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In this Issue 
By now,  the  a re  p robab ly  c lose  to  a  m i l l i on  persona l  compute rs  in  the  

hands of  engineers and sc ient is ts ,  who are tak ing advantage of  thei r  PCs'  
low pr ices and extensive appl icat ions sof tware to do everyth ing f rom word 
processing to computer aided engineering. With that k ind of instal led base, 
it was inevitable that instrument control and automated testing would become 
avai lable for  PCs, and th is has happened. Hewlet t -Packard,  of  course,  is  a 
pioneer and a leader in the f ie ld of  automated instrumentat ion and test ing.  
The  Hewle t t -Packard  In te r face  Bus ,  o r  HP- IB ,  has  a t ta ined  in te rna t iona l  
standard status ( IEEE 488, IEC 625) as a means of connect ing instruments 

to  computers .  More recent ly ,  the  Hewle t t -Packard  In ter face Loop,  or  HP- IL ,  was deve loped to  
perform However, similar function for battery-powered, portable instruments and peripherals. However, 
HP's f i rst  group of instruments designed specif ical ly to work with PCs doesn't  use either of these 
interfaces. The new product l ine, PC Instruments, has a new interface called the PCIB, or Personal 
Computer  In ter face Bus (see page 11) .  The reason is  in  the des ign o f  the ins t ruments .  One of  
the major  design object ives was low cost ,  in  keeping wi th one of  the main reasons for  the PC's 
attract iveness. Therefore, the new instruments have no displays, knobs, or controls.  Instead, the 
PC screen d isp lays  the i r  f ron t  pane ls  and a  touchscreen,  mouse,  o r  cursor  is  used to  change 
se t t i ngs .  Upda t ing  the  PC d isp lay  qu ick l y  enough  to  show an  osc i l l oscope  t race  in  rea l  t ime  
requires a high data rate.  Also, some of the instruments need to be electr ical ly isolated from the 
computer  and f rom each other .  The PCIB is  a  dual  bus that  prov ides e i ther  a  h igh data ra te  or  
e lec t r i ca l  i so la t ion ,  depend ing  on  wh ich  i s  most  impor tan t  fo r  a  par t i cu la r  ins t rument .  HP PC 
inst ruments come in low-cost  p last ic  packages and when possib le,  use the comput ing power of  
the host interface instead of built-in microprocessors, so they're simpler and more reliable. One interface 
card  p lugged in to  the  PC serves  e igh t  ins t ruments .  Spec ia l  so f tware  (page 4)  t ies  ins t rument  
control closely to the MSâ„¢ -DOS operating system of the HP Vectra, HP 1 50, IBM PC, IBM PC/XT, 
and  IBM HP compu te rs .  Among  the  eng inee r ing  con t r i bu t i ons  i n  t he  des ign  o f  HP  PC Ins t ru  
ments software a custom PCIB interface chip (page 14) and interactive graphics software (page 17). 
The ar t ic le  on page 29 compares a PC Inst ruments counter  wi th  an HP-IB counter .  

There are,  o f  course,  appl icat ions for  which the owner  of  a  PC may want  the typ ica l ly  h igher  
performance of an HP-IB instrument, and i t  is avai lable. There are HP-IB interface cards for PCs, 
and the art ic le on page 27 descr ibes an HP-IB command l ibrary for MS-DOS systems that makes 
programming HP-IB inst ruments as easy as programming PC Inst ruments.  

The trend at VLSI (very large-scale integration) circuit design is up â€” more devices, working at 
h igher  sough t  i n  the  same ch ip  a rea .  New p rocesses  and  new mate r ia l s  a re  be ing  sough t  to  
reduce parasitic impedances such as the sheet and contact resistances of the metal and polysil icon 
layers reports interconnect the devices on a chip. On page 33, Jun Amano of HP Laboratories reports 
some titanium of research and process development on the use of titanium suicide for VLSI contacts 
and interconnect ions. 

-P .P .  Do lan  

What's Ahead 
Next  technology issue wi l l  feature several  ar t ic les about  the technology behind HP's Doppler  

Ul t rasound Imaging System for medical  appl icat ions.  
Also featured is  an ar t ic le about  ICPL, a L isp-embedded procedural  layout  language for  VLSI 

design. 

The HP Journal Letters technical discussion of the topics presented in recent articles and will publish letters expected to be ol interest to our readers. Letters must be brief and are sub|ect 
to edit ing. U.S.A. should be addressed to: Editor,  Hewlett-Packard Journal.  3000 Hanover Street,  Palo Alto,  CA 94304, U.S.A. 
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Low-Cost Automated Instruments for 
Personal Computers 
Designed for  the automated tes t  and measurement  
requi rements of  a wide range of  technical  professionals,  
the components  o f  th is  personal  computer -based system 
include eight of the most widely used electronic instruments 
in  modular ,  s tackable cases.  

by Charles J.  Rothschi ld,  3rd,  Robert  C.  Sismil ich,  and Wil l iam T.  Walker  

HP PC INSTRUMENTS (Fig. 1) is a new line of low- 
cost programmable electronic instruments designed 
to be used in conjunction with HP's Vectra Personal 

Computer and the IBM PC/XT/AT computers. Tightly cou 
pling these instruments to the computational and human 
interface resources of a personal computer allows Hewlett- 
Packard to provide programmable instruments at a price 
comparable to standard bench instruments, creating a new 
approach to low-end automation. 

The  PC Phenomenon 
Making all of this happen is the extensive acceptance of 

the personal computer in the engineering and scientific 
markets. Numerous market studies have shown that there 
are more than 750,000 personal computers on engineers' 
and scientists' desks. 

Personal  CAT 
HP's PC Instruments product line adds computer-aided 

testing (CAT) to a personal computer's repertoire. PC In 
struments expands the benefits of CAT capabilities into 
applications that previously could not justify being auto 
mated because of cost and complexity. A major tactic used 
to reduce automation costs is the elimination of redundant 
components in the system. The personal computer system's 
keyboard, touchscreen or mouse, and CRT display serve 
as the human interface to a wide variety of instruments 
such as digitizing oscilloscopes, universal counters, digital 
multimeters, and function generators. Hardware front 
panels do not exist in this system, but have been replaced 
by front panels implemented on a personal computer's CRT 
screen using interactive graphics. These "soft" front panels 
eliminate the need for expensive hardware components 

F i g .  1 .  T h e  H P  P C  I n s t r u m e n t s  
system is designed to work in con 
c e r t  w i t h  t h e  H P  V e c t r a  a n d  H P  
150  Compute rs  and  the  IBM PCI  
XT/AT computers .  E igh t  d i f fe ren t  
i ns t ruments ,  o f fe red  in  modu la r ,  
s tackable cases,  and several  sof t  
wa re  packages  and  accesso r i es  
a re  ava i l ab le .  A  s ing le  i n te r face  
card wi l l  support  any combinat ion 
o f  u p  t o  e i g h t  m o d u l e s .  M o r e  i n  
s t ruments  can be added by us ing 
addi t ional  inter face cards.  
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Fig.  2 .  Di f ference in  HP-IB and PCIB arch i tectures.  

and provide a consistent user interface to all kinds of in 
strumentation. Fig. 2 is a comparison of a traditional HP-IB 
instrument with its PC Instruments equivalent. Note that 
only the instrument's measurement function remains in 
the PC Instruments module. 

Making use of the computer's user interface saves more 
than just a few knobs, switches, and seven-segment dis 
plays. The traditional instrument has to process the raw 
measurement data into meaningful information for the in 
strument's display. This often requires a substantial micro 
computer in the instrument. This added hardware requires 
a larger power supply, a larger cabinet, increased cooling, 
etc. The result is a more complicated instrument. By con 
trast, the PC Instruments approach can result in a very 
simple instrument design. 

Even simple instruments such as a digital multimeter 
(DMM) can realize significant savings. For example, a tra 
ditional system DMM requires an inguard power supply 
for its front end, and a completely separate, electrically 
isolated, outguard power supply for its CPU and HP-IB 
interface. A PC Instruments DMM, because of its simplicity, 
requires only the inguard supply. The data is serialized 
and sent to the personal computer through an isolation 
circuit powered by the personal computer. The power sup 
ply is so simple that a calculator-type transformer supply 
for an ac line wall outlet is all that is required. 

Programming in Engl ish 
Another advantage of closely coupling the instruments 

to a personal computer is that much of the complexity of 
programming such instruments can be reduced, and an 
English-like, self-documenting syntax can be achieved. A 
loosely coupled HP-IB instrument is programmed by send 
ing and receiving ASCII strings to and from the instrument's 
address. For example, to set an HP-IB DMM located at 
select code 7, bus address 23, to its dc volts mode and then 
take a measurement some time later requires programming 
statements such as: 

O U T P U T  7 2 3 , " F O "  

O U T P U T  7 2 3 . '  T  
E N T E R  7 2 3 . V O L T A G E  

With PC Instruments software, the same sequence sent 
oi-er HP's personal computer interface bus (PCIB) is intui 
tively more readable and understandable: 

C A L L S E T . F U N C T I O N ( M Y . D M M . D C V O L T S )  

C A L L  M E A S U R E ( M Y . D M M . V O L T A G E )  

S y s t e m  H a r d w a r e  A r c h i t e c t u r e  
The hardware components of the HP PC Instruments 

system are the instrument modules and the PCIB interface 
card for the personal computer. The instrument modules 
consist of two parts: the instrument front end and the sys 
tem interface to the PCIB. The front end is just that â€” the 
circuitry necessary to acquire or generate the electronic 
signals and convert them to or from a raw digital form. The 
system interface sends or receives this raw digital data to 
or from the personal computer. PC Instruments currently 
supports eight types of instrument modules (see box on 
next page for an overview of the modules). 

The computer's side of the PCIB is a custom card that 
plugs into an expansion slot of the computer. The article 
on page 11 provides a detailed description of the bus, PCIB 
interface card, and module system interface. 

System Software 
The tactic of achieving low-cost automation by removing 

redundant computational, control, and human interfacing 
components from the modules implies, of course, that these 
tasks must now be performed via software residing in the 
personal computer. This is both an advantage and a draw 
back. The drawback is that some of the measurement and 
control algorithms, such as those for an oscilloscope, are 
not simple, and require significant chunks of memory. In 
addition, the software is always dependent on the comput 
er's particular operating system, microprocessor, and ar 
chitecture. That is, you can't take the HP 61060AA system 
software disc for the HP 150 Touchscreen Computer and 
plug it into an HP Vectra Computer or IBM PC/AT, which 
use the HP 61061BA system software. These disadvantages, 
however, can be minimized by designing for software port 
ability. And the system software can be designed so as to 
buffer the idiosyncrasies of the particular instruments from 
the user, and thus allow consistent user and programming 
interfaces that directly benefit the customer. 

Instrument Drivers 
The lowest level of software is the instrument driver, 

which implements the functionality of the instrument by 
translating user requests to hardware signals and hardware 
signals to measurement data. This software module, which 
is stored in the disc file PCIB.PLD, consists of a collection 
of routines, written in C, which implement the functional 
ity of each instrument. For example, for the HP 61013A 
Digital Multimeter, there are routines for setting the mea- 

(continued on page 7) 

MAY 1986  HEWLETT-PACKARD JOURNAL 5  

© Copr. 1949-1998 Hewlett-Packard Co.



PC Instruments Modules 

The introductory set of PC Instruments consists of the fol lowing 
e ight  modules:  
â€¢ HP 61010A Digital I/O. This module has 16 independent input 

and output  l ines.  These data  l ines can be addressed as var i  
ab le- length  words up to  16 b i ts  long.  The output  b i ts  can be 
p r o g r a m m e d  i n  a  T T L  o r  o p e n - c o l l e c t o r  m o d e .  T h e  i n p u t  
th resho ld  leve l  can be programmed f rom 10V to  -10V.  There  
are a lso two data cont ro l  l ines for  output  and input .  Random 
asynchronous and synchronous t ransfers are both avai lab le.  

â€¢ HP 6101 1 A Relay Multiplexer. This module has eight double- 
ended inputs  mul t ip lexed in to  a  doub le-ended output .  There  
i s  an  on -boa rd  tempera tu re  re fe rence  tha t  can  be  used  fo r  
thermocouple measurements.  The re lays are b id i rect ional  so 
that  they can be also used to send one s ignal  to eight  points.  
The re lays a lso feature break-before-make scanning.  

â€¢ HP 61017A Relay Actuator.  This module provides eight  inde 
penden t  r e l ay  sw i t ches .  Each  channe l  can  ca r r y  up  t o  one  
ampere and swi tch  250V,  dc  or  rms.  

â€¢ HP 61 01 2A Dual Voltage DAC. This module provides two inde 
pendent ly  contro l led,  isolated vol tage sources.  Each one has 
three output ranges: Â± 1 0V, Â±5V, and Â± 1 V. Each output source 
is  e lectr ica l ly  iso lated f rom the others and f rom ground.  

â€¢ HP 61013A Digital Multimeter. This DMM is a full 41/2-digit dc 
and ac vol tmeter  and an ohmmeter .  I t  is  autoranging and has 
so f tware  ca l ib ra t ion .  There  a re  fou r  dc  and  ac  ranges  ( t rue  
rms)  and  s ix  ohms ranges .  The  read ing  speed i s  se lec tab le  
at  2 .5  or  12.5 readings per  second.  

â€¢ HP 61014A Funct ion Generator .  This module provides s ine,  
square, or tr iangle wave outputs up to 5 MHz. By programming 
i t s  du t y  cyc le ,  i t  can  a l so  be  made  to  gene ra te  pu l ses  and  
r a m p s .  O t h e r  p r o g r a m m a b l e  f u n c t i o n s  i n c l u d e  f r e q u e n c y ,  
amp l i t ude ,  dc  o f f se t ,  and  mode  o f  ope ra t i on .  The  modes  in  
c lude cont inuous,  gated,  or  burs t .  In  burs t  mode the module  
can generate  burs ts  o f  one to  65,536 cyc les .  There are  a lso  
inputs  for  ampl i tude and f requency modulat ion.  

â€¢ HP 61015A Universal Counter. This module is a 100-MHz uni 
v e r s a l  c o u n t e r .  T h e r e  a r e  f r e q u e n c y ,  p e r i o d ,  a n d  t o t a l i z e  
modes  f o r  channe l  A .  Channe l  B  i s  p rov i ded  f o r  f r equency  
ra t io  and  t ime in te rva l  measurement  modes .  Au to f requency  

and autoper iod modes are a lso avai lable.  (See the ar t ic le  on 
page 29 for  more in format ion on the counter . )  

â€¢ HP 61016A Digi t iz ing Osci l loscope. This module is fu l ly pro 
grammable and has such features as automatic scal ing (auto- 
stop),  autotr igger,  sel f -cal ibrat ion, and direct  readout of  del ta 
vo l tage  and  t ime .  Wave fo rms  a re  cap tu red  us ing  a  random 
r e p e t i t i v e  s a m p l i n g  t e c h n i q u e .  T h e  s c o p e  h a s  a  5 0 - M H z  
bandw id th  and  a  reso lu t i on  o f  0 .67  mV.  (See  the  boxes  on  
pages 8 and 22 for  addi t ional  deta i ls . )  

PC Instruments DMM 
Now, le t 's  take a c loser  look at  the des ign of  one of  the mod 

ules â€” the DMM. Fig. 1 is a simplif ied block diagram. 
A l l  c o m m u n i c a t i o n  w i t h  t h e  h o s t  p e r s o n a l  c o m p u t e r  i s  c o n  

trol led by the ser ia l  l ink microprocessor.  The data is t ransferred 
serial ly through optoisolators. The serial l ink microprocessor also 
talks The the analog-to-digital (A-to-D) control microprocessor. The 
A-to-D control  processor has a number of  funct ions.  I t  takes the 
contro l  in format ion f rom the host  computer  and sets  the proper  
mode range latches. In the tr iggered mode, the serial l ink proces 
sor te l ls the A-to-D control  processor when to take a reading. In 
the tr iggered and auto modes, i t  looks at the status of the A-to-D 
contro l  processor and reads back the data when the convers ion 
is complete. The nonvolat i le memory stores cal ibrat ion constants 
for all the functions and ranges. The control processor uses these 
cal ibrat ion constants to correct  for  of fset  and gain errors before 
send ing data  back to  the host  computer .  

The front end of the DMM has three sections (see Fig. 1 ). When 
K3 is closed, the DMM reads dc voltages. The range is control led 
by the gain of  the ampl i f ier .  Ac vol tages are measured when K2 
is  c losed v ia the rms-to-dc conver ter .  The analog- to-d ig i ta l  con 
ver ter  (ADC) reads a dc level  propor t ional  to  the t rue rms level  
o f  the  ac  inpu t .  Fo r  res is tance  measurements ,  K1  and  K3  a re  
c losed.  This  forces a current  through the unknown res is tor  and 
a dc vo l tage is  read by the ADC. The vol tage reference is  used 
by the current source and the ADC to set the ranges of (he DM M . 

Allan Levine 
Project  Manager 

New Jersey Divis ion 
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Personal 
Computer  
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C o n t r o l  
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F ig .  1 .  S imp l i f i ed  b lock  d iag ram 
o f  the  HP 61  01  3  A  D ig i ta l  Mu l t i  
meter module for PC Instruments. 
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Driver^Entry (Funct ion token,  
i ns tance  va r i ab l e  po in te r ,  
o t he r  pa rame te r s )  

PC  Ins t rumen ts  I  O  

Fig .  3 .  Ins t rument  d r iver  a rch i tec ture .  Shaded areas  are  in  
strument speci f ic  funct ions.  

surement function, selecting the range, and making the 
measurement. 

The software architecture is object-oriented. In addition 
to measurement and control functions, every instrument 
supports a Define function which creates an instance vari 
able (which may be thought of as a software image) of the 
specific instrument type. This instance variable contains 
information to describe completely the physical instrument 
it represents, such as interface and bus address, user-de 
fined instrument name, and current instrument state. 

As shown in Fig. 3, the instrument driver module has a 
single entry point. An example of a call to the module for 
a DMM measurement is: 

D r i v e r _ e n t r y ( M e a s u r e _ t o k e n , l n s t a n c e _ v a r i a b l e _ p t r , V ) ;  

The first parameter is always a token representing the 
function to be executed. Tokens are not instrument specific. 
For example, counters, digital input modules, and DMMs 
can all make measurements. The second parameter is a 
pointer to the instance variable for the particular instru 
ment to be accessed. A field of this variable binds the token 
to a particular type of instrument. The model dispatcher 
obtains the instrument type from the instance variable and 
then passes off to that instrument's function dispatcher, 
which invokes the requested function. Any additional pa 
rameters in the call, such as the variable V that will contain 
the measured value when the call is completed, are func 
tion specific. 

The Instrument Drivers module is the only one that com 
municates directly with the PC Instruments hardware. The 
software modules for both the manual mode and the pro 
grammed mode of operation make calls as just discussed 
to the instrument driver module to perform I/O. 

L a n g u a g e  C a p  
Interfacing the instrument drivers to the syntactical re 

quirements of a specific programming language is the re 
sponsibility of the language cap. PC Instruments currently 
offers language caps for the GWâ„¢ -BASIC interpreter and 
for ASYST'" Scientific Software (HP 14858A). Language 

ASYST is  a t rademark o l  Macmi l lan Sof tware Company 

Instrumentless Front-Panel 
Program Demonstrates Product 

Concept 

Sales of electronic instruments often require a hands-on demo 
to potent ia l  customers to i l lust rate features,  speci f icat ions,  and 
user inter face.  This is  usual ly  a requirement for  the sale of  new 
types of instruments or systems where the concept is not a familiar 
one. 

PC Ins t ruments  modules embody severa l  new concepts .  Pos 
sibly the most novel one is the replacement of front-panel operat 
ing controls wi th sof tware in the personal  computer.  Demonstrat  
ing the features and operat ion of this type of control  mechanism 
is usual ly a requirement. 

The  PC Ins t rumen ts  Demo D isc  fo r  t he  HP Vec t ra  Persona l  
Compute r  and  the  IBM PC.  PC/XT,  and  PC/AT was  deve loped  
to  address th is  need in  the f ie ld .  The d isc conta ins system sof t  
ware  w i th  one mod i f i ca t ion :  the  PCIB bus  dr iver  tha t  communi  
cates wi th the instruments is  replaced wi th a dr iver  module that  
handshakes output  data  and re turns  preconf igured input  data .  
An  ASCI I  f i l e  on  the  d isc  spec i f ies  wh ich  types  o f  ins t ruments  
w i l l  appear ,  and  a t  wha t  address ;  th i s  can  be  mod i f i ed  by  the  
recip ie. i t  of  the demo disc,  i f  desi red.  

The input  da ta  is  d i thered,  to  g ive  the  impress ion  o f  s l igh t ly  
vary ing  read ings ,  and  to  ind ica te  the  update  ra te  o f  the  ins t ru  
ments the the display. Al l  soft  front-panel features work as in the 
rea l  system sof tware;  the potent ia l  user  can even generate the 
program she l l  tha t  wou ld  be  cus tomized when wr i t ing  an  app l i  
cat ion program. 

This disc is free upon request to anyone interested in learning 
more about PC Instruments.  

Robert  C.  Sismi l ich 
Project  Manager 

New Jersey Div is ion 

caps can be developed for other languages as well without 
affecting the instrument driver module since the program 
ming interface to the user is generic, taking the form of an 
action-oriented verb followed by a list of parameters. 

The mechanics of the interface will vary from language 
to language. In GW-BASIC, for instance, PC Instruments 
makes use of the ability of the interpreter to call an assembly 
language routine located at an absolute address. For exam 
ple, consider the statement: 

1 0 0 0  C A L L  M E A S U R E ( M Y . D M M , V )  

In GW-BASIC, MEASURE is itself a BASIC variable which 
contains the address of a routine in the language cap that 
constructs the proper call to the instrument driver module. 
The BASIC variable MY.DMM contains the pointer to the 
instance variable for the instrument used to monitor the 
input voltage to the circuit under test. The BASIC variable 
V is used to return to the program the measured voltage 
value. The resultant call to the instrument driver for this 
statement would be as shown in the previous section. 

A listing of a simple stimulus/response program written 
in GW-BASIC is shown in Fig. 4. It gives an idea of how 
such an instrument control language works out in practice. 
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The language cap has the added responsibilities of con 
verting the data formats of parameters between that of the 
programming language and that of the instrum'ent drivers, 
and ensuring that parameter passing to the instrument driv 
ers is done properly. To make the job of the GW-BASIC 

user easier, the language cap also automatically loads the 
instrument drivers into memory at run time, and can define 
the BASIC variables used as the PC Instruments verbs. 

Versatile Microcomputer is Heart of PC Instruments Oscilloscope Module 

The HP 61016A modu le  i s  a  med ium-per fo rmance  d ig i t i z ing  
o s c i l l o s c o p e  d e s i g n e d  a n d  m a n u f a c t u r e d  b y  H P ' s  C o l o r a d o  
Spr ings Div is ion for  the PC Instruments product  l ine.  The power 
and s ize const ra in ts  o f  the PC Inst ruments  system presented a 
formidable design task.  The design was made feasib le by us ing 
a 6805R3 microcomputer as the heart  of  the module.  This micro 
computer  con ta ins  many o f  the  hardware  func t ions  requ i red  in  
cluding an 8-bi t  analog-to-digi tal  converter (ADC), an 8-bi t  count 
e r ,  and  a  4 -MHz  osc i l l a to r .  The  b lock  d iag ram (F ig .  1 )  shows  
how the microcomputer  f i ts  in to the design.  There are three sec 
t i o n s :  t h e  a c q u i s i t i o n  s y s t e m ,  t h e  c o m p u t e r  s y s t e m ,  a n d  t h e  
power  supply .  

Acquisi t ion System 
The acquisit ion system consists of the vertical, sampler, tr igger, 

t i m e  t h e  a n d  i n t e r p o l a t o r .  T h e  v e r t i c a l  c o n v e r t s  e a c h  o f  t h e  
two h igh- impedance inputs  to  low- impedance outputs .  Each out  
put  dr ives a  two-s tage sampler .  The sampler  output  prov ides a  
steady-state voltage to the microcomputer's ADC for conversion . 

A  s a m p l i n g  m e t h o d  c a l l e d  r a n d o m  r e p e t i t i v e  s a m p l i n g  i s  
used.1 The t ime base c locks the sampler  randomly wi th respect  
to  the the s igna ls .  The microcomputer 's  osc i l la tor  prov ides the 
master c lock to the t ime base. The tr igger selects ei ther input or 
the  ex te rna l  t r igger ,  and  looks  fo r  a  th resho ld  c ross ing .  When 
t h i s  h a p p e n s ,  t h e  t i m e  b a s e  w i l l  s t o p  s a m p l i n g  a f t e r  a  p r o  
grammed delay t ime. The interpolator measures the t ime between 
the t r igger  and the sample.  This t iming informat ion is  measured 
as  a  f ine  va lue  by  the  ADC and a  coarse va lue by  the  counter .  
The microcomputer  uses th is  t iming in format ion to d isp lay each 
sample correct ly in t ime. 

Computer  System 
The computer  system consis ts  of  the 6805R3 microcomputer ,  

a serial latch chain, calibration digital-to-analog converters (DACs), 
a RAM, and the PCIB inter face.  The ser ia l  la tch chain is  48 b i ts  
long and is used to program acquisit ion functions such as vert ical 
range, tr igger level, and sample rate. The calibration DACs adjust 

Input  A 

Input B 

External 
Tr igger  

the of fset  and range of  the ADC to compensate for  errors in  the 
acquisi t ion system. 

The PCIB interface uses a custom NMOS 1C developed joint ly 
by HP's Loveland Instrument Technology Center and New Jersey 
D iv is ion .  I t  p rov ides  a  h igh-speed,  low-cos t ,  8 -b i t  para l le l  bus  
between the osci l loscope module and the host  personal  comput 
e r .  T h e  R A M  i s  u s e d  f o r  s t o r i n g  w a v e f o r m  r e c o r d s  a n d  c o m  
municat ing wi th the PCIB. When the microcomputer is  acquir ing 
the  input  s igna ls ,  the  PCIB does no t  have access  to  the  RAM.  
When the PCIB is ready to transfer data, i t  interrupts the 6805R3. 
The 6805R3 then s tops  acqu i r ing  data  and grants  the  PCIB ac  
cess to the RAM. 

The  PC IB  p rog rams  t he  osc i l l o scope  modu le  by  s to r i ng  12  
bytes,  cal led tasks,  in the RAM. The PCIB then gives up access 
to  the  RAM.  The mic rocomputer  reads  these by tes ,  con f igures  
the acquis i t ion system, and star ts  acquir ing data.  

The microcomputer  ROM conta ins the ca l ibrat ion,  setup,  and 
acquisi t ion rout ines. Because of l imited ROM space, a download 
ing  mechan ism was dev ised.  The PCIB can download rou t ines  
such as autoscope and product ion tests into the module 's RAM. 
The 6805R3 then t ransfers  these rout ines in to  i ts  in ternal  RAM 
for execution. 

Power Supply 
The power  supp ly  rec t i f i es ,  f i l te rs ,  and  regu la tes  secondary  

ac power from the external PC Instruments power pack. The total 
p o w e r  i s  o f  t h e  a c q u i s i t i o n  a n d  c o m p u t e r  s y s t e m s  i s  
approximately s ix watts.  

Reference 
1 .  K .  a  and D.J .  O ld f ie ld ,  "A  Data  Acqu is i t ion  Sys tem fo r  a  1  -GHz D ig i t i z ing  Osc i l  
loscope,"  Hewlet t -Packard Journal ,  Vol .  37,  no.  4,  Apr i l  1986.  

Dennis J.  Wel ler 
Development  Engineer  

Colorado Spr ings Div is ion 

Computer  

Power 
Pack 

Fig. 1 . Simplif ied block diagram of 
the HP 67076/4 Dig i t iz ing Osci l lo  
scope module for PC Instruments. 
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1 0 0 0  R E M  P r o g r a m  s h e l l  ( l i n e s  1  t h r o u g h  9 9 9 )  i n i t i a l i z e s  
1 0 0 1  R E M  v e r b s  a n d  c r e a t e s  i n s t a n c e  v a r i a b l e s  f o r  
1002  REM ins t ruments  ca l led  B IAS.  VOLTS (an  HP 61  01  2  A  Dua l  DAC)  
1003  REM and  DEVICE .TEMP (an  HP  61  01  3  A  DMM) .  

1 0 0 5  R E M  I n i t i a l i z e  i n s t r u m e n t s  a s  p r e s t o r e d  i n  f i l e  S T A T E F I L E . H P C  
1 0 1 0  A $ = " A :  S T A T E F I L E . H P C "  
1 0 2 0  C A L L  I N I T I A L I Z E . S Y S T E M ( A S )  

1 0 2 5  R E M  E n a b l e  i n s t r u m e n t  o u t p u t s  
1 0 3 0  C A L L  E N A B L E . S Y S T E M  
1040 DIM ARRAY(1 00.  2 )  

2 0 0 0  R E M  P e r f o r m  s t i m u l u s / r e s p o n s e  t e s t  
2010 STIMULUS = .1  
2 0 2 0  F O R  l % = 1  T O  1 0 0  
2 0 3 0  A R R A Y ( I % , 1 ) = S T I M U L U S * I %  
2040  CALL  OUTPUT(B I  AS .  VOLTS,  ARRAY( I%,1 ) )  
2 0 5 0  C A L L  M E A S U R E ( D E V I C E . T E M P , A R R A Y ( I % , 2 ) )  
2 0 6 0  N E X T  l %  

3 0 0 0  R E M  W r i t e  t h e  d a t a f i l e  
3 0 1 0  O P E N  " O " , # 1 , " A : D A T A F I L E . P R N "  
3 0 2 0  F O R  l % = 1  T O  1 0 0  
3 0 3 0  P R I N T  # 1 , A R R A Y ( I % , 1 ) , A R R A Y ( I % , 2 )  
3 0 4 0  N E X T  l %  
3 0 5 0  C L O S E  # 1  
4 0 0 0  E N D  

F ig .  4 .  L i s t i ng  o f  s imp le  s t imu lus / response  p rog ram us ing  
PC Instruments software. 

Soft  Front Panels 
Manual instrument control is performed with the PANELS 

applications package (see the article on page 17). PANELS 
can be used either as a stand-alone program, or in conjunc 
tion with GW-BASIC as a program development and debug 
tool. 

An Automat ion Paradigm 
These system software modules, then, provide the frame 

work for the following automation paradigm, whose vari 
ous elements are illustrated in Fig. 5. First, the instruments 
on the bus are manually configured using PANELS.EXE, the 
soft front-panel program. The instrument setup is saved to 
disc in a state file, and linkages to the program library for 

the given set of instruments are saved to disc in a program 
shell file. Second, stimulus and response or data logging 
test sequences are programmed from within G\V-BASIC. The 
program shell file is the starting basis of the GVV-BASIC 
application. The program shell can access the PC Instru 
ments programming library and the HP-IB Command Li 
brary. HP 61062AA/BA. In addition, PANELS.EXE can be 
called from GW-BASIC for debugging. Third, test results 
can be stored to disc and easily ported into graphics software 
for analysis and plotting. 

Stimulus and response data gathered by PC Instruments 
modules can be loaded into a Lotusâ„¢ 1-2-3â„¢ spreadsheet, 
and then plotted with the Lotus PrintGraph utility. Other 
data presentation and analysis alternatives that use stan 
dard data interchange formats can be used as well, such 
as ASYST. A utility program, CONVERT.EXE, is provided 
with the system software which converts stripped ASCII, 
BASIC, or DIF (data interchange format) files into stripped 
ASCII, BASIC, or DIF files for use by other popular software. 

For customers with standard data acquisition problems, 
such as scanning a few channels of thermocouples or other 
transducers and keeping a strip chart of the results, a pack 
aged solution is available. The HP 14855A and HP 14856A 
PC Instruments Data Acquisition Software provides instru 
ment control, data management, and graphics software. 
Because most users require some customization, the pack 
age is written in GW-BASIC and can be modified by the 
customer. 
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Mechanical and Industrial Design of the PC Instruments Cabinet 

The PC Instruments cabinet concept (Fig.  1) uses an in ject ion 
mo ld i ng  p rocess  t o  mo ld  many  de ta i l s  i n t o  one  pa r t ,  t he reby  
lower ing the par t  count  and cost .  The manufactur ing process is  
designed for progressive assembly â€” everything attaches to the 
base .  The  modu le ' s  p r i n ted  c i r cu i t  boa rd  and  a  rea r  pane l  o r  
heat The snap into the base. No tools or fasteners are used. The 
pr inted c i rcui t  board out l ine is  standard.  Al l  instrument modules 
use  th i s  ou t l i ne ,  wh ich  makes  our  manu fac tu r ing  p rocess  and  
assembly  easy,  cos t -e f fec t ive ,  and cons is tent .  A  second board  
can be placed into the base assembly i f  the instrument warrants 
a  two-board des ign.  The HP logo,  an LED l ight  p ipe b lock,  and 
the  ind iv idua l  ins t rument ' s  f ron t -pane l  p la te  adhere  to  the  top  
cover .  The cover  then s l ides over  the inst rument 's  f ront  connec 
tors and snaps into the base at  the f ront  and rear .  By designing 
commonal i ty  in to  many par ts ,  we were ab le  to  reduce manufac  
tu r ing  t ime  and  inc rease  the  vo lumes  o f  these  common par ts ,  
thus lowering the overal l  costs.  

T o  d e s i g n  a  h o m o g e n e o u s  l o o k  f o r  t h e  p e r s o n a l  c o m p u t e r  
environment where these instruments wi l l  be placed, we needed 
to combine di f ferent at tr ibutes of HP's instruments and computer 

Top Case  

Light Pipe 

cab ine ts .  The  un i t s  w i l l  s tack  on  each  o the r  and  on  o the r  HP 
instruments whi le b lending aesthet ical ly  wi th HP computer  prod 
uc ts .  a  d is t inc t ive  f ront  gr i l le  des ign not  on ly  g ives  the un i ts  a  
fami ly  look ,  bu t  a lso  a l lows fo r  needed convect ion  coo l ing .  A i r  
enter ing the front and bottom sides is heated, forms a draft ,  and 
exi ts  out  the rear top.  The top vent  detai l  is  s imi lar  to that  used 
for  the HP 150 Computer  and HP pr in ter  products .  

The cab inet ,  wh ich is  64.5  mm h igh,  212 mm wide (ha l f  rack  
s ize) ,  and 270 mm deep,  does not  have prov is ions for  rack ing.  
I f  a customer wants to rack PC Instrument modules,  an opt ional  
shel f  wi l l  house four instruments and their  accompanying power 
supp l ies .  Thus ,  the  add i t i ona l  cos t  fo r  rack ing  i s  pa id  on ly  by  
customers request ing this feature.  

George Kononenko 
Development  Engineer  

David  Sch les inger  
Industr ia l  Design Manager 

New Jersey Divis ion 

Heat Sink 
I  

Front Panel  

Bot tom Case 

F i g .  1 .  E x p l o d e d  v i e w ' o f  P C  I n  
s t ruments  cabinet  (s ing le  he ight ,  
half rack). 
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editor that contributed to the productivity of all the soft 

ware designers. 
The design of the system components was the key to 

making PC Instruments low-cost. Yefim Kaushansky, 
George Kononenko, and Ken Woolley were the engineers 
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PCIB: A Low-Cost ,  Flexible Instrument 
Control  Interface for  Personal  Computers 
b y  W i l l i a m  L .  H u g h e s  a n d  K e n t  W .  L u e h m a n  

THE CHOICE OF THE INTERFACE for HP's PC Instru 
ments product line was very important in the reali 
zation of the system objective of significantly lower 

ing the cost of automated applications. Selecting such an 
interface requires balancing a number of conflicting objec 
tives such as high speed, low cost, and low power. This 
article discusses the goals for the PCIB interface, compares 
it with other interfaces, and describes its theory of opera 
tion. 

System Object ives 
The personal computer is proving to be a capable yet 

economical instrument controller. To make similar price/ 
performance gains for the PC Instruments product l ine 
necessitated the following objectives for its interface: 
â€¢ Provide a reduction of greater than 50% in both part 

count and cost when compared to traditional approaches. 
â€¢ Use a low-cost, unshielded cabling scheme that can be 

easily configured by end users, yet meet HP and regulatory 
agency standards for EMC (electromagnetic compatibility) 
performance. 

â€¢ Have a maximum interface data transfer rate of greater 
than 100,000 bytes per second so that the personal com 
puter display can be updated at a reasonable rate. 

â€¢ Provide a low-cost isolation scheme that allows PC Instru 
ments products to float at line voltage potentials and still 
meet both computer and instrumentation safety stan 
dards. 

â€¢ Adhere to a maximum interface power budget of one watt. 
Lower power means lower enclosure costs through re 
duced size and the elimination of the need for cooling 
fans. 

â€¢ Support eight instruments that have automatic identifica 
tion capability in a system with a single interface card. 

Interface Selection 
Existing interface standards that were considered for PC 

Instruments included RS-232-C/V.24, HP-IB (IEEE 488/IEC 
625), and HP-IL (Hewlett-Packard Interface Loop). The PC 
Instruments system contains a wide variety of products such 
as the isolated, low-speed HP 6101 3A DMM and the higher- 
speed unisolated HP 61016A Oscilloscope. All of the instru 

ments have an emphasis on low cost and low power. Could 
one interface satisfy all of the objectives of the system? 

RS-232-C and HP-IB interfaces use expensive, large mul 
tiple-conductor cables and connectors. Both interfaces use 
bipolar technology that, because of the drive current require 
ments, consumes a considerable amount of power. Isolation 
is difficult and expensive, because of the large number of 
lines that have to be connected. This typically is not a prob- 

HP- IB  Con t ro l l e r  

HP-IB Control  
Chip  and 

Drivers 

HP-IB 

HP-IB Control  
Chip  and 
Drivers 

HP- IB Control  
Chip  and 
Drivers 

[ ~ â „ ¢ ~ â „ ¢ 1  |  H  â € ¢  !  
P a r a l l e l - t o - S e r i a l  P a r a l l e l - t o - S e r i a l  Para l le l - to -Ser ia l  

Op to -  
I so la to rs  

Ser ia l - to -Para l le l  

Para l le l - to -Ser ia l  

Opto- 
I so la to rs  

Serial-to-parallel 

Instrument 
Function 

Instrument 
Function 

P o w e r  S u p p l y  D M M  

Fig.  1 .  Typica l  HP-IB system wi th iso lated inst ruments.  
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lem where the interface electronics costs are a small portion 
of the total system price, as is the case for higher-perfor 
mance, higher-priced instruments, where the HP-IB excels 
as the dominant standard. But a PC Instrument product 
would be greatly impacted both in size and in cost if it had 
to use one of these interfaces. 

HP-IL is a low-cost serial interface that has been optimized 
for portable instrumentation.1 It is an ideal interface for 
products that require low power and isolation. However, 
its data transfer rate cannot approach the 100,000 bytes/s 
desired for PC Instruments products. 

The diversity of PC Instruments products with their con 
flicting requirements led us to'the development of the Per 
sonal Computer Instrument Bus, abbreviated PCIB. PCIB 
is a hybrid interface consisting of two independent com 
munication channels: a parallel channel optimized for 
high-speed instruments and a serial channel optimized for 
isolated instruments. Both channels have been designed 
for low power and low cost. Although the two channels 
are functionally independent, the communication pro 
tocols used are the same. They also present a similar inter 
face from the system software and instrument architecture 
points of view. The communication channel used by a 
particular instrument is totally transparent to the user. 

At first glance, the idea of having two communication 
channels in a single bus system appears to be redundant. 
On closer analysis, however, a cost saving to the user is 
realized and the redundancy is reduced. In a typical HP-IB 
system there are instruments that require the inputs and/or 
outputs to be isolated from earth ground and the computer 
safety common so that floating measurements can be made. 
The isolation frequently is provided by optoisolators com 
municating the data from the HP-IB side to the measure 
ment side in a serial fashion (Fig. 1). The parallel data 
received from the HP-IB is serialized in a parallel-to-serial 
converter, sent through the optoisolators, and converted 
back to a parallel format. In PC Instruments, this converter 
is on the interface card, so the user pays for it only once 
rather than with every isolated instrument purchased. 

System Descript ion 
A PC Instruments system can have up to eight instrument 

modules connected through the PCIB to the host personal 
computer. The instruments can be located up to four meters 
from the computer. A PCIB interface card installed in the 
computer performs the required translation from the com 
puter's backplane to PCIB signals. Any mix of PC Instru 
ments modules can be connected to the system. Additional 
increments of eight instrument modules can be added by 
installing more interface cards. 

When setting out to create an interface definition for a 
new system, many factors have to be considered. Among 
the most important are how the interface will be used and 
how it must interact with all the devices connected to it. 
With this knowledge, an approach to the overall system 
architecture and performance requirements can be de 
veloped. Knowing in advance the types of instruments to 
be used on the PCIB, and the performance levels required, 
allowed a straightforward register-oriented architecture to 
be selected. Each function and data location has an indi 
vidual register associated with it. Each instrument can have 

up to 16 directly addressable write registers and 16 directly 
addressable read registers. This has proven to be a sufficient 
number for all instruments considered for the PCIB. How 
ever, if required, expansion to a greater number of registers 
is easily handled through an indirect addressing scheme. 
System software relieves the user of having to learn the 
details normally required with a register-oriented system. 
In addition, PCIB uses a very simple communications pro 
tocol with only three message types: command, address, 
and data. 

A register-per-function system does not require on-board 
processing of sophisticated codes and formats to allow the 
instrument to understand what actions are requested of it. 
The instrument just accepts data from the bus and directs 
it to the specified register. The action taken depends upon 
the register the data is placed into. There are no mnemonics 
to be translated as in HP-IB or HP-IL systems. The purpose 
of mnemonics in those interfaces is to make it easier for 
the human operators and programmers to understand the 
communications occurring over the bus. With PC Instru 
ments, the human interface is handled at the system soft 
ware level, relieving the instrument and operator of the 
burden of interpreting mnemonics. This also permits a stan 
dard approach to the programming commands. 

Command messages are used for standard instrument 
operations such as initialize, enable output, and disable 
output. All commands are a single byte and can be directed 
to all instruments at once (universal commands) or to an 
individual instrument (selected commands). Universal 
commands provide a means of performing an action 
quickly on all instruments simultaneously, such as "dis 
able outputs." Selected commands implement the same 
functions but act only on a single instrument, allowing 
individual control. There are sixteen possible commands 
available; at present, not all have been defined. 

Address messages are used to select the instrument with 
which subsequent data operations will be performed. All 
instruments have listen and talk addresses. The listen ad 
dress is used when the personal computer sends data to 

PC 

Fig.  2 .  PCIB para l le l  communicat ions channel .  
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the instrument. The talk address is used when the computer 
wishes to read data from the instrument. Addresses are a 
single byte and include the instrument address as well as 
the register to be used for the data transfer. Only one instru 
ment on the bus may be addressed at a time. The host 
personal computer is always either the source or the desti 
nation of all data transfers. 

Data transfers are also performed one byte at a time to 
or from the selected register. Data is generally transferred 
in a form that is used directly by the instrument; it is not 
translated to and from ASCII. This keeps the number of 
bytes communicated over the bus smaller and reduces the 
overhead in each instrument. High-speed, multiple-byte 
transfers are possible using the parallel communications 
channel. 

Paral le l  Communicat ions Channel  
The PCIB parallel communications channel (Fig. 2) offers 

a high-speed data path for instruments that do not need 
isolation. Data can be transmitted at rates up to 100K bytes/ 
s, subject to limitations of the host personal computer. 
Special output drivers built into a custom 1C have limited 

rise and fall times to help meet EMC goals. The custom 1C 
also implements most of the protocol, register decoding, 
and system commands for the instruments. 

The parallel communication channel consists of an 8-bit 
data path, two control lines, two handshake lines, and an 
interrupt request line. The 13 signal lines, with appropriate 
ground returns, are part of the 26-conductor ribbon cable 
that connects the host personal computer to the instru 
ments. 

Two signals make up the handshake group â€” GATE and 
FLAG. GATE is used to indicate when data placed on the 
bus by the host computer is valid. During command, ad 
dress, and output data operations, it is used by the instru 
ment to strobe the data byte off the bus. During input op 
erations, it is used to strobe the data out of the instrument's 
internal register onto the bus. FLAG is generated by the 
instrument in response to GATE generated by the personal 
computer. During command, address, and output data op 
erations, FLAG indicates that the instrument has received 
the transaction and has finished accepting it. FLAG is also 
used during input data operations to indicate that the data 
placed on the bus by the instrument is now valid and can 

Control 

Data 

PCIB Interface Card in  PC 

Control 

,  D a t a  

Control 

Data 

PC Instruments  Module  

F i g .  3 .  P C I B  s e r i a l  c o m m u n i c a t i o n s  c h a n n e l .  
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be accepted by the personal computer. 
The two control lines TRO and TR1 contain the transaction 

code for the current  bus operation.  As discussed previ  
ously,  this information determines how the data on the 
data bus is to be interpreted by the instruments. Of the 
four possible transaction types, only three are presently 
implemented: 

T R 1  T R O  D e f i n i t i o n  

0  0  R e s e r v e d  f o r  f u t u r e  e x p a n s i o n  
0  1  S y s t e m  c o m m a n d  
1  0  I n s t r u m e n t  a d d r e s s  
1  1  D a t a  b y t e  

The transaction code is only valid during the time GATE 
is asserted. Note that instruments do not respond in any 
fashion, not even with a handshake, to a reserved transac 
tion. To respond would compromise the possible future 
use of the transaction type. 

The PC Instruments parallel data bus is an 8-bit, bidirec 

tional bus that is used to transmit and receive data to and 
from the instruments. Data from the host personal computer 
is valid on the bus only when the GATE handshake signal 
is asserted. Data from the instruments is valid only when 
the GATE and FLAG handshake signals are asserted. In the 
idle state the bus. direction is from the host computer to 
the instruments. The output drivers on the bus are specially 
designed with limited slew rate outputs to help eliminate 
RFI (radio-frequency interference) from the unshielded rib 
bon cable and to prevent crosstalk. The input receivers 
have built-in hysteresis to help prevent false inputs caused 
by line noise and reflections. 

An interrupt request signal, IRQ, is also included in the 
PCIB. It can be used by the instruments to indicate that a 
condition has occurred that requires the attention of the 
host personal computer. These conditions can be as simple 
as "ready for the next data byte" or they may indicate that 
a fault has occurred in the instrument. The exact nature of 
the request is instrument dependent. The IRQ line is low 
true, allowing a wired-OR to be implemented. The fact that 
an interrupt is being requested is determined by polling 

A Custom HQMOS Bus Interface 1C 

Use o f  an  inexpens ive  unsh ie lded r ibbon cab le  fo r  HP 's  Per  
sonal  Computer Instrument Bus (PCIB) necessi tates an unusual  
custom solut ion to the problems of  radio- f requency inter ference 
a n d  s i g n a l  c r o s s t a l k .  A  c u s t o m  b u s  i n t e r f a c e  c h i p  m i n i m i z e s  
these ef fects  and contr ibutes communicat ion protocol  hardware 
for  an ins t rument  on the para l le l  PCIB channel .  The in tegra ted 
c i rcui t  provides b id i rect ional  t ransceivers to both contro l ler  and 
instrument s ides of  the paral le l  part  of  the bus.  

The exposed r ibbon-cable t ransmission envi ronment presents 
a  spec ia l  cha l lenge.  The dr iv ing  c i rcu i ts  must  s lew pred ic tab ly  
within a narrowly specif ied range, despite wide variat ions in load 
capac i t ance  and  o the r  phys i ca l  pa rame te r s .  The  range  o f  ac  
cep tab le  r i se  and  f a l l  t imes  i s  cons t ra i ned  a t  bo th  s i des ;  t he  
max imum data  ra te  f i xes  the  s lowest  spec i f i ca t ion ,  wh i le  s t r i c t  
HP Class B environmental  requirements dictate the fastest al low 
able slope. The choice of NMOS technology over CMOS prevents 
any possibi l i ty  of  latchup. 

The resul t ing custom in tegrated c i rcu i t  res ides in  a  low-cost ,  
48-p in  p las t ic  dua l  in - l ine package.  The ch ip  d iss ipates approx 
imately 0.33 watt and requires only a 5V supply, using an internal 
negat ive substrate b ias vol tage generator .  

Operat ion Modes 
This  1C implements  th ree modes o f  opera t ion :  persona l  com 

pu te r  pass th rough ,  pod  p ro toco l ,  and  t es t  modes .  The  pass -  
through mode, used on the control ler side of the. paral lel channel 
of the PCIB, configures the chip as a set of buffered, transparent 
bus  t ransce ivers .  In  the  pass through mode,  a  s ing le  input  l ine  
contro ls  the inter face d i rect ion.  The pod protocol  mode invokes 
al l  logic necessary for  a paral le l  PC Instruments module to com 
municate on the bus. Functions of the pod protocol mode include 
the PCIB asynchronous handshake, instrument address select ion 
and decod ing,  bus  t ransact ion  in te rpre ta t ion ,  reg is te r  address  
decoding,  reg is ter  cont ro l  inc lud ing command,  read,  and wr i te ,  
in te r rupt  mask ing and s ta tus ,  power-on in i t ia l i za t ion ,  bus  data  
t ransmiss ion,  and generat ion o f  the LED act iv i ty  s igna l .  These 
funct ions are in  addi t ion to the contro l led s lew rate in ter face to 
the PCIB. 

The  th i rd  mode ,  a  tes t  mode ,  con f igu res  a  se r ia l  scan  pa th  
t h r o u g h  a  2 0 - b i t  b i n a r y  d i v i d e r .  T h e  s c a n  p a t h  r e d u c e s  t h e  
number  o f  c lock  cyc les  requ i red  to  tes t  the  sequent ia l  counter  
comple te ly  f rom 220 to  202.  The tes t  mode is  on ly  used a t  1C 
wafer test. 

Because of the var ious operat ional modes, a typical  PC Instru 
ments system might contain several  of  these custom chips.  One 
1C a lways operates  in  passthrough mode on the persona l  com 
puter interface card, and one resides in each instrument requiring 
t h e  b a n d w i d t h  o f  t h e  p a r a l l e l  b u s .  T h e  p o d  p r o t o c o l  m o d e  i s  

Bus Out  

F ig .  1 .  S imp l i f i ed  b lock  d iag ram 
of the controlled rise-fall PCIB pre- 
d n v e r  a n d  o u t p u t  d r i v e r .  B o o t  
st rapping c i rcui t ry  is  not  shown. 
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Ch. 1 1.000 vglts/di' 

200 nsec/div 

2.000 volts 

700.000 nsec 

Fig .  2 .  D i f fe rence in  r i se  and fa l l  t imes ( room tempera ture)  
for  a 10:1 rat io of  capaci t ive load,  same custom 1C and axis 
sca l i ng .  Capac i t ance  va r i es  f rom 130  pF  to  1 .3  nF .  Ac tua l  
pu lse widths on the PCIB are much longer .  

selected for this lat ter appl icat ion. 

Circuit  Design 
The custom 1C incorporates an inexpensive osci l lator for inter 

nal t iming and provides a 4-MHz buffered signal for external use. 
The osc i l la to r  requ i res  two ex te rna l  capac i to rs  and a  low-cos t  
po lyc rys ta l l ine  ceramic  resonator  fo r  opera t ion .  The osc i l la to r  
can be overdr iven wi th an external  s ignal  i f  desi red.  

The integrated circuit also provides active protection of i ts own 
PCIB dr ivers.  When a ful ly powered instrument module is discon 
n e c t e d  f r o m  t h e  b u s ,  a  s e n s i n g  c i r c u i t  i n  t h e  1 C  d i r e c t s  t h e  
PCIB dr ivers to dr ive outward in the act ive low state.  Reconnect 
ing the instrument bus cable allows normal operation to resume. 

In i ts dist i l led form, the control led r ise-fal l  PCIB driver consists 
o f  a  push-pu l l  NMOS output  buf fer  capable  o f  th ree s ta tes  and 
enc losed  w i th  negat i ve  feedback  (see  F ig .  1 )  Th is  p roduces  a  
dominant  pole that  prevents the dr iver  f rom s lewing too quick ly  
through i ts l inear region under condit ions of l ight capacit ive load 
ing  (shor t  bus  cab le  leng th )  and  wors t -case  power  cond i t i ons  
( fastest s ignal edges).  An auxi l iary bootstrapping circui t  (not pic 
tured in Fig. 1 ) augments the bus waveform rising edge for heavy 
capaci t ive loading and worst -case speed condi t ions.  The resul t  
reduces a  40:1  process-p lus- load spread to  less  than 6 :1  (see 
Fig. 2). 
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the status register of the interface card. 
The personal computer interacts with the parallel chan 

nel by writing to I/O locations in the computer's address 
space. There is a separate location for each transaction 
type. Proper bus sequences are handled by the PCIB I/O 
drivers. Handshaking between the personal computer back 
plane and the interface card is provided through an inter 
face status register. This allows the bus operations to be 
conducted at the rate required by the addressed instrument. 

The interface circuits in an instrument module that uses 
the parallel channel are largely contained in a custom 1C. 
This custom 1C handles all of the bus protocol and generates 
the necessary master data strobe signals for the instrument's 
registers. The master strobes are used in conjunction with 
the register number outputs to generate the individual reg 
ister strobes. This 1C also contains the interrupt detection 
and generation circuits for the instrument. 

Seria l  Communicat ion Channel  
The PCIB serial communications channel (Fig. 3) offers 

an inexpensive isolated data path for instruments that per 
form floating measurements. The serial bus uses two signals 
for communication of all messages. These two signals are 
contained in the same PCIB ribbon cable that includes the 
parallel bus. A common ribbon cable is used to ensure that 
the communication channel used by an instrument remains 
transparent to the user. TxD is the signal from the personal 

computer used to transmit command, address, and data 
messages to the instruments. RxD is the signal from the instru 
ments used to return data messages, handshake acknowl 
edgments, and interrupt requests to the personal computer. 
Allowing multiple instruments to use the same wires for 
transmitting and receiving messages required the develop 
ment of a new protocol for serial communications. The new 
protocol is implemented by a single-chip microcomputer 
on both the PCIB interface card and in the instruments. 

All serial messages from the computer are transmitted 
as 12-bit frames. The structure of the frame is illustrated 
in Fig. 4. The first interval is a start bit that synchronizes 
all instrument microcomputers to receive the transmitted 
data. The following two intervals are the transaction code 
as used in the parallel communication channel. They de 
fine how the instruments will interpret the data in the 
remainder of the frame. The next nine intervals are the 
message byte followed a parity bit for the entire frame. 
Each instrument examines the frame to determine if it must 
perform an action. In the case of a universal command, all 
instruments will execute the command. A selected com 
mand will be executed by the instrument that is specified 
in the command. If an address message is received, the 
instrument specified becomes addressed. In the case of a 
talk address, the addressed instrument will retrieve the 
data from the selected register and return it to the personal 
computer. For a listen address, the addressed instrument 

Fig.  4.  PCIB ser ia l  f rame. 
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> 
Two Er ro rs  =  Sys tems  Er ro r  

(a) 

T x D  

R x D  

I R Q  Must  re lease l ine for  handshake use 
(b) 

waits for a data byte. When received, it is stored in the 
selected register. 

In addition to the basic operations described above, an 
instrument's microcomputer performs a number of other 
functions. The instrument handshakes most messages to 
acknowledge receipt. Two types of handshakes are re 
turned (see Fig. 5). If the parity of the message is correct, 
the instrument returns a frame with two bits set indicating 
that good data was received. A frame with only one bit set 
is returned if the parity check fails. This indicates that the 
validity of the data is in question and the microcomputer 
on the PCIB interface automatically retransmits the previ 
ous frame. If a parity error occurs on the retransmission, 
the transmission is aborted and an error is returned to the 
system software. 

Because all instruments receive all messages, they are 
aware of the current state of the system with regard to 
whether someone is addressed. When no instruments are 
addressed, the RxD line is available for use as an interrupt 
request line. Any instrument that is enabled to generate an 
interrupt, and has an interrupting condition, may pull the 
RxD line low. This signals the microcomputer on the PCIB 
interface card that some instrument is requesting service. 
The system software is informed of this and it performs a 
poll to determine which instrument is requesting service. 
When a frame is sent on TxD, any instruments requesting 
service are required to release the RxD line to free it for use 
as a handshake or data line. In this way, the RxD line per 
forms triple duty. 
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Interact ive Computer Graphics for  
Manual  Instrument Control  
by Robert  C.  Sismi l ich and Wi l l iam T.  Walker  

ONE OF THE MOST INNOVATIVE ASPECTS of HP's 
PC Instruments family is the soft front-panel pro 
gram supplied with the HP 61060AA and HP 

61061BA system software, which provides an interactive 
graphics mechanism for the user to control instruments 
manually. It calls the same instrument driver module to 
control the instruments as does the language cap (see "Lan 
guage Cap" on page 7). It can be invoked directly from the 
MS '"-DOS command line for manual applications, but also 
can be made coresident with GWâ„¢ -BASIC and the language 
cap, and used interactively during program development 
and debug, or in semiautomated applications. 

A soft front-panel application program, PANELS.EXE, pro 
vides manual instrument control of each PC Instruments 
module on the PCIB (personal computer interface bus). The 
soft front-panel displays look and behave just like their 
familiar hardware counterparts. Numeric inputs, control 
functions, and output displays are unified and sys 
tematized from instrument to instrument. There is a syner- 
gism between manual and programmed instrument control 
with identical user-defined names, control syntax, and 
error messages in both environments. 

Benchtop Metaphor  
PANELS.EXE emulates a benchtop stacked with traditional 

instruments by allowing the user to control one while view 
ing them all. This is the definition of the benchtop meta 
phor as shown in Fig. 1. It is a simple matter to select a new 
instrument, but in manual mode only one instrument is 
controlled at a time. PANELS.EXE supports' touchscreen, 
mouse, and keyboard inputs as the pointing interface to 

control soft front panels. At the same time the user can 
easily view the full state of other outputs and inputs for 
other PC Instrument modules on the PCIB. 

PANELS.EXE has a self-contained multiple- window man 
ager to control concurrent instrument operation. The bench- 
top metaphor is implemented through a series of four non- 
overlapping windows. The one instrument under direct 
control resides within the interactive instrument window. 
All other instruments on the bus can be viewed in the 
system view window. Updated readings from measurement 
instruments appear in the system view window as they 
become available. The status window and the system 
softkey window round out the operation of this metaphor. 

System View Window 
Every PC Instrument module on the bus is represented 

within the system view window as a user-defined name 
along with device state information. The order of each in 
strument within this window is determined by the 
hardware interface address and the hardware bus address. 
Since there can be many instances of the same instrument 
type, user-defined names help to differentiate them. For 
example, two separate digital multimeter modules with 
factory default labels of DMM.01 and DMM.02 are easily re 
named BIAS. VOLTAGE and MOTOR.TEMP. Instrument names 
are defined using a soft rear panel, which can be brought 
up into the interactive instrument window. 

The system view window presents a summary of each 
instrument's state. It is like glancing along the bench to 
check on other measurements while making a critical ad 
justment. Output, or stimulus devices within the system 

PC Ins t rumen ts  
Bus (PCIB)  

Counter 
(Address 1)  

Oscil loscope 
(Address 2)  

Generator 
(Address 3) 

Sys tem 
V iew 

W i n d o w  

H E W L E T T  
P A C K A R D  

Func. Gen. 
Frequency,  
Amplitude 

Coun te r  

In teract ive 
I ns t r umen t  

W i n d o w  

S t a t u s  W i n d o w  

S y s t e m  S o f t k e y s  Fig .  1  .  Bench top  metaphor :  con  
trol one instrument, view al l .  
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view window show their last programmed state. For exam 
ple, a function generator shows its programmed frequency 
and amplitude. Properly triggered input, or response de 
vices continuously update within the system view window. 
For instance, a digitizing oscilloscope updates a waveform 
trace, while a universal counter displays its latest reading. 
Merely pointing to an instrument within the system view 
window brings it into the interactive instrument window. 
Figs. 2 and 3 show display changes while bringing up a 
new instrument. 

Interact ive Instrument Window 
When an instrument's soft front panel comes up within 

the interactive instrument window, it is immediately rec 
ognizable. The soft front-panel graphics are not abstract 
icons, but rather graphics representations of familiar 
hardware controls. Operation of an instrument from the 
interactive instrument window is also the same as with its 
hardware equivalent. A touchscreen or mouse can be used 
to point to and select a change in instrument function, 
range, trigger, or mode. New values of frequency, time, 
amplitude, or offset are easily entered from the host per 
sonal computer's keyboard. When another device is brought 
into the interactive instrument window from the system 
view window, the system software stores the last state of 
the previous instrument in the interactive instrument win 
dow before returning it to the system view window. 

Status Window and Fi le  Prompts 
The status window contains five lines of information 

located directly below the interactive instrument window. 
Here the system software presents the user with status mes 
sages, error messages, prompts, and requests for file names. 

Friendly suggestions for fixes accompany error messages 
in this system. All messages viewed from the status window 
and all other text displayed by PANELS.EXE reside in sepa 
rate ASCII files for ease of localization. 

File names for instrument state files and for GW-BASIC 
program shell files are prompted from the status window. 
The system software supports full MS-DOS file names to 
include the disc drive, the directory, any subdirectory, the 
file name, and any file extension. State files store the current 
configuration of each PC Instruments module on the bus. 
State files are very useful for recalling multiple stored test 
setups from PANELS.EXE, and for programming the complete 
initialization for any number of instruments with just two 
lines of GW-BASIC code. 

System Sof tkey Window 
System softkeys provide system-wide operations; they 

are not instrument specific. These softkeys are task- 
oriented, assisting the user in labeling a device, storing a 
state, enabling/disabling all outputs, or returning to the last 
instrument previously viewed in the interactive instrument 
window. The PRINT SCREEN softkey dumps all four win 
dows of the current screen to a graphics line printer for 
hard copy, a very useful feature when preparing a lab 
notebook record of an automated test. 

When the user is ready to exit PANELS.EXE to return to 
the MS-DOS operating system, the system softkeys provide 
the mechanism. Upon exit, the system software automati 
cally stores the state of all instruments so that the next 
time PANELS.EXE is run, the instruments will be configured 
as they were when they were last left. But before exiting, 
if the user is preparing to control instruments from a GW- 
BASIC program, the user can create a program shell file, 

C53) HEWLETT PflCKflRD 

SINE 
1 .00 kHz 
4.00 V 

CONTINUOUS 
50 I 

61015R COUNTER 

9 9 0 . 0 5  Hz 

INPUT 4 

STflTUS: Front Panel Control Mode 

Counter. 01 

REflR I PRINT 
PHNEL I SCREEN 

F i g .  2 .  C o u n t e r  s o f t  f r o n t - p a n e l  
d i s p l a y  i n  a u t o f r e q u e n c y  o p e r a  
tion. 
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HEWLETT 
PflCKflRD 

SINE 
1 .80 kHz 
4 . 8 0  V  

CONTINUOUS 
5 8  1  

junter .01 
RUTO FREQ 
986.18 Hz 

INPUT 4 

SCOPS. 81 
IHflNNEllI CHflHNEL 

CHflNNEL R 

RISETIME 
FULLTIME 
+ WIDTH 
- WIDTH 
PERIOD 
FREQ 
PRESHOOT 
OVRSHOOT 

8.31 iS 
8.38 IS 
8.51 iS 
8.49 ffiS 
1.00 US 
996 Hz 

iSTRTUS: Front Panel Control Mode 

'TÂ£; Running 
Recall 
Stat" 

which greatly simplifies the programming task. The shell 
is a program that initializes all the GW-BASIC variables 
that are PC Instruments verbs and constants, and builds 
instance variables for each instrument in the system using 
the names the user assigned to them. The program shell 
file is automatically generated and stored to disc with a 
system softkey. The user just edits the program shell to 
add computation, control, and instrumentation statements 
appropriate to the application. 

Graphics Component  Toolk i t  
Key to the unified appearance and feel of the PANELS 

utility is a toolkit of interactive graphics components that 
the designer of an instrument's soft front panel is able to 
choose from. These components are analogous to the phys 
ical devices that hardware front panels have been built 
with for years â€” switches, LEDs, CRT displays, etc. The 
collection of available components is shown in Fig. 4, along 
with various attributes of these components which will be 
explained in the following discussion. 

Each type of component has the appearance and opera 
tion that its description would suggest, as well as a state 
attribute. A ganged switch component (see Fig. 5) can have 
several labeled buttons, only one of which can be on (shown 
in print as white text on a black field) at any time. When 
the operator selects a different button (by pointing to it), 
the previously selected button is turned off. The state of 
this type of component represents the button that is cur 
rently on. Ganged switches are an example of display vari 
ance components; that is, the graphics components that 
appear on the screen can change, depending on the current 
state of a ganged switch, as will be discussed shortly. 

On the other hand, an LCD (large-character display) com- 

PRINT 
SCREEN 

F ig .  3 .  Mov ing  t he  cu rso r  t o  t he  
indicated posi t ion and select ing i t  
causes  the  HP 61  01  6  A  Osc i l l o  
scope so f t  f ron t -pane l  d isp lay  to  
appear. (Note that the counter is re 
moved to the system view window.) 

ponent (see Fig. 6) would display a changeable, numeric 
quantity within it. The state attribute of an LCD is the 
numeric string that is currently displayed in it. LCDs are 
an example of data display components. LCDs are not 
selectable since they do not control instrument functions; 
thus, pointing to an LCD results in an invalid entry beep. 

Component  Templates  
The graphics routines that make these components ap 

pear and function in the specified manner are common to 
all instruments. The designer of an instrument's soft front 
panel just creates a data structure that declares what com 
ponents are to be used, where they will be located in the 
interactive instrument window, and how the various com 
ponents should be grouped together. This machine-reada 
ble description of the graphics appearance of a particular 
instrument is known as a component template. There is 
only one copy of the template for an instrument type, re 
gardless of how many instances of that instrument exist in 
the system. When the PANELS program is executing, in 
stance variables of each instrument in the system store the 
states of all components in the instrument's template, in a 

C o m p o n e n t  T y p e  S e l e c t a b i l i t y  D i s p l a y  V a r i a n c e  D a t a  D i s p l a y  

Ganged Switch 
Rotary Switch 
Toggle Switch 
Momentary 

Contact Switch 
Numeric Entry 
Text Entry 
LCD 
CRT 

â€¢ 
t 

â€¢ 

â€¢ 

Fig.  4 .  Sof t  f ront -panel  components in  graphics too lk i t .  
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Mouse in Danger: Managing Graphics Objects 

In the PC Instruments PANELS uti l i ty, each graphics component 
t h a t  a s  o n  a n  i n s t r u m e n t ' s  s o f t  f r o n t  p a n e l  i s  t r e a t e d  a s  
separate object .  When work ing wi th objects,  a desi rable goal  is  
to have them behave autonomously.  The fol lowing is an example 
of  how th is  is  accompl ished for  the sof t  f ront -panel  d isp lays for  
PC Instruments modules.  

The so f t  f ron t -pane l  d isp lay  fo r  the  HP 61016A Osc i l loscope 
module wi l l  be used as an example where many objects  occupy 
the  same genera l  space and are  updated in  a  nonsynchronous 
fashion.  One worst-case example wi th seven objects interact ing 
is shown in Fig. 3 on page 1 9. The specific objects involved are: 
â€¢ The pointing cursor (mouse) 
â€¢ The top vertical marker 
â€¢ The bottom vertical marker 
â€¢ The left horizontal marker 
â€¢ The right horizontal marker 
â€¢ The CRT waveform (trace) 
â€¢ The CRT graticule. 

For this example, assume that the user,  af ter elect ing to move 
a  marker ,  i s  id l y  mov ing  the  mouse  a round  in  the  CRT area  o f  
the soft front-panel display, and that the CRT waveform, or trace, 
is being continuously updated. Note that the stimulus for updating 
the d isp lay is  coming f rom two d i f ferent  and essent ia l ly  random 
sources,  the PC Inst ruments in ter face and the user .  

The t r ick  is  to  d isp lay and update a l l  o f  the above objects  on 
a single hardware graphics plane without objects interfer ing with 
each other 's  appearances.  The f ina l  d isp lay wi l l  appear to have 
the mouse icon occupy the v isual  p lane c losest  to the user;  that  
i s ,  i t  w i l l  a p p e a r  t o  m o v e  a b o u t  o n  t o p  o f  t h e  o t h e r  o b j e c t s .  
Successive underly ing layers wi l l  have the vert ical  markers,  hor i  
zonta l  markers,  and t race objects .  The rearmost  or  background 
layer has the grat icule drawn on i t .  

A  w i n d o w  i s  m a d e  u p  o f  a  g r o u p  o f  o b j e c t s  d e f i n e d  b y  a  
componen t  t emp la te .  When  e i t he r  a  use r  o r  an  i ns t r umen t  r e  
quests  serv ice,  the windows are updated.  As par t  o f  the update 
process, each object active in the window inquires about i ts state 
from object's instrument portion of the front-panel code. If the object's 
new s ta te  d i f fe rs  f rom i ts  o ld  s ta te ,  i ts  appearance is  updated.  
Just  before i t  is  redrawn,  the object  checks to  see i f  the mouse 
i s  near .  I f  t he  mouse  i s  " i n  danger , "  t he  mouse  i s  to ld  to  h ide  
itself. The object then redraws itself. After i t  is f inished the mouse 
is told that "all is well" and to show itself. This additional overhead 
for  each ob ject  is  t ime wel l  spent ;  w i thout  the mouse- in-danger  
rout ine,  the mouse would  tend to  b l ink  cont inuous ly  as  the win  
dows were be ing updated,  whether  the mouse was in  danger  o f  

be ing overdrawn or  not .  Wi th  the mouse- in-danger  rout ine,  the 
mouse wi l l  only appear to bl ink when near or on an object  being 
updated.  

Now that the mouse is safely out of the way, the object ( in this 
case, the CRT) is free to draw itself.  The CRT recognizes several 
messages. These messages are stacked by the instrument code 
a n d  a r e  h a n d l e d  b y  t h e  C R T  o b j e c t  a t  u p d a t e  t i m e .  F o r  t h i s  
example ,  the  two commands queued are  MOVEMARKERS and 
D I S P L A Y E R A S E .  

The only attr ibute that changes for a marker object is posit ion. 
The  p rocess  o f  mov ing  a  marke r  to  the  new loca t i on  i nvo l ves  
f i r s t  t ak ing  a  snapsho t  ( sav ing  the  g raph ics  da ta )  o f  t he  a rea  
under the new posi t ion.  The new marker  is  then drawn.  The o ld 
marker is then erased using the snapshot taken from the previous 
move. This process ensures that  the objects behind and in f ront  
of  the marker  are not  d is turbed as the markers are moved.  This 
same process is used to hide and show objects.  The act of  show 
ing  invo lves  tak ing  a  snapshot  o f  the  d isp lay  under  the  ob jec t  
and then drawing the object .  To h ide the object  th is  snapshot  is  
s imply  cop ied back to  the d isp lay .  

The sampl ing osc i l loscope in  var iab le-pers is tence mode sup 
pl ies two sets of data. The f i rst ,  the erase array, represents data 
po in ts  tha t  have  g rown o ld  enough  to  fade  f rom the  CRT.  The  
other  data represents the youngest  data.  Before any t race data 
i s  d rawn,  the  marke rs  a re  to ld  to  h ide  themse lves .  The  e rase  
ar ray  Is  then p lo t ted .  Some o f  the  erased p ixe ls  p robab ly  co in  
c ided wi th the grat icule,  so now there are holes in i t  and i t  must 
be redrawn. Next ,  the new data is  p lot ted.  The CRT f in ishes the 
update by te l l ing the markers  to  show themselves again  on top 
of  the new t race and grat icu le.  

The above descr ip t ion  i s  a  qu ick  overv iew o f  the  p rocess  re  
qui red to update the s ix  objects making up just  the CRT port ion 
o f  t h e  a r e  s o f t  f r o n t  p a n e l .  O n  t h e  a v e r a g e  t h e r e  a r e  
an addit ional 20 to 30 objects act ive in the interact ive instrument 
window of the osci l loscope at any given t ime. Add in the resource 
requirements to update the other windows and, last but not least, 
to  serv ice  the ins t ruments  and i t  becomes c lear ,  in  v iew o f  the  
ex tens i ve  ha rdware  and  so f twa re  suppor t  requ i red ,  why  i n te r  
ac t i ve  g raph ics  a re  jus t  now becoming  poss ib le  a t  a  pe rsona l  
computer level .  

Daniel  J.  Mart in 
Development  Engineer  

New Jersey Div is ion 

manner analogous to how instrument states are stored in 
instance variables in the instrument driver environment. 

Solving the Overdensi ty  Problem 
One of the problems with the front panels of traditional 

instruments that the component template solves is that of 
the density of components on a front panel. Complex, mul 
tiple-mode instruments that use traditional front panels 
have to choose between implementing a large number of 
controls and displays, many of which are not relevant to 
an individual measurement and thus contribute to front- 
panel clutter, or using the same controls and displays for 
multiple functions, each of which requires its own graphics 
screened in different colors on the panel â€” an approach 
often confusing to the user. 

The tree structure of the PC Instruments component 
template, however, provides a mechanism whereby only 
those components that are relevant to the current measure 
ment or control operation appear on the display. Each node 
in the structure is a front-panel component. Components 
that have the display variance attribute (see Fig. 4) support 
state-dependent component branches. The state of these 
components determines which branch of the tree is 
traversed when checking the template for a match with the 
coordinates of the position that the user selected, or when 
the window is updated. These operations are explained in 
the section "Operation of the PANELS Program" below. 

St ruc tu re  o f  the  PANELS Program 
PANELS has an object-oriented structure similar to the 
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Fig .  5 .  Example  o f  ganged swi tch  ( Input  b lock  a t  upper  le f t  
cen te r )  f rom HP 61  011  A  Re lay  Mu l t i p lexer  modu le  fo r  PC 
Instruments. 

instrument driver module. It consists of some generic code 
at the top and bottom layers, and some instrument specific 
code sandwiched in the middle. The generic code includes 
the executive, the window management system, compo 
nent template processors, softkey processors, the input and 
display device handlers, and a variety of library functions 
accessible by the instrument specific code. The architecture 
of PANELS is shown in Fig. 7. 

The instrument specific code, written in C, has two parts: 
the component template, and a collection of functions 
which: 
â€¢ Perform the proper instrument I/O sequences in response 

to the user pointing to and selecting a component, and 
set the state of that component accordingly 

â€¢ Return the state of a component upon request 
â€¢ Handle service requests from the instrument. 

The instrument specific code is operating system and 
hardware independent. No human input device or display 
operation is invoked by instrument specific front-panel 
code. Instead, all of the interface to the user is handled by 
generic code. As a result, the software is highly portable. 

All instrument I/O is done through calls to the instrument 
drivers, which are always resident while PANELS is being 
executed. The front panel knows about the functionality 
of an instrument, that is, what measurement and control 
functions it supports, but not about how that functionality 
is implemented. 

Operation of the PANELS Program 
It is helpful to consider a simple example of a component 

template to explain the processes occurring while PANELS 
is executing. For simplicity we will limit the discussion 
to operations that occur within the interactive instrument 
window. Fig. 8 shows a portion of the interactive instru 
ment window component template for the PC Instruments 
counter. 

When PANELS is invoked, the states of all components 
are initialized. If PANELS is invoked from the MS-DOS com 
mand interpreter as a manual application, the instruments 

Fig. 6.  Example of large-character display (upper lef t  center)  
from HP 61 01 5 A Counter son front-panel display. 

are first set to the states that are stored in the state file 
HPSTATE.HPC. If PANELS is invoked from GW-BASIC as a 
debugging tool, the state of the components is set to reflect 
the current state of the instruments. For this example, let's 
assume that the counter is initialized as follows: 

Function: 
Range: 
Gate Time: 
Trigger: 
Slope: 

Frequency 
10 Hz to 10 MHz 
1.0s 
Manual 
Positive 

The screen at this time will appear as shown in Fig. 9. 
After initialization is completed, the front-panel execu 

tive, PANELS.EXE, alternates between two tasks: handling 

Interactive Graphics Operations 
and Instrument Service Requests 

I 

T 
Requests to Instrument Drivers 

Fig. 7.  Soft  f ront-panel archi tecture. Shaded areas are instru 
ment-speci f ic  funct ions. 
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Oscilloscope Software Leverages Previous Concepts and Algorithms 

The software for the HP 61 01 6A Digitizing Oscilloscope module 
is the most complex in the current PC Instruments l ine.  The soft  
ware team heavi ly leveraged exist ing digi t iz ing osci l loscope soft  
ware  techno logy  ava i lab le  a t  HP 's  Co lo rado  Spr ings  D iv is ion .  
T h e  H P  1 9 8 0 0  W a v e f o r m  M e a s u r e m e n t  L i b r a r y  a n d  t h e  H P  
54100A/D Dig i t i z ing  Osc i l loscope became the s tandard  fo r  the  
HP 61016A sof tware package,  wh ich cons is ts  o f  75K bytes  bro  
ken  in to  f i ve  ma jor  modu les :  hardware  se tup ,  da ta  acqu is i t ion  
and display, user interface, measurements, and program control.  

The hardware setup for  the HP 61016A cons is ts  o f  a  12-byte  
s t r ing de lay sets  the ver t ica l  and hor izonta l  sens i t iv i t ies ,  de lay 
t ime,  based acqu is i t ion  mode,  and t r igger  conf igura t ion  based 
on user  or  program speci f icat ions.  This  s t r ing is  sent  to  the HP 
61 01 6A from the host personal computer over the PCIB. The HP 
6101 6A's firmware then uses the string to configure its hardware. 

D a t a  t h e  c o n s i s t s  o f  r e a d i n g  a  2 5 1  - b y t e  s t r i n g  f r o m  t h e  
HP 61016A.  The da ta  is  sca led  accord ing  to  the  hardware  con 
f iguration in preparation for display by the PANELS window updat 
ing rout ine.  Scal ing is  necessary s ince some funct ions normal ly  
handled by hardware (such as of fset  and implementat ion of  the 
ve ry  sens i t i ve  ve r t i ca l  se t t i ngs )  became so f tware  rou t i nes  be  
cause of  pr in ted c i rcu i t  board constra ints .  

When PANELS is updating the screen, the update_window proces 
sor performs a state inquiry operat ion on the CRT component of  
the osc i l loscope template .  The scope sof tware responds wi th  a  
data buffer  that  contains commands to reset the sof t  f ront-panel  
d i sp lay  and  ha rdware  con t ro l  s t r i ngs  and  c l ea r  and  rese t  t he  
data structures. 

The  measu remen t  package  i nc ludes  con t ro l  o f  vo l t age  and  
t ime markers  and  waveform ana lys is  fo r  au tomat ic  paramet r i c  
measurements  o f  r i se  t ime,  fa l l  t ime,  per iod ,  f requency ,  pu lse  
width, overshoot,  preshoot,  and peak-to-peak vol tage. This pack 
age is based on a stat ist ical analysis of the 251 -byte data str ing 
f rom the scope using a histogram to determine the absolute and 
re lat ive maximum and minimum and 10,  50,  and 90% points,  as 
wel l  as the locat ion of  r is ing and fa l l ing edges.  

The HP 19800 Waveform Measurement Library laid the ground 
work  fo r  the  measurement  package a lgor i thms.  The  HP 19800 
L ib ra ry  i s  wr i t t en  in  BASIC fo r  the  HP 1980  Osc i l l oscope  and  
was  conver ted  to  C  fo r  the  HP 61016A.  The  con f idence  in  the  
HP 61 01 6A measurement package is directly l inked to the quality 
assurance test ing of  the HP 19800 L ibrary.  

The  bas ic  fea tu re  se t ,  da ta  acqu is i t i on  modes ,  vo l tage  and  
t ime marker  convent ions,  and d isp lay  techn iques were def ined 
us ing  the  HP  54100  D ig i t i z i ng  Osc i l l oscope  as  a  mode l ,  w i t h  
modi f icat ions to meet  the HP 61016A constra ints.  For  example,  
the HP 541 00 implements a variable-persistence mode of display 
using clock interrupts.  Since the clock is not avai lable to the HP 
6101  6A ,  t he  va r i ab le -pe rs i s tence  mode  i s  imp lemen ted  as  a  
funct ion of  the number of  data acquis i t ions.  

Helen Muterspaugh 
Mimi  Beaudo in  

Development  Engineers 
Colorado Spr ings Div is ion 

user selections and handling instrument service requests. 

User Requests 
Positioning of the PANELS cursor (via mouse, touch 

screen, or keyboard) is handled at an interrupt level. A 
user request occurs when the operator selects a graphics 
component by clicking the mouse button, or releasing a 
pointing finger from the touchscreen. As an example, let's 
assume that the operator wants to change the counter to 
make period measurements. The operator positions the cur 
sor on top of the rotary switch controlling the counter's 
function, and clicks the mouse. A component template 
processing routine, hiLdetector, is passed the mouse coordi 
nates. It traverses the component list for the instrument 
currently in the interactive instrument window to deter 
mine if the selected coordinates fall within the area of a 
selectable component currently displayed on the screen. If 
the end of the tree is reached without a match, a beep 
occurs indicating that no component exists there. If a com 
ponent match is found, control is passed to the instrument 
specific front-panel code for the counter, which executes 
the instrument I/O actions associated with that component 
by issuing the proper calls to the instrument driver. 

Since not every component in the template is displayed 
on the screen at the same time, how does hiLdetector know 
which components to check? This is where the display' 
variance attribute comes into play. The hit detector routine 
is recursive; at each node that represents a component that 
has display variance, the current state of that component 
is obtained, and the hit detector routine is reinvoked for 

the variant branch that corresponds to that state. 
What remains to be done after the I/O actions have been 

completed is to update the interactive instrument window 
display to reflect the changed state of the instrument. The 
routine update_window serves as a viewer for the state of the 
instrument contained in the interactive instrument win 
dow; to is, it displays this state information according to 
the graphics metaphor chosen for the instrument. It does 
this by traversing the component template and drawing 
the instrument according to the state of each of the compo 
nents. This routine always starts at the top of the template. 
It has three modes: erase, create, and modify. Like hiUdetec- 
tor, this routine is recursive; at each node that represents 
a component of display variance type, it is invoked again 
for one or more of the variant branches, possibly with a 
different mode. 

Assume that what the operator did was to use the rotary 
switch controlling the counter module's function to select 
period instead of frequency. For the example of setting the 
counter into period mode, after the instrument I/O is com 
pleted, the window management system calls the update 
window processor in the modify mode. 

Modify mode is really a composite of erase and create 
modes. At each node in the component template, the new 
state of the component is obtained from the instrument 
specific code, and compared to the currently displayed 
state. If the new state is the same as the current state, the 
routine performs no graphics operation. If the component 
has variant branches, update_window is invoked recursively 
for the branch that corresponds to that state, still with 
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modify mode. 
If the new state is not the same as the current state, the 

component in question is redrawn to display its new state. 
If the component has variant branches, a two-step operation 
takes place: (1) the branch corresponding to the currently 
displayed state is updated with erase mode and (2) the 
branch corresponding to the new state is updated with 
create mode. As indicated in the component template for 
the PC Instruments counter (Fig. 8), when the state of the 
function component comes back with current state = fre 
quency and new state = period, both the range and gate 
time components are erased, and the samples component 

61015H COUNTER 

SINE 
1.00 kHz 
4.00 V 

CONTINUOUS 
50 

Counter. 01 

SLOPE R I 

STRTUS: Front Panel Control Mode 

IBnlUĴ Î mi â€¢ XjUfl 
ÃS&MK&M 

Fig.  9 .  Counter  sof t  f ront -panel  d isp lay in  f requency mode.  

is created (the variant branches of all these components 
are null). Returning to the original update_window process, 
the states of the trigger, slope, start, and reading compo 
nents are all unchanged, so no further graphics operations 
are performed. At the completion of the update, the screen 
looks as shown in Fig. 10. 

Instrument Service Requests 
Now, assume that the operator selects the internal button 

of the trigger ganged switch. The instrument is now put 
into free-run mode, and the display changed as shown in 
Fig. 1 1 . When a new reading becomes available, the counter 
sets status bits to indicate a service request. As mentioned 
previously, a main task of PANELS is to look for these service 
requests from instruments, and update the display to reflect 
them. When not processing user requests, the instruments 
are polled for service requests in a circular fashion. When 
a request is detected, instrument specific code takes care 
of the I/O, and the window in which the instrument is 
currently displayed (interactive instrument window or the 
system view window) is updated. In the above counter 
example, the only component that will indicate a state 
change is the measured value LCD, and the operator will 
see the new value appear within the graphics bezel. 
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Automated Testing of Interactive Graphics User Interfaces 

Prov id i ng  a  r e l i ab l e ,  de fec t - f r ee  p roduc t  shou ld  be  a  ma in  
design goal  of  any system sof tware design.  Many techniques to 
f ind and f ix  defects are typ ical ly  employed dur ing the QA phase 
o f  a  so f twa re  p ro jec t .  One  ma jo r  conce rn  i s  t ha t  f i xes  i n  one  
module  do not  in t roduce new defects  in to  o ther ,  prev ious ly  ver  
i f ied modules. The most useful technique to ensure this is regres 
s ion  tes t ing .  A  regress ion  tes te r  genera l l y  cons is ts  o f  a  ta rge t  
machine and a specia l  set  o f  automat ic  test  procedures to  exer  
c ise and ver i fy  as much of  the sof tware as poss ib le .  

Regress ion  tes t ing  o f  a  p rogramming language,  such as  the  
GWâ„¢-BASIC programming l ibrary for  PC Instruments modules,  
is straightforward in the sense that the automated test procedures 
use  t he  same  p rog ramming  s ta temen ts  t ha t  make  up  t he  end  
product.  

Testing of the interactive graphics PANELS application program 
was more diff icult since the test stimulus consists of user requests 
f rom a  keyboard ,  mouse ,  o r  touchscreen ,  and  the  response  i s  
measured  by  the  g raph ics  resu l t s  tha t  appear  on  the  hos t  pe r  
sonal  computer 's  CRT display.  For th is reason,  programs of  th is 
nature are of ten lef t  to be tested manual ly,  somet imes wi th l i t t le 
or  no repet i t i ve  s t ruc ture  to  the tes t  beyond a sequence o f  key 
strokes entered at the operator 's whim. Repeating the same type 
o f  manua l  tes t ing  each  t ime a  change to  the  so f tware  i s  made 
i s  b o t h  t i m e - c o n s u m i n g  a n d  e r r o r - p r o n e .  T h e r e f o r e ,  a n  a u t o  
mated process o f  enter ing keyboard input  s t imul i  and ver i fy ing 
the graphics output  responses was required to perform meaning 
ful  regression test ing of the PANELS program. 

The major  prob lem in  tes t ing  graph ics  in ter faces is  ver i fy ing 
the graphics objects. An object can be verif ied i f  i t  has consistent 
and predictable form. In the PANELS environment,  graphics com 
ponents  w i th  the  da ta  d isp lay  a t t r ibu te  do  no t  have  cons is ten t  
f o rm.  Fo r  examp le ,  t he  LCD d i sp lay  fo r  t he  d ig i t a l  mu l t ime te r  
modu le  con ta i ns  a  chang ing  va l ue  co r respond ing  t o  t he  mea  
sured vol tage,  and the CRT por t ion for  the osc i l loscope module 
d isp lays a t race of  the waveform the scope is  cur rent ly  measur  
ing. verifying PANELS software tester, therefore, limits itself to verifying 
o n l y  t h o s e  g r a p h i c s  c o m p o n e n t s  w h o s e  a p p e a r a n c e  c a n  b e  
known a pr ior i .  

PANELS uses the graphics p lane for  a l l  in format ion displayed 
on the CRT. A simple approach would be to compare the contents 
o f  t he  se lec ted  po r t i on  o f  t he  cu r ren t  g raph i cs  p lane  to  a  p re  
de f ined  b i t  pa t te rn  a t  the  appropr ia te  po in ts  in  the  tes t .  There  
are  two d isadvantages wi th  th is  approach:  pat tern  s torage and 
re t r i eva l .  The  s to rage  requ i rement  may  become unaccep tab le  
as the number of objects and their  s izes are increased. Although 
speed is  not  a major  object ive,  re t r iev ing the pat terns becomes 
a major controll ing factor of the test. An efficient way of represent- 

H P  1 5 0 B  
C o m p u t e r  

K e y b o a r d  

H P 6 1 0 6 0 A  
P C I B  

I n t e r f a c e  

P C I B  

P C  I n s t r u m e n t s  

H P - I B  

^ ^ M H  

H P  6 9 4 4 A  
M u l t i p r o g r a m m e r  

t  

H P  9 0 0 0  
M o d e l  2 3 6  
C o m p u t e r  

H P  9 8 6 2 4 A  
H P - I B  

I n t e r f a c e  

H P  9 8 6 3 3 A  
M u l t i p r o g  r a m m e r  

I n t e r f a c e  

ing and ident i fy ing ob jects  is  needed.  

Signature Analysis Helps 
The d ig i ta l  measurement  technique of  s ignature analys is  can 

b e  a p p l i e d  t o  i d e n t i f y i n g  g r a p h i c s  c o m p o n e n t s .  S i n c e  o n l y  a  
s ing le  s ignature is  generated for  a  graphics  ob ject ,  i t  does not  
have the storage or  ret r ieval  overhead d isadvantages of  the b i t  
pa t te rn  compar ison method.  In  the  s ignature  ana lys is  method,  
the  graph ics  component 's  p ixe l  pa t te rn  i s  sen t  as  a  b i t  s t ream 
in to  a  sof tware cyc l ic  redundancy code (CRC) generator  to  pro 
duce a 16-b i t  in teger  represent ing the s ignature of  that  ob ject .  
An opt imized CRC generator rout ine running on an 8-MHz 68000 
m ic rop rocessor  can  genera te  a  s igna tu re  o f  a  componen t  the  
size of the entire graphics display, 51 2 x 390 pixels, in less than 
fou r  seconds .  Usua l l y  t he  g raph i cs  a reas  ana l yzed  a re  much  
smaller, and a signature is generated within a fraction of a second. 

Tester Hardware 
Automating the graphics test required an external processor to 

control and generate the keystrokes, and to capture and verify the 
graphics image. Some of the object ives were: 

Low cost 
Minimal hardware modification to the target personal computer 
Execution of the PANELS software without modification 
Relat ively high-speed performance 
Minimal test set development t ime. 
The PANELS tester (Fig. 1) is a relatively low-cost solution which 

requires no hardware modif icat ion to the host computer,  and the 
PANELS software is run unmodified. Performance in pattern analysis 
is achieved by using an HP 9000 Model 236 control ler with an HP 
6944A Mul t ip rogrammer.  The shor t  deve lopment  t ime ob jec t ive  
was accomplished because of the high productivity offered by the 
Model 236's BASIC operating system. 

As an example, the version of PC Instruments that operates on 
the HP 150 Touchscreen Computer wi l l  be considered. 

Generating the Keystrokes 
Keystroke generat ion is  done by a keyboard emulator  (Fig.  2)  

which is a direct  p lug- in replacement for  the HP 150 Computer 's 
keyboard.  A dual -por ted RAM design is  used for  the emulat ion.  
The keyboard emulator is implemented on a digital I /O card in the 
mult iprogrammer, under control  of  the Model 236. The control ler  
programs the desired keystroke by setting a RAM location through 
one  o f  i t s  po r t s .  The  o the r  po r t  i s  then  read  by  the  HP 150 .  A  

H P  1 5 0  
K e y b o a r d  

C o n n e c t o r  

S Y N C -  K e y b o a r d  E m u l a t o r  C o n t r o l  L o g i c  
M u l t i p r o g r a m m e r  D i g i t a l  I / O  C a r d  

M u l t i p r o g r a m m e r  B a c k p l a n e  

Fig .  1 .  B lock  d iagram o f  tes ter  fo r  PC Ins t ruments  PANELS 
sof tware package.  F ig .  2 .  B lock  d iagram o f  keyboard  emula tor .  
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seven-bit binary counter clocked by the standard keyboard pulses 
from the HP 1 50 sequences through the RAM locations. A keypress 
signal  is returned when the counter addresses the RAM locat ion 
that  was programmed to be sent .  The HP 150 determines which 
key is pressed by keeping track of the clock pulses it  had to send 
before i t  received the keypress signal 

Getting the Graphics Screen Information 
To capture the graphics image, the Print Screen softkey provided 

by PANELS is used. This feature causes the graphics Â¡mage on a 
host HP 150 display to be output to a graphics printer through the 
HP 150's built-in HP-IB (IEEE 488/IEC 625) port. 

In the PANELS tester, the HP 150's HP-IB port is not connected 
to a printer, but is connected to another HP-IB interface within the 
Model image controller which emulates a printer. The graphics image 
is stored in an array, and the areas corresponding to the appropriate 
g raph i cs  componen ts  a re  r un  t h rough  t he  s i gna tu re  ana l ys i s  
algorithm. 

Tester  Software 
Finally, a test executive program is used to control the operation 

o f  the  tes te r .  The  tes t  execu t i ve  has  four  modes  o f  opera t ion :  
l i ve  keyboard ,  l og ,  p layback ,  and  use r  subprogram execu t ion  
mode.  the has ut i l i t ies for  emulat ing the pr in ter ,  generat ing the 
cycl ic redundancy code, and control l ing the keyboard emulator. 

In  l i ve  keyboard  mode,  an  opera tor  can in te rac t  w i th  the  HP 
1 50 Computer through the keyboard of the Model 236 control ler. 

Various ut i l i t ies can also be cal led by using the funct ion keys on 
the Model  236 

Log mode operates  s imi la r ly  to  l i ve  keyboard mode wi th  one 
except ion â€” the keystrokes, and the t ime delay between them, 
are recorded as they are entered and stored into a user-specif ied 
f i l e .  and  i s  a  use fu l  fea tu re  fo r  spec i fy ing  tes t  sequences  and  
recreat ing bugs.  

In  p layback mode,  the  user  spec i f ies  a  f i le  tha t  was c reated 
th rough  l og  mode ,  and  the  assoc ia ted  keys t roke  sequence  i s  
executed.  

The subprogram execut ion mode al lows the user to run a sub 
p r o g r a m  i n  w h i c h  k e y s t r o k e s  c a n  b e  p r o g r a m m a t i c a l l y  s e n t ,  
g raph ics  da ta  rece ived ,  and  the  resu l t s  ana lyzed .  Au tomated  
regress ion  tes t ing  o f  the  PANELS program is  execu ted  in  th is  
mode. Typically, a regression test for an instrument wil l  start from 
a node in the instrument component template, moving the cursor 
to  the  appropr ia te  sc reen  loca t ions  and  mak ing  user  reques ts  
to  PANELS v ia  the  keyboard .  A f te r  the  sc reen is  updated  as  a  
result of the user request, the graphics image is sent to the Model 
236 controller via the Print Screen softkey. After the graphics data 
i s  rece ived ,  a  s igna tu re  i s  genera ted  fo r  the  spec i f ied  a rea  o f  
the  sc reen.  I f  the  s ignature  matches  the  s to red  re fe rence,  the  
particular test passes, and the next node in the template is tested . 

Buck  H.  Chan 
Project  Leader 

New Jersey Div is ion 

Kevin Kayes, now with Logic Design Operation, was the 
architect of the instrument drivers. He also contributed 
heavily to much of the internal design of PANELS, and his 
ability to adhere to module interfaces defined early in the 
design phase was a large reason that the software worked 
right the first time. 

Dan Martin was responsible for the PANELS graphics, 
from the component template processors right down to 
pumping the pixels onto the screen. His concern for tuned 
code helped a product whose top goals were portability 
and expandability to achieve performance fast enough to 
avoid having the user wait between commands. 

HEWLETT 
PRCKflRD 

unc.Gen.01 
SINE 

1.00 kHz 
4.00 V 

CONTINUOUS 
50 I 

61015R COUNTER 

1.01620 msec 

INPUT 4 

A  A  

A-/V 
STflTUS: Front Panel Control Mode 

NOTE:   Use STRRT to take a reading 

Counter. 01 

REflR I PRINT 
PflNEL I SCREEN 

Fig .  10 .  Counte r  so f t  f ron t -pane l  
d isp lay in  per iod mode.  
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HEWLETT 
iPRCKflRD 

SINE 
1 .00 kHz 
4.00 V 

CONTINUOUS 
50 

61015R COUNTER Counter .01 

1.01646 msec 

telay.Hux.81 
INPUT 4 

STÃ±TUS: Front Panel Control Mode 

PRINT 
SCREEN 

Fig.  1 1 .  Counter sof t  f ront-panel  
d isplay in internal  t r igger mode. 

Dan Beinart brought his considerable MS-DOS expertise 
to bear on developing the language cap for GW-BASIC in 
a way that, among other things, shields the customer from 
much of the crudeness of the GW-BASIC CALL mechanism. 
Ed Laczynski, Pat Lam, Helen Muterspaugh, Mimi Beaudoin, 
and Joel Delong designed the instrument specific front- 
panel and instrument driver code for the initial PC Instru 
ments modules. Dale Breustedt designed all the component 

templates, in close coordination with Dave Schlesinger of 
the industrial design group. Pat Benson designed the low- 
level human input drivers, and Mark Seroka coordinated 
a very thorough software QA phase. Ali Al-Aref contributed 
the CONVERT utility, which gives customers access to a 
wide variety of their favorite MS-DOS presentation and 
analysis packages with PC Instruments data. 

Industrial Design of Soft Front Panels 

In teract ive graphics  on a personal  computer 's  screen can be 
compared to hardware user interfaces. Industr ia l  designers have 
worked wi th  mechanica l  and e lec t r ica l  eng ineers  to  lay  out  the  
front and rear panels of HP's hardware designs. Now that custom 
ers must deal  wi th sof tware user interfaces, industr ia l  designers 
are work ing wi th sof tware engineers to design these inter faces.  
The  fu tu re  man /mach ine  in te r face  i s  the  compute r -a ided  work  
environment. 

In  approaching th is  new env i ronment  o f  sof t  f ront  panels ,  we 
need to evaluate hardware and software constraints of the system 
real ist ical ly.  Taking this into account,  the PC Instruments design 
e rs  wanted  to  p roduce  an  easy- to -use ,  fami l ia r  appearance  to  
our  cus tomers .  Graph ics  components  represent  the  rea l -wor ld  
d isp lays and cont ro ls .  Screen par t i t ion ing locates th ings in  con 
s i s t e n t  p l a c e s  o n  t h e  s c r e e n ,  s i m i l a r  t o  g e n e r a l  f r o n t - p a n e l  
guidel ines. 

For  example ,  HP f ron t -pane l  indus t r ia l  des ign  gu ide l ines  fo r  
hardware locate the HP logo in the upper lef t ,  the ac l ine swi tch 
i n  t he  t he  l e f t ,  d i sp lays  t o  t he  l e f t  o r  t op ,  and  con t ro l s  t o  t he  
r ight  or  bot tom. The sof t  f ront -panel  d isp lay for  PC Inst ruments 
modules is s imi lar ly sect ioned to have the logo in the upper lef t ,  
the system view window along the lef t  s ide, the instrument to the 
right, and the status window and menu soflkeys along the bottom. 
(Re fe r  t o  f i gu res  i n  accompany ing  a r t i c l e  f o r  examp les  o f  PC  

Instruments displays.) 
In  a  na tura l  p resenta t ion ,  sc reen sec t ions  are  ar ranged in to  

one total  environment.  The screen simulates the hardware world 
of instruments, control lers, and display prompts. The system view 
represents the instruments in e i ther  a rack or  bench stack s i tua 
t ion. The instrument current ly selected appears in the interact ive 
ins t rument  w indow ready for  fu l l  v iewing and cont ro l  access.  A 
soft  rear-panel  v iew of  the instrument displays the interface bus 
address and an ent ry  f ie ld  to  a l low the user  to  se lect  a  custom 
name interac the instrument. The front-panel layout within the interac 
t i v e  w i t h  w i n d o w  e m u l a t e s  a  t y p i c a l  h a r d w a r e  l a y o u t  w i t h  
d isp lays  to  the  le f t ,  con t ro ls  to  the  r igh t ,  and  a  top- to -bo t tom,  
left- to-r ight user f low. Controls are act ivated in the same manner 
as hardware switches. They are ei ther on or of f .  The icons repre 
sen t ing  the  con t ro ls  change  f rom dark  to  l i gh t  as  the  con t ro ls  
are swi tched on.  

The status area,  which is  located below the in teract ive inst ru 
m e n t  w i n d o w ,  d i s p l a y s  a n n u n c i a t o r s ,  e r r o r  c o n d i t i o n s ,  m e s  
sages, and other programming informat ion.  The sof tkey menu is 
consistent in style and location with that used by HP computers. 

David  Sch les inger  
Industr ia l  Design Manager 

New Jersey Div is ion 
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HP- IB Command Library  for  MS-DOS 
Systems 
B y  D a v i d  L .  W o l p e r t  

THE HP-IB COMMAND LIBRARY provides HP-IB 
(IEEE 488/IEC 625) instrument control capabilities 
for MSâ„¢ -DOS computer systems. The HP 61062BA 

version is used for the HP Vectra PC and the HP 14857A 
version is used for the HP 150 and Touchscreen Computers. 
The Command Library offers interfaces between the HP-IB 
and MicroSoft Pascal and C, interpreted and compiled 
BASIC, and Lattice C. Its features include a number builder 
and an interface with HP's PC Instruments software. 

The Touchscreen Computer was introduced in 1981 as 
the HP 150A. It had a connector on the back marked HP-IB. 
In the business world that this product is designed for, the 
Hewlett-Packard Interface Bus is not well-known, but HP's 
technical customers have come to know that HP-IB means 
"Hewlett-Packard's Implementation of IEEE Standard 488, 
A Standard Digital Interface for Programmable Instrumen 
tation." At its introduction, however, the HP 150 could not 
program any Hewlett-Packard instruments, because the HP- 
IB interface was only included to allow the HP 150 to use 
HP's many computer peripherals based on the HP-IB. 

At that time, a team of engineers at HP's Instrument 
Systems Laboratory was investigating near-term require 
ments for low-cost instrument controllers. Making the HP- 
150 a low-cost instrument controller seemed to fit right in 
with the lab's charter. We estimated that the investment 
required would be minimal, because no hardware develop 
ment would be involved and the components in the inter 
face were familiar ones, having been used in other HP 
controllers and instruments. The HP 150 already contained 
an elementary HP-IB driver for disc drives and other pe 
ripheral devices. This driver for disc drives and other 
functionality, meaning that we would have to provide only 
a software layer to make it accessible to programming lan 
guages such as BASIC, Pascal, C, and Fortran. 

Another development effort occurring at this time was 
the PC Instruments program at the New Jersey Division. 
The PC Instruments designers wanted to supply systems 
based on the HP 150 and the IBM PC. They were consider 
ing developing an HP-IB capability for these computers as 
an enhancement to their system. Users could then add 
measurement capabilities not included in the initial offer 
ing of PC Instruments. For example, a future user might 
need a higher-resolution voltmeter or a spectrum analyzer. 

The PC Instruments system is intended to be user-pro 
grammable in BASIC, and the PC Instruments command 
subprograms are compiled. The PC Instruments design 
team developed a language cap (see "Language Cap" on 
page 7) for calling these compiled programs from BASIC, 
and we found that we could use this to access the assembly 
language routines of the HP-IB Command Library. The lan 
guage cap is more than just an interface between MicroSoft 

GW-BASIC and compiled subprograms. The language cap 
developed for PC Instruments makes GW-BASIC more us 
able as an instrument control language. It gives the personal 
computer programmer convenience close to that obtained 
if I/O functions were actually built into the language. 

The language cap made providing I/O for BASIC much 
easier, because we were able to borrow that code and reduce 
the development time required. Hence, we decided to de 
velop a command library to complement the PC Instru 
ments program and to serve general needs for HP-IB I/O 
on personal computers. 

Since the IBM PC does not have a built-in HP-IB interface, 
HP needed to provide one. HP's Greeley Division was in 
terested in offering HP mass storage solutions to IBM PC 
owners, and had started development of an HP-IB interface 
card. Responsibility for this card was eventually transferred 
to the Roseville Networks Division. The design teams at 
these two divisions worked with us to ensure that the HP-IB 
card could meet the needs of instrument I/O as well as the 
needs of disc and tape drives. Because the interface card 
uses hardware similar to that used in the HP 150, not much 
additional software effort was required to provide the same 
I/O capability for both the HP 150 and the IBM PC. 

Definition 
The technical documentation for the HP 150 mentions 

several ways to access its HP-IB capability from a program. 
We considered each of these methods, and modifications 
to them, as possibilities for our product. Meanwhile, we 
decided to create an industry-standard version of the li 
brary for the IBM PC and its compatibles. Our final choice 
of implementations was largely influenced by this decision. 

One standard way of adding arbitrary devices to MS-DOS 
for system expansion is through the mechanism of an in 
stallable device driver. This allows the device to be man 
aged by the operating system through standard IOCONTROL, 
OPEN, CLOSE, READ and WRITE calls. This looked like a 
promising way to interface the Command Library to the 
HP-IB hardware. 

The HP 150 comes with a built-in driver for the HP-IB, 
called HPIBDEV. This is used by the disc and peripheral 
drivers, and is a fairly complete implementation. It is 
documented in the HP 150 Technical Reference Manual, 
and works well for block transfers. An IOCONTROL call 
passes a data structure to the driver, indicating the opera 
tions to be performed and the buffer area for data transfer. 
However, there is not enough functionality for control of 
instruments. For example, there is no way to send arbitrary 
commands, no way to terminate transfers on EOI (end or 
identify), and no way to change the time-out value (except 
on and off). We also needed a few more functions, mainly 
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related to control of the REN (remote enable) and IFC (inter 
face clear) lines, and access to status information. 

Hence, the Command Library is written as a separate 
linkable library module rather than as an extension to HPIB- 
DEV or as an additional driver. This has several advantages 
for the users as well as the developers: 
â€¢ When the computer is running a program that does not 

require I/O, no extra memory is used. 
â€¢ The language interface module is complete, and the pro 

grammer need not make any assumptions about the 
user's system configuration. 

â€¢ The Command Library works with programming lan 
guages that do not allow access to the MS-DOS IOCON- 
TROL system function. 
Two languages, BASIC and Pascal, were chosen for the 

initial Command Library offering because of their familiar 
ity to designers of automated instruments. 

Technical  Detai ls 
Developing a product for simultaneous introduction on 

two different hardware configurations in two different pro 
gramming languages was a real exercise in structured pro 
gramming. The requirements of operating in BASIC and 
Pascal, both on the HP 150 and the IBM PC, forced us to 
separate the hardware interface and the language interface. 
This will allow us to add support for additional program 
ming languages easily in future versions. 

The design used has the structure shown in Fig. 1 . Level 
I of the hierarchical structure is the user's program, written 
in BASIC or Pascal. When an I/O function is needed, the 
program transfers to the I/O library through a language 
interface (Levels 2 and 3). This interface takes the passed 
parameters (numbers or strings) and loads the processor 
registers with the values expected by the lower-level rou 
tines (e.g., select code, device address, and pointers to data). 

In MicroSoft Pascal, the interface is very simple. The 

Level 1 

Level 2 

Level 3 

Level 4 

Level 5 

Level 6 

Level 7 

Pascal  Program BASIC Program 

T  

T 
Language Cap 

Pascal Interface BASIC Interface 

7  
I /O Library 

Interface Hardware 

HP Vectra 
IBM PC 

HP Vectra  
IBM PC 

Fig. 1 . Structure of the I/O library. 

Pascal compiler provides extensive type checking, so the 
parameters are simply declared to be of the expected type. 
The language interface just moves the parameters to the 
proper registers. 

BASIC is another story. The only facility built into the 
language for using external subprograms is a direct CALL 
to an absolute machine memory location. The language cap 
for the PC Instruments system provides some parameter 
checking, handles numeric conversions, initializes vari 
ables to point to the subroutine locations, and does some 
error handling. This language cap is used as a preprocessor 
(Level 2) for the BASIC language interface. Underneath this 
language cap is a simple interface similar to the one used 
by the Pascal version of the I/O library. 

Level 4 contains the library. All the routines to control 
the performance of HP-IB functions are written in assembly 
language. The library-level code divides these functions 
into their simplest component parts. For example, the HP- 
IB function "read an array of numbers from a device" is 
broken down into the following sequence: 
â€¢ Checkfor a valid interface select code and device address. 
â€¢ Address the device by sending HP-IB commands. 
â€¢ Do until array full: 

Read bytes and convert to numeric form. 
â€¢ Check for errors, time-outs, number of elements, etc. 
â€¢ Return to user program. 

The process of converting the stream of bytes to numbers, 
and vice versa, is handled by a number builder, loosely 
based on the I/O formatter of the HP Series 80 and HP 9000 
Series 200 Computers. As many operations as possible are 
performed with integer arithmetic to save execution time, 
even though the result for "read a number" is in floating 
point form. The module was written in a high-level lan 
guage to save development time. For the BASIC version of 
the library, this module is coded in C; for the Pascal version, 
it is coded in Pascal. 

Routines within the I/O tools module (Level 5) are not 
directly accessed by the user's program. These, are called 
by the library module to perform such operations as bus 
setup, reading and writing strings and bytes, and sending 
commands. This level, as well as the library level of code, 
is the same for all the implementations. 

All hardware dependent code is isolated in a module 
(Level 6) that is different for the HP 150 and the IBM PC. 
This module knows about address and I/O mapping, and 
which registers on the interface controller chip to use for 
data and status. 

Another part of the HP-IB Command Library is a driver 
for HP-IB peripherals. This is installed at system bootstrap 
time and allows the user to access printers and plotters. It 
is accessed through the BIOS interrupt system, so that most 
standard software will work with an HP-IB printer as well 
as the standard parallel printer interface. This will allow 
both HP's Vectra Personal Computer, which is an enhanced 
IBM PC compatible, and the IBM PC to be used with a 
customer's HP-IB peripherals. 
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product, was, of course, a major contributor. Dan Beinhart 
deserves special mention for providing the language cap 
interface to GW-BASIC. Charlie Rothschild and Charlie 
Thompson and their staffs were always ready to answer our 
questions about PC Instruments, as well as work with us 

on related support issues. 
The Roseville Networks Division provided the hardware 

required for operation with the IBM PC. with Steve Goody 
doing the design. Aaron Masters (project manager) keeping 
the schedule honest, and Karen Dudley handling product 
management duties. Greeley Division's mass storage group 
provided the initial motivation for the card, and Sterling 
Mortensen and John Szlendak worked with us to ensure 
instruments and mass storage could be supported by the 
same hardware. Don Clark made a great effort to put the 
low-level I/O code in the ROM on the card. 

People at the Personal Office Computer Division pro 
vided insight into the guts of the HP 150, and some others 
at the Fort Collins Systems Division helped us understand 
what "real I/O" is all about by describing the Series 200 
I/O system. 

Case Study: PC Instruments Counter 
Versus Traditional Counters 
Combin ing the power  o f  a  personal  computer  w i th  the 
measurement capabil ity of a low-cost module with no front- 
panel controls of its own can be an attractive alternative to 
using t radi t ional  instruments for  the owner of  a personal  
computer .  

by Edward Laczynski  and Robert  V.  Mi l ler  

THE DESIGN OF THE HP 61015A Universal Counter 
for HP's PC Instruments product family is leveraged 
from the designs of the HP 5314A and HP 5316A 

Universal Counters. The HP 5314A was chosen because it 
offers excellent price/performance at the low end of stand 
alone, manual applications. Similarly, the HP 5316A covers 
the low end of Hewlett-Packard's system offerings. The HP 
61015A Universal Counter addresses both of these areas 
for personal computer users, providing clear and conve 
nient manual operation using PC Instruments' soft front- 
panel application software as well as a programming mode 
that is easy to use and learn for system applications. The 
following paragraphs describe the HP 61015A Universal 
Counter in terms of its differences from and its similarities 
to its traditional instrument relatives, the HP 5314A and 
HP 5316 A Counters. 

Manual Operat ion 
The HP 5314A Counter is a 100-MHz, 100-ns universal 

counter that features a seven-digit, seven-segment LED dis 
play with overflow indication, input signal conditioning, 
and the following measurement functions: 

â€¢ Frequency 
â€¢ Period 
â€¢ Time interval 
â€¢ Ratio (A to B) 
â€¢ Totalize (unit count) 
â€¢ Self-check. 

The user sets up the desired measurement by selecting 
the appropriate controls on the HP 5314A's front panel 
(Fig. 1). Since the front-panel area is limited and because 
of the low-cost application focus of the HP 5314A, the 
counter employs several dual-function controls. The count 
er's measurement function, for example, is selected by three 
function switches. The shift key determines four of the 
available functions. With the shift key out, placing either 
(but not both) of the other two function switches out selects 
the corresponding frequency or period measurement. With 
the shift key in, depressing either (but again, not both) of 
the other two function switches selects the corresponding 
totalize or time interval measurement. The other two avail 
able functions, ratio and self-check, are selected by placing 
both function keys out or in, respectively, in which case 
the state of the shift key is a "don't care." 

MAY 1986  HEWLETT-PACKARD JOURNAL 29  

© Copr. 1949-1998 Hewlett-Packard Co.



The next three switches on the HP 5314A's front panel 
are also multidimensional. For frequency measurements, 
for example, these switches determine the length of the 
gate time that the input signal is applied to the counter 
(and therefore, the resolution of the reading) and the input 
conditioning. (For inputs over 10 MHz, a divide-by-ten 
prescaler must be selected by pushing the 1 0Hz/N = 1 switch 
in.) For period measurements, however, these controls de 
termine the number of cycles that are averaged for a mea 
surement (i.e., the resolution of the reading). 

The remaining controls on the front panel are used for 
selecting additional signal conditioning, specifying the 
slope of the input signal, input attenuation, and level ad 
justments, and to select whether separate or common 
(single signal source) inputs are to be used for time interval 
measurements. 

It is apparent that the user is presented with a sometimes 
bewildering combination of choices in making any of the 
several measurements available with the HP 5314A. A 
major challenge in designing the interactive instrument 
window of the HP 61015A's soft front panel, therefore, was 
to simplify the counter's manual operation. While the 
specifications of the HP 61015A are very similar to the HP 
5314A (with the addition of autofrequency and autoperiod 
measurements), the user's perception of the instrument in 
manual mode is quite different. Since the HP 61015A's 
front panel is realized in software, much more flexibility 
was available to present only the controls that are necessary 
for making measurement choices. The user need not sort 
through and evaluate every control even if a particular 
parameter is not meaningful. All switches are clearly 
labeled and provide direct control over the indicated pa 
rameter. There are no multidimension switches whose 

Fig.  1.  HP 531 4A f ront  panel .  

meaning is determined by the state of other controls (i.e., 
there are no shift keys). 

To simplify measurement setup, the control states of the 
HP 61015A are remembered for each function. That is, the 
choices selected by the user for each function are indepen 
dent of the user's choices for the other functions. When 
switching between frequency and period measurements, 
for example, all previously made selections are reestab 
lished when the function is reinvoked and the user does 
not have to make the selections again. (Appropriate defaults 
are programmed the first time a function is selected). This 
feature is in addition to the state file initialization capability 
that is available within the soft front-panel design of PC 
Instruments products. 

The interactive instrument window display of the HP 
61015A for a 10-Hz-to-lO-MHz frequency measurement is 
shown in Fig. 2. The highlighted (dark) area of the function 
rotary switch indicates the selected function and this 
switch is visible to allow the user to select another function. 
The user views the other functions available by touching 
(on a touchscreen) or pointing to (with a mouse) either of 
the arrowhead icons to scroll the switch up or down. A 
new selection is made by indicating the selection box (area 
between arrowhead icons) of the switch. All controls used 
on the soft front panel are standard PC Instruments compo 
nents that operate in the same way on any of the PC Instru 
ments products. 

The controls and the measurement parameters they select 
are clearly marked and only meaningful choices are visible. 
The selected range of inputs in Fig. 2 is 10 Hz to 10 MHz 
(no prescaler) and the gate time selection of 1 s provides 
1-Hz resolution. If the 10-Hz-to-lOO-MHz range is selected, 
the interactive instrument window changes. In this range, 
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the prescaler is invoked and only two gate times are avail 
able (0.1 s for 10-Hz resolution and 1 s for 1-Hz resolution). 
This illustrates the "you see only what you can control" 
philosophy of the PC Instruments soft front-panel applica 
tion software. The autofrequency measurement (Fig. 3) is 
the most striking example of this minimum display 
philosophy as applied to the HP 61015A. 

The autofrequency/autoperiod measurements also illus 
trate another design advantage that members of the PC 
Instruments family have over some of their traditional in 
strument counterparts â€” the availability of microprocessors 
(both in the host personal computer and in the instrument 
modules) that allow ease-of-use features to be added for 
little or no additional cost. The traditional method for mak 
ing frequency measurements is to count pulses for a precise 
length of time (gate time) based on an internal time base. 
For example, an instrument might count 1000 pulses in 
one second and display 1000 Hz. The traditional method 
for making period measurements is to use the input signal 
to gate the internal time base oscillator. A 1000-Hz signal 
input toa universal counter with a 10-MHz time base would 
gate the time base for 0.001 s. The counter collects 10,000 
pulses and displays 1.0000 ms as the period. 

These methods have a significant disadvantage. In the 
frequency example, the measurement has a resolution of 
1 count in 1000 or 1000 ppin while the basic accuracy of 
the time base might be 10 ppm. The resolution of the mea 
surement, then, does not take advantage of the basic accu 
racy of the instrument. The period measurement is an order 
of magnitude better with a resolution of 1 count in 10,000 
or 100 ppm. In addition, the period measurement is three 
orders of magnitude faster. The period measurement can 
be improved even more at the expense of sample time by 

F i g .  2 .  H P  6 1 0 1 5 A  f r e q u e n c y  
measurement  sof t  f ront -panel  d is  
p lay  on host  personal  computer .  

cycle averaging. With cycle averaging, the time base can 
be gated for 1 , 10, 100, or 1000 cycles of the input to increase 
the overall resolution of the measurement. If the period of 
the 1000-Hz signal were to be measured with 100-cycle 
averaging, the 10-MHz time base would be gated for 0.1 s 
versus 0.001 s and 1.000000 ms would be displayed. The 
resolution is now two orders of magnitude greater than 
before and equal to the basic accuracy of the instrument. 

This is the basis for a technique known as reciprocal 
counting (see box, page 32). Since frequency and period 
are reciprocal functions, reciprocal counting makes a fre- 

Counter .81 

MUS:  Front  Pane l  Cont ro l  Mode 

Fig.  3.  HP 61015A sof t  f ront-panel  d isplay for  autofrequency 
measurement.  
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quency or period measurement based on getting the most 
resolution in a given time. The reciprocal of the measure 
ment is calculated if necessary to display the desired result. 
For example, suppose a reciprocal counter is set to measure 
frequency and the input signal is again 1000 Hz. The instru 
ment actually makes a period measurement with its inverse 
taken to display the resulting frequency. The entire process 
is transparent to the user and the greatest  resolution is 
always achieved in the minimum gate time. The crossover 
point between making a frequency measurement or a period 
measurement is determined by: 

c rossove r  

where tg = gate time, C = input cycles averaged, and fr 
= time base frequency (10 MHz). 

Programmed Operat ion 
The HP 5316A is a traditional HP-IB (IEEE 488/IEC 625) 

instrument that implements program codes based on two 
ASCII-coded command bytes, most of which are followed 
by a numeric value. Two commands, RE and IN, are avail 
able for resetting and/or initializing the HP 5316A. All other 
commands require a numeric value to specify the parameter 
to be programmed. For example, to set the function of the 
HP 5316A to frequency measurement, the user programs 
the command s t r ing FN1.  The HP 5316A includes  pre  
defined defaults (the frequency function is one) so that if 
the defaults can be used for all  measurements, only the 
function need be programmed. For many measurement 
problems, however, the defaults are not appropriate and 
commands must be used to set the other measurement pa 
rameters. Commands are available to set the gate time (GAn), 
the slope (ASn or BSn), and other measurement states. 

A typical command sequence to set  the HP 5316A to 
make single-period measurements (a new reading is taken 
after the counter is addressed to talk) with a short gate time 
(500 P.S to 30 ms, controlled by a front-panel knob) is 
FN7WA1GA1. The actual program statement used to output 
this command string to the counter depends on the control 
ler and language used (wrt720 for the HP 9825A Computer 
using HPL or OUTPUT 7,20; for Series 80 and HP 9000 Series 
200 Computers using BASIC). After the reading is taken, 
it is returned to the user's program as variable A in response 
to a red720,A or ENTER 7,20 statement, respectively. 

The PC Instruments syntax is designed to make instru 
ment programming more natural and consistent. Many of 
the commands are generic and execute identically for every 
instrument that responds to them. In addition, instrument 
specific commands are used for those parameters that apply 
to a  specif ic  instrument .  The GW" -BASIC commands 
needed to set the HP 61015A to take single-period measure 
ments with 10-cycle averaging are: 

C A L L  S E T . F U N C T I O N ( C o u n t e r . 0 1  . P E R I O D )  
C A L L  S E T . S A M P L E S ( C o u n t e r . 0 1 , R 1 0 )  
C A L L  D I S . I N T . T R I G G E R ( C o u n t e r . O I )  

The reading is made and returned to the user 's program 
with the statement CALL MEASURE(Counter.01,A). 

In addition to the individual instrument control state- 

Reciprocal Counting in Firmware 

Low cos t  was  a  ma jo r  d r i v ing  fo rce  i n  the  des ign  o f  t he  HP 
61 01 5A Counter for the PC Instruments product family, but recip 
roca l  coun t i ng  was  a  ve ry  des i rab le  f ea tu re .  The  HP  61015A  
Universa l  Counter  is  des igned around an LSI  un iversa l  counter  
1C and an 8049 microprocessor  cont ro l le r .  The cont ro l le r  se ts  
the funct ions and ranges of  the universal  counter  1C and reads 
the data f rom the 1C af ter  each measurement cycle.  

The counter  1C in  the  des ign represents  approx imate ly  30% 
of the electr ical parts cost of the HP 61015A and uses tradit ional 
me thods  f o r  bo th  f r equency  and  pe r i od  measu remen ts .  Mos t  
important, however, the counter chip cost less than 25% as much 
as a chip set  that  would implement rec iprocal  count ing d i rect ly .  
To have reciprocal counting and the lower-cost chip, an algorithm 
was developed by which the 8049 contro l ler  implements a rec ip 
rocal counter in f i rmware. 

The a lgor i thm is  set  up to  a l low a maximum gate t ime of  one 
second. This l imi t  keeps the maximum measurement t ime includ 
ing f i rmware overhead to  approx imate ly  1  .25 s .  The technique 
beg ins  by  set t ing  the counter  1C to  take a  0 .1  -s ,  100-MHz f re  
quency reading.  The resul t  o f  that  measurement  Â¡s e ight  BCD 
d ig i t s  wh ich  a re  he ld  in  memory  in  the  8049  con t ro l le r .  These  
d ig i ts  are analyzed to determine whether  a f requency or  per iod 
measuremen t  shou ld  be  made .  I f  a  pe r iod  measuremen t  i s  t o  
be made,  addi t ional  analys is  is  done to  determine what  degree 
o f  averag ing  (1 ,  10 ,  100,  o r  1000 cyc les)  shou ld  be  used.  The 
degree of averaging Â¡s l imited by the one-second gate t ime con 
straint .  In addit ion, i f  the algor i thm decides to make a frequency 
measurement, it Â¡s always a one-second gate time measurement. 

The 8049 controller sets up the counter 1C to take the measure 
ment that  has been decided upon and begins the measurement.  
Dur ing th is  measurement  a va lue is  s tored in  one of  the 8049's  
reg i s te rs  rep resen t i ng  the  t ype  o f  measuremen t  be ing  made .  
After the measurement cycle Â¡s finished, the firmware signals the 
personal computer control l ing the system that data Â¡s available. 
When  the  pe rsona l  compu te r  t akes  t he  measu remen t  da ta ,  i t  
a lso  takes  the  va lue  f rom the  type-o f -measurement  reg is te r  to  
construct  the proper d isplay.  I f  rec iprocat ing the resul t  is  neces 
sary,  i t  is  done in the personal  computer ,  not  in  the f i rmware.  

Let 's  look at  one example.  Take a 1000-Hz s ignal ,  connect  i t  
t o  the  i npu t  o f  t he  HP 61015A Un ive rsa l  Coun te r ,  and  se t  t he  
c o u n t e r  f o r  a u t o f r e q u e n c y .  T h e  c o u n t e r  w i l l  d e c i d e  t o  t a k e  a  
period measurement with 1 000-cycle averaging. The counter wil l  
col lect 1 0,000,000 pulses and set the measurement-type register 
to  ind ica te  tha t  a  1  000-cyc le  per iod  measurement  was  made.  
This automatic feature in the HP 61015A makes i t  the lowest-cost 
such counter  in  the HP product  l ine.  

Robert  V.  Mi l ler  
Development  Engineer  

New Jersey Div is ion 

ments, the PC Instruments syntax includes system-wide 
statements that are designed to increase productivity and 
ease of programming. Initializing is a good example in that 
it allows all instruments in the system or individual instru 
ments to be set to states contained in state files. The state 
ment CALL INITIALIZE.SYSTEM(FILENAME$) programs all of the 
instruments in the system to the states they were in when 
the state file was created or written to by the soft front-panel 
application. CALL INITIALIZE(Counter.01, FILENAMES) programs 
only the named instrument to the state it was in when the 
state file was created or last written to. 
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Salicide: Advanced Metal l izat ion for 
Submicrometer  VLSI  Circuits 
A sel f -a l igned t i tan ium suic ide process can be used to  
provide lower contact and interconnect resistances in VLSI 
circuits if one accounts for the effects of impurities, dopant 
redistr ibut ion,  phase format ion,  and grain growth.  

by  Jun  Amano 

TO ACHIEVE FURTHER ADVANCEMENT in VLSI 
circuit technology, higher packing density and im 
proved device performance are continuously re 

quired. One of the critical factors to consider in accomplish 
ing this goal in MOS devices is the reduction of parasitic 
effects such as source and drain series resistance and con 
tact resistance between the metallization and the junc 
tions.1 In addition, the gate sheet resistance must be re 
duced at least a few ohms/square to reduce the RC propa 
gation delay of a device. Therefore, the present use of 
polysilicon contacts and interconnect material with sheet 
resistances of 30 to 50 fi/n cannot satisfy future VLSI re 
quirements. It is clear that new materials for contacts and 
interconnect metallization must be used for advanced VLSI 
circuits. Some of the important characteristics for advanced 
metallization are: 

Low resistivity 
Low contact resistivity 
High-temperature stability 
Low lithographic requirements 
Compatibility with silicon and final metallization 
Above characteristics to be maintained during sub 
sequent high-temperature processing. 

Se l f -A l i gned  Su ic ide  (Sa l i c ide )  
Silicon reacts with many metals and forms binary alloys 

called suicides. The refractory metal (groups IV-A, V-A, 
and VI-A in the periodic table) suicides have metal-like 
characteristics with high-temperature stability. The very- 
low-resistivity suicides satisfy requirements for advanced 
VLSI metallization. Titanium disilicide (TiSi2) has the low 
est resistivity (13 microohm-cm) among the refractory 
metal suicides and a relatively high melting temperature 
(1330Â°C). Another desirable characteristic of titanium is 
that it can selectively react with silicon to form its suicide 
at a relatively low temperature (around 600Â°C). 

Using this selectivity, a self-aligned suicide (salicide) 
process has been developed2'3 as shown in Fig. 1. In this 
process, the gate, source, and drain of an MOS device are 
established first and the side walls of the polysilicon gate 
are covered by silicon dioxide to prevent suicide formation 
(Fig. la). After these processes, a thin film of titanium is 
deposited across the entire wafer and a low-temperature 
annealing cycle is conducted (Fig. Ib). During this anneal 
ing step, titanium suicide is formed only on the exposed 

silicon and polysilicon surfaces (e.g., the source, drain, and 
gate regions), thus aligning it with the desired areas. The 
unreacted or excess titanium layer is then etched away. A 
second annealing step is then performed to form the low-re 
sistivity TiSi2 layer on the source, drain, and gate regions 
(Fig. ic). 

This titanium suicide process produces not only low- 

n  P o l y s i l i c o n  

Titanium 

F ig .  1 .  C ross -sec t i on  d i ag rams  o f  s t eps  f o r  t i t an i um se l f -  
a l igned s i l ic ide (sal ic ide) process.  
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sheet-resistivity gate, source, and drain contacts, but also 
low-contact-resistivity junctions. There are no special 
lithographic requirements for the salicide process other 
than a standard MOS masking process to define the exposed 
silicon areas where the titanium suicide is desired. How 
ever, to implement the salicide process as a practical device 
fabrication process successfully, several critical material 
problems have to be considered in detail because of the 
highly reactive nature of titanium. 

Oxygen Redistr ibution 
The gas content in the refractory metal film and in the 

annealing ambient can have a pronounced effect on the 
suicide growth rate and, in some cases, on the sequence 
of phase formation. In particular, titanium is highly reactive 
with oxygen and capable of containing up to 30 atomic 
percent oxygen.4 The importance of understanding the role 
of oxygen in titanium suicide formation lies in the compe 
tition of oxygen and silicon for the available titanium. The 
evolution of oxygen depth profiles is studied by MeV 
helium ion backscattering (RBS), which provides a nonde 
structive composition analysis of the thin films, and is 
correlated with sheet resistivity changes for vacuum-an 
nealed titanium/silicon structures. 

In Fig. 2, oxygen depth profiles of the low-temperature 
annealed samples are shown together with the profile of 
the as-deposited sample. The horizontal axis is the channel 
number, which corresponds to the depth scale â€” around 
channel 170 and 95 are the titanium surface and titanium/ 
silicon interface positions, respectively. The vertical axis 
is the backscattering yield, which corresponds to the abso 
lute concentration of oxygen atoms in the films. At anneal 
ing temperatures of 350Â°C and below, most of the oxygen 
is found within 30 nm of the titanium surface. No changes 
in the total oxygen concentration are observed in those 
annealed samples and the as-deposited sample, indicating 
that oxygen is incorporated in the titanium films during 
deposition and storage in an air ambient. After a 450Â°C, 
20-minute heat treatment, the surface oxide has decom 
posed and oxygen has diffused uniformly throughout the 
titanium film. After this annealing step, the sheet resistivity 
of the titanium film increases to almost twice that of the 
as-deposited film. 

After annealing at higher temperatures where titanium 
suicide begins to form, the once uniformly distributed oxy 
gen is expelled (snowplowed) from the growing titanium 
suicide layer as shown in Fig. 3.5 The sheet resistivity of 
the layer also starts to decrease after titanium suicide for 
mation. Once the suicide thickness becomes large enough, 
its resistivity begins to dominate the combined sheet resis 
tance of the layers. After a 580Â°C, 150-minute annealing 
step, the sheet resistivity of the layer is about half that of 
the as-deposited layer. 

The redistribution of oxygen during titanium suicide for 
mation has several implications for 1C processing. The ex 
pulsion of oxygen from the growing suicide layer is appar 
ently connected with the low resistivity of the TiSi2 layer. 
This also implies a lower resistivity in reacted layered 
structures as compared to codeposited films in which the 
oxygen expulsion process may not take place. 

Dopant Redistribution 
In the salicide structure, titanium suicide is formed on 

highly doped n+ and p+ source and drain regions as well 
as on the polysilicon gate. For VLSI, the source and drain 
junction depths are very shallow (less than 0.25 /nm). There 
fore, it is essential to understand the dopant behavior dur 
ing high-temperature suicide formation so that reproduc 
ible dopant profiles can be established and low contact 
resistance can be obtained.6'7 The shallow n+ and p + 
junctions are fabricated by low-energy arsenic and boron- 
difluoride ion implantation and annealing. Titanium 
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Fig.  2 .  RBS spect ra of  oxygen prof i les  for  as-deposi ted and 
vacuum-annealed (at  225, 350, and 450Â°C) t i tanium/si l icon 
structures. 
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suicides are then formed under ultrahigh-vacuum anneal 
ing conditions. The redistribution of implanted arsenic 
during titanium suicide formation was investigated by 
RBS. Profiles of the boron and fluorine distributions were 
obtained by secondary ion mass spectroscopy (SIMS), 
which provides chemical analysis of the thin films with 
very high sensitivity. 

Fig. 4 shows the RBS spectra of arsenic profiles resulting 
from different titanium suicide formation temperatures 
(580Â°C to 800Â°C, 30 minutes in vacuum). After a 580Â°C 
anneal, the arsenic profile shows a distribution almost 
identical to the typical implanted range distribution of the 
as-deposited, nonannealed samples. However, after a 625Â°C 
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F i g .  3 .  R B S  s p e c t r a  o f  o x y g e n  p r o f i l e s  f o r  i s o t h e r m a l l y  
(58CPC) vacuum-annealed t i tanium/si l icon structures. 

anneal, the arsenic near the titanium and silicon interface 
is redistributed because of the titanium suicide formation 
and a second arsenic peak is observed at or near the surface 
because of the segregation of arsenic. The redistribution of 
arsenic extends farther into the silicon substrate after a 
675Â°C anneal. Two different titanium suicide compositions 
are observed by RBS at this annealing stage. After a 725 C 
anneal, the surface arsenic peak has almost disappeared, 
indicating a significant arsenic loss from the suicide layer 
during annealing. The complete conversion of the titanium 
layer into a single-composition (Ti:Si = 1:2) suicide is also 
observed at this annealing temperature. After an 800Â°C an 
neal, an additional loss of arsenic from the titanium suicide 
layer is observed and the maximum arsenic concentration 
in the silicon substrate is decreased by a factor of two 
compared to that of the as-deposited sample. The arsenic 
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Fig .  o f  t i t an ium d i f f rac t ion  pa t te rns  ob ta ined  f rom near  the  top  o f  the  t i tan ium and  t i tan ium 
suicide (b) on n+ silicon substrate after isochronal annealing in a vacuum, (a) 580Â°C. (b) 625Â°C. 

(c) 725 -C. (d) 800 Â°C. 
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loss mechanism from the titanium suicide layer consists 
of the diffusion and evaporation of the arsenic atoms to 
and from the surface during vacuum annealing. 

Fig. 5 shows boron, fluorine, and silicon profiles at dif 
ferent annealing temperatures as obtained by SIMS. The 
horizontal axis is the sputtering time, which corresponds 
to the depth scale (i.e., the surface is at the zero sputtering 
time). The vertical axis is a log scale of the secondary ion 
intensity, which corresponds to the relative concentration 
of the elements. A much broader distribution for boron 
compared to that of fluorine is observed in the as-deposited 
sample because of the very high diffusivity of ion-im 
planted boron in silicon. The fluorine distribution shows 
a typical double peak which is commonly observed for 
boron difluoride implanted and annealed samples. The in 
terface position between the silicon substrate and the 
titanium or titanium suicide layers is marked by the arrows 
in Fig. 5. As the annealing temperature is increased, the 
interface position moves deeper into the silicon substrate. 

0  5 0 0  n m  

Fig.  7.  TEM photomicrographs of  the TiSi2 layer af ter  anneal  
ing for 60 minutes at 900Â°C in a vacuum (top) and the si l icon 
substrate wi th the TiSi2 layer chemical ly  removed (bot tom).  

The redistribution kinetics of boron are quite different 
from those of arsenic. Boron redistribution occurs when 
the anneal temperature reaches 580Â°C. In addition, a step 
in the silicon signal near the surface indicates formation 
of the titanium suicide layer at this temperature. After a 
625Â°C anneal, the redistribution of the boron is almost com 
plete, and surface segregation is observed. On the other 
hand, fluorine appears to be retained in the titanium 
suicide layer. After annealing at 725Â°C, the maximum boron 
concentration in the silicon substrate is decreased by a 
factor of three compared to that of the as-deposited sample 
without any significant broadening of the boron profile in 
the silicon substrate. This indicates that some boron is also 
lost during the 725Â°C annealing. The near disappearance 
of the double fluorine peaks after annealing at 725Â°C and 
higher temperatures indicates a uniform distribution of 
fluorine in the titanium suicide layer. 

Phase Format ion and Grain Growth 
As described in the previous section, the titanium 

suicide is formed over very shallow junctions. Therefore, 
suicide phase formation and grain growth have to be well 
characterized to avoid junction leakage and shorts. Trans 
mission electron microscopy (TEM) is used to investigate 
the titanium suicide phases and grain structures. 

The electron diffraction patterns shown in Fig. 6 were 
obtained from the titanium and titanium suicide layers on 
n+ silicon substrates after annealing in vacuum for 30 
minutes at various temperatures (580Â°C to 800Â°C). The 
580Â°C annealed sample consists of TiO (cubic structure 
with a0 = 0.418 nm) on a thin suicide layer of either TiSi 
or Ti5Si3 phases. The suicide grain size is on the order of 
10 nm, accounting for the broad weak diffraction rings. 
The 675Â°C and 725Â°C annealed samples also exhibit the 
TiO surface layer. Besides the oxide diffraction rings, the 
diffraction patterns from these samples contain discrete 
diffraction spots arranged in discontinuous circles and the 
amount and relative intensity of the spots increases from 
675Â°C to 725Â°C. The microstructure of the 675Â°C annealed 
sample consists almost entirely of a heavily faulted suicide 
phase with about 100-nm grain size. This phase is proposed 
to be a metastable TiSi2 which has the C49 structure.8 The 
725Â°C annealed sample is found to be a mixture of the 
faulted phase and the defect-free, stable C54 TiSi2 phase. 

After annealing at 800Â°C, the diffraction pattern exhibits 
only the stable TiSi2 phase with a relatively large grain 
size of about one micrometer. The phase development ob 
served by electron diffraction provides good agreement 
with the composition changes observed by RBS. 

After prolonged annealing at 900Â°C, it is observed that 
the continuous titanium suicide layer transforms into a 
discontinuous structure. The formation of a discontinuous 
structure causes a drastic increase in the resistivity of the 
suicide layers. Fig. 7 shows TEM photomicrographs of a 
TiSi2 layer formed on p+ silicon after a 900Â°C, 60-minute 
anneal. The dark region in the top photomicrograph is the 
TiSi2 layer and shows that the layer is not continuous. The 
bright regions correspond to the exposed silicon substrate 
adjacent to the TiSi2 layer. Note that there are no dislocation 
loops observed in the bright silicon substrate regions. The 
bottom photomicrograph shows the silicon substrate after 
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the TiSi, layer is removed by chemical etching. The darker 
areas with many small dislocation loops caused by the 
implantation damage correspond to regions where the TiSi2 
layers are chemically etched off. These observations indi 
cate: 
â€¢ The interface of TiSi2 to Si is reasonably flat under the 

large-grain TiSi2 layer 
â€¢ A significant amount of silicon is diffused laterally into 

the TiSi2 grains from the adjacent areas 
â€¢ Some of the exposed silicon surface may be deeper than 

the underlying p+ junction. This phenomenon will 
cause high junction leakage and degradation of the junc 
tion's integrity. 
Some process limitations for the titanium suicide devices 

are apparent from the above investigation. The upper limit 
on subsequent processing temperatures and time cycles 
should be carefully evaluated to maintain device integrity. 

Additional details about the implementation of the 
titanium salicide process at Hewlett-Packard Laboratories 
are discussed in references 9 and 10. 
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