
VOLUME 11 El NUMBER 11 &elect-1'11M <c-¡ NOVEMBER 1974 

articles 

43 Spectral lines 

Donald Christiansen 

While the likelihood of a complex system failing catastrophically may be infinitesimal, 
false shutdowns may be unavoidable and costly 

Very safe systems pose dilemma 

44 Instrumentation I Looking ahead 

B. M. Oliver 

Optical fibers, and tunable coherent sources and filters at infrared and optical frequencies, 
may be key elements in future test equipment 

46 Instrumentation II 
The microprocessor: jack-of-all-trades 

Howard Falk 

Put it where you want it fie calibration, control, computation, concersion, decision-
making, test, or maintenance 

52 Instrumentation III What makes a good interface? 

Donald C. Loughry 

Flexibility, reasonable cost, and comparability are musts when interconnecting 
independently manufactured devices into a workable system 

58 Instrumentation IV Have instrument, will travel 

Don Mennie 

Whether the readout is analog, digital, CRT, or hard copy, now "portable" and 
"perfOrmance" som.-times come in the same package 

64 Instrumentation V Toward serviceability 

Roger Allan 

Built-in calibrating and self testing features are two ways of easing servicing. 
But digital circuits present unique problems 

69 Instrumentation VI 
What users like and dislike; need and can't get 

Ronald K. Jurgen 

Basic satisfáction with test equipment is tempered with a need jOr more sechecking, 
reliability, and human factors engineering 

departments 

8 Meetings 
18 Calendar 
22 Focal points 
25 News from Washington 
26 Energy report 
99 News from industry 
100 Regional news 
28 Inside IEEE 
34 Forum 

96 Scanning the issues 
102 IEEE tables of contents 
113 Future special issues 
116 IEEE Standards 
116 Special publications 
117 Educational aids 
118 Book reviews 
122 People 

123 In future issues 

Copyright © 1974 by 
THE INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS, INC. 

2 IEEE spectrum NOVEMBER 1974 



The most expensive part of a computer isn't the computer 
anymore. 

It's the people who work with it. 
So Data General is introducing a family of medium scale 

computers that cut down on the work people have to do. 
Eclipse. 
You won't have to clean up the mistakes this computer 

makes. Eclipse has automatic memory error correction. 
You won't have to rewrite complicated instructions every 

time you need them. Eclipse 's microprogrammed architecture 
includes a comprehensive new set of instructions so powerful 
they do the work of entire subroutines. 

You won't have to lose speed doing special subroutines 
with software. Eclipse has a Writeable Control Storage Unit that 
lets you keep them in the hardware. 

You won't have to use assembly language to make your 
programs go fast. Eclipse is so fast it can run high level languages 
at assembly language speeds. ( It has a bipolar memory cache 
that makes semiconductor memory a lot faster. Plus core and 
semiconductor memory interleaving for even more speed. 
And the fastest Floating Point Processor in the industry. ) 

And even though Eclipse is a brand new computer, you 
won't have to write a lot of systems software or jury-rig your 
peripherals. Eclipse is upwards compatible with the Nova line. 
So all the software and peripherals we've already made can go 
right to work on the Eclipse. 

Write for our brochure. And see how bright an Eclipse 
can be. 

DataGeneral 
The computer company you can understand. 

4. Data General Corporation, Southboro, Massachusetts 01772, I 6171485-9100. Data Gen of Canada Ltd., Hull, Quebec, J8Y3S6, 

Data General Europe, 116 Rue de la Tour. Paris 75016 France. Data General Australia, Melbourne ( 03182-1:361/Sydney I 02)908-1366. 
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We borrowed parts and ideas from Tektronix, Hewlett-Packard, Philips, Fluke, Biomation, 
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auto-calibrating instrument that users say they want. It even displays its own operating instruc-
tions, as depicted in the top half of the CRT. One user, viewing the cover drawing, told us, "To 
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The Heath/Schlumberger dual-trace SO-4510 
oscilloscope offers DC-15 MHz bandwidth, 1 mV 
sensitivity, post-deflection accelerated CRT, 
vertical amplifier delay lines & more at far less 
than you'd expect to pay. 

Post-deflection acceleration provides a brighter trace and faster 
writing speeds. Many input signals that wouldn't be visible on a 
mono-accelerated CRT are presented in a sharp, bright trace on 
the SO-4510. 

Trigger bandwidth is typically 45 MHz and is guaranteed to 30 

MHz. And there's no stability control needed with the digitally-
controlled triggering circuits. 

1 millivolt input sensitivity — over the full vertical bandwidth. 
And with a X10 probe, you can still read waveforms to 10 mV/cm, 
not the 50 or 100 mV/cm found on other scopes. 

Internal delay lines for the vertical amplifier allow start of the 
horizontal sweep prior to the beginning of the vertical signal, in-
suring that the complete waveform will be displayed. 

Easy-to-service design with all major circuitry on five circuit 
boards for easy trouble-shooting. Push-on connectors permit fast 
removal of any board. Even the CRT can be removed and replaced 
in a matter of minutes. 

The SO-4510 was designed and built by Heath — specialists in 
high performance, low cost instrumentation. Compare it with the 
competition — you won't find a better scope value anywhere. If 
you're looking for further savings, it is also available in the easy-
to-assemble kit-form 10-4510 for only $549.95*. 

Our latest catalogs 
describe a complete line of 
high performance, low cost 
instruments. Send for 
your free copies now. 

HEATH COMPANY 
Dept. 531-311 
Benton Harbor, Michigan 49022 

Please send the latest Heath/Schlumberger Instruments catalog. 

D Please send the 1975 Heathkit Catalog. 

HEATH 

Schlumberger 

Name  

Title  

Company/Institution  

Address  

City State  

*Mail order prices; F.O.B. factory 
Prices & specifications subject to change without notice. 

Zip 
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spectral lines 

Very safe systems pose dilemma 
When the likelihood of catastrophic failure of a complex 
system is infinitesimal, the problem of protecting that 
system from such a failure assumes quite a different 
complexion from that associated with "everyday" (high-
probability) failures. Such is the case with nuclear 
power plants, which, in the most authoritative study to 
date on the topic of accident risks in commercial nuclear 
plants,* are projected to yield risks of only one core melt 
accident per plant every 17 000 years. The consequences 
of a core melt accident depend on three factors: the 
amount of radioactivity released, the way it is dispersed 
due to prevailing weather conditions, and the number of 
people exposed. When these three factors in 4800 differ-
ent combinations were assessed for the U.S. in the afore-
mentioned study, the conclusions were: The probability 
of 100 or more fatalities is predicted to be about 1 in 
1 000 000; the largest calculated value was 2300 fatalities 
with a probability of about one in a billion. 

Nevertheless, despite the extreme unlikelihood of a 
specific fault occurring, the systems and safety engineers 
must provide instrumentation that will sense dangerous 
conditions and either provide an alarm to an operator or 
automatically trigger switchover to an alternate mode, 
including the possibility of emergency shutdown. The 
trouble with the former is that, considering the low 
probability that the fault in question has indeed oc-
curred, a human operator may react to an alarm signal 
in disbelief, "freezing" while mulling over the strong 
probability that the signal may be false. On the other 
hand, the signal may be false, and permitting it to 
trigger a plant shutdown automatically could be eco-
nomically disastrous or might even ( if the power net 
back-up should prove insufficient) create serious hazards 
for blacked-out consumers. 
This dilemma can apply not only to nuclear plants, 

but to large chemical plants. One notices a trend to larg-
er plants, plants operating under more rigorous physical 
conditions, and plants dealing with more dangerous ma-
terials. An engineer for Imperial Chemical Industries, 
Ltd., observed that such trends mean that, in the event 
of a mishap, there is more energy to be released, more 
costly plant equipment that might be damaged, greater 
possible loss of production and/or materials, and the 
safety of the plant operators is at greater risk. 
A technique that is simplistic in concept, if not in ap-

plication, to combat the described dilemma is based on 
majority voting. In the ideal application of this tech-
nique, each critical process variable would be monitored 
by, say, three independent fault condition sensors. Any 
two, or all three, calling for a shutdown would cause ac-

* An Assessment of Accident Risks in Commercial Nuclear Power Plants 
(Wash-1400). commissioned by the U.S. Atomic Energy Commission and 
now circulating in draft form. 

tuation of the shutdown system; one would not. Refine-
ments and elaborations of the technique are possible in 
which the majority voting is iterated, and in which sig-
nal lines leading from the sensors are brought to the vot-
ing equipment by different routes. 
The application of majority voting to a complex, haz-

ardous process is itself complex—and costly besides. 
Nevertheless, its use may provide not only a safer sys-
tem, but one that is cheaper to operate because it is not 
shut down on false signals. On the other hand, there are 
reasons for resistance to the use of such high-integrity 
protective systems. The rationale goes like this: Because 
the primary unwanted hazardous events are extremely 
unlikely, nominal precautions are adequate. Further-
more, the design and installation of complex safety sys-
tems may be viewed by segments of the general popula-
tion as an overt admission that serious hazards do exist. 
Management, sensitive to the possibility of stirring up 
consumer advocates in areas that managers themselves 
deem of little consequence, may foster secrecy or insti-
tute public relations programs of a defensive nature, or, 
more commendably, companies or entire industries may 
embark upon comprehensive ( if costly) educational pro-
grams aimed at the general public. 
Among proponents of these options and others, how-

ever, those supporting the view that the public cannot 
comprehend the complexities of nuclear and other po-
tentially hazardous plants may be unknowingly propa-
gating insidious side effects. They could, for example, 
engender an environment of secrecy among those engi-
neers and technologists who are directly concerned with 
designing the protective systems. This could deter the 
interchange of valuable ideas among companies and 
from one industry to another. 
A recent positive event was a conference sponsored by 

the Engineering Foundation on the topic of "Process de-
sign, operation, and control for safety and reliability." 
Participants included both those concerned with nuclear 
power plants and those concerned with hazardous chem-
ical processing plants. The open interchange of philoso-
phies and experiences among systems designers, reliabil-
ity experts, managers, and insurance company and Gov-
ernment agency representatives was profitable, enlight-
ening, and reassuring. One would hope that this type of 
meeting would be repeated, and that complete proceed-
ings would be published promptly, their availability 
properly advertised. Surely there are arguments for care-
ful editing of such a proceedings to excise ill-considered 
and/or ill-phrased sentiments. But advice that such 
meetings be "closed," and that proceedings not be pub-
lished on the grounds that biased interests might excerpt 
self-serving portions for out-of-context dissemination 
seems self-defeating. Donald Christiansen, Editor 
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Special report 

Instrumentation '74 

A close look at the state of the art in test 
equipment reveals lots of progress, some 
problem areas, and the potentiál for exciting 
new measurement capabilities in future years 
through advances in technology and design. 
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 Instrumentation I   

Looking ahead 

Optical fibers, and tunable coherent sources and filters at infra-
red and optical frequencies, may key the future in test equipment 

Every once in a while I am asked to dust off my crys-
tal ball (single-crystal, of course) and discourse on the 
future of instrumentation, or what the Hewlett-Pack-
ard 1984 catalogue will offer. I always approach such 
an assignment with a great deal of trepidation be-
cause I am acutely aware of my limitations as a 
prophet and of the many unforeseeable discoveries 
that have occurred during my lifetime, that continue 
to occur, and that profoundly affect the course of our 
technology. But such excuses rarely dissuade my peti-
tioners and so, at the risk of exposing myself to future 
ridicule, here are a few thoughts on what may lie 
ahead. But first let me back up a few decades and get 
a running start. 

It is perhaps a truism to remark that electronic in-
strumentation exists in symbiosis with its market. 
The instrument maker must be sensitive to new re-
search directions requiring new measurements. But 
these are generally the result of new discoveries that 
in themselves provide the techniques for building the 
new and better instruments that are needed. Thus, 
the destinies of the instrument maker are inextricably 
intertwined with those of the whole of today's tech-
nology. We grow as it grows and we contribute the 
tools for that growth. 

Instrumentation's three revolutions 

Since World War II, electronic instrumentation, to-
gether with the industry generally, has been through 

B. M. Oliver Hewlett-Packard Company 

two revolutions, and is presently in the middle of a 
third. Roughly speaking, the fifties marked the tran-
sition from vacuum tubes to transistors, the sixties 
from transistors to integrated circuits, and the pres-
ent decade from integrated circuits to large-scale in-
tegration. The first two revolutions have completely 
changed instrumentation; the third will do so again. 
At first, the advent of the transistor seemed merely 

to require the redesign of existing instruments to 
achieve the improved performance, compactness, and 
reliability promised by the transistor. But it soon be-
came evident, as transistor prices dropped, that the 
instrument price was no longer dominated by the 
number of active devices. New functions, new perfor-
mance levels, new user convenience could economi-
cally be added with only one or two dozen more tran-
sistors. 
With the advent of ICs, this latter trend became a 

stampede. Subassemblies that were formerly consid-
ered to be whole instruments became only minor 
parts of what were really integrated measuring sys-
tems. 
The availability in a small space at low cost of hun-

dreds of active elements opened the door to new de-
sign approaches. Active filters, A to D converters, 
digital filters, and the digital synthesis of frequencies 
became economical techniques and extended the dy-
namic range and precision of measurement. 

Simultaneously, the appearance of the minicompu-
ter made it practical to tie together into automatic 
measuring systems these more sophisticated instru-
ments, each designed to accept digital programming 
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commands and to deliver digital data. Such systems, 
by eliminating high labor costs and human error, 
have revolutionized the production testing of every-
thing from individual components to complete air-
craft. 

In addition, the computer coupled to D to A and 
A to D converters and to suitable displays has become 
an instrument in itself. Fourier transforms, auto- and 
cross-correlation of analog signals, power spectra, 
complex plane loci, once the province of the erudite 
academician, are now routinely measured by the 
structural engineer and the geophysicist. Pseudoran-
dom noise tests made on equipment while in actual 
operation are no longer an intellectual speculation; 
they have become an essential technique for monitor-
ing complex systems and automated processes. 
Where do we go from here? Where will the LSI rev-

olution take us? Certainly the past and present trend 

toward increased sophistication' in instruments will 
continue, but probably with a new twist. Nowhere in 
the whole field of electronics has LSI had a greater 
impact than on the central processor of a computer or 
calculator. What cost tens of thousands of dollars in 
1960, consumed kilowatts, occupied a full relay rack 
or more, and occasionally worked, now costs a few 
dollars, consumes milliwatts, resides on the outer few 
microns of a 5-mm-square silicon chip, and rarely 
fails. The cost of a modern computer or calculator is 
almost entirely in its bulk memory and input-output 
(I/O) devices. 

Internally programmable instruments 

But in an instrument most of the I/O devices need-
ed are already present, and not much memory is 
needed to execute the relatively simple programs re-
quired to take a series of measurements. Thus, it ap-
pears likely that many future instruments will no 
longer be programmable only by an external comput-
er. Rather they will have their own computer right in-

side. 
The bewildering array of controls needed on some 

instruments appalls both the maker and the user. 
How much simpler and more convenient to enter all 

frequencies, gains, and other settings via a single key-
board as we now enter numbers in a calculator. Add a 
little memory and the device can carry out sequential 
measurements; then alter its internal configuration 
and make a different set of tests. Finally, internal 
programs can easily be recorded on magnetic cards 
for future use as is now done in desk-top and hand-
held calculators. The day may not be far off when 
most of the instrument-user interaction will occur in 

natural languages. 
Although a keyboard is an effective input device for 

an instrument, purely numeric readouts leave much 
to be desired. Alphanumeric displays add the possi-
bility of greatly improved interaction through error 
messages, reminders to make certain initial tests or 

follow certain sequences, and through the display of 
the proper units. At present, alphanumeric displays 
are rather costly and limited in type font. For graphic 
and complex displays, we still must rely on the CRT 
with its attendant high voltage supplies, analog am-
plifiers, and other expensive circuitry. A low-cost re-
placement for the CRT would be a major break-
through. 

The optical-fiber data bus 

While digital readouts are often used where old-
fashioned analog readouts are much more convenient 
—watches, for example (I don't want to know that 
the time is 19:43, I want to know how long before the 
big hand points straight up), and voltmeters (just try 
to tune up an IF strip sometime, using an auto-rang-
ing digital voltmeter)—there is no doubt that digital 
data is the natural language for intercommunication 
among instruments. This being so, the development 
of low-loss optical fibers may be very significant for 
the future of extended instrument systems and auto-
matic process control. Developed for long-distance 
wide-band communication purposes, these tiny fibers, 
having only a few dB loss per kilometer, appear now 
to be the ideal data bus. They offer 100-MHz band-
widths, immunity from ground currents and induced 
interference, and complete independence from the 
logic levels used at either end. 
Tunable coherent sources are beginning to appear 

in the infrared and optical parts of the spectrum. 
Tunable filters will soon be available; optical mixers 
already exist. It is quite possible that over the next 
decade or two instrumentation will cover this part of 
the spectrum as comprehensively as it now covers the 
microwave range. Whether this happens or not will 
depend primarily on the market demand, for instru-
mentation in the future, as in the past, will respond to 
new needs as they arise. 

Bernard M. Oliver ( F) has been vice president of re-
search and development for Hewlett-Packard since 
1957. He joined the company in 1952 as director of 
research after 12 years with Bell Telephone Labora-
tories where he worked on the development of auto-
matic tracking radar, television transmission, infor-
mation theory, and efficient coding systems. Dr. Ol-
iver holds more than 50 patents in electronics and 
has written numerous technical articles. He was a 
Vice President of IEEE in 1963 and served as Presi-
dent in 1965. 
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Instrumentation II 

The microprocessor: 
jack-of-all-trades 

It's used for calibration, control, computation, 
conversion, decision-making, test, and maintenance 

William G. Smith, an engineering manager at Hew-
lett-Packard, Loveland, Colo., says he can't think of 
one new instrument design in his shop that doesn't in-
clude a microprocessor. His civil engineering equip-
ment group was among the first to start imbedding 
chip-sized computers in instruments. But, his experi-
ence is no longer an unusual one, for many new in-
struments built around microprocessors are beginning 
to appear on the marketplace. Engineers familiar 
with products now on the drawing boards seem to 
agree that the next two years will see a great outpour-
ing of new, microprocessor-based instruments. 
Reasons for this development are not hard to find. 

For one thing, microprocessors can fill applications 
where minicomputers may be too expensive. But, mi-
croprocessors are not just cheaper—if slower—substi-
tutes for minicomputers. The most dramatic advance 
is that microprocessors, in the form of integrated cir-
cuit packages, are being mounted on circuit boards 
and incorporated—almost invisibly—into the instru-
ment packages themselves. 
While surveying the design of a dozen existing mi-

croprocessor-based instruments, this writer was im-
pressed by the variety of instrument functions that 
seem to lend themselves to microprocessor implemen-
tation. This article examines some of these functions, 
using various features of existing instruments as ex-
amples. 

Before we elaborate upon these functions a few 
words need to be said about general design consider-
ations for microprocessor-based instruments. 

A whole new ball game 

As microprocessors become imbedded in more and 
more instruments, it is clear that users and manufac-
turers alike will have to adjust to a whole new instru-
ment ball game. 

Certainly, coping with software is a new experience 
for many instrument design engineers and users. But 
this is only the beginning. With the advent of micro-
processors, more instruments than ever can be ex-
pected to move toward essentially digital operation. 

Several manufacturers and users are already pressing 
for the development of more sensors and transducers 
with digital outputs. Unfortunately, relatively few us-
able digital sensing devices are, as yet, available. 
There are also some very pleasant changes to which 
designers can look forward. For example, once a mi-
croprocessor-based instrument design is completed, 

Howard Falk Senior Associate Editor 

the turnaround time for innovative changes and re-
designs can be very fast. 
When product planning people ask for a new fea-

ture to be added to an instrument—provided that 
feature can be handled by software—the engineering 
department can quickly put together a prototype for 
hands-on evaluation by their marketing group, and 
then quickly revise the design as needed. This can 
lead to more rapid and close-fitting agreement be-
tween marketing and engineering, with designs being 
more quickly and readily accepted for production. 
However, there do seem to be some instrument 

problems that microprocessors may not be able to 
solve. As William Walker, Engineering Group V.P. at 
Tektronix Inc. points out, it is one thing to collect in-
formation and process it, but physical manipulation 
of instrument controls can sometimes be a difficult 
problem for the microprocessor. 
Another current limitation on the development of 

microprocessor-based instruments is that the design-
ers are not always well-equipped to do the job. Gener-
ally, the available designers are either hardware peo-
ple, or software people, or pure instrument people. 
What seems to be needed is a combination of all 
three skills. 

Despite such limitations, microprocessors do seem 
to be the instrument wave of the future, and the ways 
they are proving most important to new instrument 
designs may not always be obvious. 

Microprocessors compensate and calibrate 

One key—and somewhat unexpected— by-product 
of microprocessor use in instruments, is the rapid 
spread of automatic calibration techniques. With a 
microprocessor, calibration can be fast, convenient, 
and often more accurate than by manual techniques. 
Compensation and calibration problems can also be 

approached in new ways. Parameters that change 
with shifting conditions of operation can be moni-
tored by the processor. Then, instead of trying to 
compensate by controlling these operating conditions, 
or by shifting circuit parameters within the instru-
ment, the output readings of the instrument can be 
directly compensated using correction values comput-
ed by the processor. 

For example, several microprocessor-based instru-
ments now in development use transistor amplifiers 
whose output is temperature-dependent. Instead of 
trying to compensate the circuitry for temperature 
changes, the processor can simply monitor ambient 
temperature and calculate compensation factors as 
needed. A similar approach is used in a cable-length 
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test set at Bell Telephone Laboratories (Holmdel, 
N.J.). Here, a microprocessor monitors the frequency 
of a test oscillator and compares it to a calibration 
frequency. Deviations from the calibrated value are 
used to calculate the correct test-set readings. 
A third example of computed output reading ad-

justments is provided by an electronic distance mea-
suring instrument. This type of equipment was, in 
the past, corrected for changes in the atmospheric 
index of refraction by shifting the instrument's oscil-
lator frequency. The HP-3805 electronic distance 
meter (Hewlett-Packard Co., Loveland, Colo.) now 
uses a constant-frequency oscillator. This micropro-
cessor-based instrument computes corrected distance 
readings based on current atmospheric conditions en-
tered into the front panel by the operator. 
Automatic zero compensation is important in sys-

tems such as those for weighing. The zero-location 
output level in an electronic scale may be affected by 
temperature and line voltage, as well as such factors 
as dirt and moisture accumulating on the weighing 
platform. 
The objective of zero compensation is to find a 

number (corresponding to a strain transducer output 
level) that will result in a display of zero, when no 
object to be weighed is on the weighing platform. In 
microprocessor-based automatic zero compensation 
systems, such as those used at the Toledo Scale di-
vision of Reliance Electric (Toledo, Ohio), the num-
ber used as a zero reference is continuously monitored 
by the processor. If this number changes—within pre-
determined limits—when no object is on the plat-

A plea for open-ended instruments 

Some sophisticated instrument users—like Raymond 
Dessy of Virginia Polytechnic- Institute and State 
University—feel that microcomputer-based instru-
ments should provide users with a way to alter the 
built-in programs. Prof. Dessy complains that some 
instrument manufacturers won't even tell their users 
what language they use to program their built-in pro-
cessors. 
He praises Edax International for an instrument 

design ( its X-ray fluorescence machine) in which 
plug-in slots for programmable read-only memory 
(PROM) cards are made available to the user, along 
with unused push buttons on the control panel. These 
buttons can be used to direct the instrument's mi-
croprocessor to the available PROM locations. Thus, 
the user can generate his own programs, record 
them on PROMs, and use them via the front panel 
push buttons, and he has an open-ended instrument 
he can shape to his own special needs. After all, 
Dessy points out, any one manufacturer can't possi-
bly think of all the application programs an instru-
ment user might want. Even if the data acquisition 
portion of an instrument can be standardized, users 
vary widely in what they want to do with acquired 
data, how they want to format it. what correction 
factors they need, etc. 
One of the beauties of the microprocessor-based 

instrument is that these things can be programmed. 
If the instrument manufacturer takes the narrow 

view that his main benefit from the use of the micro-
processors is to cut his development and production 
costs, he is missing out on an important user benefit: 
open-ended instrument capabilities. 

form, these changes are compensated for by the mi-
croprocessor program. With this arrangement, a series 
of successive weighings could each conceivably be re-
ferred to a different zero level, depending on the zero-
balance condition before the weighing. 

In a similar manner, a microprocessor is used to 
zero-calibrate torque readings for threaded fasteners 
used in automobile assembly. In a system developed 
by PCS, Inc. ( Flint, Michigan), the peak torque value 
is taken as each fastener is tightened into place. The 
computer reads the zero-offset and shunt calibration 
from the tool transducer, and true torque is then 
computed from the raw data. 
Temperature-effect corrections are central design 

features in many kinds of instrumentation. With im-
proved corrections, manufacturers can specify instru-
ments over wider temperature ranges and, in some 
cases, improve the accuracy specifications of existing 
instruments. 
Automatic analog temperature compensation has 

been available for some time, but the analog compen-
sation devices tend to be complex and dependent on 
the level of the measured parameter as well as the 
temperature. Compensation of a variety of instrument 
levels and ranges by analog techniques is often im-
practical because of the difficulties involved in chang-
ing analog constants. In contrast, microprocessor cal-
culation of a great variety of temperature corrections 
is a relatively simple matter, when stored tables of 
coefficients can be plugged into compensation formu-
las. 

Calibrating large instruments 

Some large, complex instruments are very difficult 
to calibrate. For example, it may take a technician as 
long as three hours to calibrate an instrument for 
measuring nuclear magnetic resonance. While instru-
ment manufacturers could not justify the cost of in-
stalling minicomputers to calibrate such instruments, 
microprocessors now make this practical. The major 
calibration problem is that a sequence of adjustments 
must be reiterated in an attempt to make readings 
converge. When the sequence is long, the technician 
may have difficulty determining whether or not the 
readings are actually converging. 
This is a situation that can be handled effectively 

with computer programs. Calculated results can cue 
the technician on whether he is going in the right di-
rection, and could remind him of the best sequence of 
adjustments. Taking it a step further, the programs 
could be arranged so that the instrument operator 
turns on the calibration procedure when he leaves the 
laboratory at night. Then, when he returns in the 
morning, the operator would find his instrument 
ready to go, with optimum performance. 

At the instrument control center 

Our discussion of calibration and compensation 

techniques may give the impression that microproces-
sors are added gadgets used to embellish instrument 
designs. In fact, they are finding their way into the 
very center of instrument systems, and microproces-
sors can allow users unprecedented control over these 
systems. For instance, control over the conditions 
under which data is to be automatically collected can 
be very detailed. When a voltage reaches a certain 
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level, or a count reaches a preset total, the micropro-
cessor can cause the measurement to be taken, can 
store the measured value, and can wait for the same 
conditions to occur once more. Such detailed control 
would normally be impossible with manual instru-
ment systems. In many cases, microprocessors can re-
place all the control functions formerly performed by 
hardwired logic and, at the same or an even lower cost, 
offer added computation capability. 
As an example of overall instrument system control, 

consider the microprocessor program flow-diagram 
shown in Fig. 1. This program is used to control a Bell 
Laboratories cable-length test set; it carries out a com-
plete, calibrated production test of an installed back-
board cable. 

i11 In this automatic cable-length test procedure, the cable 

is placed in the feed-back path of a digital oscillator. The 

longer the cable, the lower the natural frequency of the os-
cillator will be. One oscillator ( E) is used for non- inverting 

twisted- pair cables: another ( 0) is used for inverting 

twisted- pair cables. A test loop containing a delay line is 

used for compensation. All necessary calculations are per-

formed by the microprocessor. 

Subroutines used 
in main program 

Binary to binary- <---
coded decimal (BCD) -> 

BCD addition 

BCD subtraction < 

BCD multiply 

BCD division 

BCD to seven 
segment display 

Blank al readouts 

I O count both high or low 

Start 

J 
Blank all readouts 

Ask for E 
calibration 

Wait and calibrate 
E when ready 

Ask for 0 
calibration 

Wait and calibrate 
0 when ready 

Calibrate 
test loop 

Read E, 0 
and test 

Test drift 
too much? 

Yes 

UN() 
Pick E or 0 

One valid reading 

First valid 
readout? 

No 
Correct drift 
with test 

J 
Calculate length 

Decode, suppress 
leading zeros, 

and readout length 

When an instrumentation system is switched on, or 
restarted after a power interruption, a number of ini-
tial actions may be necessary. Active devices and 
timing circuits may need to be reset to their normal 
starting states, as do alarm indicators, and peripheral 
devices. With a microprocessor in the system, these 
actions can readily be taken care of by a power-on in-
itialization program that controls and checks all need-
ed functions. 

Read-only memories (ROMs), used in conjunction 
with microprocessors, are opening up some new in-
strument control capabilities. By plugging in a par-
ticular ROM, the user can enter control parameters 
that might otherwise require him to set a large num-
ber of potentiometers and switches. 
This arrangement is not as flexible as manual con-

trol. For example, with ten switches on an instrument 
panel, the user has many different combinations to 
choose from, and equal flexibility would require a 
very large number of ROMs. However, there are usu-
ally only a few combinations of settings that will be 
truly significant to the instrument user. Programma-
ble ROMs (PROMs) provide even greater customizing 
capabilities. With these, the user can try out and im-
plement his own instrument control arrangements, 
and the manufacturer can supply custom-selected in-
strument features. 

In the Digitrend 220 data acquisition system (Doric 
Scientific Corp., San Diego, Calif.), a "configuration 
PROM" helps supply each instrument user with the 
specific feature he orders. Many different functions 
and features may be incorporated in this instrument 
by "burning" the proper bit-patterns into the PROM, 
and adding appropriate hardware if needed. Among 
the options controlled by this PROM are: selection of 
60- or 50-Hz time base, programming of various data-
input groupings, and .alarm settings. Optional fea-
tures available via the PROM include: autoranging, 
self-testing, symbol (as well as numeral) indication, 
decimal (rather than binary) control, automatic conti-
nuity-break detection, and a built-in clock and cal-
endar. In addition, PROM-controlled functions allow 
the use of special scaling factors, computed lineariza-
tion of measured quantities, and entry of fixed format 
data. 

Microprocessors are well-equipped to manage such 
functions as automatic range selection in instru-
ments, provided that the quality being measured is 
presented in digital form. For example, the Digitrend 
220 system has four dc ranges from 10 mV to 10 volts. 
Range decisions are made on the basis of counts from 
the analog-to-digital (A/D) converter circuits. In the 
autoranging mode of operation, the first measurement 
is always made on the 1-volt range. The A/D count is 
taken, with range-change decisions—up or down— 
being made at 256, 2560, and 25 600 counts. In this in-
strument, the penalty for autoranging is a 2:1 loss of 
operating speed. 

Control loops for slowly varying processes are diffi-
cult to implement with analog components, yet such 
loops are common in applications of process control 
instruments. With digital techniques, very long time 
constants can be easily implemented. For example, in 
a Hewlett-Packard microprocessor-based gas chro-
matograph, many slow feedback loops are controlled 
by software. Formerly, separate hardware was used 
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for each loop, but now a single feedback routine—re-
quiring about 50 words of memory—takes care of all 
of the loops under microprocessor control, and han-
dles nonlinearities as well. 

Microprocessors also offer the instrument designer 
an opportunity to make convenient use of the periph-
eral devices commonly associated with computer sys-
tems. With magnetic tape cassettes and floppy disk 
memories in the instrument package, the processor 
can be programmed to store large quantities of data 
for future use. The processor can also be used to keep 
records of the stored data, and to retrieve it conve-
niently. 

Plotting devices, paper tape readers and punches, 
teletypes, and other keyboard devices can be inter-
faced to the microprocessor to make instrument sys-
tems more flexible and powerful. 

In the H-P gas chromatograph, a microprocessor 
drives a printer-plotter, and software is used to per-
form all the necessary interface housekeeping, such as 
telling the peripheral device when to print a line or 
when to continue a line. By communicating with the 
printer-plotter only 80 times a second, the processor 
is able to control its operation. 

Special-purpose instrument controls are relatively 

easy to implement in microprocessor-based instru-
ments. These can allow extensive use of processor 
capabilities without requiring the user to use pro-
gram-language instructions. Thus, the instrument 
panel shown in Fig. 2 allows the user to perform any 
of a number of mathematical operations on displayed 
data by simply pressing the appropriate push button. 
Selection of desired peripheral devices is also push-
button controlled. 

Making logical decisions 

One of the principal features of the microprocessor-
based instrument is often its ability to make logical 
decisions based on incoming data. Electronic weigh-
ing provides several examples of ways that micropro-
cessor logical decision-making capabilities can be put 
to use in instrument systems. 

After an object is placed on the platform of an elec-
tronic scale, and the weighing process is underway, 
the machine has to decide when the reading has set-
tled to its final value. Here, the microprocessor must 
decide whether the incoming weight-data is varying 
significantly, or whether the variation is only random. 
One of the legal requirements for weighing is that 

indications presented by a publicly used scale should 
always be accurate, within the tolerance limits of the 
instrument. The high-resolution data that comes di-
rectly from the strain transducers used in electronic 
scales forms a band of values, which has to be re-
solved into a single, correct value for display. By ex-
amining this data, microprocessor programs can use 
logical criteria to select the best display value. 
A number of limits on overweight scale readings 

have been set by various local governments. One typi-
cal requirement is that a scale rated for 6 pounds 
maximum has to blank out if a 02-pound object is 
placed on it. Similar requirements apply to value (the 
product of weight and unit price), which may be lim-
ited for both maximum and minimum readings. 
These limits can now be monitored and controlled in 
a flexible manner by microprocessor programs. 

In electronic distance measuring instruments, there 
is a beam-break problem. The beam radiated by the 
instrument, and reflected back to it, may cross a 
highway or a city street, so people, cars, even birds 
can break the beam. When this happens, the instru-
ment should be able to detect the fact that a break 
has occurred, put current readings in storage, and 
smoothly resume operation when the beam is reestab-
lished. 

In the microprocessor-based Hewlett-Packard dis-
tance instrument, break detection logic is implement-
ed by a computer program. The instrument designers 
considered putting this function into hardwired logic, 
but found that, in addition to the cost of the added 
circuitry, its power consumption required would 
strain the power budget for this portable instrument. 
Some of the versatility that microprocessor-based 

logical decision-making can give to an instrument is 
illustrated by applications of a system that uses digi-
tal line-scanning cameras, controlled by a micropro-
cessor (Reticon Corp., Mountain View, Calif.) 
Plywood grade—A, B, or C—is, for example, deter-

mined by counting the number of knots that appear 
on a 4- x 8-foot sheet, and noting the total area of the 

121 These push buttons control a microprocessor- based in-

strument for X-ray fluorescence spectroscopy. Both periph-

eral functions, such as tape storage or plotting, and mathe-

matical functions, such as data- smoothing, are available in 
push-button form. 
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knots. This was formally done by an operator who 
counted and estimated, and then manually stamped 
the sheet. With microprocessor control, and a camera 
containing an array of photodiodes, the grading is 
now performed automatically. 

In another application, silhouettes of logs in a 
sawmill are monitored by two, perpendicular photo-
diode-array cameras. Data from the images of the logs 
are then fed into the microprocessor, where a pro-
gram decides where the first saw-cut should be made 
and how the log can be divided into various lumber 
sizes to obtain optimum yield. In a third application, 
o-rings on a conveyor belt pass a photodiode-array 
camera. Here, the microprocessor programs analyze 
the patterns of light and dark—corresponding to con-
veyor belt and o-ring material—to locate and measure 
inner and outer o-ring diameters. 

In instruments like the H-P gas chromatograph, 
component parts of wildly complex graphical data 
must be interpreted. Areas and peaks of the data 
must be identified and sorted out. One peak must be 
separated from another and odd-shaped areas broken 
up for most efficient computation. All these decisions 
are now made, based on detailed logical criteria, by 
microprocessor programs stored in semiconductor 
memory (ROMs) inside the instrument. 

Computation, complex but not too fast 

In addition to logical decision-making, the analysis 
of data from instruments like gas chromatographs, 
and X-ray fluorescence spectrometers, requires a 
number of mathematical and statistical computa-
tions. For example, the Edax 707B analyzer (Edax In-
ternational, Inc., Prairie View, Ill.) includes a micro-
processor program that removes background informa-
tion from X-ray spectra. The same program also re-
moves data peaks that fail to meet a statistical, 95-
percent confidence test. A proprietary digital fre-
quency-filtering technique performs these functions. 
The program is quite complex and lengthy, taking 120 
seconds to execute, according to the manufacturer. 
Along with this background subtract program, the 

Edax instrument offers the user programs that sub-
tract, or "strip," stored standard spectra from the 
spectra that are measured, while other programs scale 
the spectra so that peaks will overlap during this 
stripping process. 
The microprocessor programs also allow the user to 

smooth his data, using a five-point least-squares pro-
gram, so as to emphasize the smaller spectrum peaks. 
Using a "window" program, the user can integrate the 
peak data to get more accurate estimates. 

A technique called liquid chromatography has re-
cently become important in medical analysis—for in-
stance, in getting fast diagnosis of drug overdoses. In 
liquid chromatography data from many spectrum 
scans is fed into an ensemble average that allows ac-
curate analysis of traée components in the materials 
being tested. 
At Virginia Polytechnic Institute and State Univer-

sity (Blacksburg, Va.), Raymond Dessy and his col-
leagues are using a microprocessor to do ensemble aver-
aging at a rate of about 10 spectra per second. Their 
programs also monitor specific wave lengths, and col-
lect absorption data, as a function of time, for those 
wavelengths. 

An instrument-oriented microprocessor. 

Many microprocessors tend to be 4-bit and 8-bit ori-
ented because they grew out of calculator, point-of-
sale terminal, and communications applications. The 
Intel, Rockwell, and Motorola machines, for exam-
ple, all smack of the communications, calculator en-
vironment. They usually have character-oriented in-
struction sets, nice for handling numbers and letters. 
Some have binary-coded decimal characters, very 
appropriate for point-of-sale and calculator applica-
tions. After all, these are the areas where most of 
the sales are, right now, for microprocessor chips. 

However, other microprocessor manufacturers, 
like Toshiba Digital Equipment Corp., and General 
Automation, Inc., are more oriented to the instru-
mentation and control market, where, the needs are 
typically quite different. Instrumentation processors 
need to be binary-oriented, with greater arithmetic 
and logic capability, and with enough interrupts to 
allow interaction with a fast external world—the 
classical instrumentation and control environment. 

The Toshiba TLCS-12 machine includes such 
arithmetic hardware as add, subtract, multiply, di-
vide, and-or, and exclusive-or. In addition, there are 
some nice bit-manipulation facilities. Individual bits 
in registers can be tested, cleared set, and handled 
separately. Not many machines offer that last capa-
bility, and it is very useful in control applications. For 
example, when building a programmable controller, 
the ability to manipulate individual bits is essential. 

\s,  

Another technique developed at V.P.I. uses solid-
state gas detectors, manufactured by Figoera Electro-
nica, a Japanese firm located at Shannon Airport in 
Ireland. 

Five slightly different versions of these detectors 
were used to pick up five different sets of response 
characteristics from test samples. With these data, 
five simultaneous equations, each with five unknowns 
are set up, and solved by means of microprocessor 
programs. The answers reveal how much hydrocar-
bon, carbon monoxide, etc. is contained in the sample. 
No chemist would go to the trouble of solving these 

equations by hand, but the V.P.I. people feel he 
would be delighted to push a button and get the an-
swer he needs. 
The Hewlett-Packard electronic distance measure-

ment instrument, mentioned earlier in this article, 
uses its microprocessor to perform some simple statis-
tical computations. In this instrument, each reading 
—taken in about five seconds—presents the average 
and variance of 3000 separate measurements. If this 
variance is larger than a predetermined value, an ad-
ditional 3000 readings are taken and averaged in with 
the previous results. 

All the mathematical computation is done by a mi-
croprocessor, but the measurements themselves are so 
fast that they are performed by hardwired transistor-
transistor logic (TTL) circuits. These carry out 250 
phase comparisons in every 60-ms interval. Each 
comparison requires that the instrument's transmitter 
frequencies be switched and gated. Comparison re-
sults are stored by gating microprocessor clock pulses 
(from a 200-kHz clock) into a software up-down 
counter. 
Another microprocessor mathematical technique 

helps in handling noisy inputs by using software as a 

50 IEEE spectrum NOVEMBER 1974 



direct substitute for hardware filters. A number of 
different averaging procedures (algorithms) can be 
programmed for use with microprocessors. One of the 
advantages of these procedures is that, like other mi-
croprocessor programs, they can be put in ROM or 
PROM memory form and easily changed by instru-
ment users. Equivalent digital or analog filter hard-
ware would be very difficult to replace. 

Sensor-to-display conversions 

in many instruments, the outputs of sensors are not 
in the best form for display to the user. For example, 
inputs to transistor curve tracers may be in the form 
of collector current or base-step information, but the 
user would like to see a display of the d of the device. 

Often, this sensor-to-display conversion process can 
be performed by arithmetic operations handled by 
simple microprocessor routines, but in many other 
cases, the conversion—often referred to as a lineariza-
tion—is nonlinear. For example, the nonlinear rela-
tionship between the millivolt output of standard 
thermocouple materials, and temperature in °C, is 
defined in widely used tables issued by the U.S. Na-
tional Bureau of Standards. In actual fact, these ta-
bles are based on curves defined by polynomials. 
With a microprocessor, it is feasible to use the 

polynomials themselves—their form and coefficients 
are available from NBS—to calculate the necessary 
conversion factors. The conversion tables can be built 
into instruments by storing them in semiconductor 
memory, but lists of polynomial coefficients are more 
compact, and the accuracy of the computed coefficients 
can be controlled by the instrument maker. 

In an entirely different type of conversion, a micro-
processor in the Hewlett-Packard 1722A Oscilloscope 
provides a digital readout of waveform dimensions. 
Here, the microprocessor is linked to the CRT display 
through a digital-to-analog converter that translates 
processor output numbers into the distance between 
two bright "markers" that appear on displayed wave-
forms. The operator positions these markers to line 
up with key waveform features (such as successive 
peaks in a repetitive waveform); and a digital light-
emitting diode (LED) display shows the marker spac-
ing as a time interval in microseconds or nanosec-
onds, etc. 

In this instrument, the key set of operator controls 
actually increments a computer-stored number that 
determines the LED display and also—via the DAC— 
causes the marker on the CRT to move. A similar ar-
rangement is used to make the LED-display numbers 
correspond to the average or instantaneous amplitude 
in volts, of incoming waveforms. Computed conver-
sions allow direct readout of frequency values and of 
percent readings. 
Some additional examples will indicate other types 

of sensor-to-display conversions currently being per-
formed with the aid of microprocessors. 
• In the Bell Laboratories cable-length test set, cal-
culated readings are obtained in binary-coded deci-
mal form. To display these readings, they need to be 
converted into signals for a seven-segment numerical 
display. This conversion process is carried out by a 
microprocessor subroutine. 
• The Hewlett-Packard electronic distance meter 
uses its microprocessor to convert readings from feet 

to meters with the flip of a switch. 
• In the Model 76A capacitance bridge (Boonton 
Electronics, Boonton, N.J.), measured capacitance 
and conductance are converted, via microprocessor 
programs, to display such parameters as dissipation, 
Q, equivalent series capacitance, and equivalent par-
allel resistance. 
• In the Digitrend 220 data acquisition system, cur-
rent signals from transducers are converted to milli-
volt signals by passing them through standard resis-
tors; offset values are then subtracted out, by a simple 
microcomputer program, to give corrected readings. 

Helping with test and maintenance 

Instrument manufacturers seem uncertain about 
how important microprocessor-implemented diag-
nostic, troubleshooting, and checking capabilities will 
be, as a feature of their new instruments. 

For some of the more complex instruments, the 
feeling seems to be that the user would not be capable, 
even with computer assistance, of maintaining his 
own instrument. Still, at instrument factories, many 
diagnostic programs are already in use to help with 
alignment and checkout of instruments, subassem-
blies, and components; and these programs could also 
be available for maintenance and report purposes. 

Microprocessor-assisted diagnosis and testing can 
take a number of forms. These functions can be oper-
ated entirely from the instrument control panel 
through built-in equipment. In some cases, available 
memory space in ROM or PROM memories may ac-
commodate small test programs as well as the rou-
tines that normally operate the instrument. Or, built-
in memory can be added, specifically for test pur-
poses. An alternative method is to use plug-in diag-
nostic cards that contain the test memory along with 
any needed test circuits. 

Plug-in ROMs and PROMs can be helpful in add-
ing diagnostic and test capabilities, and they can also 
make instrument field changes easier since new con-
trol programs can sometimes be tested without rewir-
ing the instrument. 
A few examples are available of built-in test and 

maintenance capabilities in existing microprocessor-
based instruments. 
• The H-P electronic distance measurement instru-
ment includes a self-test feature. With this, the mi-
croprocessor runs the instrument through a series of 
internal tests to detect any malfunction. This feature 
is a boon to surveyors who like to know that their 
equipment is in working order before they drive hun-
dreds of miles to a job in a remote area. 
• The Digitrend 220 data acquisition system uses mi-
croprocessor instructions to order the display of flash-
ing indications of such conditions as alarms, open 
transducer leads, power interruptions, and low print-
paper supply. 
• Diagnostic information can sometimes be generat-
ed as a by-product of microprocessor-based instru-
mentation. For example, in the Process Control Sys-
tems torque-reading system, crossed threads are indi-
cated by a faster than normal buildup of torque. 
Thus, a fastener that reached rated torque in only 50 
ms, when this should normally have taken 100-300 
ms, would be suspect. Similarly stripped threads pro-
duce a slow torque build-up. 

Falk—The microprocessor: jack-of-all trades 51 



 Instrumentation III _ 

What makes a good interface? 

Flexibility, reasonable cost, and compatibility are musts when intercon-
necting independently manufactured devices into a workable system 

As marketplace pressures have mounted for more 

sophisticated and more widely applicable instrumen-
tation systems, the instrument designer has turned to 
an increasing variety of programmable instruments— 
this, to the delight of the systems engineer seeking 
improved performance from system components. But 
the benefits that should be flowing from these efforts 
of the designer are not always being realized simply 
because the communication links that interconnect 
sets of system components have not been optimized. 

It is the complete communication link—or " inter-
face system"—that enables interconnected system 
components to communicate effectively. In general, 
this interface system involves much more than an in-
terconnecting cable and first-level interface circuitry 
(drivers and receivers). It also involves designing 
around interface incompatibilities that can be costly 
to remove—reversal of the logic sense of a status bit, 
for example, or translation of an otherwise incompati-
ble data code pattern, addition of a missing timing or 
control line, adjustment of incompatible voltage lev-
els, or adding a buffer to accommodate high data 
rates, to mention just a few possibilities. 

Overall objectives 

'Fo provide an effective communication link, an in-
terface system must offer flexibility, reasonable cost, 
and compatibility. In addition, an interface system 
should permit the interconnection of independently 
manufactured instruments and system components, 
whether from one or several manufacturers, into a 
single functional system. 
A flexible interface system will be capable of com-

municating with a wide spectrum of products, which 
are required if an instrumentation system is to solve 
real-world problems. Typical stimulus-response test 
systems must have both measurement and stimulus 
devices, in addition to some form of controller to pro-
gram the system. If human interaction is needed, 
then a keyboard/display device is called for. Fre-
quently, bulk storage of measurement results is de-
sired for subsequent analysis, hence the need for a 
storage device. A versatile interface, therefore, must 
be compatible with at least five major categories of 
system components (see Fig. 1)—measurement and 
stimulus equipment, displays, storage units, and a 
means of control. 
A general-purpose interface system must be com-

patible with a wide variety of processor elements— 
from a simple paper tape reader all the way to a mini-
computer.Whatever the range of controllers, a given 
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measurement instrument's interface should, if possi-
ble, remain unchanged for maximum versatility. In 
fact, very small system configurations require the 
ability to interconnect a measurement instrument 
and a digital recorder without a controller within the 
same interface scheme. 
Another major objective is to define an interface 

that is cost-effective, both initially and during opera-
tion of both the small two-component system and the 
larger computer-controlled system. This implies min-
imizing not only the number of interface signal lines 
but other hardware such as cables and logic circuits 
as well. Thus, an interface can be partitioned in such 
a way as to make the interface circuitry incremental 
with the addition of each device to the system, there-
by eliminating the need for entirely separate devices 
(e.g., couplers). 
The third objective—compatibility—implies the 

ability to handle a wide range of data rates (asyn-
chronous, if possible), data codes, and communica-
tion paths. Compatibility is further improved if the 
interface system can use a common, widely used 
code, such as ASCII (ISO 7-bit code), that is relatively 
easy to generate, display, and interpret. Further, an 
interface system must be capable of handling, with-
out modification, variable message lengths and per-
mitting connection of just the required number of 
system components (to an upper limit). 

Interface system features 

The characteristics of an interface system take on 
varying degrees of significance depending upon the 

" \ proposed standard 
The interface system described in this article is 
presently under consideration as an IEEE Standard 
and an IEC ( International Electrotechnical Commis-
sion) Recommendation. Work has proceeded rapidly 
on the byte-serial system at both the national and in-
ternational levels, and over 15 individuals from as 
many different companies have contributed to the 
evaluation and evolution of a draft document within 
the U.S. Similar representatives from six nations 
have participated actively over the past two years in 
the formulation and critiquing of several draft docu-
ments. 

Interest in the proposed interface system as a 
practical standard for programmable instrumentation 
has been significant and it is anticipated that the 
system will achieve widespread usage. It is you—the 
instrument and system designer and user—however. 
who will make the final determination as to whether 
or not this interface system justifies its use, thus re-
ducing the birth pangs of modern-day instrumenta-
tion systems. 
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application to which the system is applied. The fol-
lowing key features are considered most significant 
for a variety of common applications; specifically, an 
interface system 
• Uses a simple interface structure 
• Interconnects a wide variety of products 
• Accommodates both simple and complex control-
lers 
• Uses asynchronous communication 
• Interconnects both high- and low-speed devices 
• Allows data code, data rate, and data path changes 
• Permits unrestricted data code use 
• Transfers control among interconnected devices 
• Enables direct data transfers 
• Allows multiple listeners 
The relatively simple interface structure provides a 

cost-effective solution for small as well as large prod-
ucts. Interface capability for a programmable counter 

on line as a talker, listener, and six other interface 
functions (see Box, pp. 56-57) costs less than $400 ( not 
even 7 percent of the total cost of the instrument). On 
the other hand, the cost of a simple listen-only device 
may be under $400, total, including both the device and 
its interface capability. 

Use of an asynchronous data transfer technique 
permits a mixture of high- and low-speed devices to 
communicate effectively without unnecessary timing 
restrictions. A controller, for example, can output 
data at high rates to a storage or display device dur-
ing one message sequence and then output program 
data to another device at a much slower rate. 
At times, it is useful to shift control (the capability 

to address other devices and send commands) from 
one system component to another. Though this capa-
bility is always delegated, never assumed, it adds sig-
nificantly to the flexibility of the system performance. 

[1] In general, an interface system must be compatible with instrumentation that provides both 
stimulus and measurement capability, display terminals, storage units, and a controller. 
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The transfer of data directly between affected devices 
reduces the message traffic volume. A voltmeter, for 
example, can output a single measurement result 
concurrently to a digital recorder, graphic display, 
and controller for further data reduction. 

A feasible interface standard 

The overall purpose of an interface system is to pro-
vide an efficient method of communicating messages 
among interconnected system components in an or-
derly and unambiguous manner. The following are 
major considerations required in defining and using 
such a system. 

Practical limitations: No single interface system is 
the panacea for all instrumentation system require-
ments—real-world needs are much too diverse! Simi-
larly, one interface system is unlikely to fulfill an un-
limited number of applications. 

Four basic questions common to an instrumenta-
tion system communication link focus on the most 
frequently encountered requirements for an interface 

system: 
• What number of devices need to communicate? 
• What distances are involved? 
• What messages need to be carried? 
• What data rates are required? 

In considering the quantity of devices, transmission 
path length, message characteristics, and data rates, 
it is assumed the interface is a digital one (as distinct 
from an analog interface) to program instruments and 
retrieve the measured results. First, the total number 
of instruments, controllers, and associated devices in 
the average system is usually between 10 and 20. 
More devices may exist in some large systems; how-
ever, not all devices are required to communicate 

Digital 
multimeter 

• Standard interfaces 
(e.g., RS232C) 

with all other devices. Therefore, an interface system 
with the capacity of communicating directly among 
15 devices over one contiguous bus satisfies the ma-
jority of needs. Systems requiring larger numbers of 
devices may be organized into task-organized sets of 
devices, each connected to physically separate but 
functionally related buses. 

Second, the majority of instruments and devices 
are usually located close to one another, in adjacent 
cabinets. A total transmission path of 20 meters is 
adequate for most cases. If a bus structure is used 
wherein physical interconnection may be made using 
either star or linear bus networks, as required, then 
need for longer transmission paths diminishes and the 
feasibility of the interface structure increases. For 
certain applications, much longer distances are re-
quired between system components. Figure 2 illus-
trates the use of a terminal unit to accommodate 
these special requirements. This approach increases 
the feasibility of the interface system by not bur-
dening every system component with the need to 
adapt to special interface needs. 

Third, evaluation of the preponderance of messages 
in instrumentation systems reveals a relatively short 
message length. A digital multimeter may require 
10-12 bytes of data to be programmed completely; 
the measurement results, however, are contained 
within 10-20 bytes of data: 

DMM program data 

FOR4T0M3E 

(i.e., a single 10-vo t dc 
ull-scale reading triggered 
by an internal clock) 

DMM output data 

OLDC+120002E-4 

(i.e., + 12.0002 Vdc) 

121 Although the majority of interconnected instruments are usually within a 20-meter transmission 

path, some system components demand longer distances; then, special terminals must be used. 

Counter 

• Bus extenders 
(e.g., physical length, 
number of devices, 
address extension) 

Terminal unit 

_ 
To 

Synthesizer 

• Special environments 
(e.g., high noise immunity) 

Controller 

• Data width conversion 
(e.g., bit serial, 
16 data bits) 
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Hence, the interface structure needs to be capable of 
efficiently handling short, intermittent messages to 
and from many instruments and devices throughout 
the system. 

Fourth, the majority of instruments are neither 
programmed nor output at data rates in excess of tens 
or hundreds of kilobytes per second, though the trend 
is certainly toward faster rates. Instruments such as 
analog-to-digital converters and data peripherals such 
as magnetic-tape transports operate at much higher 
rates, some of which are far above the norm. A maxi-
mum asynchronous data rate of 1 megabyte/s appears 
to provide a reasonable compromise between speed, 
cost, compatibility, and flexibility. 

Interface characteristics: A complete interface sys-
tem includes four primary sets of characteristics— 
mechanical, electrical, functional, and operational. 
The mechanical nature of connectors and cables are 
obvious and basic to an interface; this may also be 
the easiest and least costly portion of an interface to 
implement. However, without this "first level" of 
compatibility, the rest of the interface may be of 
small value. 

Electrical characteristics define the driver and re-
ceiver circuit parameters and require full compatibil-
ity—Ohm's law has a sharp eye for violators. The 
functional nature of an interface system includes the 
complete repertoire and precise definition of each of 
the signal lines, the exact protocol and timing rela-
tionships used to transfer all messages across the in-
terface, and the responses expected as a result of re-
ceiving certain of these messages. 
And as for making the system operational, there are 

those characteristics that tend to be highly dependent 
on and unique to the specific device or instrumenta-
tion system to which the interface system is applied. 
(The specific device-dependent codes used to program 
a DMM are operational in nature. The operating sys-
tem and application software of a complete system are 
operational in nature.) Although the distinction be-
tween all of the functional and operational character-
istics is not always precise, the latter tends to be suf-
ficiently device- and system-dependent to the point of 
jeopardizing the feasibility of a widely useful inter-
face standard. 
To sum up, mechanical, electrical, and functional 

characteristics enable a common industry interface 
system to be widely useful to the extent that their 
definition and application remains device and instru-
mentation-system independent. In turn, interface 
standard feasibility depends, to a large extent, on 
these device-independent and system-independent 
characteristics! 
Compatible implementation: One goal of a stan-

dard is to provide the basis for broad compatibility 
among products, each of which is designed by differ-
ent engineers at different times and places and for 
different applications. Achievement of this goal cer-
tainly requires consideration of the standard's con-
tent. Just as important, however, is the organization, 
structure, and method of presentation of the technical 
content. 
Low cost and compatibility among a wide range of 

products presents a contradiction in that low cost 
suggests minimal interface capability and circuitry, 
whereas a wide spectrum of product compatibility 

suggests comprehensive interface capability and cir-
cuitry. The feasibility of an interface system is in-
creased significantly if the designer is given the op-
portunity to select just those portions of the interface 
required for a particular product. The proposed inter-
face system contains two basic degrees of freedom 
open to the design engineer within the functional 
characteristics of the interface system—a choice of in-
terface functions and a choice of allowable subsets 
within each interface function. Cost and capability 
are then balanced to fit a particular need. Both the 
interface functions and the method for describing 
them are outlined in the box on pp. 56-57. 

Instant system syndrome: It is human nature to an-
ticipate the supposed ease with which a "standard in-
terface" will eliminate all annoying and costly inter-
face problems. After all, isn't that what a standard is 
for? The line is a fine one between eliminating all in-
terface problems and satisfying a limited set of in-
strumentation problems or, conversely, solving a large 
portion (not all) of interface problems and satisfying 
a much more extensive set of instrumentation prob-
léms—all within reasonable resource constraints and 
limitations. 
The common household light bulb is a good case in 

point. A "standard" screw-in-type lamp has a com-
mon mechanical thread size, voltage rating, and pos-
sibly a fixed functional coating for light diffusion. Be-
yond these "standard" characteristics, the variety of 
functional choices is immense. Wattages vary to sat-
isfy different light intensity needs and some lamps 
contain two or three elements to provide adjustable 
light levels. Then there are the countless varieties of 
color, size, and shape—each to satisfy a specific func-
tional application requirement. Would you be satis-
fied with light bulbs in your home all having identical 
color, size, shape, and wattage ratings? 
An interface system with the stated objectives is no 

different when it comes to feasible implementation. 
The mechanical and electrical specification can in-
deed be standard. Most functional specifications can 
also be used in common by many instrument design-
ers since they tend to fall into the device- and sys-
tem-independent category. 
The operational characteristics of instruments and 

systems depend very much on specific goals or appli-
cations. It is helpful to ask the designer of an instru-
ment to distinguish between device-independent and 
device-dependent performance characteristics. Inte-
grating together the device-dependent characteristics 
of several instruments into an instrumentation system 
to perform a specific application requires additional 
engineering beyond what is feasible to include within 
the framework of a standard interface system. 
A feasible interface standard does not provide in-

stant systems unconditionally. It is the responsibility 
of both parties, the designer and the user of program-
mable instruments and systems, to create an opera-
tional system. The designer must define precisely all 
of the device-dependent characteristics of the instru-
ment within reach of the interface system. Moreover, 
the system designer, or user, must not only under-
stand the end application but must also examine both 
the extent to which the functional capabilities have 
been implemented within each instrument as well as 
the unique device-dependent features. Full operation-
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Interface system concepts 

An interface system is, by its very nature, only a means to 
an end— the performance of a series of measurements on 
a device under test or the monitoring of some continuous 
process and the application of some appropriate control. A 
measurement or monitoring function requires that unique 
messages, which are a function of the unit under test or 
process being monitored, be carried among the intercon-
nected devices to and from a central control point. It is 
these device-dependent messages (e.g., program data, 
measurement data, status data) that the interface system 
must carry in an organized and effective manner. 

In addition, an interface system must carry another 
group of messages called interface messages. which do 
not interact directly with the measurement process, but in-
teract only with the interface logic within connected de-
vices. The primary purpose of these messages is to carry 
out the proper protocol in setting up. maintaining, and ter-
minating an orderly flow of device-dependent messages. 
For example, address data designating either the origin or 
terminal point for subsequent device-dependent messages 
is an obvious interface message candidate. Commands that 
áre universal in nature (commands to which all devices 
must respond) such as " Interface Clear" and "Device 
Clear" are another group of interface messages. A third 
group, called addressed commands, consists of a combi-
nation of the first two groups; "Selected Device Clear" and 
"Group Execute Trigger" are examples of addressed com-
mands. Only devices addressed to receive them will re-
spond. 

Basic elements 

An effective communication link requires three basic 
functional elements to organize and manage the flow of in-
formation among devices: a device acting as a listener, a 
device acting as a talker, and a device acting as a control-
ler. These functional elements are shown in Fig. A as they 
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might be found among typical instrument system compo-
nents. 
A device with the capability to listen can be addresse 

by an interface message (originating in a controller) to rt. 
ceive device-dependent messages from another device. A 
device with the capability to talk can be addressed by an 
interface message to send device-dependent messages to 
another device. A device with the capability to control can 
address other devices to listen or talk and, in addition, can 
send interface messages to command specified actions 
within other devices. It is to be emphasized that these are 
capabilities related to the interface system and may be 
combined when required to carry the necessary device-
dependent messages. 

The interface system of Fig. A contains a set of 16 signal 
lines used to carry all messages, both device-dependent 
and interface messages, among interconnected devices. 
The bus structure is organized into three sets of signal 
lines. 

Eight "data input-output" signal lines ( D101 through 
DI08) carry all 7- bit coded interface messages and all de-
vice-dependent messages ( 1 to 8 bits). The messages on 
these signal lines are carried in bit-parallel byte-serial 
form. Information flow is bidirectional in that an individual 
device can use the 8-bit bus to either input or output mes-
sages. Due to the nature of the data byte transfer process, 
information flow on the DIO lines is asynchronous at the 
rate of the slowest device communicating over the inter-
face at a given time. This process not only accommodates 
a wide range of devices but permits high-speed communi-
cation among addressed devices while other slow-speed 
devices connected to the bus are not addressed to talk or 
listen. 
A set of three interface signal lines is used to effect the 

transfer of each byte on the DIO signal lines from an ad-
dressed talker to all addressed listeners. The "data valid" 
(DAV) signal line is used to indicate the condition (avail 
ability and validity) of information on the DIO signal line 
The " not ready for data" ( NRFD) signal is used to indicate 
the condition of acceptance of data by a device(s). The DAV, 
NRFD, and NDAC ("no data acquired") signal lines operate 
in what is called a three-wire (interlocked) handshake 
process to transfer each data byte across the interface. 

Five interface signal lines are used to manage an orderly 
flow of information across the interface: "attention" (ATN) 
is used to specify how data on the DIO signal lines are to 
be interpreted and which devices must respond to the data; 
"interface clear" ( IFC) is used to place the interface sys-
tem, portions of which are contained in all interconnected 
devices, in a known quiescent state; " service request" 
(SRO) is used by a device to indicate the need for atten-
tion and to request an interruption of the current sequence 
of events; "remote enable" (REN) is used ( in conjunction 
with other messages) to select between two alternate 
sources of device programming data; "end or identify" 
(E0I) is used to indicate either the end of a multiple byte 
transfer sequence or, in conjunction with an ATN, to exe-
cute a special polling sequence. 

Interface functions 

To accommodate the large spectrum of device capabili-
ties encountered in instrumentation systems, it is necessary 
to partition the overall interface system functionally and in 
an effective way. Given appropriate alternatives, the design 
engineer is free to select the interface functions required 
for each particular design, thus increasing the feasibility of 
a useful and practical standard. 

The interface system contains ten interface functions 
from which the design engineer can choose. These inter-
face functions provide the basic capabilities of the talker 
(T), listener ( L), and controller (C). as well as the source 
(SH) and acceptor (AH) handshake functions, to transf 
each byte of data across the interface. In addition, th, 
auxiliary interface functions of service request (SR), re-
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mote local ( RL), parallel poll ( PP), device clear (DC), and 
device trigger ( DT) are defined to serve special needs. In 
turn, these interface functions interact with the device 
functions to form a complete operational unit. The interface 
system specifies the total spectrum of interface functions 
the designer may choose from; however, the designer is 
free to implement whatever device functions are essential 
to the particular application at hand. 

State diagrams 

Interface system compatibility of independently designed 
and manufactured devices depends, to a large extent, on 
the thoroughness, accuracy, and lack of ambiguity with 
which the interface functions are defined. Each interface 
function is therefore defined in terms of a state diagram to 
prevent, if at all possible, misinterpretation of the interface 
protocol and functional specifications. 

Electrical and mechanical specifications 
The electrical interface is defined in terms of standard 

UL logic voltage levels and current limits. Open-collector 
drivers and Schmitt receivers are specified for normal use 
with tristate drivers available for high-speed applications. 
Each signal line is terminated with a resistive divider load 
that is considerably higher than the characteristic imped-
ance of the interconnecting cable. In this way, the load is 
distributed among all devices and only passive cables need 
be used to interconnect a system physically. 
The proposed mechanical interconnection scheme uses 

a piggyback connector assembly to conserve panel space, 
minimize the total requirement for cables, and permit either 
a star or linear bus cabling network as dictated by the 
physical racking of equipment. 
A summary of interface system specifications is given in 

the table. 

.nterface specifications 

Interconnected devices: Up to 15 maximum on one con-
tiguous bus. 

Interconnection path: Star or linear bus network over 

20 meters total transmission 
path length. 

Signal lines: Sixteen total; eight data lines 
and eight lines for critical 
control and status messages. 

Message transfer Byte-serial bit- parallel asyn-
scheme: chronous data transfer using 

interlocked three-wire hand-
shake technique. 

Data rate: One megabyte per second maxi-

mum over limited distances; 

250-500 kilobytes per second 
typical over full transmission 
path. 

Interface function: Ten total; five primary communi-
cation functions and five spe-
cial-purpose functions. 

Address capability: Primary addresses, 31 talk and 

31 listen; secondary (2- byte) 
addresses, 961 talk and 961 
listen. 

Control shift: May be delegated, never as-
sumed, with a maximum of 1 
talker (up to 14 listeners) at a 
time. 

terface circuits: Driver and receiver circuits TTL-
compatible. 

al use of the interface system is not achieved until 
both parties have carried out their responsibilities 
fully. 

Technology assists: It would be a serious omission 
to ignore the role technology is playing in support of a 
feasible standard. The widespread availability of SS! 
and MSI integrated circuits has enabled the imple-
mentation of cost-effective logic circuitry within the 
functional portion of the interface. Cost-effective data 
storage—essential in programmable instruments con-
nected to a party-line bus structure would be difficult 
without today's components. Again, with the aid of 
technology, intelligent instruments have become a re-
ality. The smart instrument tends to reduce the mes-
sage traffic volume over the interface and therefore 
provides greater flexibility and freedom in the instru-
ment system design as well as increased instrument 
capability. 

Although many have contributed to the evolution of this interface 
system. I particularly thank Daryl E. Knoblock, Gerry E. Nelson, 
and David W. Ricci for their outstanding contributions to the overall 
concepts, and to H. H. Freytag, Manfred Richter, Chris Vissers, and 
Marion Perron for their significant efforts. 

BIBLIOGRAPHY 
Bond, J., "Computer-controlled instruments challenge designers' in-
genuity," EDN. vol. 19, Mar. 5, 1974. 
Fisher, P. D., and Welch, S. M., "Part two: how to build an automat-
ed system around a programmable calculator," Electronics, vol. 47, 
May 16, 1974. 
Fluke, J. M., Jr., "What makes an instrument truly system compat-
ible?" EE/ Systems Engineering Today, vol. 32, May 1973. 
Levine, S. T., "Instrument interfacing can be done—but it takes a 
bit of doing," Electronic Design, vol. 24, Nov. 22, 1973. 
Loughry, D. C., "Digital bus simplifies instrument system communi-
cation," EDN, vol. 17, Sept. 1972. 
Loughry, D. C., "A common digital interface for programmable in-
struments: the evolution of a system," Hewlett-Packard Journal, vol. 
24, Oct. 1972. 
Loughry, D. C., "Instrument communications: a new interface sys-
tem," presented at IEEE INTERCON 73. 
Nelson, G. E., and Ricci, D. W., "A practical interface system for 
electronic instruments," Hewlett-Packard Journal, vol. 24, Oct. 1972. 
Socolovsky, A., "The happy state of a standard," EE/Systems Engi-
neering Today, vol. 32, May 1973. 

More to come! 

This is the first of a two-part article, the second of 
which—to appear sometime early next year—will 
deal with the technical details of the proposed inter-
face system described on these pages. — Ed. 
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Instrumentation IV 

Have instrument, will travel 

Be the readout analog, digital, CRT, or hard copy, 
"portable" and "performance" are now in the same package 

Once upon a time, remote troubleshooting consisted 
of curiosity, courage, and the judicious application of 
two moistened fingertips. But field engineers, service-
men, and others who must work "on location"—as 
opposed to the controlled environment of a well-
stocked lab—have constantly demanded rugged, 
manageable, and accurate test equipment. To this 
need, the integrated circuit, coupled with digital 
readouts and improved battery packs, has brought a 
welcome revolution. Oscilloscopes, function genera-
tors, strip chart recorders, spectrum analyzers, as well 
as vastly improved volt-ohm milliammeters, are now 
ready to go wherever the problems are. And variety 
doesn't stop with these familiar items. New types of 
instruments such as a portable digital thermometer, 
which measures surface temperatures without physi-
cal contact, have helped turn difficult and costly 
analysis into routine field checks. In fact, the best 
perspective on current progress and future trends is 
gained from a good look at some currently successful 
and recently announced portable instruments. 

New face for an old friend 

Perhaps the piece of portable instrumentation most 
familiar to any engineer is the volt-ohm milliammeter 
(VOM). Consisting of a high-impact molded case en-
closing simple but dependable electronics, a couple of 
inexpensive batteries, and a large multiscale meter, 
the general-purpose VOM is probably best character-
ized by the Simpson Electric Co.'s model 260. For 37 
years, the 260, with its complement of test leads and 
probes, has maintained a popularity and continuity of 
external appearance rivaled only by Volkswagen. 
But the introduction of low-cost digital displays 

over the past several years has changed the face of 
much portable test equipment. While Simpson con-
tinues to sell more 260s than ever ( at the current 
price of $74.50), the interpretive-free convenience of 
digital readouts has been recognized. Providing a 
choice of ac line or NiCad battery operation, Simp-
son's model 360 VOM (at $295) features an LED dis-
play plus a small analog indicator for scanning peak 
and null measurements. 
Customers preferring a lab-style metal case and an 

extra-large digital readout are offered Simpson's 
model 460 VOM (at $395), which includes automatic 
blanking of nonsignificant zeros and extended battery 
life—up to nine hours on a full charge. 
Meanwhile, many other new, interesting, and com-

petitive multimeters are being offered to the engi-
neering community in both digital and analog vari-
eties. Dana Laboratories, Inc., Irvine, Calif., for ex-
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ample, has introduced their Danameter with liquid 
crystal digits as a direct challenge to established ana-
log VOMs. Some key features include automatic po-
larity, for de voltage measurements, a tough case of 
molded cycolac, and one year's normal use on a single 
9-volt battery. The price: $195 complete. 
On the market about a year now is the 970A, a 

hand-held digital probe from Hewlett-Packard, Palo 
Alto, Calif. Battery-powered, pocket-sized, and com-
pletely self-contained, the 970A's controls consist of 
two thumb-actuated slidebars and a push-to-test 
lever for measuring ac volts, dc volts, and ohms. Cir-
cuit connections are made through a ground clip and 
a movable-removable probe tip. A standard bana-
na plug with a clip lead can mount in the probe sock-
et for measurements requiring two clip leads. A single 
MOS integrated circuit handles all the auto ranging 
and polarity adjustments, settling to yield a proper 
reading in less than two seconds (typical). The 200-
gram 970A sells for $310 and will make over 2000 
measurements on a full charge of its NiCad battery. 
Predating the HP 970A by at least a year is the 

model 167 auto-probe digital multimeter from Keith-
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ley Instruments Inc., Cleveland, Ohio. Physically 
unique among portable multimeters, the 167 features 
a probe-mounted display linked to the function selec-
tor and probe cradle via a special cable. Auto rang-
ing and autopolarity, plus push-to-test operation, con-
serve the batteries while speeding multipoint mea-
surements. And the 167 converts to a typical "bench" 
configuration simply by inserting the probe into the 
cradle and then connecting standard test leads to the 
front-panel banana jacks (the probe's LED numerics 
continue to serve as the readout). Probe, case/cradle, 
and alkaline battery set come complete for $375. 
While HP and Keithley have settled on LEDs as 

the standard readout for portable gear, Data Preci-
sion, Wakefield, Mass., offers a high-intensity plasma 
display on model 245, a $295 miniature digital mul-
timeter. The rechargeable batteries last about six 
hours and a high-impact case protects the instrument 
from everything but overzealous borrowing. Range 
switching is manual, but LSI and CMOS circuitry 
handle autopolarity and automatic zeroing. 
Apparently successful with the 245 since its intro-

duction two years ago, Data Precision has now gone 
after the lab instrument market with the basic per-
formance features of the 245 packaged for benchtop 
use. Introduced in August at $325, model 1450 is a 
41h-digit ac-powered multimeter that, like the 245, 
derives its accuracy from a carefully maintained + 1-
volt zener reference. 

Contoured like a calculator and operating off re-
chargeable NiCad batteries, Data Technology's model 
21 offers ac and dc volts, resistance, and capacitance 
measuring capability combined in a hand-held mul-
timeter. Users have the choice of continuous opera-
tion or extending battery life with a push-to-read but-
ton. For an extra $ 10, a push-to-read probe allows 
hands-free testing while conserving battery power. An 
impact-resistant polycarbonate case, handy carrying 
pouch that clips on your belt, and 0.68-cm LED read-
outs help the $269 model 21 perform under rough 
field conditions. 
But as the popularity of Simpson's 260 will testify, 

analog multimeters have not fallen categorically to 
the digital onslaught. Weston Instruments, Inc., New-
ark, N.J., for example, has recently introduced model 
670, an analog VOM which can measure direct current 
on printed circuit boards without breaking connec-
tions. This ac powered " in-circuit" tester uses two spe-
cial dual-tip probes for measuring direct current. Best 
results are obtained by probing the longest or narrowest 
continuous conductor available. One contact in each 
probe senses the voltage drop on the current-carrying 
conductor under test. A differential amplifier senses 
this condition and generates a bucking current until 
it balances the voltage drop. This bucking current is 
proportional to the circuit current and is read on the 
meter. Housed in a shock-resistant polycarbonate 
thermoplastic case, the 670 lists for $249—including 

Even a modest budget of around $300 allows wide selection from among the many compact, 
battery-powered digital multimeters currently available. Still don't see the performance you need? 
Remember, most of the manufacturers listed produce a wide variety of digital instruments. Per-
haps the hardest parameter to compare among competing DMMs is accuracy. Usually it is given 
as a percentage of reading ± one least significant digit, or ± a percentage of full-scale range. 
Zero stability, temperature coefficients, and frequency sensitivity can be cited separately. 

Make and Model number 

uata 
Precision 
245 

Data Technology 
21 

Fluke 
8000A 

Heath 
SM.4440 

Hewlett-Packard 
970A 

Keithley 
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Simpson 
360 

Weston 
4442 
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I I 
I I 
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II • II m 
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I 
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I 
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1 

n- 
- 

/41/2 manual/31/2 manual/31/2 manual/31/2 auto/31/2 auto/31/2 manual/31/2 manual/31/2 

$295 $269 
(also measures 
capacitance) 

$299 $250 
(assembled) 

$310 
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shunt available. 

$ 299 $ 295 $295 
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Digital multimeters have un-

dergone considerable "human 
engineering" on their way to 
the market. Hewlett-Packard's 
970A (A) and Data Precision's 
245 ( B) emphasize the hand-
held concept, while Fluke's 
8000A sports a larger " push-
buttoned" profile coupled with 
a multiposition support handle 
(C). Meanwhile, Keithley's 
167 combines a unique 
probe readout with bench-
mounted electronics ( D). 

standard test leads and the two-terminal current 
probe set. 

Looking without lugging 

While compact multimeters have long been associ-
ated with every collection of portable electronic ser-
vice gear, overall bulk and power requirements have 
kept oscilloscopes stranded on the workbench until 
relatively recently. True, battery-operated scopes 
have been on the market for some time—Tektronix' 
model 321 featuring battery power was introduced in 
1960—but the obvious ground loop isolation these in-
struments provided was certainly an advantage that 
equaled any portability they afforded. 
Not so with equipment developed over the past 

three years by Tektronix Inc., Beaverton, Oreg., Phil-
ips Test 8z Measuring Instruments Inc., Woodbury, 
N.Y., and Vu-Data Corp., San Diego, Calif. Termed 
"miniscopes" by their manufacturers, this new test 

"miniscopes,- such as this Tektronix model 221. are par-
tricularly helpful for servicing digital equipment. 

D 

1-1 

equipment offers compactness and weight advantages 
that make it ideal for on-site maintenance. 

Tektronix produces four such instruments in its 200 
series of portable scopes including the single trace 
211, dual trace 212, and the 214, a storage version of 
the 212. The latest from Tek, model 221, introduced 
this past January, features 5-MHz bandwidth, 5-
mV/division vertical sensitivity, and 0.1-gs/division 

sweep speed packaged in an impact-resistant 7.6- by 
13.2- by 22.9-cm case. An integral 1-Mil probe 
shunted by approximately 29 pF minimizes circuit 
loading and is always there when you need it. Total 
weight for the 221 or any of Tek's other miniscopes is 
a scant 1.6 kg—including batteries! Prices range from 
$695 to $ 1075 for scopes in the 200 series. 

Also offering 5-MHz bandwidth in a lightweight 
portable unit are Philips' PM3000/PM3010 models, 
which tip the scales at 1.8 kg each. The single trace 
PM3000 has a 10-mV/division vertical sensitivity and 
0.3-its/division sweep speed while the dual trace 
PM3010 offers 30-mV/division vertical sensitivity 
coupled with 1-gs/division sweep speed. Periods of 
battery operation may be easily extended from about 
five hours per pack simply by exchanging spent cells 
for fresh ones. Philips miniscope batteries are re-
charged independent of scope operation with the 
PM9398 ac power supply/battery charger that is in-
cluded as a standard accessory. Measuring 8 by 12.5 by 
19.6 cm, the PM3000 sells for $645 while the similarly 
packaged PM3010 is available for $775. 
A slightly larger miniscope, Vu-Data's model PS910, 

delivers 20-MHz bandwidth, 10-mV/division vertical 
sensitivity, and 1-gs/division sweep speed in a 3.2-kg 
package, batteries included. Vertical and external 
trigger inputs are 1 Mi/ shunted by approximately 47 
pF. The 4.5- by 21.6- by 30.5-cm PS910 is a single-
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trace instrument selling for $645 ( batteries extra). 
Recently the PS910 has been joined by a somewhat 

larger dual-trace scope, the model PS940A, with iden-
tical bandwidth, vertical sensitivity, and input im-
pedance. The fastest sweep speed on the PS940A, 
however, is 100 ns/division, and this miniscope in-
cludes a built-in delay line that allows the leading 
edge of a signal to be displayed. Self-contained lead-
acid batteries bring the PS940A's total weight to 5.9 
kg, while external dimensions are approximately 8.9 
by 21.6 by 30.5 cm. Exclusive of batteries, extender 
cards, or other options, the PS940A sells for $ 1095. 
While there are plenty of other battery-operated 

scopes available besides those just mentioned, the 
majority are considerably larger and heavier. They're 
"portable," but they won't follow you up ladders or 
into dark corners. Compact ac-powered instruments 
might be a better choice for field applications where 
line current is readily available. 

Frequency vs. time 

Performance is another factor that can affect your 
choice of portable equipment. Where electronic visual 
aids are concerned, field engineers may now select ei-
ther a spectrum analyzer or a high-performance oscil-
loscope—without giving up battery operation! 
This is an important option, especially to those 

concerned with analyzing complex sounds, mechani-
cal vibrations, or communications signals. Sinusoids 
with only a few-percent distortion, for example, are 
not easily identified with a scope. But by examining 
this same signal in the frequency domain, even the 
faintest harmonics can be accounted for. 
Introduced last year, Hewlett-Packard's model 

3580A spectrum analyzer makes an excellent tool for 
sifting out the components of complex low-frequency 
signals. Tuning through a 5- to 50-Hz range with se-
lectable bandwidths as narrow as 1 Hz, the 3580A 
can take over half an hour to make one full sweep 
across its CRT. This slow speed allows for the re-
sponse time needed by the instrument's narrowband 
filters to give good separation of spectral components. 
But the frustration of watching a tiny dot drift across 
the display has been offset by digital storage. 
While the sweep tunes at a rate compatible with 

the selected bandwidth, the resulting spectrum is 
stored in a digital memory. This memory is read and 
displayed completely every 20 ms, providing a flicker-
less image on a conventional CRT. Since updating 
the memory is still time consuming, an adaptive 
sweep feature allows "grass" to be ignored during suc-
cessive passes—much like a standard baseline clip-
per. As a result, the sweep traces out significant har-
monics only, bypassing the underbrush. 
Other important 3580A parameters include an 

input impedance of 1 Ml shunted by 30 pF, a weight 
of 15.9 kg, and a $4575 price tag. (These last two fig-
ures both include an optional battery pack.) 

Short-order waves 

Besides tracking down and measuring elusive volt-
ages and waveshapes, remote troubleshooting can also 
mean stimulating your ailing equipment by injecting 
a signal of known proportions. Several compact func-
tion generators are currently available for just this 
purpose, delivery custom-made sinusoids, ramps, 

Vibration from heavy industrial equipment may be exam-

ined for telltale harmonics with Hewlett-Packard's model 

3580A low-frequency spectrum analyzer. 

Operating off a 9-volt transistor radio battery, Wavetek s 
model 30 function generator provides a 10-kHz sinusoid for 

checking out an ailing quadraphonic amplifier. 

Destructive heat may hide among printed circuit board 
components. but it can't elude the William Wahl Corps 
"Heat Spy. - a digital infrared thermometer. 

411>-... .... e> 
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Capable of handling data rates up to 20 MHz. the model 
0617B logic analyzer from CPSR. Inc., displays binary in-
formation on dual 16-bit rows of LEDs. 

and square waves wherever they are needed. 
The latest and lowest cost of several portable func-

tion generators made by Wavetek, San Diego, Calif., 
is the model 30, which can run up to eight hours off a 
conventional 9-volt transistor radio battery. Three 
frequency ranges provide sine, square, and triangle 
outputs from 2 Hz to 200 kHz. Open circuit output 
levels are approximately 1 volt rms for the sinusoid, 1 
volt peak to peak for the triangle wave, and 50-per-
cent duty cycle at nominal TTL levels for the square 
wave (0 to 0.5 volt low, 3 to 4.5 volts high). Weighing 
less than a kilogram, the model 30 retails for $149.95. 
The only option, a NiCad battery with recharger/ 
power supply, costs an additional $25. 

Bearing the same price, weight, and electrical spec-
ifications as the Wavetek model 30 is the fully porta-
ble model 195 function generator from Exact Elec-
tronics, Hillsboro, Oreg. The main differences be-
tween the two units are package layout and the loca-
tion of various output jacks. All the waveforms gener-
ated by the 195 are available off the front panel, 
while some rear-panel outputs are employed on the 
model 30. 

For about double the money of a 195 with options, 
Exact will sell you their battery-powered model 191. 
Generating sine, square, triangle, pulse, and ramp 
waveforms from 0.1 Hz to 1 MHz, model 191 deliv-
ers 20 volts peak to peak open circuit ( 10 volts into 
600 ohms.) Sine wave distortion is typically 0.5 per-
cent ( versus about 2 percent for the 195 or the 
Wavetek model 30). Total price including battery 
pack and charger is $350. 
Another versatile portable function generator is the 

model 5600 from Krohn-Hite, Cambridge, Mass. Both 
balanced 600-ohm and single-ended 50-ohm outputs 
are available for tapping the instrument's sine, 
square, and triangle waves. A single-turn, calibrated 
dial and four-position multiplier provide four bands 
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Portable strip chart recorders work on location while pre-
serving data for later comparison and analysis. This Hew-
lett-Packard model 7155A has 0.1-mV to 10-volt per divi-

sion input sensitivity, and disposable pens, which eliminate 
ink loading problems. Price for the basic unit is 5985. 

covering 0.002 Hz to 2 MHz. Sine wave distortion is 
under 0.5 percent through 100 kHz, and no more than 
3 percent to 2 MHz. Model 5600 is priced at $395 plus 
$70 for the battery kit. The complete unit weighs 
about 3.2 kg. 

Hewlett-Packard also offers test oscillators ( with a 
battery power option) in this approximate price, size, 
and frequency range. Models 209A and 204C operate 
from 4 Hz to 2 MHz and from 5 Hz to 1.2 MHz, re-
spectively. They deliver sine and square wave outputs 
that can be synchronized with an external source. A 
battery- or ac-powered test oscillator, model 208A, is 
also available from HP with sine wave output only. 
Operating frequencies are 5 Hz to 560 kHz in five 
ranges with distortion less than 1 percent in all cases. 
The price: $613. 

Hot, hidden, distant, or digital 

Not every remote servicing need may be satisfied 
with standard electronic test gear. Sometimes special 
equipment provides the only practical solution. One 
such example is temperature measurement. 
Two new solid-state thermometers featuring digital 

readout of temperature have been introduced by the 
William Wahl Corp., Los Angeles, Calif., in recent 
months. Model DHS-8E, an infrared thermometer 
known as the "Heat Spy," uses a light-beam sighting 
system especially suited to small areas such as elec-
tronic circuits. The hand-held Heat Spy requires no 
physical contact with its target, and delivers a stable 
reading in approximately one second. Accuracy is 0.5 
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Mobile transmitters, restricted to precise frequency assign-
ments, can be quickly field-tested with Hewlett-Packard's 
5300 series measurement system. As illustrated above, the 
mainframe, battery pack, and functional module snap to-
gether to form a 500-MHz counter. 

percent over the range of 0 to 540°C (Fahrenheit version 
also available). The digital DHS-8E with carrying case 
sells for $1595 while an older analog version, model 
HSA-8E, costs $600 less. 
Wahl's other new entry is a digital heat-prober 

thermometer which uses a series of special thermistor 
sensors or platinum resistance probes to contact the 
area of interest. Model 392 operates from — 50 to 
500°C, while model 700 covers just the 0 to 100°C 
range. Accuracy is ±0.5 percent at 25°C, and the price 
is $395 for either model. 
Perhaps your problem areas are hidden rather than 

hot. Viewing awkward, inaccessible areas is made 
much simpler with the new FS-100 Fiberscope from 
American Optical, Fiber Optics Div., Southbridge, 
Mass. This tool consists of two parallel fiber bundles 
in a 61-cm flexible gooseneck sheath, with a battery-
powered "cold" light, and a wide-angle, fixed-focus 
objective lens. One fiber bundle illuminates the view-
ing area, while the other transmits a crisp image to 
the eyepiece. Neither heat nor electricity is intro-
duced into the area being examined. The FS- 100 
comes complete for $295. 

Microprocessors are contributing to the flexibility 
of many new instrumentation systems and portable 
gear is no exception. Witness the widespread success 
of personal scientific calculators. An even more recent 
example is Hewlett-Packard's model 3805A battery-
powered distance meter that can automatically mea-
sure distances up to 1600 meters (one mile). After ini-
tial setup and balance adjustments to set the strength 
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Powered by two 9-volt batteries and priced at $ 115, the 
model 239 color-bar generator from Hickok Electrical In-
strument Co.. Cleveland, Ohio, provides nine basic patterns 
for television set-up and alignment work. 

of the infrared reference equal to the return beam, 
distance measurements are continuously made and 
averaged by a built-in computer ( microprocessor) and 
displayed on an LED readout. An appropriate reflector 
must be located at the far end of the line being mea-
sured. Normally mounted on a tripod, the $3395 in-
strument finds its primary application in outdoor 
surveying work. 
Widespread adoption of microprocessors provides 

added convenience while presenting many new oppor-
tunities for remote servicing problems to crop up. 
Computer Product Service and Research Inc., Blue-
bell, Pa., recently announced model 0617B, a hand-
held logic analyzer for just such occasions. Compat-
ible with data rates up to 20 MHz, the 0617B mea-
sures, stores, and displays binary information on 32 
LEDs arranged in two 16 "bit" rows. The memory 
and display can be arranged to present two indepen-
dent 16-bit words, or a single 32-bit word can be pre-
sented. CPSR claims the $475 unit is valuable for de-
bugging programs used in microprocessors. Most mi-
croprocessors go through several machine cycles be-
fore completing an instruction. The 0617B permits a 
clear view of logic statements in the circuit. 
Another portable logic analyzer, also of recent vin-

tage, is the MS-416 Mitscope from MITS, Inc., Albu-
querque, N.Mex. Here 64 LEDs in four equal, parallel 
rows differentiate between logic ONE and logic 
ZERO voltage levels, while a variable time base ( 0.5 
Ms to 0.2 second) determines timing relationships. 
The $189.50 instrument also retains one-time-occur-
ring pulses with a random access memory that first 
allows storage and then continuous display. 
Much more complex and expensive tools are avail-

able for monitoring and troubleshooting binary data 
in communications channels. One such instrument, 
the model 601 Datascope developed by the Spectron 
Corporation, Moorestown, N.J., provides both a CRT 
display and a magnetic tape recording at the business 
machine interface ( EIA RS-232C) of any standard 
modem. While the $7500 Datascope won't slip into 
your pocket, it can be connected to the data link di-
rectly or through a remote connection unit that bridg-
es the EIA interface and provides electrical isolation 
without adding cable length or increasing electrical 
loading. Tape arranged in an endless loop format re-
tains 25 minutes of traffic ( before erasure). Of course, 
the cartridge may be changed at any time to retain a 
permanent record. 
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Instrumentation V 

Toward serviceability 

Built-in calibrating and self-testing features are two ways of easing 
servicing problems. But digital circuits present unique problems 

When a $ 1000 voltmeter goes out for repair or calibra-
tion thereby paralyzing a $100 000 automatic test sys-
tem, the system designer's nightmare of small instru-
ments controlling large, expensive systems has be-
come a reality. Of course, the need to service parts is 
an inevitability as is some degree of unreliability. But 
as the demand for more complex and powerful instru-
ments increases, so does the challenge to increase 
their reliability while at the same time decreasing the 
frequency with which they must be serviced. 
That this challenge facing today's instrument de-

signer is a great one can't be doubted. As one design-
er puts it, "It is tough enough to design an instru-
ment to today's criteria of performance and miniatur-
ization at a competitive price, without having to 
worry about such things as poor reliability and main-
tainability. Not that it can't be done. It is simply 
more difficult." 

Difficult or not, through increased attention at the 
design stage where service and reliability engineers 
can work hand-in-hand with research and develop-
ment engineers (through the reduction of the instru-
ment's total parts count, and through clever packag-
ing techniques), we're seeing more maintainable in-
struments being produced with higher reliability. 
How has this come about? There are several mar-

ketplace pressures forcing the instrument designer to 
face the challenge. On the one hand, the prospective 
user of electronic instruments can usually choose 
from among dozens of similar-performance units, all 
within the same price range. Yet the life-cycle cost of 
an instrument can be, and often is, much greater 
than the initial acquisition cost, once one adds those 
costs due to repairs, calibrations, and the downtimes 
associated with these services. 

Other key pressures on the instrument designer 
stem from the increasing invasion of electronic instru-
ments into such nonelectronic fields as the chemical 
industry, biology, medicine, process control, agricul-
ture, and the geophysical sciences, to mention just a 
few. Here, nonelectronic personnel, untrained in elec-
tronic instrument maintenance, are expected to oper-
ate instruments properly, yet are often incapable even 
of changing a burned out pilot lamp. This has led 
companies like Leeds & Northrup and Ballantine 
Laboratories, long suppliers of electronic instruments 
to nonelectronic industries, to provide in-plant train-
ing courses, year round, for instrument users and 
maintenance people. 
As a matter of fact, instruments used by such un-

skilled personnel must necessarily be designed to be 
"foolproof" in displaying information. In the future, 
the microprocessor may well provide instruments 

Roger Allan Associate Editor 

with displayed information indicating some fault con-
dition or the instrument's need of calibration. This 
would be useful for production-line testing, where 
workers are prone to believe in an instrument dis-
play's veracity, regardless of its status. 

Digital troubleshooting 

Even though modern instruments are generally 
smaller in physical size than their predecessors, they 
are much more powerful in performance and contain 
quite a bit more circuitry to handle this extra perfor-
mance. Much of this complex circuitry is made up of 
digital ICs and is consequently harder to troubleshoot 
than the less-complex analog circuitry of older instru-
ments that could be checked out by the familiar volt-
ohmmeter (VOM). This has given rise to a whole new 
generation of instruments built specifically for trou-
bleshooting digital circuitry. 

This is not to say that the traditional VOM (or its 
newer brother the digital voltmeter) is an anachro-
nism to be relegated to the instrument burial ground. 
It continues to be handy for checking power-supply 
parameters and linear-IC voltages. Meanwhile, digital 
test equipment, which includes logic probes, clips, 
and comparators (and, in some cases, oscilloscopes) 
can he used to check on digital problems. 

Cracking the case 

Some instruments have access points, externally, to 
check digital and analog signal status without having 
to take the instrument out of its case. However, these 
are in the minority, and most instruments require the 
removal of the chassis from the case. How easily an 
instrument disassembles for service can be an impor-
tant point, and varies in length of time—anywhere 
from a few seconds to several minutes—with the in-
strument's type and complexity. Many instruments, 
notably digital voltmeters and multimeters, incorpo-
rate "snap-apart" or "single-shell" case designs. In 
the former, top and bottom case halves simply snap 
apart. The latter approach has the instrument's cir-
cuitry sliding out of a one-piece case, on a track, 
while being mounted on one or two interconnected 
printed-circuit boards. In either case, dismantling is 
usually accomplished in no more than a few seconds. 
With the increasing use of low-cost plastic cases, a 

trend can be seen toward using little or no metallic 
hardware (screws, nuts, bolts, etc.) for fastening the 
case. But critics of plastic cases argue that over a 
length of time, the plastic tends to deform (particu-
larly with high-packing-density instruments where in-
ternal heat rise can be a factor), making chassis re-
moval and re-insertion very difficult. Furthermore, 
critics insist that many plastic cases are poorly de-
signed thereby losing any advantage in natural resil-
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iency. And of course there can be no argument that 
plastic cases do not provide the shielding inherent to 
the metal case against radio frequency and electro-
magnetic interference. 

A look inside 

A close examination of the insides of most instru-
ments shows a tendency to group major subassem-
blies on different printed-circuit-board cards—power 
supply, front-end, display, and associated electronics, 
etc.—for rapid fault isolation. Some of these boards 
are interconnected to each other through flexible 
cable, flexible printed-circuit boards, or rigid right-
angle connectors in a mother-board fashion. The 
flexible-connection method has the advantage of al-
lowing instrument-circuit servicing without removal 
of circuit subassemblies. 
The vast majority of circuit components—discrete, 

hybrid, and monolithic—are wave-soldered, thus re-
ducing the expense of hand assembly. However, sock-
ets may be preferable to soldering when it comes to 
ICs that, from experience, are known to be likely fail-
ure candidates—most often, those in the input and 
output circuitry. The trade-off, here, is between the 
expense of IC sockets that can often cost as much as, 
and sometimes more than, the ICs themselves, and 
the expenses incurred when unsoldering an IC from 
its board. And costs can escalate dramatically if inci-
dental damage occurs to a printed-circuit-board con-
ductor pad or the plating of a through-hole. Conse-
quently, manufacturers that socket their semiconduc-
tors boast that the end item is easily serviced, hence 
economical. 

Critics point out that, because sockets are a me-
chanical-contact medium, they are even more unreli-
able, not to mention the additional expenses (twenty 
40-pin ICs in an instrument mean 280-pin non-sol-
dered contacts) they can incur. In addition, a sock-
eted IC is more likely to pop out of its socket due to 
shocks than a soldered one. 
To combat the problem of printed-circuit-board 

conductor-pad (or rail) peeling during component un-
soldering, Weston Instruments developed a "solder-
bridging" technique that allows isolation of circuit 
areas without actually removing any components 
from the printed-circuit board. This technique (Fig. 
1) is very useful in production since circuit input and 
output points, leads on op amps, etc., are brought out 
to "solder-bridge" pads, which are only interconnect-
ed (bridged by solder) as each circuit section passes 
production testing. Then, at a later date, a service 

Ill The use of solder pads on the printed-circuit board, at 
key points, allows Weston Instruments to offer digital mul-
timeters and panel meters that can be troubleshot rapidly, 
without the need to pull out any components, by unsolder-
ing. All that is required is the unsoldering of the solder 
bridge joining the two pads, thus isolating any part of the 
circuit suspected of causing the breakdown. This technique 
was discovered by Weston during the production-testing 
phase of their instruments (top) where an operator is test-
ing printed-circuit boards with unbridged solder pads. The 
boards are divided into eight major functional sections. 
Should a failure be present in any one of these sections, a 
light on the test console indicates which area it is. The next 
step is to bridge the solder pads, once the boards pass the 
test. 
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technician can check no-load circuit-component con-
ditions, without the removal of a single component, 
by simply melting solder from the related bridging 
point on the circuit board. In this way, damage to the 
conductor rail and components from the heat due to 
unsoldering is minimized and longer component life 
can be expected. Servicing is much simpler and fast-
er, of course. 

Plug-in modularity 

The concept of plug-in modules in instruments has 
been a popular one from the viewpoints of flexibility 
and economy. However, not all instrument designers 
agree that this concept is best when it comes to in-
strument calibration and reliability. With plug-ins, 
the use of additional connectors and sockets for mat-
ing different instrument subsystems means more in-
herent reliability problems. And it can also mean 
poor instrument performance due to erratic contacts 
and ground currents. 
The plug-in concept does ease maintenance prob-

lems. By unplugging individual subsystems, access to 
an instrument's interior is facilitated, as is the local-
izing of problems to specific sections. Most instru-
ment manufacturers equip their products with ex-
tender printed-circuit boards or flexible cables to 
allow servicing while the instrument is operational. 
However, not all do, and for those that don't, instru-
ment servicing can be a headache. 
The plug-in concept works particularly well in 

those instruments that utilize replacement of entire 
printed-circuit boards instead of individual compo-
nents on the board itself. This is usually common on 
those instruments that have boards with mostly digi-
tal logic circuitry, such assemblies being compara-
tively inexpensive. And with the increasing use of 
digital ICs in instruments, it can be argued that 
maintenance by whole-board replacement is even 
more likely to be seen in the future as digital ICs be-
come cheaper. Many instrument manufacturers cur-
rently incorporate this concept in their instruments. 
There is another element to the whole-board re-

placement philosophy. More complex instruments are 
beginning to use multilayer printed-circuit boards for 
better packing densities of components (four layers is 
typical), and troubleshooting and repairing such 
boards when they become defective is usually costly 
and complex. Where mostly digital IC circuitry is in 
use on the board, replacing it becomes a more eco-
nomical alternative to repair. 

Self-testing and - calibration 

The evolution of the microprocessor over the last 
two to three years has created some promising possi-
bilities for instruments, not only in introducing true 
computational capabilities, but in providing these in-
struments with more self-testing and self-calibrating 
features to indicate when an instrument has an inter-
nal fault and is out of specification and calibration, 
and to take corrective action when in need of calibra-
tion. Self-testing and self-calibration can be initiated 
by the instrument operator either by the push of a 
front-panel button or by inserting a special printed-
circuit card, with software, into a test socket, to allow 
the instrument to exercise itself through a diagnostic 
routine. 

Hewlett-Packard has such a feature on its Model 
3490A digital multimeter, which sequences itself 
through ten tests that validate the performance of the 
meter. On Hewlett-Packard's Model 5300 electronic 
counter system, diagnostic cards are available, as op-
tions, to exercise the counter through sixteen tests, 
for tracing circuit faults down to the component level 
(Fig. 2). On 13allantine's 5500A Autometronic coun-
ter/timer, a front-panel switch allows a 1-MHz 
"check" signal, derived from the instrument's main 
clock, to be applied to both input channels of the 
counter/timer. This frequency is displayed at a reso-
lution that is automatically determined by the setting 
of the controls. 
An example of self-calibration employing a mini-

computer instead of a microprocessor can be shown in 
John Fluke's Model 7505 automated calibration ter-
minal.* The system, which has ac- and dc-voltage 
transfer standards that are calibrated to primary 
standards at convenient intervals, uses a Digital 
Equipment Corp. PDP-11 minicomputer to generate 
error correction factors when the system is out of cali-
bration. A printed output is also available to show the 
amount of error or deviation from an absolute value, 
and it can be used as well to observe an instrument's 
long-term drift behavior. Once the microprocessor be-
comes economical, Fluke feels that its use in general-
purpose instruments for self-calibration, just as the 
PDP-11 is used in the 7505, can be realized. 
The idea of self-testing is not new. Since the late 

1950s, digital electronic counters have had "check" 
modes on their front panels. The autozero technique 

For further details, see Newcombe, C. B., "The automated calibra-
tion system—support requirements," Proc. 1SA-73 Annual Confer-
ence, vol. 28, part 3, pp. 761-1-761-9, Oct. 1973. 

121 Self-testing of an instrument can be done with diag-
nostic software, as seen in Hewlett-Packard's Model 5300 
electronic counter system. The optional plug-in diagnostic 
cards exercise the counter through sixteen tests, for trac-
ing circuit faults down to the component level. A digital 
code readout corresponds to the faulty component. 
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used in most digital multimeters is another example 
of self-testing. No longer do technicians have to ad-
just an instrument for its zero point. This has been 
eliminated for them by those. instruments that per-
form the zeroing with internal circuitry. 
There is one self-test feature worth mentioning 

which is available on many general-purpose as well as 
sophisticated instruments. It involves checking the 
integrity of a multisegmented digital display by the 
push of a button or the turn of a switch on the instru-
ment's front panel. The display is usually validated 
by having all of the segments of each digit light up 
showing the numeral eight. It is a well-known fact 

that the failure of a single segment in a seven-seg-
ment digit, for example, can cause erroneous readings 
of numerals six or zero, instead of eight. 

Calibrations are fewer 

Currently, there is a digital-instrument trend 
toward fewer calibration adjustments than were re-
quired for analog instruments of yesteryear. For ex-
ample, high-performance oscilloscopes today require 
no more than 20 to 30 adjustments for complete cali-
bration, compared to 60 to 70 such adjustments need-
ed for oscilloscopes five years ago. The use of delay 
lines with m-derived designs, which in the past re-
quired an adjustment for each portion of the delay 

line, has been all but eliminated ( Fig. 3). Newer-de-
sign frequency synthesizers require anywhere from 
seven to ten adjustments against about 70 such ad-
justments for synthesizers of 1969 vintage. 
Of course, the use of digital ICs in designing these 

instruments has contributed largely toward this re-
duction in adjustments. The use of pulse-width mod-
ulation (PWM) design techniques has meant no ad-

justments (once numerous and cumbersome) for line-
arity. 
A good example of an instrument minimizing the 

number of adjustments is the Monsanto series 8500 
electronic counter/timers from United Systems. This 
series of nine-digit universal counter/timers with up 
to 1-GHz measurement capability requires only a sin-
gle adjustment—that of the capacitor in the quartz-
crystal circuit, needed to pull the crystal in due to 
aging effects with time and temperature. The compa-
ny also has the Monsanto Model 2780 412-digit digital 
panel meter (DPM) with only two adjustments. 
Even with fewer adjustments, today's digital in-

struments are more demanding in their calibration 
requirements than their analog predecessors simply 
because they are much more accurate. And in some 
cases where instrument miniaturization is overdone, 
the calibration job becomes even tougher. 
While minimizing alignment and calibration ad-

justments can be considered every instrument design-
er's objective, some instrument manufacturers feel 
that such minimizing shouldn't be done at the ex-
pense of the design itself. Some low-cost instruments 
make use of selected-resistor values in place of ad-
justable ones to shave a few dollars off the final price 
tag, but the final price may be that which the instru-
ment user pays when the instrument drifts out of 
specification and he cannot adjust it back simply. 

Generally, most instrument designers feel, however, 
that the more an instrument is adjusted, the more 
likely it is to be in error in the long run. So the trend 
is toward long-term calibration intervals of six 
months or one year, instead of one to three months, 
and toward making calibration simpler. We can even-
tually expect calibration-free instruments. 

13] Fewer maintenance and calibration adjustments, and fewer components, are evident in mod-
ern oscilloscopes such as Tektronix's Model 465 portable unit on the right, a dual-trace, 100-
MHz instrument, when compared with earlier 24-MHz, dual-trace, Type CA plug-in on the left 
(A). The older Model 541 oscilloscope used a delay line that required up to fifty "tweaks" or 
touch-up adjustments against none for the Model 465 ( B). 
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Users grin and bear it 

While this report deals largely with what manufactur-
ers of instruments are doing to increase product reli-
ability and improve maintenance techniques, the 
age-old problem of what recourse engineers, who 
receive defective or improperly operating equipment 
(or even equipment that fails during its warranty pe-
riod), have is still very much with us. 

Manufacturers actions in these situations are 
sometimes at odds with their stated policies of serving 
the customer. Most manufacturers' warranty state-
ments are vague. Some state that defective equip-
ment will be replaced or repaired within the warranty 
period, while many simply say nothing at all. Why 
shouldn't a buyer of a new instrument costing thou-
sands of dollars be entitled to another new instru-
ment to replace a defective one he never laid his 
hands on? Even more important, how long must he 
wait for a replacement unit or a repair to take place? 

In surveying a broad cross section of instrument 
users (see the article on p. 69 of this issue), Spec-
Men found that users feel powerless to affect the 
quality of the instruments they paid for. Frustrations 
among users are particularly significant regarding 
the excessive lengths of time (weeks and months) it 
takes to get some satisfaction, either through re-

placement or repair. The result can be downtime 
costs many times that of the instrument itself, partic-
ularly with systems instruments. The fact that brand-
new instruments can arrive defective raises ques-
tions about manufacturer quality control and work-
manship. One user told us: 
"We bought this $30 000 spectrum analyzer from a 

major and reputable instrument manufacturer two 
months ago. It hasn't worked a full day since. Of the 
eight plug-ins for the system, two were defective 
from the start, and two others failed within a week. 
One of the defective units was repaired a week later 
and failed again. It was repaired a second time. 

After finally getting the system to operate three 
weeks later, another malfunction developed that very 
day. We're still waiting for repairs to be completed." 

Another user said, " I bought this $300 digital volt-
meter whose power switch was broken after a few-
days use. To avoid waiting a week for repair, I de-
cided to replace the switch myself. A short time 
later, the voltmeter failed again, necessitating its re-
pair by the manufacturer, who did not honor his war-
ranty commitment, claiming that my replacement of 
the switch voided the warranty. I don't think this is 
fair." 

Actually, there is something that prospective in-
strument purchasers can do. They can require that 
manufacturers supply them with reliability data for a 
meaningful evaluation. And users are sometimes 
guilty of patronizing certain instrument manufactur-
ers despite previous bad experiences with the same 
manufacturer. If nothing else, a prospective pur-
chaser should examine a manufacturer's perfor-
mance, reliability, and warranty claims with extreme 
caution, and put the burden of proof on the manu-
facturer. 

In fairness to the manufacturer, it should be point-
ed out that it is not as feasible to stock a $30 000 in-
strument for immediate replacement as it is a $300 
instrument. Indeed, many manufacturers do replace 
such low-cost instruments that are defective. 

Instrument manufacturers are also caught in the 
middle between their customers and component 
suppliers. Modern instruments no longer use many 
vacuum tubes and discrete transistors, components 
whose technologies have matured. Complex ICs are 
being used, many of which have just come into exis-
tence. As a result, no instrument manufacturer can 
easily predict, with any kind of accuracy and confi-
dence, when such components might fail in the field, 
no matter how much pretesting is performed. 

As for calibration instruments themselves, they are 
much more sophisticated than older ones. Today, in-
struments, such as Ballantine Laboratories' Model 
6125A oscilloscope calibrator, provide an instrument 
user with a complete calibration capability in a small 
box, and with greater accuracy than the time-mark 
generators of the past—in fact, an accuracy that ap-
proaches that of the standards laboratory. The com-
pany has also advanced the state-of-the-art of accu-
rate ac-voltage measurements with the recent intro-
duction of a thermal-voltage converter (ac-to-dc 
transfer standard) that is usable up to a record 1 
GHz. 

Documentation is the key 

One of the greatest aids an instrument manufactur-
er can provide his customer is complete documenta-
tion of the instrument for faster and easier trouble-
shooting of breakdowns. This not only means a sche-
matic diagram of the circuitry, but also a complete 
parts list with standard replacements where possible 
(some instruments use proprietary parts that aren't 
replaceable quickly or easily), common-fault trouble-
shooting hints, waveform and voltage data on the 
schematic at key points, and a complete layout of the 
instrument's printed-circuit boards, showing all sides, 
with physical locations of the components. 
While companies such as Heath, selling kit and 

wired instruments to a broad class of customers from 
neophyte hobbyists to scientists, have made it their 
business to provide complete documentation, it is 
quite surprising to see how many instrument com-
panies are lacking here. 
Another form of documentation is the video tape. 

Hewlett-Packard sells tapes to its customers to repair 
the Model 3490A digital multimeter. The tape is 
keyed to the 3490A service manual and shows how the 
self-test feature is used to isolate digital failures. 

Tektronix also makes use of video tapes for instru-
ment calibration and repair, but restricts their use to 
in-house training of its service personnel, believing 
that the usually complete documentation that accom-
panies its products is more than sufficient for the cus-
tomer. 
By placing inside the Model 168 digital multimet-

er's top cover a complete calibration procedure, a 
major-components layout, and maintenance informa-
tion, Keithley Instruments gives an excellent example 
of how some manufacturers offer documentation sim-
ply and efficiently to a bench-top instrument. 

It should be mentioned that documentation should 
not be restricted to providing service manuals and re-
lated printed matter. An additional function of docu-
mentation is to provide a complete network of service 
centers to service a company's instruments, quickly 
and at a reasonable cot. 
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Instrumentation VI 

What users like and dislike; 
need and can't get 

Basic satisfaction with test equipment is tempered with a need 
for more self-checking, reliability, and human factors engineering 

WANTED: 
One inexpensive, easy-to-handle, 

superbly accurate, self-calibrating, 
multipurpose instrument. 

Such is the aggregate fantasy of the user of instru-
ments, as determined by a comprehensive Spectrum 
survey the details of which are described in the box 
below. Specifically, while most instrument users are 
reasonably content with the current breed of instru-
ments that cross their work benches, they are at the 
same time demanding in their expectations of a future 
breed of instrument. For one thing, they see down time 
as reducible and accuracy as open to improvement. 
For another, they expect an ever-decreasing cost/per-
formance ratio. Again, they may be pleased by the 
recent trend toward increasing portability, but they are 
far from satisfied with overall instrument design ( hu-
man engineering). And finally, there are persistent 
complaints regarding documentation—be it product 
manuals, programming instructions, etc.—and field 
representatives. But first the good news . . . 

Accentuating the positive 

The vast majority of instrument users feel that the 
products they work with, day in. day out, are essen-
tially satisfactory. They further look favorably on a 
variety of recent trends in instrument design. Porta-
bility has already been mentioned. Along with that, 
instrument users have been pleased with the increas-
ing prevalence of solid-state and improvements in the 
number of functions available in a single instrument, 
in programmability, in ease of operation, and in sta-
bility, to mention just a few of their objects of praise. 

Nevertheless, a healthy one out of six instrument 
users surveyed by Spectrum professed little or no 
satisfaction with their mechanized helpers. While a 
distinct minority, they must be considered an unac-
ceptably large number of dissatisfied customers. And 
add to their complaints, the array of future expecta-
tions of the satisfied five-out-of-six and a vivid por-
trait emerges of the "rooms for improvement" in in-
strument design. 

Evaluating the negative—reliability 

While the vast majority of instrument users score 
their present instruments high in reliability when 

compared to those of the past —largely attributed to 
solid-state circuits including ICs—many users point 

Ronald K. Jurgen Managing Editor 

out that instruments do not operate as represented and 
often do not serve the purpose for which they are in-
tended. Early models have reliability problems. Most 
instruments are not rugged enough to withstand being 
carried in an automobile trunk. Very few instruments 
are built to withstand daily use by technicians. Many 
modern instruments are very reliable electrically but 
have poor mechanical designs that create unnecessary 
down time. And, although use of solid-state compo-
nents has increased circuit reliability, this has been 
offset by the use of poorer quality mechanical com-
ponents such as cases, switches, knobs, etc. 
Add to the foregoing list of complaints another. 

closely related complaint voiced by many instrument 
users—that of excessive instrument down time—a 
costly problem which, they note, could largely be 
solved through modular construction, plug-in circuit 
cards, integrated circuits, built-in test and calibra-
tion capabilities, conservative design, decreased sus-
ceptibility to temperature fluctuation and mechanical 
vibration, protective devices for accidental overloads. 
adequate heat dissipation, and one other too-often 
overlooked, but vital process—quality control in 
production (or manufacture). 
To many users, quality control is slowly getting 

worse, resulting in less operating time before servicing 
is required. Some even feel that many new instru-
ments probably are not getting any quality control in-
spection. In general, most feel that workmanship is 
not what it should be or has been in the recent past. 

Evaluating the negative—human engineering 

The second major area, already mentioned, of in-
strument user concern involves what can be termed 
poor human factors design—both in terms of every-
day use and serviceability. While increased portabil-

sponses to the survey. Since the majority of questions 

answers, particular responses were neither pre-
determined nor encouraged. 

ments they have purchased and use regularly, Spec- 
(rum undertook a comprehensive, 16-question mail 
survey of a random cross section of instrument-using 

report are drawn from the approximately 300 re-

in the survey were open-ended, calling for write-in 

IEEE members. The conclusions expressed in this 

The basis for this report 
To determine how instrument users rate the instru 
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Smaller size and portability top the list of most- appreciated 
improvements in modern instruments compared to previous-
generation test equipment. Other improvements got votes of 
approval in Spectrum's instrumentation survey in the relative 
proportions shown. 

ity over recent years may have lightened the user's 
load, he (or she) points out that operator/machine in-
terfaces are often confusing or hard to manipulate, 
VOMs can be difficult to read, knobs may often be too 
small, panels too crowded, and function switches— 
following the unfortunate lead of recent television 
console design—too frequently relegated to the in-
convenient rear of the instrument. 
Other common complaints are that instruments 

have become too complex and "fussy" and too heavy 
and bulky; that they are not flexible enough to do 
more than one job; that they require adjustment too 
frequently to keep performance at top level; and that 
they lack standardization, particularly for interfacing, 
but also in such other areas as mounting provisions 
and control positions. 

Manuals and field representatives 

Similar difficulties have been encountered in regard 
to instruction manuals. The following are typical: 
early production models lack complete manuals; 
there should be a short-form instruction book to aid 
in set-up; the service manual is usually in the instru-
ment repair department but is often needed when 
using the instrument; a separate and comprehensive 
operation manual should be fastened to the instru-
ment somehow; more instructions should be printed 
on the case or inside the lid, and manuals furnished 
with instruments should fit inside the lid or cover; 
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Bulk, weight 
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Lack of 
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Poor reliability is the most disliked feature of modern in-
struments with poor human factors engineering in second 
place. Other dislikes received mentions in survey responses 
in the relative proportions indicated. 

Self- calibrating and self- testing features are what most 
instrument users would like to see in new instruments. Other 
features desired are related, in number of mentions, in the 
proportions shown by the bar plots. 
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suppliers should provide a simplified users's manual 
to describe operation, particularly for oscilloscopes; 
and manuals supplied with instruments need to be 
improved to give more information on theory, use, 
and repair à la Heathkit manuals which are noted for 
their clarity and thoroughness. 
As for field representatives, most users feel they do 

an adequate job in providing information or assis-
tance in applying instruments. But a sizeable minori-
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ty feel that field representatives do not know enough 
about how to apply the instruments they handle, that 
they don't know anything that isn't in the data 
sheets, and/or that they're generally not available 

when you need them. 

Some near-future needs 

One need that manifested itself in the Spectrum 
survey was a desire for better, faster permanent re-
cording of measured data. A number of users suggest-

ed a memory/hold/recall capability, perhaps in the 

form of a tape that is integral to an instrument with 
a playback feature and hence could be used for recall 
at a later time. Another suggestion was for cassette 
recording and playback of a record of measured events 
and values. Yet another was for permanent printouts of 
digital readouts at low cost. And a quick and simple 
method of recording oscillograph traces, perhaps 
equivalent to the new Polaroid camera technique. was 

cited. Lastly, instruments with the ability to store one 
or two totally different operational settings were rec-

Instrument manufacturers take the floor 

Instrument makers agree with the majority of con-
clusions in the survey but readily point out that they 
must always contend with a combined downward 
pressure on prices and an upward pressure on per-
formance specifications. They also feel that many of 
the "dissatisfied" test equipment users, who say that 
they want an instrument such as the one "adver-

tised" at the beginning of this article, are not realis-
tic. Users are unwilling to accept the fact that trade-
offs must be made. Many of these same engineers, 
according to the instrument manufacturers, ultimate-
ly buy the least expensive instrument on the market 
that can do their measurement job and then are sur-

prised to learn that they only got what they paid for. 
Robert H. Brunner, marketing manager, Hewlett-

Packard Instrument Products Group, says that the 
complaints all have some merit, but: 
"We can't promise everyone a rose garden. The 

full-color/all-singing-and-dancing-machine that will 
solve all problems is as far off as ever, and one 
reason is the same as always: cost. Hopefully our 
engineers will temper their ingenuity with practicali-
ty, for these marvels have a habit of turning out to 
be about as useful as the proverbial handle with a 
mirror on one end, and a brush on the other. 

"A certain amount of disappointment may always 
be the lot of the instrument-user who purchases on 
price, then evaluates on quality and performance. 
Test and calibration will continue to be a large part 
of instrument cost, so superficially similar instru-
ments will probably continue to be vastly different in 
detail and performance. And some desires will con-
tinue to be incompatible. For example, compactness 
and portability, when needed, tend to be largely non-
negotiable, so something else must give. It's likely 
that will continue to be something like panel size or 

battery cycle time." 
Jack V. Stegenga, product marketing engineer, 

Weston Instruments, is optimistic about the ability to 
meet demands for more functions per instrument. 
"An increased number of functions will continue to 

be available and the cost/performance ratio will def-
initely improve," he says. "When you need many 
functions, it is definitely more economical to pur-
chase digital instrumentation of the latest design 

ommended. With a flip of a switch. in such instru-

ments. one setting or the ot her mild be obtained e.g.. 

in using an oscilloscope where different sweep speeds 
and amplit ude settings are needed. 

There was also some indication of a need for com-
bined instrumentation of all types. A digital mul-
timeter and an electronic counter was one combina-
tion recommended. A frequency meter and time- in-

terval indicator or a frequency meter and digital volt-
meter were cited. And a digital readout on the face 
of a conventional anah)g voltmeter was suggested. 

Other features mentioned by users as desirable in-
cluded: a capability of operating with 90-volt line 
voltages during brownouts; instruments that reduce 
operator error by indicating incorrect settings of con-
trols and give warnings when parameters exceed spec-
ifications: longer-duty cycles on battery-driven instru-
ments; simple calculator capability to manipulate 
data as they are displayed: and degree-of- accuracy 
readouts along with the data as part of the cahbrat ion 
procedure. 

rather than analog instrumentation of older designs. 
We know this for a fact since we manufacture both 

types of instruments." 
Harold Goldberg, president, Data Precision Corpo-

ration, however, disagrees that most instrument 
users really want more functions per instrument. He 
feels that the trend is toward dedicated instruments. 

Reliability and downtime 
Opinions on instrument reliability, according to Mr. 

Stegenga of Weston, will vary depending upon the 
type of instrumentation that the engineer questioned 
is in the habit of using. He says, for example, "I am 
sure that the standards-laboratory-type individual will 
state that analog instrumentation is more reliable 
than the electronic type. Undoubtedly, he still has, in 
his lab, analog-type instrumentation that could be 

more than 40 years old and still working properly. 
However, the field technician or maintenance man in 
industry could state that the new electronic instru-
ments are better than the previous analog counter-
parts due to their better overload protection cir-

cuits. 
"We happen to agree with both of these views," 

Mr. Stegenga states. " If an individual really knows 
his instrumentation and treats it properly, the mature 

analog-type instruments still have better life. How-
ever, if the individual is not all that careful and from 
time to time accidentally overloads the instrument, 
then the digital will give him better service. We defi-

nitely feel that within five to ten years digital in-
struments will improve to the point where they will 
equal or exceed the reliability of analog-type units in 

all respects." 
Alan Peabody, marketing planning manager, 

Keithley Instruments Inc., stresses the fact that 

when you talk about reliability of modern instruments 
you should take into account their complexity. The 
typical instrument of 20 years ago, he notes, had 
about 12 active components and about 100 passive 

components. Today, a typical instrument has several 
thousand active components (even though they may 

be contained in just one or two ICs) and several 
hundred passive components. 

Maintainability can certainly be increased by such 
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techniques as modular construction, Mr. Peabody 
agrees, but that approach is not always cost-effec-
tive for relatively simple instruments. And built-in test 
capability might decrease, rather than increase, reli-
ability even if it could be justified economically. 
Built-in, self-calibrating capability can be included as 

an integral part of an instrument, he states, but, 
again, is expensive. Calibration is usually done 

against a relatively expensive standard of some kind. 
It doesn't get any cheaper if you build it in. 
Weston Instruments has included some self-

checking features in certain of its instruments. For 
example, in some instruments, dc portions of the cir-
cuit can be checked by pressing a milliampere cur-
rent button and then reading the millivolt drop across 
a shunt resistor to check accuracy and performance. 
Weston suggests to its customers that on other in-
struments that do not lend themselves to this ap-
proach, the customer might consider carrying an ac-
curate resistor along with the instrument to measure 
the ohms circuit of the instrument. 

Hewlett-Packard has recently introduced instru-
ments that calibrate themselves, diagnose their own 
troubles, and calculate the information the user real-
ly wants from the raw measurement. But they don't 
sell for $99.95! 

Human engineering, manuals 

Most instrument manufacturers do not feel that 
there is any trend to placement of function switches 
on the rear of instruments. To the contrary, some of 
them tried doing so in the past, and then discontinued 
the practice in later instruments because they felt it 
was not good human engineering. 

Satisfying instrument users with manuals seems to 
be a particularly thorny problem. Hewlett-Packard's 
Robert Brunner expresses the problem very well: 
"We've worked with operating instructions as brief 
as those on the back of our hand-held calculators 
and as complex as systems operating-and-mainte-
nance instructions that fill a bookshelf. For instru-
ments, the range is smaller, but we still are in 

search of a reasonable balance between adequate 
information just for application, and fully detailed 

service instructions. Some considerable success has 
been experienced with foreign-language translations 
containing only the material that's of interest to the 
user. It leads us to wonder: should we print those in-
timidating service diagrams, calibration instructions. 
and parts lists separately. for the maintenance peo-
ple?" 

Frank Elardo, product marketing manager, Tek-
tronix, Inc., expressed these views on manuals: 

"It is not always possible to have complete in-
struction manuals ready at the time of first instru-
ment shipments, especially for complex products. In 
those instances, we provide an interim manual which 
is adequate for operating the instrument and per-
forming incoming inspection front-panel checkout. A 
card is inserted in the interim manual to notify us 
where to send the complete manual when it be-
comes available. It is then provided at no charge. 

"We do provide small operating manuals, particu-
larly for our portable instruments. These fit inside the 

cover or the accessories pouch attached to the in-
strument. A service manual is also supplied that in-
cludes circuit descriptions, parts lists, schematics, 
and calibration and maintenance information. The 
operating instructions for most of our products are 
too lengthy to be printed on the covers." 

Weston Instruments, according to Jack Stegenga, 
has included on the front cover of their instruction 
manuals a short-form instruction sheet on how to set 
up the instrument for initial use. And Keithley, among 
others, has printed operating instructions on instru-
ment cases whenever feasible. 

New measurement capabilities 

An interest in combination instruments of many 
varieties was expressed in many responses to the 
survey and some of the instrument manufacturers 
chose to comment on such devices. 

Alan Peabody of Keithley said that digital multime-
ters and counters, for example, have already been 
combined into one package but such combinations 
do not always make economic sense. It is not highly 
cost-effective, he says, to combine a high-frequency 
counter and a digital multimeter. 

Frank Elardo of Tektronix cited the Tektronix TM 
500 series, which includes digital counters, digital 
multimeters, signal sources, power supplies, signal 
processors, monitors, and even an oscilloscope. 
each in a plug-in, modular form. Combinations of 
these instruments can be plugged into a power 
mainframe which can accommodate either three or 
four of the units. All plug-in modules are connected 

in the power unit via a common interface board. 
Connections between modules can be made on the 
interface board providing a synergistic capability. 

And just around the corner 

In regard to the need for self-calibration and self-
checking capability in the future. Mr. Elardo said. " It 
is possible that these functions will be accomplished 

through software by feeding a standard signal into a 
circuit and comparing the effect of the circuit on the 
signal to what it should be. then applying the neces-
sary correction factor to the readout of the measure-
ment. Thus, the readout would be accurate even 
though the analog display was in error." 

There seems to be little doubt in the minds of in-
strument makers that built-in programmability is 
going to have a tremendous influence on future in-
strumentation. In fact, the means to the end for 
many of the new measurement capabilities that in-
strument users say they want may very well lie in 
programmability. For example, Alan Peabody of 
Keithley commented that programmability with mi-
croprocessors might very well be the way to get a 
degree of accuracy readout together with the mea-
sured value readout. And Howard Falk, pp. 46-51 
in this issue, points out some of the intriguing capa-
bilities for new measurements that are just over the 
horizon, thanks to microprocessors. 

Detailed survey results 

The summary of our instrumentation survey in this question by question, for an as yet undetermined 
report has been necessarily brief, and general in price per copy. Readers interested in obtaining more 
nature. We are planning to make available at a future information about the detailed survey report may do 
date a comprehensive listing of survey responses. so by circling number 129 on the reader service card. 
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Instrumentation VII 

The human factors 

The operator, who must push buttons, twist knobs, and observe results 
rapidly, clearly, and unambiguously, is a principal design constraint 

Although recorded attempts to integrate human fac-
tors into equipment design date back to the last cen-
tury, it was not until World War II that human factors 
engineering became a specialized science. Today, in-
strument manufacturers consider "human engineer-
ing" vital in gaining user confidence as well as dol-
lars. Indeed, many respondents to a recent Spectrum 
instrumentation survey (see pp. 69-72) regarded neg-
lect of human factors a major problem in instru-
ments they didn't like. Perhaps the greatest exponent 
of human factors engineering is NASA, which 
throughout the space program has conceptualized 
man as a working component of the overall system. In 
fact, NASA has defined a manned space system as 
hardware, software, and man! 

Why human factors? 

In any human-operated system, both sides of the 
man/machine interface must be considered for suc-
cessful instrument design. Hence, the designer must 
make sure that ( 1) instrument operational require-
ments do not exceed human abilities, and ( 2) human 
performance tolerances permit optimal speed, accura-
cy, and performance. Those seeking to denigrate the 
role played by human factors in instrument design 
should remember that installing such features can re-
duce accidents, increase productivity, extend equip-
ment life, and even make the difference between 
buyer acceptance or rejection. 
An understanding of the body within the environ-

ment has provided scientists with many clues leading 
to more effective use of man interacting with ma-
chine. Over the years, research has given better un-
derstanding to such physiological phenomena as illu-
sions, sensory adaptation and overload, perceptual or-
ganization, adaptation to darkness, retinal fatigue, 
flicker, and environmental stress.' Even now, studies 
such as those being conducted in Skylab are continu-
ing to contribute to man's understanding of himself. 
The Apollo/Soyuz mission next year should enhance 
this knowledge. 
A good example of the importance of understanding 

man-machine interaction was demonstrated in a re-
cent study of the effect of background on color vi-
sion.2 For years now, color television manufacturers 
have been experimenting with different types of " sur-
rounds" for optimum three-color viewing. At least one 
manufacturer has based a whole line of TVs on the 
supposed superior qualities of dark surrounds as a 
background for its color dot phosphors. The study, 
however, reveals that a dark surround causes colors to 

- appear less saturated (i.e., less "pure" to the eye) 

Marce Eleccion Associate Editor 

than when viewed with a light surround—even though 
(and perhaps because) the apparent brightness of the 
color is increased. If this is so, then the increased sys-
tem contrast that is needed to obtain correct color re-
production with dark surrounds may not result in a 
higher perceived saturation to the viewer, even when 
actual intrinsic colors are increased in purity. Rather 
than increasing the spectral quality of their TVs, 
then, color manufacturers using dark surrounds have 
actually only increased apparent brightness at the 
cost of lowering spectral quality, a condition that can 
only be corrected by improving the system's inherent 
color purity. 
This study is a perfect example of why human fac-

tors study is so important to instrument design. 

What to look for 

According to extensive studies conducted by 
NASA,3 the following questions should be answered 
before designing a piece of equipment: 

1. What sensory inputs does the operator use to 
monitor operations of the equipment? ( Hearing, 
seeing, smelling, or feeling pressure, temperature, or 
pain?) 

2. What discrimination is the operator required to 
make during the performance of his job? ( Differences 
between audio tones, colors, dial indicators?) 

3. What responses will the operator have to make 
while operating the instrument? ( Lever pulling/push-
ing, knob twisting, button pushing, switch throwing?) 

4. What movements will the operator make to op-
erate the equipment? (Can he reach all controls? Will 
he be able to effect all control movements? Will the 
operation be fatiguing?) 

5. What are the speed and accuracy requirements 
for operation? ( Is speed or accuracy more important? 
Can the operator sustain performance?) 

6. What work/rest cycles are required? (What are 
the effects of fatigue? What are the proper break in-
tervals?) 

7. What hazards are inherent in instrument opera-
tion? 
These questions are admittedly general enough to 

include all types of equipment, including monitor/ 
measurement/response systems that absolutely re-
quire man as a vital link in the system. For this rea-
son, instrumentation designers would be primarily 
concerned with the first four human factors ( the oper-
ator's sensory inputs, discrimination, responses, and 
movements), as well as the last ( inherent hazards). 
Recent trends in instrument design have slowly elimi-
nated a need for the fifth factor ( speed and accuracy 
requirements) by virtue of automatic, semiautomatic, 
and memory-based routines, which have virtually 
transferred most speed and accuracy requirements 
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from the human to the instrument loop. Factor six 
(required work/rest cycles), while applicable to in-
strument users in some instances (e.g., retinal fatigue 
caused by excessive CRT viewing), is normally more 
important for systems that require constant human 
scrutiny (e.g., radar operation or intensive-care moni-
toring), and even here the tendency has been toward 
more automatic operation, as seen in the recently in-
stalled BART rapid-transit system. 
Because of the complex nature of man, human fac-

tors engineering problems are usually solved by a 
multidisciplinary approach, which allows not only 
greater flexibility but solutions that may be better 
than those obtained by individual and disjointed ef-
forts ( see pp. 75-77). 

Divining the erring human 

In general, human factors engineering can be 
looked at from the vantage point of man's sensory, 
motor, cognitive, and decision-making capability, or 
from the point of view of applications dealing directly 
with the human body. With respect to the latter, it 
should be noted that the trend has been to replace 
implantable sensors with contactless sensors, as 
shown by the progress being made with ultrasonic 
imaging and Doppler blood flowmeters. 
A good technique for contactless testing of physio-

logical parameters has been developed by Philco-Ford 
for future manned space vehicles. Using dry elec-
trodes and a microphone mounted on a conventional 
chair, they have been able to obtain biopotentials 
(ECG), bioresistances (GSR, BSR, low-frequency 
skin-resistance changes, and direct current), bioim-
pedances (ZPG, ZCG, and respiration and blood 
pulse changes), and thoracic sounds. An immediate 
application of this technique would be in mobile 
heart-problem screening clinics similar to mobile 
X-ray units; paramedics could be used and data ei-
ther stored or evaluated on the spot by computer pro-
grams. 

Other techniques have been developed that mea-
sure practically every physiological function. For ex-
ample, 
• To measure motion and limb position for effective 
design of future spacecraft and control systems, Mar-
tin Marietta has developed a force-measuring system 
and limb-motion sensors that can be applied to the 
design of everything from fire-fighting equipment to 
underwater gear. 
• To determine the effects of weightlessness. NASA 
is employing lower-body negative-pressure devices, 
limb-volume measuring systems, blood-pressure mon-
itors, body-temperature monitors, vectorcardiograms, 
and metabolic analyzers. Useful in describing the 
ranges of "normal" body functions, such systems can 
be used to bring rapid and accessible medical diag-
nostic help to dispersed geographical locations. 
• To test complex coordination, Langley Research 
Center has designed a system that can study perfor-
mance under toxicological, physiological, and psycho-
logical stress. 
• To study the environmental effects of vibration, 
noise, temperature, etc., on the human body, a sys-
tem has been devised, by NASA, that may have the 
last word in determining passenger acceptability of 
future transportation systems. 

• To diagnose visual problems, Ames Research Cen-
ter came up with an automated visual sensitivity tes-
ter that not only spots visual dysfunctions and blind 
retinal areas, but can be self-administered via a film 
cassette. 
Some human factors testing is so critical that com-

plete test facilities have been set up to measure a 
range of parameters under varying conditions. Such is 
the case at the SAFEGUARD command and control 
test facility (CCTF) at Bell Laboratories in Whip-
pany, N.J., which in essence is a human factors test-
ing lab for evaluating the interactions between people 
and the semiautomated control system developed for 
the SAFEGUARD ballistic missile defense system. 
During a test, the operator's responses to CRT scen-
arios are both video-taped and recorded by computer, 
which interprets an action and simulates appropriate 
system responses. Besides testing, the CCTF can be 
used to demonstrate SAFEGUARD capabilities, pre-
pare training movies, and provide hands-on training 
experience for operating personnel. 

But what about instruments? 

The large contribution to human factors engineer-
ing that has come out of such research centers as 
those of NASA may seem a bit esoteric as one looks 
at their original purposes, but many of the discoveries 
are beginning to find commercial and consumer ap-
plications. A case in point is a coaxial cable cutter 
that was developed for use under zero-gravity condi-
tions. The tool proved to be so fast and accurate that 
it quickly became a commercial reality. 
The need to understand what is required of an in-

strument in terms of human factors is aptly demon-
strated in the case history cited on pages 75-77. After 
much time and effort developing the Tektronix 410 
physiological monitor, the Tek R&D team found that 
anesthesiologists, using the instrument under practi-
cal real-time conditions, reported the EEG function 
to be less useful than the doctors had originally 
hoped. As a result, the EEG was totally eliminated 
on the later model 408, and replaced by a blood-pres-
sure/pulse-reading monitor on the Tek 412 to fill the 
need doctors had of the EEG. In addition, the 
412 has a dual-trace screen and an adjustable high-
rate/low-rate/arrest alarm added. 

Regardless of these later changes, the Tektronix 410 
has been cited in an independent medical instrument 
survey as having performance characteristics superior 
to all other units tested. Further checking has re-
vealed that the unit is considered by experts to be the 
first effective battery-powered unit of its kind, and is 
still in very wide use, surely a testimony to the effec-
tiveness of integrating engineering, human factors, 
and industrial design. 
What the Tektronix experience shows clearly is 

that no matter how deeply human factors are taken 
into consideration, the feedback loop to final instru-
ment design is never really closed. 
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Human factors: case history 

Building a medical monitor 
• 

In the fall of 1965, a group of industrial designers, 
electrical engineers, and mechanical engineers at 
Tektronix were called upon to form a team with the 
express purpose of building a medical instrument. 
Since it was to be Tektronix' first attempt to enter 
this market, not much was known about the problems 
of medical instrumentation and its related technolo-
gy. This proved to have one advantage, however, 
since the absence of established rules and protocol 
governing the new project allowed its members to 
start completely from scratch. The result: a synergis-
tic approach to the project task ( see Box, this page) 

that led to an instrument superior to any that could 
have been obtained through disjointed efforts. 

From scratch! 

The Tektronix project began when one project 
member called the other participants together and 
suggested they work from the start as a team. After 
some debate about the wisdom of such an approach, 

Jim Gerakos Tektronix, Inc. 

 N 
Synergy—a whole 

greater than its parts! 

WebsterS dictionary defines synergism as "coopera-
tive action of discrete agencies such that the total 
effect is greater than the sum of the two effects 
taken independently. - Buckminster Fuller defines it 
as the behavior of whole systems unpredictable by 
observing the separate parts. 
A good example of a synergistic relationship is the 

chrome-nickel-steel alloy whose tensile strength is 
approximately 350 000 pound-force per square inch 
—100 000 lbf/in2 greater than the combined tensile 
strengths of the component metallic elements. 

Another example of synergy can be seen in com-

bining members of different disciplines into an in-
strument design team, such as the project referred 
to in this article. The Tektronix team members 
strongly believe that combining their talents at the 
beginning of a project is many times more effective 
than calling upon them one at a time (as is often 
done in industry). In the past. Tektronix tried many 
combinations, including getting a team together 
when a project was partially finished or near comple-

tion. 
The author is convinced that an instrument de-

signed by a team on which three or more disciplines 
are represented is a better instrument. How much 
better is not measurable in simple numbers, but if 
readers were to look closely into the development of 
any tool or piece of equipment—electronic or other-
wise—which they consider well designed, I will 
wager that a team effort was involved and that the 
teamwork made for better design. 

the group agreed. Its core consisted of three electrical 
engineers, one mechanical engineer, and an industrial 
designer; soon after, the machinist assigned to the 
project became an active member as well. 
The one thing all members of the project had in 

common was the fact that no one knew anything 
about the medical business. Together, they set out to 
learn. First, they made arrangements with a local 
hospital in order to have four of the team members 
observe the surgical area. This was the first of several 
visits to local hospitals, including conversations and 
correspondence with surgeons and anesthesiologists. 
After the first day in surgery, the four returned to 
Tek to compare notes and fill in the rest of the team. 
Each of the observing team had seen a slightly dif-

ferent aspect of the total picture. For example, the 
industrial designer drew a quick sketch of the surgical 
area and noted several key items: the light level, 
placement of instruments and personnel, and the 
focus of attention—the patient. But taken together, 
their composite panorama was far more complex than 
what otherwise would have been isolated observa-
tions. 

Strangely enough, the doctors themselves were not 
entirely sure what they wanted. They did come up 
with specific needs, however, and this list gave the 
team a starting point. The doctors essentially were 
looking for an instrument that could perform both as 
an electrocardiogram (ECG), with a wave shape to 
show alterations in the rhythm of the patient's heart-
beat, and an electroencephalogram ( EEG), to indi-
cate the brain's electrical activity and show changes 
in oxygen supply to the brain. Further, the instru-
ment had to be relatively small—since it would com-
pete for space with heart/lung machines, artificial 

11 j The Tektronix 410 physiological monitor. 

LTT 

IEEE spectrum NOVEMBER 1974 
75 



Instrumentation VIII 

Power plant controls: 
displays, computers, and man 

From channel redundancy to direct digital control, 
new concepts in design are aiding the man at the power switch 

Generating electric power reliabl, efficiently, eco-
nomically, and—not least important—safely, have al-
ways been the major objectives of public utilities. 
With much design and engineering effort recently de-
voted to nuclear power plants, the industry has been 
extremely alert to safety considerations. 
A recent study commissioned by the Atomic Ener-

gy Commission (AEC) on reactor safety, released in 
August 1974, probably eased most of the tension that 
has been built up within and outside the industry, re-
garding safety aspects of nuclear plants. The study— 
"An assessment of accident risks in U.S. commercial 
nuclear power plants," supervised by Norman Ras-
mussen of M.I.T.—has concluded, among other 
things, that the likelihood of reactor accidents is 
much smaller than many non-nuclear accidents hav-
ing similar consequences. And the likelihood of large 
financial losses, caused by nuclear-plant accidents 
was found by the team that conducted the Rasmussen 
study to be about 100 to 1000 times smaller than that 
of similar losses from other sources. The "Rasmussen 
Report" may provide a basis for reexamination of in-
strumentation philosophies for nuclear power plants. 
It is unlikely, however, that engineers and designers 
of nuclear power-plant instrumentation systems will 
slack off in their efforts to provide safe and reliable 
nuclear power generation systems. 

In a nuclear power plant, the generally accepted 
distinction between the nuclear steam supply system 
(NSSS), including the nuclear reactor and all associ-
ated steam generating equipment, and the balance of 
plant (BOP) requires significant differences in instru-
mentation. While instrumentation in a typical BOP 
that includes pumps, compressors, auxiliaries, and 
piping can be encountered in many plants with pro-
cess control, the NSSS instrumentation is mostly 
unique to nuclear power plants. This uniqueness is 
associated with different types of variables that have 
to be measured in the NtiSS, like neutron flux within 
or outside the reactor or position of rods that control 
the reactivity, and also with specific requirements of 
reliability, accuracy, and operation under extreme en-
vironmental conditions (temperature and pressure, 
for example). 

Redundancy, diversity, and separation 

"Fo design a reliable nuclear plant protection sys-
tem, two major principles—redundancy and diver-
sity—have to be observed. Redundancy is implement-

Gadi Kaplan Associate Editor 

ed by providing more than one instrumentation chan-
nel for each plant variable, while the diversity con-
cept includes the use of more than a single plant vari-
able to detect any condition that would require a pro-
tective action. A coincidence logic of "two out of 
four" may be used in such protection systems. This 
allows on-line checking and calibration of such protec-
tion channels, without risking a major reactor trip. 

In addition, redundant safety channels must be 
physically separate from each other, to insure against 
total loss of a vital protection system in the event of a 
local fire or some other hazard. This physical separa-
tion principle can provide headaches to designers 
charged with control boards for nuclear power plants 
—for example, it is often very tricky to run hundreds 
and hundreds of cables within the control board with-
out crossing cables. This complex topological problem 
can sometimes be successfully tackled by three-di-
mensional computer studies, as has recently been 
done by a Wolfe 8.z Mann design team. 

Human-engineered control boards 

In recent years, much design effort has been direct-
ed at employing human engineering in the design of 
control boards for nuclear power plants. But there re-
mains much to be accomplished in this area. Accord-

Reactor safety study highlights 
According to the Rasmussen Report ( Reactor Safety 
Study, WASH- 1400, United States Atomic Energy 
Commission), the probability of accidents having ten 
or more fatalities is about one in 2500 per year per 
100 nuclear plants. Put another way, this means, one 
such accident every 25 centuries. For accidents with 
1000 or more fatalities, the chance is one to 
1 000 000 or once in a million years. 
A useful evaluation of nuclear reactor risks, can 

be made by referring to the following self-explanato-
ry table from the report: 

Annual fatalities and injuries expected 
among 15 million people living within 20 
miles of U.S. reactor sites 

Accident Type 

Automobile 

Falls 

Fire 

Electrocution 

Lightning 

Reactors (100 plants) 

Fatalities Injuries 

4200 

1500 

560 

90 

8 

0.3 6 

375 d00 

75 000 

22 000 
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ing to an article appearing last year in Nuclear safety 
magazine, one can find, even in advanced plants, 
"controls that are difficult to operate, gages that are 
hard to read and confusing alarm arrangements." 
But in fossil plants, too, there are cases of poor 

human engineering. Contradicting layouts of two ad-
jacent switches—for example, the same position mean-
ing "off" for one of them and an "automatic" mode 
for another one—are often undesirable. This reporter 
has also noticed a strip chart recorder with one pen 
that displays three variables related to the turbine. A 
switch from one variable to another is indicated by 
the pen returning to "0" position. Interpretation of 
the reading is consequently difficult even for an expe-
rienced operator, and one has to refer to another in-
strument to find out exactly which variable is being 
displayed. 

Recently, there have been improvements: Consider-
ation of man as a part of the overall control system 
has been gaining a wider public, and major companies 
consult control room operators when designing new 
control boards. 

Nuclear plant control panels 

The Nuclenet 1000 control complex for boiling 
water reactors (BWRs), designed by General Elec-

tric was introduced about two years ago. The GASNET 
control room system for the high-temperature gas-
cooled reactor (HTGR), was recently introduced 
by General Atomic (GA) and presented to the Octo-

ber 1974 meeting of the Instrument Society of Ameri-
ca (ISA). Both of these systems apply human-engi-
neering concepts in their design. 

Demonstrating a recent tendency to "think small-
er," the developed semicircular console of the Nu-
clenet 1000 measures about 4.5 meters at the opera-
tor's side, compared to about 18 meters developed 
length of the straight conventional three-sided board. 
The width of the operator's working area on GE's Nu-
clenet 1000 is about 1.2 meters compared to 1.8 me-
ters for a conventional panel. This reduction in area 
is mainly due to extensive use of color CRT displays 
that replace many conventional strip-chart recorders 
and analog meters. Another contributing factor to the 
slash in board size is the use of 3.8-cm2 push buttons 
instead of conventional switches that had been pre-
viously used. 
The Nuclenet 1000 is arranged in three "levels"— 

from bottom to top, operator controls, CRT displays, 
and annunciators. The most frequently used functions 
are located at the center of the board, whereas the 
lesser used ones are at the "wings." 

11] Part of the main control board of Consolidated Edison's " Indian Point 

No. 3" nuclear power unit, designed by Wolfe & Mann. 
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Functional layout and size-reduction are funda-
mental concepts in GA's control board prototype for 
the HTGR. GA uses 2.5-cm2 push buttons and like 
GE's, GA's push buttons are back-lighted when acti-
vated. According to GA's designers, the slight eye fa-
tigue that may be created by the irregularity in panel 
surface caused by light patches of activated switches 
is more than compensated for by a well-defined, 
unambiguous, and immediate grasp of plant control 
status offered by the back-lighted switches. Consider-
ation of operator fatigue also dictates the selection of 
control panel color. In most cases, gray or green have 
been found satisfactory. 

Various display philosophies 

A growing practice in nuclear control board dis-
plays is the use of computer-controlled color CRTs. 
Different display modes are applied—bar graphs, 
trend graphs, schematic diagrams, or character dis-
play. A combination of the latter two is often used 
to display a subsystem graphically with indications 
of numerical values of its variables. The charac-
ter-display mode is generally used for message dis-
plays, including alarm descriptions and operator in-
structions. 

Various manufacturers, however, have different 
philosophies regarding the application of CRTs. All 
ten CRTs in GE's Nuclenet 1000, for example, as well 
as each of the six CRTs on GA's control board, can be 
assigned to display data from any subsystem of the 
entire power plant. 

In a graphic control complex by Westinghouse, 
which has recently been proposed to various utilities, 
11 color CRTs are incorporated. Eight tubes are lo-
cated within the primary control center, whereas 
three other centers—safety, supervisors-monitoring, 

and engineer's console—have one tube each. Func-
tionally, Westinghouse's display system provides 
alarming, status, and performance formats. One of 
the eight CRTs in Westinghouse's primary control 
center is dedicated to alarms, but another CRT is 
used as a second alarm, as well as a backup for the 
remaining tubes. Similar to control-room displays by 
other vendors, essential CRT indications in Westing-
house's system are backed up by hardwire indicators 
and annunciators. 
A basic display system, comprising a minimum of 

two black and white, or (optionally) color, CRTs, is 
offered by Leeds and Northrup. In this system, the 
LN5000, one monitor is typically dedicated to alarm, 
and a second one is dedicated to alphanumerical util-
ity display, like multipoint displays, group displays, 
or operator-guidance messages. A useful feature in 
many display systems is automatic ranging. This fea-
ture is extremely helpful in displaying variables with 
wide dynamic ranges. 
The huge amount of physical data collected contin-

uously from many sensors around a plant—neutron 
flux, flow, temperature, pressure—usually requires 
not only appropriate signal conditioning equipment, 
but also powerful computers capable of storing a suf-
ficient amount of information. The stored information 
should also be continuously updated. Relevant data 
must also be immediately available for display. That 
this feature is essential for a dependable display is 
recognized by the manufacturers of display systems. 
But not only past information is displayed. L&N and 
GA, for example, provide users of their systems with 
software to display step messages for a complete plant 
start-up schedule. 
To get the right portion of a message schedule or 

the desired variables on display, the operator has to 

121 Extensive human engineering has been incorporated in General Atomics con-
trol panel for its high- temperature gas-cooled reactor ( HTGR). (From a paper given 

in the 1974 International Conference and Exhibit, New York. N.Y.. sponsored by the 

Instrument Society of America). Note: dimensions are in centimeters. 
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"tell" the computer his need, using an input device. 
Such man-machine communication is tackled differ-
ently by different vendors. While functional switches 
on keyboard devices are used in most plants, GA of-
fers a light-pen input whereby the operator can "con-
verse" with the display CRT more visually. The ven-
dor suggests that pointing a pen at a lighted dot on a 
CRT may be somewhat faster than keying a full in-
struction code on the keyboard. 

Averaging readouts 

Besides CRT displays, straight digital readouts can 
often successfully replace analog meters and strip-
chart recorders, particularly when the measured vari-
able does not change enough to justify a trend record-
ing (like the rpm of a turbine under a full-output, 
synchronized condition). One digital readout also can 
be used to replace several analog readings, particular-
ly when the average of a few variables can represent 
sufficient data for the user. For example, GA uses 
this technique to display a temperature average of 
several thermocouple readings. 

Multiplexing vs. hardware 

The ever-increasing number of variables that must 
be monitored around power plants (nuclear and fossil 
alike) is already creating a major problem—how to 
run thousands of cables from the sensors to the con-
trol room in the most economical way. The typical 
total cable length needed for a light-water reactor can 
run in the millions of meters whereas the associated 
copper weight required is in the order of 100 tonnes! 
Another problem is how to run the cables reliably. 
More control and instrumentation designers have 

recently been considering multiplexing as a viable 
technique to overcome these problems. Using multi-
plexing, thousands of signals can be transmitted over 
just one pair of wires, implying seven-figure dollar 
savings in raw material and installation costs. But 
some low-level, dc signals from sensors like thermo-
couples and pH meters need special shielding and 
conditioning prior to multiplexing. Protective signals, 
however, have to be hardwired, to meet necessary safe-
ty requirements. 

Although multiplexing is considered advantageous 
by many vendors, there are skeptics, too. According 
to one vendor, "multiplexing has become a sort of 
buzzword many people use, but very few do anything 
about." Indeed, running three or four cables for 
each critical signal, while multiplexing other instru-
mentation channels, wherever possible, can be both 
economical and reliable. The reliability can be pro-
vided by continuous checks and calibrations on all 
the signals. A typical rate is once a second, as is the case 
in GA's system for the HTGR. 

In the hardwiring of a vital system of a power 
plant, a failsafe mechanism is usually provided, 
whereby an accidental open circuit in a wire immedi-
ately triggers that part of the system into the safest 
operating mode under existing conditions. But in a 
hardwired auxiliary system that does not have a fail-
safe mechanism, an open circuit can even go unno-
ticed. Using multiplexing with continuous signal 
checking, a situation like this can be avoided. 
Another multiplexing advantage over a hardwire 

concept is that an existing instrumentation system 

can be expanded at will—to transmit many more sig-
nals, excluding low-level dc ones, over existing wires 
—without having to run any additional cable. 

Termination cabinets speed installation 

Growing installation costs and the tight schedules 
demanded by power companies have forced instru-
mentation vendors to look for ways to reduce installa-
tion expenses. The "termination cabinet" concept, now 

used by most control board vendors, permits wiring of 
all field cables to terminal boards within the termina-
tion cabinets prior to control board shipment. These 
cabinets are supplied by the vendors and located in the 
vicinity of the control room. The next step is the full 
installation of the control board, including a hook-up 
of the board via factory pre-tested cables, with plug-in 
connectors to the termination cabinet. 

Serviceability, maintainability, obsolescence 

Designing an instrumentation system that will per-
form reliably is one thing; providing for serviceability 
is another. Though most systems are designed to be 
serviceable under load conditions, there are excep-
tions. In one fossil fuel plant, for instance, unplugging 
one card from a hydraulic control cabinet for inspec-
tion tripped the whole plant. Undesired plant shut-
down can sometimes occur just by accidental shorting 
of two test points on a printed card being checked 

A typical direct digital control loop in a fossil-fueled 
power plant. A selector permits interlocking the drive- unit 

regulator via hardwire to protective circuits, bypassing the 

computer control. Leeds & Northrup's LN5300 control sys-
tem controls many loops of this kind in " Martin's Creek" 
Units 3 and 4 of the Pennsylvania Power & Light Company. 

(From " Instrumentation in the power industry. - vol. 17. In-

strument Society of America. Pittsburgh. Pa.). 
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"on line" by a technician. A more "servicing-orient-
ed" printed card layout could solve this problem. On 
the other hand, redundant instrumentation channels 
could provide their users with safe "on line" check-
ing, testing, and calibration. 
The Achilles' heel of present-day power plant in-

strumentation systems is obsolesence. With the fast 
pace of semiconductor technology, equipment some-
times becomes obsolete even before installation, let 
alone within an expected 30 to 40 years of the plant's 
active service. Many plants that include instrumenta-
tion purchased before 1970 still use old-fashioned 
relay protection circuits, whereas equipment now 
being designed includes solid-state protection cir-
cuits. In one plant, faulty printed-circuit cards of one 
system that employed flat-pack integrated circuits 
(ICs) could only be replaced after layout modifica-
tions required to accommodate a substitute IC. The 
flat packs are simply not made any more. 

Continuity of production of the various components 
used in instrumentation systems is indeed a major 
concern of large utilities. Aware that it is impossible 
to be sure a manufacturer won't go out of business or 
discontinue production of a specific device, such utili-
ties sometimes make it a point at least to secure a 
sufficient amount of spare components and parts for 
all vital systems. 

Computer role 

In U.S. power plants, computers were initially as-
signed, for the most part, to "passive" tasks—data 
acquisition, dynamic analysis and efficiency calcula-
tions, data-logging and storage, and, more recently, 
the control of displays and printouts of alarms. 
But in fossil plants, computers have recently been 

successfully applied as well in direct digital control 
(DDC) of the power generating process. One such ex-
ample is the application of Leeds and Northrup's 
LN5300 system in "Martin's Creek" Units 3 and 4 of 
the Pennsylvania Power & Light Company. The sys-
tem provides direct digital control of boiler and tur-
bine, in addition to data acquisition, storage and 
monitoring, and the control of CRT displays of 
alarms and operator guidance. 

In Canada, DDC has also been applied successfully 
in nuclear power plants. One such example is "Cen-
trale Nucléaire de Gentilly" in Quebec. The 250-
megawatt plant employs three computers—two of 
them are interconnected and control practically every 
loop in the plant—from absorber rod position to steam 
drum level. The only systems that are not tied to the 
computer are the safety systems. The third computer is 
used for operator training. 

In the Maine Yankee nuclear plant (Wiscasset, 
Me.), on the other hand, the computer that is one 
part of Combustion Engineering's instrumentation for 
that plant is assigned to monitor the motion of the 
core's control element (rod) assembly (CEA) and the 
rods' positions for deviation from procedural limits, as 
well as for actuation of computer-controlled inter-
locks, unrelated to safety systems. Apart from these 
functions, the computer in Maine Yankee is used for 
data logging and steady-state and transient analysis 
of reactor core operation. 
Among various computer techniques employed in 

nuclear power plants is the "split task" and "shared 

hardware" mode of computer operation, suggested in 
Westinghouse's system. According to Westinghouse's 
scheme, the entire plant analysis and display control 
job is split between a "display" and a "result" com-
puter, both sharing a common "memory pool." In the 
event of a failure of the vital display computer, the 
result computer takes over the display function. A 
computer redundancy is thus provided for a vital sys-
tem, with a significant economic advantage over sys-
tems using complete computer redundancy—at no 
time is there an idle computer, and the entire volume 
of data processed by the system at any time, or the 
"throughput," is significantly increased. 
In spite of sprouting computer applications both in 

nuclear and fossil-fueled power plants, the pace of the 
current trend is considered too slow by some engi-
neers. The power industry was recently criticized by a 
senior instrumentation and control engineer as "re-
inventing the wheel," as far as computer applications 
in nuclear power plants is concerned. Accumulation 
and evaluation of a vast amount of plant-operation 
data is vital, in his opinion, for future designs of nu-
clear plants. And this can only be successfully tackled 
by extensive computer use. 
A major reason for the reluctance on the part of 

some design engineers to use computers for DDC in 
nuclear plants is the reliability problem, particularly 
software reliability. As one design engineer put it: 
"Hardware reliability is possible to grab hold of. You 
can build a system with redundancy and backup to 
computer hardware. But software? Software doesn:t 
'fail' like hardware does. The initial built-in bugs in 
the design are very hard to find." Although software 
houses may strongly disagree with this statement, 
they would probably admit that software debugging is 
indeed a major problem. But the successful Canadian 
example of computer-controlled nuclear plants, gives 
hope for more automation in nuclear plant instru-
mentation. 

e  
For further reading: 
The basic guide to, instrumentation in nuclear power 
plants is the Nuclear Power Reactor Instrumentation 
System Handbook, by Joseph M. Harrer and James 
G. Beckerley, a publication of the United States 
Atomic Energy Commission (USAEC). Those specifi-
cally interested in reactor safety can find useful in-
formation in the draft of Reactor Safety Study, issued 
by the USAEC in August 1974. Appendix Ill of that 
draft deals with reactor failure data. A discussion of 
the human factors in the design of control boards for 
nuclear power plants is presented by M. H. Rauden-
bush in Nuclear Safety, vol. 14, Jan.-Feb. 1973, pp. 
21-26. Criteria for protection systems for nuclear 
power generating plants are stated in the IEEE Stan-
dard No. 279, which was revised in 1971. Develop-
ments in computer applications for fossil power plants 
are discussed in a section in " Instrumentation in the 
Power Industry," Proceedings of the 17th Interna-
tional Power Instrumentation Symposium (May 1974) 
of the Instrument Society of America ( ISA). Govern-
ment and industry requirements for nuclear balance 
of plant (BOP) instrumentation are discussed in D. 
L. Browne's article "Control system design for nucle-
ar power," in Instrumentation Technology, Sept. 
1974. 
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Instrumentation IX 

New measurement capabilities 

The '74 designer's arsenal bristles with smart 'scopes, 
multipurpose meters, and high-speed digital analyzers 

What do transient recorders, digital logic analyzers, 
and so-called "smart" instruments have in common? 
They're all instruments of the Seventies, fulfilling the 
need for new types of measurements. Together with 
traditional instruments that measure time, frequency, 
voltage, current, resistance, and capacitance, which 
have been vastly improved in detail and measure-
ment ability, the new instruments provide the engi-
neer with new dimensions in measurement capability. 
Instrument advances have been largely fed by the 

explosive growth of semiconductor IC devices, them-
selves in need of advanced instruments to quantify 
device developments. Advances in microwave compo-
nents, hybrid ICs, and traditional passive components 
have also been factors. Not to be overlooked are inno-
vative design techniques, offshoots of newer devices 
and components. The result has been oscilloscopes 
with computer intelligence and signal sources and 
time and frequency instruments that have set new 
standards in performance. Even multimeters can 
now measure capacitance, power level ( decibels), 
time intervals, and temperature, besides the usual 
voltage, current, and resistance parameters. 
A clear trend in instrumentation is toward auto-

mating the measurement procedure, and to that end. 
some instruments have been so automated that t hey 
no longer fit the popular concept of an instrument. 
The operator has been relegated to the secondary role 
of pushing or twisting a few knobs and switches, and 
watching the measurement results on a display. 

From computers to microprocessors 

When Tektronix introduced its Digital Processing 
Oscilloscope (DPO) in the early part of 1973, a mile-
stone was reached in computer-aided oscillography. 
The DPO was linked to an external minicomputer (a 
Digital Equipment PDP-11 unit) which massaged and 
analyzed the digital data that was produced by the 
DPO's processor. For the first time, an oscilloscope 
could, by signal averaging, make use of a minicompu-
ter's computational power to extract signals buried 
deep in noise; display a signal in the frequency do-
main by a Fourier transform calculation; display a 
signal after passing it through an arbitrarily con-
structed digital filter, one that may not even be real-
izable with conventional components; compensate for 
an oscilloscope's nonlinearity and impedance-mis-
match errors, thus providing a more accurate display; 
and scale the waveform to another form, such as a loga-
rithmic frequency scale, for example (Fig. 1). 
Availing the oscilloscope of computer power did not 

‘..estart with Tektronix's DPO, however. E-H Research 

Roger Allan Associate Editor 

had an oscilloscope ( its AMC-1000) several years 
earlier that made use of internally hardwired logic for 
computational capability. Its stand-alone repertoire 
was, of course, limited, since it did not have the addi-
tional power that an integral minicomputer could 
supply (however, a standby computer interface was 
provided). During the second half of 1973, Dumont 
unveiled its 3100 system—a fully automatic, 100-
MHz oscilloscope. Mated to an Interdata Model 4 or 
70 minicomputer, it was the first real-time oscillo-
scope that allowed direct waveform analysis ( instead 
of sampling the signal) all the way down to dc. 
These computer-related oscilloscopes set the pace 

for Hewlett-Packard's recent introduction of the first 
oscilloscope with a microprocessor—the Model 1722A, 
275-MHz oscilloscope at $4500 (Fig. 2). 

[1] The most powerful oscilloscope yet built is Tektronix's 
Digital Processing Oscilloscope ( DPO). With a Digital 
Equipment PDP-11 minicomputer. the DPO can perform a 

variety of signal-processing applications such as calculat-
ing the convolution, correlation, and fast- Fourier-transform 
functions of information displayed on the screen. It is inter-

faceable with many peripherals including calculators and 
the company's R7912. 1-GHz transient digitizer. 
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The significance of the 1722A is not so much its 
lower price (many critics think that $4500 is still too 
high a price for an oscilloscope) as the fact that it is the 
first self-contained, portable oscilloscope that pro-
vides the convenience of direct measurement calcula-
tions with a digital readout in the same package. No 
interfacing to any external and bulky equipment is 
needed. One of the things this oscilloscope can do is to 
provide direct digital readout of time interval, fre-
quency, dc voltage, instantaneous voltage, and relative-
amplitude (expressed as a percent) of signals on the 
oscilloscope's CRT, at much better accuracies or reso-
lutions than were available. 
A particularly convenient feature for measurement 

on the 1722A is the instrument's dual-delayed sweep, 
which allows the operator to display both start and 
stop points of a time-interval measurement as inten-
sified markers. This has advantages over conventional 
single-delayed sweep methods in that it automatically 
eliminates errors due to vertical and horizontal drift 
and increases trace-positioning resolution. It also elim-
inates manual zeroing of the display, obviates the 
need for graticule line references, permits simulta-
neous viewing of two events separated in time while 
maintaining their timing relationship, and allows the 
presetting of the desired time intervals in the oscillo-
scope's digital display. 

While much attention is being focused on the use of 
the microprocessor in oscilloscopes for simplifying the 
quantitative readout of measured parameters, this ca-
pability is not necessarily limited to microprocessors. 
Last year, Phillips Instruments unveiled a 50-MHz, 
dual-trace oscilloscope that allowed the instantaneous 
multiplication and display of the two input signals— 
no earth-shaking development except that multiplica-
tion could be performed on 40-MHz signals. The key 
was the development of a high-frequency analog mul-
tiplier IC that could perform accurate multiplications 
at such frequency levels. Phillips' latest oscilloscope, 
Model 3265, is a 150-MHz, dual-trace instrument that 
has just pushed this multiplication capability to 100 
MHz. The 3260 series design lends itself to future 
programming, due to cold-switching of the front-
panel controls. 

Bandwidth is the name of the game 

Two diverging trends appear to be taking place in 
oscilloscope design. At one end of the spectrum, there 
are powerful computing-type oscilloscopes, such as 
the DPO from Tektronix, that can be operated entire-
ly in a closed loop, where the CRT display can be left 
out and the operator need not participate in the mea-
surement procedure save for the manipulation of a 
few controls. In such a case, oscilloscopes can no long-
er be called by such names and are in reality auto-
matic measuring equipment. The other end of the 
spectrum includes the general-purpose oscilloscope 
that is being improved in detail (but not necessarily in 
computational power) for less ambiguity of operation, 
smaller physical size, and lower cost. Oscilloscopes 
built for service and field work fit this category. Be-
tween these extremes fall laboratory-type oscillo-

[2] The first oscilloscope with a microprocessor circuit is 
Hewlett-Packard's Model 1722A. This 275-MHz instrument 
allows the direct calculation of time interval, frequency, dc 
and instantaneous voltage, and relative amplitude (in per-
cent) of any signal(s) on the oscilloscope screen. Results 
are displayed on a digital readout, at much better accura-
cies or resolutions than were ever available in real-time os-
cilloscopes. 

[3] Ballantine Laboratories' Model 7050A electronic signal 
recorder ( below, left) makes use of an inexpensive loop of 
computer-grade tape (below) that records transient signals 
up to 100 kHz (at a 3.6-µs rise-time limitation). Indefinite-
storage capability allows the replay of captured transients, 
on any oscilloscope screen, at any time. 

84 IEEE spectrum NOVEMBER 1974 



scopes with improvements in measurement conve-
nience, either within the same package (as in Hew-
lett-Packard's Model 1722A) or in separate but com-
patible modules (Tektronix's TM-500 line of oscillo-
scope modules, for example). 

Notwithstanding recent computational advances in 
oscilloscopes, the two benchmarks of performance re-
main bandwidth and sensitivity. Of the two, band-
width is the more important, according to Oliver Dal-
ton, Tektronix's manager of laboratory oscilloscopes. 
"If we look at oscilloscope advancements, we can see 
that progress in higher bandwidths has been more 
rapid than better sensitivities. Very high sensitivities 
of 10 pV per cm are presently limited in usefulness to 
medical, mechanical, and some electronic ( low-noise 
amplifiers) applications," he explains. Tektronix has 
a Model 7904 real-time oscilloscope with a 1-GHz 
bandwidth at a reduced sensitivity of less than 4 volts 
per cm by direct access to the CRT ( 10-mV-per-cm 
sensitivity at a 500-MHz bandwidth with a plug-in). 
For sheer bandwidth, nothing can beat a general-

purpose sampling oscilloscope. It operates by trans-
lating high-frequency inputs to lower-frequency do-
mains by sampling the input waveform. Many sam-
pling oscilloscopes are similar in operation to real-
time oscilloscopes from an operator viewpoint. In 
fact, several real-time and sampling oscilloscope 
plug-ins are directly interchangeable, giving the oper-
ator excellent versatility. 
Sampling oscilloscopes are available with band-

widths up to 18 GHz, with Hewlett-Packard's 180 se-
ries using Model 1811A plug-in and the 1430C sam-
pling head, and with Iwatsu's ( marketed by Dumont) 
Model 5009B oscilloscope. Programmable sampling 
oscilloscopes are available from E-H Research and 
Systron-Donner. E-H's Model 1010 features full-scale 
time accuracy of 1 percent and spans time ranges of 
0.2 ns to 100 ms per division. Voltage accuracy is 2 
percent. It can accept up to 100 input probes and be 
daisy-chained into a larger system. Systron-Donner's 
Model 774, when used with the Model 770 automatic 
network analyzer, has full-scale accuracy of 1 percent 
and spans time ranges of 1 ns to 500 ms per division. 
This model accepts up to 100 input probes and has 
"search" and ( like the E-H Model 1010) programma-
ble "delay" capabilities. The "search" mode allows 
the operator to seek any signal automatically. 
What can be expected of future oscilloscopes? 

"Certainly larger bandwidths, in real time, than the 
1-GHz mark we're at," says Tektronix's Dalton. He 
points out, however, that direct-measurement CRTs 
are approaching their limits in bandwidth and that 
newer types must be looked at. Further, more digital 
data are beginning to appear on the oscilloscope 
screen, complementing the analog trace information. 
While Tektronix has oscilloscopes that display digital 
information on the screen, this information is limited 
to trace-amplitude and time. Additional parameters 
such as duty cycle, pulse width, and slope can be ex-
pected, either on the screen, or on the front panel. 
CRT work is presently going on to increase current 

1 densities from the present 300 lines of resolution for a 
‘--e* 5-inch-diameter CRT to about 1000 lines of resolu-

tion. Other efforts are directed at improving phos-
phor-material efficiency, building better deflection 
structures, and improving upon recent developments 

in post-deflection magnification (PDM). Lower oper-
ating potentials and shorter CRT lengths have been 
the result of PDM advancements. Investigations have 
been conducted into ways of differentiating between 
multiple traces on the same screen, by the use of multi-
color phosphors, notably by Thompson-CSF. 

Enter digital instruments 

Until about five years ago, there were no such in-
struments as waveform, or transient, recorders and 
logic analyzers. The increasing use of digital ICs for 
logic functions in circuitry has rapidly brought about 
the need for such instruments. Waveform or transient 
recorders allow the capture and viewing of signals 
tens-of-megahertz fast, and time resolutions as nar-
row as 1 ns. Digital logic analyzers permit a look at 
digital logic states and timing relationships in any 
digital system, thus making it easier to troubleshoot 
faulty digital circuits. 
One of the biggest advantages of signal-storage 

transient recorders is that they allow the recording of 
a selected portion of the signal, preceding the trigger 
point. This method of pretrigger recording eliminates 
erroneous recordings due to false triggering from noise 
levels. Variable-delay provisions allow the additional 
capture and viewing of a selected portion of the sig-
nal. after the trigger point. All this is done by digitiz-
ing the input analog waveform and feeding the digital 
data into a digital memory. In addition to digital out-
puts, analog outputs are available for output to other 
instruments. 
The fastest commercially available transient re-

corder is Tektronix's Model R7912 transient digitizer 
that can acquire, digitize, and analyze signals at up 
to 1 GHz in bandwidth. This is done at a level of 4 
volts per division. The instrument is basically a scan-
converter storage tube that has a silicon-diode-array 
target. This target can retain information on a signal 
for as long as 100 ms. An additional memory is need-
ed to hold signals for longer periods of time. In 1964, 
the Atomic Energy Commission at Los Alamos built a 
scan-converter that performed up to 2 GHz. 
Information gathered on the R7912's scan-converter 

target can either be raster-scanned and displayed on 
a conventional CRT monitor, or it can be digitized 
and put into the additional memory for later use. The 
digitizing is done at a rate of 512 waveform samples 
in 5 ns. Because the R7912 operates as a triggered os-
cilloscope does, no pretrigger information is available. 
Capturing fast transients is important in laser, 

atomic-fusion, particle-physics, and nondestructive-
testing applications, to mention just a few. 
A novel method of transient capture is employed in 

Ballantine Laboratories' Model 7050A electronic sig-
nal recorder ( Fig. 3). It makes use of an inexpensive 
and small loop of magnetic tape that records tran-
sients from dc to 100 kHz, at a rise-time limitation of 
3.6 µs. Transients can be played back, on any oscillo-
scope, for further signal examination, at 3000 divi-
sions per ms with a 40-dB dynamic range. Because 
tape is the storage medium, storage is indefinite, and 
signals can be replayed at any future time. 

Logic instruments 

About five to six years ago, digital logic instru-
ments in the form of pocket probes began appearing. 
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These diagnostic instruments displayed logic states 
ONE and ZERO by having either their lamps or 
light-emitting diodes light up or not. They sufficed 
for simple or static digital circuitry but were inade-
quate for resolving timing relationships in the more 
complex and faster digital circuitry of today ( rise 
times of less than 1 ns are all too common). Newer 
and more sophisticated logic analyzers were thus 
born. Three of these are Hewlett-Packard's 1601L, 
Biomation's 8200, and E-H Research's AMC 1320. All 
have CRTs that display the digital data. Hewlett-
Packard's instrument emphasizes state analysis while 
Biomation and E-H Research have made contribu-
tions to multichannel timing analysis. 

Hewlett-Packard's 1601L logic state analyzer can 
collect data at 10 MHz and display it on a CRT, in 
truth-table format of ONEs and ZER0s, and in parallel 
data streams of 12 columns by 16-bits long. For ease 
of interpretation, the display can be formatted in 
octal groups of three, or BCD (binary-coded decimal) 
groups of four, to match the logic system being ana-
lyzed. The pattern trigger digital delay and display 
format make it ideally suited for analysis of state se-
quences such as microprogram analysis. 

Biomation's Model 8200 digital logic recorder ( Fig. 
4), a more recent arrival than the 1601L, is the fastest 
digital logic timing analyzer to be built. It has the 
largest input data rate of any analyzer on the market 
—200 MHz. With it, critical timing relationships can 
be examined.in up to eight simultaneous pulse trains. 
The high sample rate allows resolution down to 5 ns 
in width, and thresholds can be set to any desired 
level in 25-mV increments. An input latch feature al-
lows the detection of 1-ns spikes. 
E-H Research's AMC 1320 Digiscope is a 0.05-Hz to 

50-MHz logic timing analyzer (ten decades with three 
time scales per decade) that can handle asynchronous 
data. Its dual-threshold detectors allow it to detect, 
anywhere in a digital logic stream, low-amplitude 

141 Complex digital logic circuitry calls for sophisticated 
digital logic analyzers such as Biomation's Model 8200. an 

instrument capable of checking digital data rates up to 200 
MHz. Up to 2048 bits may be checked simultaneously ( or 

bit by bit), in each of eight pulse trains. on a CRT display. 
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logic ONEs, high-amplitude logic ZER0s, signals 
with slow rise and fall times, and spikes as narrow as 
5 ns. Up to eight input data channels are possible 
with a 100-word-per-channel capacity, using four 
dual-channel plug-ins. The main frame of the 1320 
provides for as many as 16 input channels (with four 
4-channel plug-ins). The instrument features combi-
natorial triggering ( parallel word recognition), high-
impedance active probes, and complete readout of all 
the instrument's settings on the CRT. 

Sophistication in time and frequency 

Electronic counters have traditionally formed the 
spearhead for accurate measurements of time and fre-
quency, either by direct counting for frequencies to 
600 MHz, or by heterodyne or automatic- and man-
ual-transfer-oscillator techniques for microwave coun-
ters that can measure frequencies up to 18 GHz. 
The heterodyne technique in microwave counters 

allows the measurement of a carrier that has large, 
frequency modulation (FM) bands on it—an impor-
tant advantage in communications work. The trans-
fer-oscillator technique, as used in Hewlett-Packard 
and Systron-Donner's 18-GHz counters, limits the 
FM bandwidth to no larger than the phase-locked 
loop bandwidth of the transfer oscillator, but offers 
better sensitivities than the heterodyne method. 
EIP's Model 351D, 18-GHz, heterodyning micro-

wave counter (20 GHz, optional) offers improved 
sensitivities of - 20 dBm over 0.825-1.1 GHz, -25 
dBm over 1.1-12.4 GHz, and - 20 dBm over 12.4-18 
GHz. Sensitivity of -30 dBm over 1.6-6.5 GHz is op-
tional. Of course, automatic-transfer-oscillator, 18-
GHz counters such as Hewlett-Packard's Model 
5340A offer sensitivities as low as -35 dBm. 
While frequencies get higher every year, measure-

ment techniques have been vastly improved to make 
possible sophisticated measurement of single-shot 
time intervals, pulsed radio-frequency (RF) signals, 
data bursts, and very narrow pulses. Automatic, com-
puter-control operation is evident in many of today's 
time and frequency counters. 
The newest measurement capability in time is pro-

vided by Hewlett-Packard's Model 5345A electronic 
counter that allows pulsed-RF signals to be measured 
both practically and precisely. Pulses as narrow as 50 
ns can be measured (the limit had been about 1 µs) 
directly. This 500-MHz, 11-digit, 10-mV counter is 
fully automatic up to 4 GHz with the use of the 
5354A plug-in. Additional plug-ins allow the measure-
ment of 18-GHz signals. The 5345A counter can also 
make time-interval measurements of single-shot 
events to within 2 ns, and of repetitive time intervals 
down to 1 ps. 

If you need an instrument that can resolve the 
smallest event in time, then the Monsanto Model 
8330 time-interval counter from United Systems is 
the answer with its 100-femtosecond resolution by sig-
nal averaging (1 femtosecond = 10-15 second), bet-
tering the 1-ps resolution of the E-H Research 142 
and the 5-ps resolution (by signal averaging) that 
Hewlett-Packard offers in its 5360 computing counter. 
The United Systems 8330 offers single-shot resolution 
of 100 ps without signal averaging, while the Hewlett-
Packard 5360 claims a "usable" resolution of 300 ps. 
To get some idea of how narrow in time a 100-femto-
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second time interval is, it is the approximate time it 
takes light to travel one thousandth of an inch. 
The Ballantine 5500A provides autoranging on even 

a single time interval with resolution •of 100 ns with-
out overflow. The 110-MHz counter uses a read-only 
memory to automate the positioning of decimal points 
and annunciators. 
Just as frequency and time counters have been get-

ting higher in frequency, better in accuracy levels, 
and more sophisticated in performance, so have signal 
sources—recipients of the same microwave-device 
breakthroughs (at the highest frequency levels) as 
wider bandwidth and more powerful yttrium-indium 
garnet (YIG) oscillators and more efficient impact av-
alanche and transit (IMPATT) diodes. 
Microwave frequency sweepers are commonly avail-

able to cover bands as large as 2 to 18 GHz in a single 
sweep. The expanding mobile-communications field 
has meant an increase in the output-power levels re-
quired of signal sources, and very sharp frequency 
bands with little or no skirts, Such output power lev-
els as 1 volt into 50 ohms are standard, compared to 
100-mV levels just a few years ago. 

Multimeters measure more parameters 

Not very long ago, if you bought a digital mul-
timeter, it meant you bought an instrument that 
measured voltage, current, and resistance, at best, in 
the same package. If you needed to measure true-rms 
ac voltage, capacitance, power levels, time, or tem-
perature, you had to buy a separate instrument for 
each of these measurement parameters. That picture 
is beginning to change. You can now buy digital mul-
timeters that measure several combinations of the 
aforementioned parameters, and at a price that is not 
much higher than you would have paid for a digital 
multimeter with fewer measurement parameters. 
The ordinary laboratory impedance bridge has also 

gotten into the act. Added to the traditional compaci-
tance and inductance measurements have been con-
ductance and admittance measurement capabilities. 
Jack Stegenga, Weston's new products manager, 

sums up the situation: 
"Measurement capability for the design engineer 

today has meant that he needs only one instrument, 
at a lower cost, instead of four to five instruments for 
the same capability. Capacitance and decibel measure-
ments are becoming easier to implement in multime-
ters and can be expected to be seen in more such in-
struments." 
While the listing of such multimeters would be too 

lengthy for this report, here are a few representative 
examples of the most recent ones: 
Data Technology offers a low-cost, 3%-digit mul-

timeter, Model 20, that measures capacitance as well 
as ac and de voltages and resistance. United Systems 
offers the Model 2180 digital multimeter that mea-
sures decibels from —60 to + 60, in addition to ac and 
dc voltages and currents, and resistance. Systron-
Donner's Versatester is a multimeter ( ac and de volt-
age as well as resistance), pulse generator, power sup-
ply, sine and square-wave source, and frequency 
counter, all in one package. Hickok Electrical Instru-
ments, Valhalla Scientific, and California Instruments 
Co. all offer digital multimeters that double as fre-
quency counters. Practically every multimeter manu-

facturer offers true-rms ac-voltage measurement as a 
standard or optional feature. Many offer four-wire 
resistance and ratiometric features. 
An interesting new instrument is Tektronix's Model 

DM43 digital multimeter, designed to be used atop 
Models 465, 466, and 475 oscilloscopes. This multime-
ter offers measurement of voltage, resistance, temper-
ature, and differential time-delay intervals. The tem-
perature measurement range is — 55 to + 150°C. The 
time-delay measurements can be made between any 
two points on the oscilloscope screen. 

What price accuracy? 

Digital multimeters may be getting more versatile, 
but they may also be reaching their limits of resolu-
tion and accuracy for voltage measurements. A mi-
crovolt measurement is about where most digital 
multimeters (or voltmeters) stop in resolution. Sub-
microvolt-region measurements, it is pointed out by 
most instrument manufacturers, are not very practi-
cal because component noise levels are as big as, if 
not larger than, the voltage levels to be measured, ex-
cept for some special applications. Accuracies to 
within 0.005 percent or better should be left for sec-
ondary standards, it is felt, and 0.01-percent accura-
cies are sufficient for the great majority of applica-
tions. 
Some of those special applications involving low-

level measurements include semiconductor-material 
processing. Companies such as Keithley Instruments 
provide meters than can measure nanovolts and pi-
coamperes, for such applications. 
As for measuring current, a unique instrument is 

Weston's Model 670 FET-input volt-ohmmeter 
(VOM). It is the only known instrument that allows 
"in-circuit" current measurements, by direct contact. 
Designed to be used in checking printed-circuit-board 
currents in power supplies, it can do this without the 
need to open any of the conductor paths, by the use 
of a two-terminal probe set. The set consists of two 
individual probes that snap together at various spac-
ings and can also be used apart. Accuracy of current 
measurement is within 5 percent. Until the introduc-
tion of this meter, clip-on, loop-type probes were the 
only instruments that could measure current without 
breaking a circuit path. 
Despite the tendency to provide multimeters with 

more capability, the big revolution is in bringing 
down costs, not only for multimeters, but for all types 
of instruments. Harold Goldberg, president of Data 
Precision Corp., defines things further: 
"There are two important instrument-market 

trends. A cost-conscious market, where a low pur-
chase price is the most important factor, and a per-
formance-conscious market, where complete systems 
performance and compatibility is paramount. I 
wouldn't be surprised to see a 100-MHz, frequency 
counter selling for as low as $300, as an example of 
the low-cost push." 
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New Product applications 
Microprogrammed bipolar microcomputers 
are assembled from integrated circuit blocks 
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Pipeline computer system design using 3000 series bipolar circuit blocks. 

The 3000 series of bipolar large-scale 

integrated ( LSI) circuit blocks is de-

signed to meet the needs of data control 

and communication systems for high-

speed programmable logic. A Central 

Processing Element ( CPE) and Micropro-

gram Control Unit ( MCU) are the key 

blocks. The MCU selects microinstruc-

tions from a high-speed microprogram 

memory in the order required to execute 

higher- level instructions. It contains all 

the logic for such selections, as well as 

several other functions that support CPE 

operations. One MCU is normally re-

quired per system, but any number may 

be used in a multiprocessor system. 

Each CPE is a 2-bit-wide slice through 

the data processing sections of a com-

puter. Logic functions and data paths are 

defined by the microinstructions stored in 

the microprogram memory. The CPE de-

codes the portions of the microinstruction 

words that govern its operations. Any 

number of CPEs or CP arrays may be 

used in a system. 

To form computers with any desired 

word length, an MCU, several CPEs, and 

enough memory circuits to store the nec-

essary microprogram words ( microin-

structions) are connected in the organi-

zation preferred by the system designer. 

In addition to the CPEs and an MCU, 

the 3000 series includes: a 3003 Look-

Ahead Carry Generator, which provides 

fast carry over a complete 16- bit arithme-

tic section (array of 8 CPEs); the 3212 

Multi-Mode Latch Buffer, a general-pur-

pose I/O ( input-output) device, 8 bits 

wide, which provides storage and buff-

ering functions; a 3214 Interrupt Control 

Unit, which provides eight levels of priori-

ty interrupt automatically interacting with 

the MCU, while an additional 3214 units 

can expand the interrupt subsystem to 

any number of levels; and the 3216 Bi-di-

rectional Bus Driver, a 4-bit-wide bus 

driver and receiver used to expand the 

data buses of very large systems. 

Schottky bipolar memory circuits, with 

industry standard configurations, are 

available for microprogram development 

and storage. These include the 3601A 

1024-bit ( 256 X 4) electrically program-

mable read-only memory ( PROM), the 

3604 4096-bit ( 512 X 8) PROM—an ad-

vanced design, with typical access times 

less than 70 ns, that allows the micropro-

gram of a large, complex system to be 

stored in only three or four packages—as 

well as, the 3301A 1024-bit ROM, a 

metal-mask design, and the 3106 256- bit 

random-access memory (RAM) with 

three-state output. 

The 3000 series devices are building 

blocks with variable data paths and logic 

functions, so there are virtually no re-

strictions on how the system designer or-

ganizes the blocks and logic operations. 

The pipelined design shown in the fig-

ure uses a register of TTL flip-flops to 

delay microinstruction transmission. This 

allows microinstruction execution and 

fetch cycles to be overlapped, cutting the 

average microinstruction cycle time in 

half. In a non-pipelined design, the mi-

croinstructions are transmitted directly 

from the microprogram memory to the 

central processor array. A 16- bit pipe-

lined processor has a typical microcycle 

time of about 125 ns, while the simpler, 

non-pipelined design has a microcycle 

time of about 300 ns. The pipelined pro-

cessor can execute about eight million 

microinstructions per second and the 

non-pipelined design, about three million 

microinstructions per second. 

Many other system organizations, it 

cluding multiprocessors, can be imple-

mented. For example, many MCU-control 

memory sections can share one central 

processor (CP) array when many similar 

machines or devices must be controlled. 

Sharing a CP array will rarely affect con-

trol speed, since control data is pro-

cessed at rates far higher than normal 

machine operating rates. 

Since the Schottky LSI devices can ex-

ecute millions of microinstructions per 

second, throughput is very high. Through-

put is further enhanced by novel logic 

functions that minimize the number of mi-

crocycles required to execute a macroin-

struction or other system command. 

These techniques also minimize the num-

ber of ROMs used in the microprogram 

memory, since fewer microinstructions 

are stored. 

Several operations that normally re-

quire a sequence of microinstructions 

have been reduced to only a single mi-

crocycle. These include three operations 

performed very frequently by processors 

and controllers: maintaining the macroin-

struction program counter; masking and 

bit testing; and multibit data shifts. 

Testing a bit or bits in a register is 

often a condition for a microprogram 

jump. Conventional processors may de 

stroy the data as a result of masking and 

testing for the desired conditions. But 

succeeding microinstructions may require 

use of the data. Thus, the processor must 

go through extra cycles to save and re-

store the data. 

This additional delay is avoided by a 

new technique called conditional clock-

ing. A bit in the microinstruction "freez-

es" the clock momentarily during the 

testing operation. The test result is sent 

to the MCU by the CP array, but the CP 

registers are not affected. This allows the 

CP array and MCU to perform a nonde-

structive test and a microprogram jump 

in one cycle. The original data remain in 

the CP array register for use by later pro-

gram steps. 

Multibit shifts simply require bus inter-

connections and a microinstruction that 

chooses the desired data paths, rather 

than repetitive bit- shifting operations. 

Cost of the MCU and eight CPEs for a 

16-bit computer is less than $200 in 

100- up quantities. For system develop-

ment work, a kit is offered, containing 

deign information and all the LSI blocks 

and microprogram memory circuits need-

ed to build a large, complex system. The 

kit costs $720. 

For further information, contact Inte 

Corp., 3065 Bowers Ave., Santa Clara, 

Calif. 95051 
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