ohm; this dictated a 4-micrometer-thick alumi 
num film. 

The resistive elements are on a mesa about 10 /Â¿m 
high. Tests have shown that this provides better con 
tact with the paper, creating a better dot image at 
lower power and lower head force. 

Printer Drive Circuits 
One of the challenges in developing the HP-91 was 

to find efficient and inexpensive ways to control the 
motor speed and print intensity. A motor speed con 
trol circuit is necessary to keep the length of the print 
ed line constant even though changes occur in 
moving friction and in the motor supply voltage (the 
battery). The speed control technique used is a com 
bination of analog and digital. 

The motor drive circuit is a seven-transistor circuit 
that drives the motor forward, reverses it, or brakes its 
rotation. The brake capability stops the reverse 
motion quickly when the printhead carriage reaches 
home position. This permits narrow margins and 
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maximizes the printed line length. 
The motor speed control circuit samples the gener 

ated voltage of the drive motor by turning the drive 
power off  br ief ly and treat ing the motor  as  a  
generator. The measured voltage, which is propor 
tional to the speed of the motor, is compared to a con 
stant reference. If the measured voltage is greater than 
the reference voltage, the motor is turning too fast and 
power to the motor is removed until the generated 
voltage falls below the reference voltage. If the mea 
sured voltage is less than the reference voltage, the 
motor is turning too slowly, so power to the motor is 
restored immediately after the sample time. The 
sample rate is fast (several hundred samples per sec 
ond) and the motor mechanical response time is 
much longer than the sample period, so the motor 
smooths out its pulsed input power and turns at a 
steady speed. The speed may be changed by changing 
the value of the reference voltage. 

To maintain a uniform print contrast, the thin-film 
head resistors must develop approximately the same 
temperature each time they are energized. The same 
temperature must be attainable even with changes in 
battery voltage. A constant resistor temperature pro 
file requires an applied voltage with a constant rms 
value. The print intensity control, or power regulator, 
generates the required voltage by varying the duty 
cycle of a fixed frequency signal in a nonlinear 
manner in response to changes in the battery voltage 
(see Fig. 5). 

Generation of the signal is by analog computation. 
The duty cycle for constant rms value VRMS with 
battery voltage VB can be computed as follows. 

VRMS - "zr~ 

T 

VJ jd t  (1 !  

V c  

= Constant  

VOUT 

VHEF 

T ,  

VB 

01 

F i g .  6 .  S i m p l i f i e d  d i a g r a m  o f  t h e  c i r c u i t  t h a t  m o n i t o r s  t h e  
battery vol tage and var ies the duty cycle of  the pr int  s ignal  to 
stabi l ize i ts  energy content .  

This function is generated by a circuit that monitors 
VB and supplies a time Tl in response to it. A simpli 
fied diagram is shown in Fig. 6. By careful selection 
of T0, R, C, and VREF, the function of Equation 4 is 
evaluated to within one percent. 

The frequency of this variable duty cycle signal is 
about 10 kHz. The signal modulates the applied resis 
tor voltage, as shown in Fig. 7, but because of the 
high rate of modulation, the head resistor temperature 
profile does not follow the instantaneous signal but 
responds to the rms value or heating value of the 
signal. 

Since the power control is basically a pulse modu 
lation scheme, it is very efficient and well suited to 

, 
VRMS = 

So, duty cycle equals 

T !  (  

T  ^  

V  RMS 

\  

or since Tp is constant, 

J C Ã §  

v* 

â€” -orT, =F(VB2) 
VB 

(2) 

( 3 )  

( 4 )  

Resistor On Resistor Off  
VB â€” 

F i g .  7 .  T h e  v a r i a b l e  d u t y - c y c l e  s i g n a l  h a s  a  f r e q u e n c y  o f  
abou t  10  kHz .  Th is  s igna l  modu la tes  the  vo l tage  app l ied  to  
the res is tors  on the thermal  pr in thead.  The res is tor  tempera 
tu re  responds  to  the  rms  o r  hea t ing  va lue  o f  the  compos i te  
signal. 
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battery operation. The actual head drivers are seven 
NPN high-gain transistors. These receive timing and 
modulation information from the PICK (printer inter 
face chip). Fig. 8 shows a block diagram of the motor 
and head control. The PICK chip supplies the timing 
to control the printer functions. 

Printer  Mechanism 
The printer mechanism consists of three major sub- 

assemblies: the paper feed assembly, the printhead/ 
platen assembly, and the printhead drive assembly. 

The paper feed assembly uses a cam/clutch arrange 
ment with polyurethane drive rollers for feeding 
paper. The paper is pinched against the drive roller 
by two spring-loaded pinch rollers that require no 
adjustments. 

Printing is done "on the fly." To simplify the me 
chanism, the printhead is always in contact with the 
paper. The printhead is mounted in a carrier that is 
threaded onto a lead screw and guided by two stain 
less steel rods set in a plastic mainframe. The lead 
screw is driven by an ironless d.c. motor through a 
gear reduction. Gears are molded out of polycarbon 
ate, with glass and teflon to hold tolerances to 
AGMA-8 quality and for noise reduction. The iron- 
less dc motor is used for its size, high efficiency, and 
low inertia. 

The printhead moves back and forth against a pla 
ten. The platen, mounted in a platen holder assembly, 
is fully floating and is spring loaded against the 
printhead to assure proper contact. 

The extensive use of plastics made this mechanism 

Motor 
Speed 

â€¢ Trim 

M o t o r  S p e e d  C o n t r o l  
I n t ens i t y  Con t ro l  

Motor 
Speed 

Control 

VREF 

Power  Regulator  
and 

Vol tage Reference 

Print Intensity 
Trim 

P r i n t  H e a d  
C l . m p  

L a i d  S c r e w  
G e a r  A . i e m b l y  

F ig .  8 .  Mo to r  and  head  con t ro l  c i r cu i t s .  T im ing  in fo rmat ion  
comes from the PICK chip. 

F ig .  9 .  Pr in ter  mechanism.  

a real challenge for both the mechanical designers 
and the injection-molding tool designers. To save as 
sembly time, the entire printer frame is molded in one 
piece with some tolerances held to Â± 25 /u.m. The head 
carrier must withstand high temperature and wear, 
and must be held to tight parallelism tolerances with 
a threaded hole for the drive screw. The rubber drive 
rollers are made with a double-shot process of injec 
tion-molded urethane over an ABS hub. The platen is 
made of an injection-molded, high-temperature, cer- 
amic-like plastic called PPS. Much development time 
was spent on the platen to assure high quality. If the 
printer should run out of paper, the printhead will 
print directly on the platen. Since some parts of the 
printhead can reach 350Â°C and more, this presents a 
severe challenge for plastic. By solving the problem 
with injection-molded plastic, a low-cost but high- 
quality platen was achieved. The platen is designed 
to withstand direct continuous printing without 
paper for over 72 hours. 

The printhead resistors are driven with the battery 
voltage of approximately five volts. To reach printing 
temperature in three milliseconds requires about 1.1 
watts, which means that over 500 milliamperes must 
flow into each printing resistor. If four or five dots are 
printed at the same time, the current level can ap 
proach 2.5 amperes in the common lead of the head 
and the flexible cable. This created some difficult 
problems in the circuit design and in finding a flex 
ible cable to pass that much current. The flexible 
cable conductors must be wide and thick to avoid 
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high resistive losses, but the thicker the copper, the 
more difficult it is to make it flex for millions of cycles 
without stress fatiguing in the tight bend radius re 
quired by the small package. The cable materials and 
adhesives all affect the fatigue life of the copper. After 
many iterations and extensive testing, a Kapton- 
copper-Kapton sandwich laminated with special 
adhesive was selected. 

Because the cable connectors are copper and the 
printhead interconnects are thin-film aluminum, 
conventional solder bonding was not possible. Ultra 
sonic-wire or stitch bonding provided the answer. 

A c k n o w l e d g m e n t s  
While there are numerous people who contributed 

to the development of this project we would be remiss 
in not giving special recognition to: Chuck Dodge for 
his superb industrial design and Craig Sanford who 
developed the mechanical package; Paul Stoft of 
HPL who encouraged the initial printer effort and 
those in the Loveland, San Diego, Avondale, and 
Colorado Springs Labs who provided helpful early 
advice; Frank Ura, Per Gloersen, Glenn Weberg and 
Bill Ebert of HPL and Bill Sperry of San Diego Divi 
sion who developed the thin film print head process, 
and Robert Waits, Fred Scheu, and Ken Scholz who 

set up the process at APD; Ken Salisbury, Manny 
Kohli, and Dick Barth who designed the printer 
mechanism; Al Kovalick who designed the printer 
drive electronics using in part a motor speed control 
invented by Bill Egbert; Jim Steinmetz for the flex 
cable and head bonding technique; Larry Jackson and 
Tom Braun for printer and print head testing; John 
Uebbing, Perry Jeung, and John Fischer of OED who 
developed our attractive display and to She-Chung 
Sun for the cathode driver and display driver cir 
cuitry; Dick Osgood and Bill Mitchell who designed 
the keyboard; Ken Hodor who designed the PICK 
circuit and later helped put the product into produc 
tion; Dennis Harms and Paul Williams who wrote the 
software; Carl Landsness who designed the power 
supply and recharger; Dick Leininger, Hal Andrews, 
and especially Bob Meadows who served as product 
manufacturing engineers on the project; Roger Evans 
and Jim Fleming at APD and Bernard Tsai in Singa 
pore who provided the production engineering sup 
port; Bill Bull and his crew on the production line; 
Don Grant and the QA group; the manufacturing divi 
sion tool designers and builders whose state-of-the- 
art injection molding methods help make the product 
possible; Bob Dudley and Chung Tung for their 
managerial support. E 

The New Accuracy: Making 2=8 
b y  D e n n i s  W .  H a r m s  

One of  the engineer ing ef for ts  that  made the HP-35 possib le 
was  the  deve lopmen t  o f  t he  a lgo r i t hms  fo r  t he  ma themat i ca l  
f unc t i ons .  Th is  work  was  done  by  Dav id  S .  Cochran .1  These  
algori thms have served the HP hand-held calculator family wel l ,  
b u t  h a v e  n o w  b e e n  r e p l a c e d  b y  m o r e  a c c u r a t e  o n e s  o n  t h e  
HP-91  .  As  one  o f  the  more  obv ious  examples  o f  the  improve  
ment,  23 = 8.000000003 on the HP-35 but 23 = 8000000000 on 
the HP-91 . Other examples of the improvement are shown in the 
table below:  
O P E R A T I O N  H P - 3 5  H P - 9 1  

1 0 5 2  9  9 9 9 9 9  9 9 6 4  x  1 0 5 1  1  0 0 0 0 0  0 0 0 0  x  1 0 5 2  
2 5 5  9 7 6 5 6  2 5  0 5 5  9 7 6 5 6  2 5  0 0 0  
9 5  5 9 0 4 9  0 0 0 2 0  5 9 0 4 9  0 0 0 0 0  
1 5 5  7 5 9 3 7 5 0 0 3 4  7 5 9 3 7 5 0 0 0 0  
< - 2 ) 3  e r r o r  - 8 0 0 0 0 0 0 0 0 0  
I n  ( 1 . 0 0 0 0 1 )  9 9 9 9 9 0 0 0 0 0  x  1 0 ~ 6  
In ( 99995) 
tan 89 999999s 
tan 90 000001Â° 
sin 000 OOOOOOr 
sin 359 9999999Â° 
tan 720Â° 
t a n  ( 7 2 0  x  i Ã ³ 9 0 ) '  

9 9 9 9 9 5 0 0 0 0  x  1 0  
- 5 0 0 0 1 2  0 0 0 0  x  1 0 ~ 5  - 5 0 0 0 1 2  5 0 0 4  x  1 0 ~ 5  
5 8 3 6 3 5 0 0 . 1 6  5 7 2 9 5 7 7 9 . 5 1  
- 5 8 8 2 3 5 2 9 4 1  - 5 7 2 9 5 7 7 9 5 1  
1 7 x 1 0 " 9  1 . 7 4 5 3 2 9 2 5 2 X 1 0 " 9  
- 2 1 8 4 4 1 3 8 7 9  -  1  7 4 5 3 2 9 2 5 2 x  1 0 ~ 9  
4  0 0 0 0 0  0 0 0 0  x  1 0 ~ 9  0  0 0 0 0 0  0 0 0 0  
2  0 2 9 7 5  2 0 9 0  0  0 0 0 0 0  0 0 0 0  

The over r id ing  cons idera t ion  in  the  HP-35 was sav ing  ROM 
(read-only memory) .  Only three ROMs of  microcode were used 
to implement al l  the funct ions of the calculator.  Better accuracy, 
comparable to that of the HP-91 , would have consumed two addi 
t ional ROMs and would have increased both the size and cost of 
the HP-35. Since the sl ide rule was the standard of  the day, the 
' T h i s  d i s c u s s i o n  i s  e s s e n t i a l l y  t h e  s a m e  a s  a  p a p e r  p r e s e n t e d  b y  t h e  a u t h o r  a t  E l e c t r o  7 6  
i n  B o s t o n .  M a s s a c h u s e t t s .  U . S . A . .  M a y  1 1 - 1 4 .  1 9 7 6 .  

i m p r o v e m e n t  i n  a c c u r a c y  b o u g h t  b y  t h e s e  a d d i t i o n a l  R O M s  
d id  not  seem wor th  the expense.  

Two things have happened to make the addit ional ROM worth 
t h e  c o s t .  F i r s t ,  R O M  h a s  b e c o m e  c h e a p e r  a n d  s m a l l e r  b y  a  
factor  of  four .  Second,  calculators are now being appl ied more 
widely than or ig inal ly ant ic ipated, and users now have a higher 
l eve l  o f  soph is t i ca t i on  and  expec t  the  same f rom the i r  ca l cu  
la to rs .  Programmable  ca lcu la to rs ,  espec ia l l y ,  requ i re  g rea ter  
accuracy.  The user  o f  a  nonprogrammable ca lcu la tor  moni tors  
h i s  c a l c u l a t i o n  s t e p  b y  s t e p ,  s o  u n r e a s o n a b l e  i n t e r m e d i a t e  
resul ts caused by algor i thm inadequacies are recognized when 
they appear.  However,  when a calculator  is  programmable,  the 
user  is  o f ten aware of  on ly  the input  and the f ina l  answer.  

Avoidable  and Unavoidable  Errors  
Disp layed  e r ro rs  can  be  d i v ided  i n to  two  t ypes ,  avo idab le  

and  unavo idab le .  The  f i r s t  i s  caused  by  i nadequac ies  i n  t he  
algorithms. Examples of this type of error are shown in the table 
above and are typi f ied by 23 = 8.000000003. This type of  error  
has been almost  complete ly  e l iminated f rom the HP-91 .  

The second type of  error  is  the unavoidable error  caused by 
using f in i te computers to approximate nonf in i te processes.  For 
instance, the decimal representation of 1 1I is the repeating non- 
f ini te decimal: 

1 /7  =  0 .142857 142857 142857 . . .  
w h i c h  c a n n o t  b e  r e p r e s e n t e d  e x a c t l y  w i t h  t e n  f i g u r e s .  T h e  
c losest  approximat ions are:  

0 .142857 1429 (c losest )  and 
0.142857 1428 (next  c losest) .  
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When we wr i te  
1 /7  =  0 .142857  1429  

we are ly ing only by a l i t t le  b i t .  Unfortunately,  
1 / (0.  142857 1429)  = 6.99999 99979 00000 00062 99. . .  

which rounds to  6.99999 9998 instead of  7 .  Therefore,  the ca l  
culator  cannot sat isfy the ident i ty  

1/(1/7) = 7. 
T h i s  i s  n o t  a  m i s t a k e .  I t  i s  a n  u n a v o i d a b l e  c o n s e q u e n c e  o f  
rounding. 

There is no ten-f igure approximat ion to 1/7 whose reciprocal  
rounds to 7.  To see th is,  let  us look at  the next  c losest  approxi  
mation to 1/7. 

1 / (0.  142857 1428)  = 7.00000 00028 00000 00112 . . .  
which rounds to 7.00000 0003 instead of 7. This is farther from 7 
than the rec iprocal  o f  the other  approx imat ion to  1/7.  

Perhaps the best  way to  avo id  the confus ing s ta tement  
"1 / (1 /7 )  =  6 .99999 9998"  

is to write 
[1 / (1/7)10]10 = 6.999999998 

where the subscr ip t  10  ind ica tes  a  round ing to  10 p laces.  

How Improvements  Were  Achieved 
Accuracy  in  the  HP-91 has been improved pr inc ipa l ly  by  re  

wr i t ing the algor i thms'  subrout ine structure.  An example of  th is 
i s  w i th  the  yx  rou t ine .  A l l  HP ca lcu la to rs  ca l cu la te  yx  by  the  
formula 

y X  _  e x  I n  y  

Th is  i s  eva lua ted  by  sub rou t i ne  ca l l s  t o  I n ,  mu l t i p l y ,  and  ex  
ponent ial  On the HP-35 these subrout ines were ident ical  to the 
keyboard funct ions of  the same name.  The funct ion yx d id  the 
same th ing  as  the  key  sequence 

x^Â±y, In, x, ex 
I t  is  not  surpr is ing then that  23 = 8.000000003, for  th is answer 
has been subject  to three intermediate roundings. The improve 
ment  was made by rewr i t ing the basic  subrout ines to  a l low for  
c a r r y i n g  i n t e r m e d i a t e  r e s u l t s  t o  e x t r a  d i g i t s .  E n o u g h  e x t r a  
d i g i t s  a r e  c a r r i e d  a n d  c a r e f u l l y  l o o k e d  a f t e r  t o  a s s u r e  t h e  
d e s i r e d  a c c u r a c y .  S p e c i a l  s u b r o u t i n e s  o f  t h i s  t y p e  a r e  a l s o  
u s e d  i n  t h e  t r i g o n o m e t r i c  f u n c t i o n s ,  i n  r e c t a n g u l a r - t o - p o l a r  
convers ions,  and in  polar- to- rectangular  convers ions.  

The second method of  improv ing accuracy is  to  t rap cr i t ica l  
arguments and calculate the funct ions at  these arguments in a 
specia l  way.  These cr i t ica l  arguments inc lude numbers near  1 
when  ca lcu la t ing  In  o r  l og ,  numbers  near  0  when  ca lcu la t ing  
s i n " 1 ,  c o s " 1 ,  o r  t a n " 1 ,  a n d  n u m b e r s  n e a r  z e r o  o r  m u l  
t iples of 7T/2 when calculat ing sin, cos, or tan. 

Ano the r  improvemen t  was  made  by  p resca l i ng  the  t r i gono  
met r i c  func t ions  in  the  user ' s  un i t s .  The  HP-35  conver ted  de  
grees to radians and then subtracted mult ip les of  2ir  to convert  
the  inpu t  a rgument  to  the  un i t  c i rc le .  Th is  made tan  720Â° =  
4  x  1 0 ~ 9 .  O n  t h e  H P - 9 1 ,  i f  t h e  c a l c u l a t o r  i s  i n  d e g r e e s  o r  
grads, mult ip les of  360 or 400 respect ively are subtracted unt i l  
the result is within the unit circle. This makes tan 720Â° = 0 and 
improves symmetry  proper t ies of  the t r igonometr ic  funct ions.  

Possible  Improvements 
The re  i s  a  po in t  whe re  t he  new  a lgo r i t hms  appea r  a t  f i r s t  

glance to be less accurate. I f  we calculate tan IT in radians, the 
answer is  4.  10 x 10~10onthe HP-91 whereas the HP-55 y ie lds 
0 .  Th is  i s  m is lead ing ,  fo r  i t  on  the  keyboard  shou ld  rea l l y  be  
labeled JTIO, showing that i t  is ten digits of -n. Thus 

7 r 1 0 =  3 . 1 4 1 5 9 2 6 5 4  
To ten digits, tan w10 = 4. 1 2067 61 50 x 1 0~ 10. One can see that 
the HP-91 g ives the bet ter  answer  to  th is  prob lem. 

The reason that  the HP-91 does not  g ive the correct  answer 

i s  tha t  p resca l i ng  i s  done  w i th  a  f i n i t e - l eng th  IT .  To  g i ve  the  
correct answer to this problem, a it of length 20 would have to be 
used. I t  can be shown that to produce the correct  answer to al l  
tr igonometric problems in radian measure, i t  takes a w of length 
120.  The HP-91 actual ly  uses 13 d ig i ts  of  i r .  

Another  p lace where the accuracy can be improved is  in  the 
s ta t is t ica l  funct ions I f  the fo l lowing data is  put  in to  the HP-55 
u s i n g  t h e  1 +  k e y ,  t h e  s t a n d a r d  d e v i a t i o n  i s  n o t  c a l c u l a t e d  
exactly. 

6666666123 

6666666246 

6666666369 

The s tandard  dev ia t ion  ca lcu la ted  i s  0 .000000000 ins tead  o f  
the correct value of 1 23.0000000. This problem could be solved 
by  s tor ing  d i f fe rent  sums in  the s ta t is t ics  reg is ters .  However ,  
the sums that  are now stored are usefu l  for  vector  ar i thmet ic .  

The  user  can  usua l l y  avo id  th i s  p rob lem by  leav ing  o f f  the  
redundant  leading s ixes.  I f  the data is  keyed in as fo l lows,  the 
correct  s tandard dev ia t ion is  ca lcu la ted.  

123 
246 
369 
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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  
H P - 9 1  S c i e n t i f i c  P r i n t i n g  C a l c u l a t o r  

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

SWITCH 

PRINT X  
L I S T  S T A C K  
L I S T  I  

L IST  REG 

Selects  pr in t ing modes 
You can pr int  noth ing,  d ig i t  entr ies and funct ions,  or  
d ig i t  ent r ies  (unct ions and resu l ts  
Pr in ts  the d isp layed number 
Prints and labels the contents of the stack registers.  
P r i n t s  a n d  l a b e l s  t h e  c o n t e n t s  o f  t h e  s u m m a t i o n  
register 
P n n t s  a n d  l a o e l s  t h e  c o n t e n t s  o f  t h e  a d d r e s s a b l e  
registers 

P A P E R  A D V A N C E  A O v a n c e s  t h e  p a p e r  A t  t h e  s a m e  t i m e  c l e a r s  e r r o r s  
and hal ts  l is t  operat ions 

M A T H E M A T I C A L  F U N C T I O N S :  
A N G U L A R  M O D E  

SWITCH 
S in ,  Cos ,  Tan  
& r T 1 .  C o s " 1 .  T a i  
In .  o"  
log.  10"  
y* 
â € ”  R .  - * P  
H . M S - .  H . M S -  

â€” H MS. H MS-* 

Selects degrees.  i r  g rads  mode 

S T A T I S T I C A L  F U N C T I O N S :  

and their  inverses.  
Natural  log and ant i log 
Common log  and ant i log  
Exponent ia l  funct ion 
Rectangular  polar  coord inate convers ion 
T ime (angle)  addi t ion and subtract ion in  hou 
u les  and  seconds  and  hours  
T i m e  [ a n g l e )  c o n v e r s i o n  b e t w e e n  h o u r s ,  
and  seconds  and hours  
Convenient  math (unct ions 
Ar i thmet ic (unct ions 
Percent 
Percent  d i f ference 

it tÃ­ total 

D A T A  M A N I P U L  
16  REGISTERS:  

E N T E R *  
xÂ±=y 
R I  
â€¢- 
â€¢â€¢ 

: â€¢ ' 
L A S T x  

Accumula 
Deletes u 

B x, y, xÂ», y", 
Â«anted data 
venables 

L inear  e 
FactorÃ­a 

Separates numer ica l  ent r ies 
Exchanges contents  o f  x  and y  s tack  reg is ters  
Rol ls  down contents  o f  s tack reg is ters  
Rol ls  up contents of  s tack regis ters 
Changes the  s ign  o f  a  number  
Enters exponent for numbers entered m scientif ic notati 
Recal ls  last  entry  af ter  an operat ion 
Go ld  sh i f t  key ;  se lec ts  func t ions  pnn ted  m go ld  on  
keyboard 
S t o r e s  d i s p l a y e d  v a l u e  i n t o  a d d r e s s a b l e  r e g i s t e r  
A lso used wi th  ar i thmet ic  funct ions in  s torage reg is  
ter  ar i thmet ic 

Recalls a number â€¢ 
able register 

argeable bat tery pack 

D I S P L A Y  C O N T R O L  A N D  C L E A R I N G  O P T I O N S :  
F I X  S e t s  f i x e d  d e c i m a l  n o t a t i o n  d i s p l a y  

Sets scient i f ic notat ion display 
E N G  S e t s  e n g i n e e r i n g  n o t a t i o n  d i s p l a y  
C L x  C l e a r s  d i s p l a y  
C L E A R  C l e a r s  s t a c k ,  a d d r e s s a b l e  r e g i s t e r s ,  a n d  L a s t  x  

register 
C L H E G  C l e a r s  a d d r e s s a b l e  r e g i s t e r s  R 0 - R 9  
C L 1  C l e a r s  s u m m a t i o n  r e g i s t e r s  R  5 -  R  5  

P H Y S I C A L  S P E C I F I C A T I O N S :  
C A L C U L A T O R  W I D T H  2 2 8  6  m m  ( 9  i n )  
C A L C U L A T O R  D E P T H  2 0 3 . 2  m m  ( 8  m )  
C A L C U L A T O R  H E I G H T  6 3  5  m m  ( 2 . 5  i n )  
CALCULATOR WEIGHT 1  13  kg  (2 .5  t o )  
R E C H A R G E R  W E I G H T  2 6 6  g  ( 9  5  o z )  
SHIPPING WEIGHT 3 16 kg  (7  Â»)  
O P E R A T I N G  T E M P E R A T U R E  R A N G E  D ' C  t o  5 0 C C  ( 3 r F  t o  1 2 2 * F )  
CHARGING TEMPERATURE RANGE 1C*C to  40*C (50=F to  104Â°F)  
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 =  C  t o  5 5 ' C  ( - 4 0 Â ° F t o  1 3 T F )  
P A P E R  T E M P E R A T U R E  R A N G E  ( o p e r a t i n g  a n d  s t o r a g e )  1 0 C C  t o  4 5 ; C  

(50*Fto 113"F) 
P O W E R  R E Q U I R E M E N T S :  

AC 1 1 5 or  230 V,  r  1 0%. 50 to 60 Hz 
BATTERY 5  0  Vdc  mcKe l  cad r  

PRICE IN U.S.A. :  HP-91,  $425.  
M A N U F A C T U R I N G  D I V I S I O N :  C O R V A L L I S  D I V I S I O N  

1000 N.E.  Circ le Boulevard 
Co rva l l t s ,  O regon  97330  USA 

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  
H P - 6 7  a n d  H P - 9 7  C a l c u l a t o r s  

K e y b o a r d  F e a t u r e s  S u m m a r y  
A N G U L A R  F U N C T I O N S :  S i n ,  C o s .  T a n .  S i n " 1 .  C o s " 1 .  T a n " 1 ;  H o u r s - M i n u t e s -  

S e c o n d s  A d d i t i o n .  H o u r s -  M i n u t e s - S e c o n d s  C o n v e r s i o n  t o  D e c i m a l  H o u r s ;  
Degree Radian Convers ion.  Po lar  Rectangu lar  Convers ion Degrees.  Radians.  
Grads Angu lar  Modes 

LOGARITHMIC  FUNCTIONS:  Log ,  10 * ,  Ln ,  ex  
S T A T I S T I C S :  S u m m a t i o n s  n  1 *  i x * ,  Ã ¯ y ,  l y j  I x y .  D e l e t i o n  o f  U n w a n t e d  D a t a .  

Mean,  Standard Deviat ion 
C O N V E N I E N T  M A T H  F U N C T I O N S :  * .  - .  x ,  - . y x .  x 2 ,  1 , x .  \ > T N ! ,  % ,  % C H ,  T T  
NUMBER ALTERATION FUNCTIONS:  I n tege r  T runca t i on ;  F rac t i on  T runca t i on :  

D I S P L A Y :  F i x e d  d e c i m a l ,  s c i e n t i f i c ,  e n g i n e e r i n g  n o t a t i o n  D i s p l a y s  u p  t o  1 0  
s igni f icant  d ig i ts  p lus 2-dig i t  exponent  and appropnate s igns 

H P - 9 7  P r i n t i n g  F e a t u r e s  
PRINT MODE SWITCH: Selects pr int ing modes. You can print only when you Â«ant 

to ;  d ig i t  en tnes  and func t ions  au tomat ica l l y :  o r  d ig i t  en t r ies ,  (unc t ions ,  in te r -  

PRINT X:  Pnnts  the  d isp layed number .  
PRINT STACK:  Pnnts  and labe ls  the  contents  o f  the  s tack  reg is te rs  
PRINT REG: Pnnts and labels the contents of  the pr imary data storage registers 

i me mon/ 

PRINT PRGM:  Pr in ts  con ten ts  o f  p rogram memory  
SPACE:  Advances  paper  one space w i thou t  p r in t ing  

H P - 6 7  a n d  H P - 9 7  C o m m o n  P r o g r a m m i n g  F e a t u r e s  
S u m m a r y  

CAPACITY:  224 steps of  program memory Â¡a l l  funct ions are merged and occupy 
on ly  one s tep o f  program memory) ,  26 data  reg is ters ;  four  reg is ter  automat ic -  
memory-stack.  Last  x  regis ter  

CARD se lec ted  FEATURES:  Record toad  a l l  da ta  reg i s te rs .  Load  se lec ted  da ta  
reg is te rs .  Record  Load  en t i re  p rogram memory .  Merge  p rogram subsec t ions .  
Angu la r  mode ,  f l ag  se t t i ngs ,  a r i d  d i sp l ay  s t a t us  a re  r eco rded  w i t h  p rog ram 
recording and reset with program loading; User is prompted for proper operat ion 
w h e n  u n d e r  C a r d  r e a d e r  o p e r a t i o n s  c a n  b e  i n i t i a t e d  m a n u a l l y  o r  u n d e r  p r o  
gram contro l  (except  program record ing) .  

ADDRESSING: Label  address.ng ind i rec t  address ing o f  labe ls  and data  s torage.  
Relat ive addressing, 10 user-def inable keys or 20 u ser -de f inable labels. Three 
levels of  subrout ines (GSB) 

C O N D I T I O N A L S :  x = y ,  x  x > y ,  x Â « y ,  x i < 0 ,  X = 0 ,  x < 0 ,  x > 0 ;  F o u r  f l a g s ,  I n c r e  
ment,  decrement storage registers and skip on zero 

EDITING: Single step execution. Single step and Back step inspection , 
I nse r t  De le te  ed i t i ng  Pos i t i on  the  ca lcu la to r  a t  any  s tep  in  p rog i  
(GTO .  nnn).  

O T H E R  P R O G R A M M I N G  F E A T U R E S :  P A U S E  t o  ' e v i e w  i n t e r m e d i a t e  r e s u l t s ,  
key  in  data  or  load magnet ic  cards .  

HP-97  SPECIF ICATIONS:  
W I D T H  2 2 8 . 6  m m  ( 9  m )  
DEPTH.  203.2  mm (6  in )  
HEIGHT 63.  5  mm (2 .5  in )  
W E I G H T  1 . 1 3 k g  ( 2 . 5  I b )  
R E C H A R G E R  W E I G H T  2 6 8  g  ( 9  5  o z )  
SHIPPING WEIGHT:  3  16 kg (7  IB)  
OPERATING TEMPERATURE RANGE.  15 :C  t o  40 *  C  (59 ;F to  104 !F )  
CHARGING TEMPERATURE RANGE 1CTC to  40Â°C (HTF to  104CF) 
S T O R A G E  T E M P E R A T U R E  R A N G E :  - 4 < F C  t o  5 5 ' C  ( - 4 Q Â ° F  t o  1 3 r F )  
PAPER TEMPERATURE RANGE 1 0Â°C to 45=C (SO' F to 1 13=F) 
AC  POWER REQUIREMENT.  90 -127V  o r  200 -254V ,  50  t o  60  Hz  
B A T T E R Y  P A C K  R E Q U I R E M E N T :  5 . 0  V d c  n i c k e l  c a d m i u m  r e c h a r g e a b l e  

battery pack 
HP-67  SPECIF ICATIONS:  

LENGTH:  152.4  mm (6  in )  
WIDTH:  81  mm (3 .2  in )  
HEIGHT 18  to  34  mm (0 .7  to  1 .4  i n )  
W E I G H T  3 4 2  g  ( 1 1  o z )  
RECHARGER WEIGHT:  142  g  (5  oz )  
SHIPPING WEIGHT:  1 .4  kg  (3  to )  
OPERATING TEMPERATURE RANGE:  10*C to  40=0 (50*  F  to  104CF)  
CHARGING TEMPERATURE RANGE 10=0 to 4oÂ°c ISOÂ°F to KWF) 
STORAGE TEMPERATURE RANGE:  -40Â°C to  55=C ( -40*F  to  131CF)  
AC POWER REQUIREMENT 66-  127V or  1  72-254 V.  50  to  60  Hz 
B A T T E R Y  P O W E R  R E Q U I R E M E N T :  3 . 7 5  V d c  

cattery pack 
PRICES IN U.S.A. :  HP-67,  $450.  HP-97,  S750.  
M A N U F A C T U R I N G  D I V I S I O N :  C O R V A L L I S  D I V I S I O N  

1000 N E C i rc le  Bou levard  
Co rva l l i s .  O regon  97330  USA 

s charge a C I e 

Bernard E.  Musch 
Bernie Musch received h is  BSME 
deg ree  i n  1964  f r om Leh igh  Un i  
vers i ty  and h is  MSME and PhD 
degrees  in  1966 and  1970 f rom 
Stanford Univers i ty .  Af ter  coming 
to HP in 1970, he did the mechani 
cal design of the HP-35 and HP-65 
Calculators and served as project  
leader  for  the HP-55 and HP-91 
Calculators.  He has several  
pa tents ,  i ssued and pend ing,  in  
the calcu lator  f ie ld .  Having just  
moved to  Corva l l is ,  Oregon last  
Ju ly ,  Bern ie  hasn ' t  had t ime to  
set t le  down yet ,  but  before the 

move he served h is  communi ty  by  coach ing L i t t le  League and 
soccer  teams and by  record ing books for  the  b l ind .  Camping,  
photography,  and music  are other  major  in terests .  A nat ive of  
Ba l t imore,  Mary land,  Bern ie 's  marr ied and has two sons.  

Robert  B.  Taggart  
Bob Taggar t  rece ived  h is  BSME 
a n d  M S M E  d e g r e e s  f r o m  N o r t h  
western Univers i ty  in  1967 and 
1 968, and the degree of  Mechani 
c a l  E n g i n e e r  f r o m  S t a n f o r d  U n i  
v e r s i t y  i n  1 9 7 0 .  W i t h  H P  s i n c e  
1970,  he worked on b iomedica l  
a n d  a n a l y t i c a l  i n s t r u m e n t  p r o  
jects  for  three years,  then served 
as pro ject  leader  for  the HP-65 
card  reader  and pro jec t  manager  
fo r  p r in t ing  ca lcu la to rs .  Ten  p ro  
fess ional  papers  and f ive patents  
have resul ted from his work. Born 
in  Pompton Lakes,  New Jersey,  

Bob is  marr ied,  has a smal l  son,  and now l ives in  Sunnyvale,  
Cal i fornia.  Tennis and ski ing are his favor i te le isure act iv i t ies.  
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High-Power Solid-State 5.9-1 2.4-GHz 
Sweepers 
Two new RF p lug- ins  for  the 8620C Sweep Osc i l la tor  
p roduce  more  than  50  mW o f  ou tpu t  power ,  thanks  
to a new gal l ium arsenide f ie ld-ef fect  t ransistor .  

by Louis  J .  Kuhlman,  Jr .  

IN MICROWAVE MEASUREMENTS, high-power 
sweep oscillators are often needed to increase 

dynamic range, improve accuracy, saturate ampli 
fiers, or overcome system losses. 
â€¢ Measurement dynamic range is limited by either 

detector saturation or sweeper output power. In 
measurements involving high insertion loss, dyna 
mic range can benefit directly from increased out 
put power. 

â€¢ Measurement accuracy can be improved by using 
attenuators to reduce mismatch errors and resistive 
power separation devices to reduce frequency 
response errors. No loss in dynamic range results 
if the sweeper can compensate for the resistive 
loss with additional power. 

â€¢ When measuring the distortion and power han 
dling capability of an amplifier, sufficient power is 
required to compress gain to the desired level. 
Also, mixer conversion loss measurements are a 
function of local oscillator drive, so extra sweeper 
output power allows a wider range of devices to 
be measured. 

High-power swept measurements have normally 
been made using bulky and expensive backward- 
wave-oscillator (BWO) sweepers or traveling-wave- 
tube (TWT) amplifiers. The BWO or TWT tubes in 
these units require periodic replacement. Also, the 
user has to buy another system in addition to his 
modern solid-state sweeper. 

Two new high-power plug-ins for the 8620C 
sweep oscillator solve this problem by using a recent 
ly designed 100-mW GaAs FET amplifier covering 
the entire 5.9-12.4-GHz range. The 86242C RF Plug-In 
has a frequency range of 5.9-9.0 GHz and the 86250C 
has a frequency range of 8.0-12.4 GHz. The compact 
8620C/86242C and 8620C/86250C (Fig. 1) are the 
highest-power microwave solid-state sweepers cur 
rently available. 

Designed to meet the requirements of all major 
sweeper applications, the new sweepers provide 
more than 17 dBm of power, leveled within Â±0.5 dB 

F i g .  1 .  C o m p a c t  M o d e l  8 6 2 0 C  S w e e p  O s c i l l a t o r  p r o d u c e s  
over 50mWof output power wi th ei ther the 86242C RF Plug-In 
for the 5.9-to-9.0-GHz range or the 86250C RF Plug-In for the 
5.9-to-T2.4-GHz range. 

F ig .  2 .  Typ ica l  output  power  o f86242C and86250C RF Plug-  
Ins. Internal level ing opt ion levels power within Â±0.5 dB. 
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with the internal leveling option (see Fig. 2j. When 
used with the HP 8755 Frequency Response Test Set, 
no external modulator is required; therefore, full 
output power is available for measurements. 

Plug-In Design 
As Fig. 3 shows, the basic elements of the new plug- 

ins are the YIG-tuned oscillator (YTO) and the GaAs 
FET amplifier/modulator. The YTO is tuned by a cur 
rent-induced magnetic field. The YTO driving circuit 
has been described in detail elsewhere.1 

Power leveling in the plug-ins is achieved by 
sensing the output power with a broadband direc 
tional coupler and detector, comparing this signal to 
a level control voltage, and applying the error signal 
to a PIN-diode modulator. This modulator is built 

into the GaAs FET amplifier. 
As Fig. 4 shows RF power leveling is accomplished 

by controlling the operation point of the PIN modu 
lator as a function of Vsense and Vset. Vsense is a voltage 
derived by detecting and amplifying a small portion 
(-20 dB) of the output signal. Vset is a reference vol 
tage; its magnitude is determined by the front-panel 
power level control. 

In the loop, Vsense and Vset are summed, and their 
sum is compared to zero volts at the preamplifier. 
Any deviation from zero is amplified and used to shift 
the modulator operating point, changing Vsense so 
that its sum with Vset is returned to zero. 

In externally leveled applications the ALC loop 
gain must be adjusted to compensate for variations 
in RF coupling ratio and detector speed of response. 

A 5.9-12.4-GHz GaAs FET Power Amplifier 

The GaAs FET power ampl i f ier in the 86242C and 86250C RF 
Plug-Ins provides 1 0-dB gain at 1 00-mW output power and 0-60 
dB of attenuation with an input PIN modulator. A single ampli f ier 
design covers the ful l  5.9-12.4 GHz range, using f ive 1-pim-gate 
GaAs FETs produced by HP. Up to now, most GaAs FET design 
e f fo r t s  have  concen t ra ted  on  e i the r  low-no ise  b roadband  per  
fo rmance1 or  nar row-band h igh-power  (>1 wat t )  ou tput .2  Th is  
amp l i f i e r  appears  to  be  the  f i r s t  app l i ca t ion  o f  GaAs  FETs  in  
b roadband  med ium-power  amp l i f i ca t i on .  The  h igh  ca r r i e r  mo  
bi l i ty and power eff ic iency of the GaAs FET make rel iable sol id- 
s t a t e  r e p l a c e m e n t s  f o r  b a c k w a r d - w a v e - o s c i l l a t o r  ( B W O )  
sweepers  poss ib le .  

Typical input-to-output isolation of a GaAs FET at 1 0 GHz is 25 
dB or  greater .  This  property  a l lows very successfu l  appl icat ion 
o f  u n i l a t e r a l  d e s i g n  a p p r o a c h e s  t h a t  i s ,  i n p u t  a n d  o u t p u t  
match ing s t ructures are des igned wi th  knowledge that  they do 
not interact  s igni f icant ly.  

A s impl i f ied input  and output  equiva lent  c i rcu i t  for  the GaAs 
FET is shown in Fig. 1 . Matching circuits transform the input and 
output  impedances to  obta in  broadband match ing for  ga in  and 
power .  The  inpu t  and  f i r s t  i n te rs tage  match ing  c i r cu i t  a re  de  
s igned  fo r  max imum sma l l - s igna l  ga in .  The  second  and  th i rd  
s tages,  which employ two GaAs FETs in para l le l ,  are designed 
fo r  max imum la rge-s igna l  power  ga in .  

Rin 
7.5 to 20ÃI 

Cin 
0.5  to 0 .7  pF 

0.06 to 0 .1  pF 

Source Q_ 

- O  D r a i n  

Rout 
200 to 800 it  

- O  S o u r c e  
Q in  =  6  to  20  a t  2  GHz  

=  1  t o  4 3  a t  1 2  G H z  
QOUI = .15 to 1 at  2 GHz 

=  1  to  6  a t  12  GHz  

F i g .  1 .  G a A s  F E T  i n p u t  a n d  o u t p u t  s i m p l i f i e d  e q u i v a l e n t  
c i r c u i t s .  *  

Impedances presented to the drain for  maximum large-signal  
ga in  were  measured  w i th  ex te rna l  tuners  and la rge-s igna l  RF 
cond i t i ons .  Resu l t s  o f  t hese  l a rge  s igna l  measuremen ts  and  
other  des ign cons iderat ions have been descr ibed e lsewhere.4 

Assembly  
Assembly  p rocedures  have been es tab l i shed to  p ro tec t  the  

GaAs FET f rom mechanical  and electr ical  damage dur ing hand 
l ing.  The GaAs ch ips  are  f i rs t  pu lse-so ldered to  a  go ld-p la ted 
copper pedestal for good heat sinking, input-to-output isolat ion, 
and  ease  o f  hand l i ng  du r i ng  l a te r  assemb ly  s teps .  Sapph i re  
ma tch ing  c i r cu i t s  a re  so lde red  on to  a  s ing le  ca r r i e r ,  l eav ing  
space fo r  the  FET/pedes ta l  assembl ies .  Epoxy  a t tachment  o f  
the FET/pedestal assembly to the microcircuit makes it  easier to 
rep lace fau l ty  act ive dev ices.  Temporary  grounding bonds are 
attached to the FET contacts to el iminate the possibi l i ty of  elec 
t r i ca l  damage  by  s ta t i c  d i scha rge  and  t r ans ien t s  du r i ng  sub  
s e q u e n t  p r o c e s s e s .  A n  a s s e m b l e d  1 0 0 - m W  5 . 9 - 1 2 . 4 - G H z  
GaAs FET ampl i f ie r  is  shown in  F ig  2 .  

Input  
Match ing  

In terstage 
Match ing  

Parallel  
G a A s  F E T s  

Outpu t  
Match ing  

Fig .  2 .  100-mW 5.9- to-12.4-GHz GaAs FET ampl i f ie r .  
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GaAs FET Ampl i f ier /  
Modulator 

2 0  d B m  

+ 17 dBm 

Fig .  3 .  Ma jor  e lements  o f  the  new RF p lug- ins  a re  the  YIG-  
tuned osc i l la tor  and the GaAs-FET ampl i f ier  modulator .  

With many commercial sweepers the power level 
changes when the ALC gain is adjusted, making gain 
and power adjustment an iterative procedure. This 
problem has been solved in the 86242C and 862 50C 
by summing Vsense and Vset before the gain control. 
Both voltages are attenuated equally, so they main 
tain a constant ratio and produce a constant output 
power. 

Direct  8755 Modulat ion 
A primary design goal was to allow direct modula 

tion of the instrument when used with the 8755 
Frequency Response Test Set. This eliminates the 
need for the external modulator normally used in this 
application, and as a consequence, makes the full 
+ 17 dBm available to the device under test. 

Satisfying this requirement meant that the RF 
power would be modulated by the 27.8-kHz square 
wave modulation signal produced by the 8755A. 
The RF power would have to have a minimum on/off 
ratio of 40 dB and maintain 40/60 symmetry over the 
20-dB range of the power level control. 

The design solution makes the loop become a 
sample-and-hold circuit during the time the RF 
power is blanked. When the RF power is enabled, the 
output of the ALC main-amplifier/sample-and-hold 
will be the same as before the RF power was blanked. 
The PIN modulator current is the same, the RF power 
is the same, and the sum of Vset and Vsense is zero. 
Thus the loop can stabilize without having to slew 
fast enough to respond directly to the 27.8-kHz 
modulation. 

FM Driver  
The FM driver block diagram is shown in Fig. 5. 

The FM input signal is split into high and low-fre 
quency paths. The low-frequency signals are sent to 
the YTO driver to allow frequency deviations of up 
to Â±150 MHz. 

The YTO FM coil is driven by a differential cascode 
amplifier. This achieves Â± 5-MHz frequency devia 
tion at a 5-MHz modulation rate, as well as a Â± 1.5-dB 
small-signal frequency response from dc to 10 MHz. 
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F i g .  4 .  A u t o m a t i c  l e v e l  c o n t r o l  
d i a g r a m  f o r  t h e  8 6 2 4 2 C  a n d  
8 6 2 5 0 C  R F  P l u g - I n s .  D e s i g n  a l  
l o w s  d i r e c t  m o d u l a t i o n  b y  t h e  
8 7 5 5  F r e q u e n c y  R e s p o n s e  T e s t  
Se t ,  e l im ina t ing  ex te rna l  modu la  
tors  and making fu l l  output  power 
available. 
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The GaAs FET in Microwave Instrumentation 

by Patr ick  H.  Wang 

E v e r  s i n c e  t h e  G a A s  S c h o t t k y - b a r r i e r - g a t e  F E T  ( G a A s  
M E S F E T )  w a s  p r o p o s e d  b y  C . A .  M e a d '  i n  1 9 6 6 ,  i t  h a s  b e e n  
general ly  considered the device of  the future for  microwave ap 
p l i ca t ions .  In i t ia l  deve lopment  o f  the  GaAs FET was s low,  bu t  
s i g n i f i c a n t  b r e a k t h r o u g h s  i n  f a b r i c a t i o n  t e c h n o l o g y  a n d  
mater ia l  hand l ing  in  1970 and 1971 a l lowed rea l i za t ion  o f  the  
dev ice 's  p romise .  One-mic romet re -ga te - leng th  MESFETs w i th  
an fmax of  50 GHz and usefu l  ga in  up to  18 GHz became avai l  
ab le  f rom var ious research laborator ies .  

T o d a y  w e  a r e  s e e i n g  w h a t  m i g h t  b e  c a l l e d  a  " G a A s  F E T  
r e v o l u t i o n "  i n  t h e  m i c r o w a v e  s e m i c o n d u c t o r  i n d u s t r y .  G a A s  
FETs wi th  a  3 .5-dB no ise f igure  a t  10 GHz for  low-no ise ampl i  
f i e r  app l i ca t i ons  and  power  GaAs  FETs  w i t h  one -wa t t  ou tpu t  
powe r  beyond  8  GHz  a re  r ead i l y  ava i l ab l e  commerc i a l l y .  Be  
s ides  se rv ing  as  m ic rowave  amp l i f i e rs ,  GaAs  FETs  a re  beg in  
n ing to  be used in  many novel  appl icat ions such as microwave 
osc i l la tors ,  mixers ,  modulators ,  and d ig i ta l  swi tch ing.  

As a three-terminal microwave device, the GaAs MESFET has 
two  fundamenta l  advan tages  ove r  s i l i con  b ipo la r  t rans is to rs .  
Fi rst ,  the GaAs FET is a unipolar  device;  i ts  operat ion depends 
upon  ma jo r i t y  ca r r i e r s  on l y .  E l ec t r on  mob i l i t y  i n  GaAs  i s  s i x  
t i m e s  h i g h e r  t h a n  i n  s i l i c o n  a n d  p e a k  d r i f t  v e l o c i t y  i s  t w o  
t imes  h igher .  Th is  g i ves  the  GaAs  FET a  la rge r  t ransconduc-  
t a n c e  a n d  a  s h o r t e r  e l e c t r o n  t r a n s i t  t i m e ,  a n d  h e n c e  a  h i g h  
ga in  a t  h igher  f requenc ies.  Second,  GaAs FETs are fabr icated 
on  a  semi - insu la t ing  subs t ra te ;  th i s  g rea t l y  reduces  paras i t i c  
capac i t ances ,  aga in  imp rov ing  h igh - f r equency  pe r fo rmance .  
The si l icon bipolar t ransistor is st i l l  very popular in appl icat ions 

up  to  8  GHz,  bu t  the  GaAs  FET has  ex tended  the  m ic rowave  
sol id-state f requency range to beyond 18 GHz, whi le provid ing 
an a l ternat ive to the b ipolar  t ransistor  f rom 2 to 8 GHz.  

Device Design 
The HP 86242C and HP 86250C sweepers mark the f i rs t  use 

of the GaAs FET in microwave instrumentat ion. Each of the new 
p lug- ins uses f ive Hewlet t -Packard TC-300 GaAs FETs.  

F ig .  1  is  a  photograph o f  the  HP TC-300 GaAs FET used in  
the 5.9-12.4-GHz ampl i f ier .  The gate is  a 1 x500-^m aluminum 
str ip .  The gate pad is  located on the semi- insulat ing substrate 
w i th  neg l ig ib le  capac i tance .  The  layou t  i s  op t im ized  fo r  com 
mon -sou rce  ope ra t i on ,  w i t h  bo th  t he  d ra i n  and  sou rce  pads  
maximized to allow convenient use of mesh and ribbon bonding. 

Fig. 2 shows the vert ical structure of the FET. A thin (0.3-^m), 
h igh l y  doped  (1017  cm"3 )  n - t ype  ep i t ax ia l  l aye r  was  g rown ,  
us ing  l iqu id -phase ep i tax ia l  techn iques ,  on  a  semi - insu la t ing  
substrate. The drain and source ohmic contacts were formed by 
al lowing Ge-Au into the heavi ly  doped GaAs layer.  The 1-/Â¿m 
Scho t t ky -ba r r i e r  ga te  was  f o rmed  i n  depos i t ed  a l um inum o f  
0 .7 - f im  th i ckness .  A  d ie lec t r i c  pass iva t ion  laye r  was  app l ied  
over the act ive area for  protect ion.  

Fig. 3 is an equivalent circuit of the HP TC-300 FET. At 1 0 GHz, 
the  TC-300 has  typ ica l  max imum ava i lab le  ga in  o f  10  dB and 
output  power  o f  17  dBm at  the  1-dB ga in-compress ion  po in t .  

n+ Epitaxial  Layer (1017 crrT3] 

F i g .  2 .  C r o s s  s e c t i o n  o f  F E T  g e o m e t r y .  

R g  =  2 Ã I  C a g  =  0 . 0 1  p F  R d  =  7 1 1  

F i g .  1 .  H P  T C - 3 0 0  g a l l i u m  a r s e n i d e  f i e l d - e f f e c t  t r a n s i s t o r  
c h i p .  S c a n n i n g  e l e c t r o n  m i c r o s c o p e  p h o t o  s h o w s  1 - i i m -  
wide gate s t r ipe.  

V  m  =  g m e " ' 1 " '  =  0 . 0 4  e ' " * 8 " "  m h o  

F i g .  3 .  G a A s  M E S F E T  e q u i v a l e n t  c i r c u i t .  

Device Reliabil i ty 
The I I I -V  compound mater ia ls  a re  s t i l l  re la t i ve ly  new in  the  

2 2  
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s e m i c o n d u c t o r  i n d u s t r y .  T h e r e f o r e ,  m a n y  p e o p l e  a r e  s u s  
p ic ious o f  GaAs FET re l iab i l i t y .  From our  ex tens ive re l iab i l i t y  
t e s t  r e s u l t s  a n d  f r o m  r e p o r t s  f r o m  o t h e r  l e a d e r s  i n  t h i s  
f ie ld2 3 ,  the dev ice i tse l f  i s  very  re l iab le  and an MTBF (mean 
t ime between fa i lu res)  o f  106 to  108 hours  is  expected.  Even 
t h o u g h  t h e  g a t e  i s  m a d e  o f  a l u m i n u m  w i t h  f i n e  g e o m e t r y  
(1  /u rn  x  0 .7  /Â¿m) ,  meta l  migra t ion  shou ld  no t  be  a  prob lem 
b e c a u s e  t h e  g a t e  i s  n o t  s u p p o s e d  t o  c a r r y  a n y  a p p r e c i a b l e  
current .  Even under  heavy RF dr iv ing condi t ions,  the gate cur  
r en t  can  be  reduced  by  a  p rope r  nega t i ve  b i as  on  t he  ga te  
However,  because the GaAs FET has a very high impedance at 
l o w  f r e q u e n c i e s ,  i t  i s  m o r e  v u l n e r a b l e  t o  s t a t i c  c h a r g e  o r  
t rans ien t  sp ike  damage.  Ex t reme care  must  be  exerc ised dur  
ing  dev ice  hand l ing  and tes t ing ,  and sp ike  pro tec t ion  c i rcu i ts  
a re  recommended.  
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New Low-Noise GaAs FET Chip 

has 25-Milliwatt Output at 10 GHz 

Al though  the  GaAs FET t rans is to r  used  in  the  86242C and  
86250C RF P lug - Ins  i s  no t  ava i l ab le  commerc ia l l y ,  a  s im i l a r  
device is avai lable from HP. The f i rst  of  a new family of  gal l ium 
arsenide Schot tky-barner  f ie ld-ef fect  t rans is tors f rom Hewlet t -  
P a c k a r d ,  t h e  H F E T - 1 0 0 0  c h i p  h a s  a  1 4 . 5 - d B m  l i n e a r  p o w e r  
output  at  10 GHz Noise f igure at  10 GHz is  3.6 dB typ ica l  wi th 
6 . 9  dB  assoc i a ted  ga i n ;  max imum ava i l ab l e  ga i n  a t  t ha t  f r e  
quency  is  11 .0  dB.  

Designed for  genera l  use in  te lecommunicat ions,  radar ,  and 
o ther  low-no ise  ampl i f ie rs  in  the  2- to-12-GHz range,  th is  new 
GaAs FET has a 1 -by-500-micrometre gate. The chip is rugged 
bo th  mechan ica l l y  and  e lec t r i ca l l y  fo r  easy  w i re  bond ing  and 
d ie  a t t ach ing .  A  sc ra t ch  and  dus t  r es i s tan t  l aye r  cove rs  t he  
act ive device area.  

The HFET-1000 ch ip shows very good consis tency f rom one 
product ion  run  to  the  nex t .  The dev ices  undergo 100% v isua l  
inspect ion and dc test ing.  
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