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Synthesizing at Higher Frequencies " 10

The Economy of Computer-Controlled Measurements .... 3

THE COVER should indicate to all readers that General Radio has proved the profitabil­
ity of investing in a computer-controlled logic-circuit tester.

•Issue.
Through the years of teaching fellow

workers the ways to approach management
for capital funds, we have found no better
way than to present the proposal in terms of
the probability of payback in a comparatively
short time with realizable profits following
immediately. We hope that you will be ableto
apply this principleto your own procurement
problems.

According to a forecast by the U.S. De­

partment of Labor. issued early in 1970. the
services and skills of engineers and tech­
nicians will continue to be in heavy demand
during the next decade. The rate of growth of
demand conceivably can be twice that of all
working poople.

The department foresees a shortage in sup·
ply of this critical group because of the de­
creasing enrollment in engineering studies. A
determined effort must be made on the part
of industry to upgrade all technical and semi­
technical personnel to provide more efficient
performance. thereby helping to c10sethegap
between manpower needs and manpower ac­
co mpl ishments.

At the risk of stating the obvious, we
would Iike to stress to our readers and their
managers the need also to upgrade the use of
machines and the machines themselves. re­
leasing the human beings for more essential
planning and thinking tasks. It is for this very

reason that companies like General Radio re­
cently have been devoting much of their re­
search, innovation. and development talents

to the production of automatic test equip­
ment that will rei ieve tech nical personnel

from repetitive and tedious tasks. This will
permit more constructive and efficient use of
t hei r capab iIit ies.

There is another basic reason for using ma­
chines: Profit. Industry finds that many ap­

plications of machine control to routinetasks
save money. after the short period of time
required to earn back (in most ap licationsl
the original capital investment in tooling. Too
often. however, the men with the strongest
instinct to do things better, faster, and more
efficiently do not have sufficient background
in finance to convince management of the ul­
timatewisdom of spending money .and some­
times lots of it, for machineassistance. It is to
them we have addressed the first article in this
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The Economy of Computer-Controlled Measurements*

The Forecast
Our production engineers estimated that, after introduc­

tion of a computer-controlled test system, preparation of the
test programs and test fixtures would take 24 hour per board
type. Actual test time per board, by relatively un killed labor,
would be 30 seconds. Since rejected boards would be accom­
panied by a troubleshooting printout from the computer,
time to diagnose and to repair the rejects was expected to
decrease from 20 minutes to 12 minutes.

been invested in equipment to what should be invested in
equipment. Ye terday's investment decision resulted in av­
ings we are experiencing today, but can a new investment
today re ult in even greater savings tomorrow?

The e terms and techniques are illu trated below as they
might be used to calculate a cost-effectiveness solution to the
problem of testing digital logic board. Our solution was the
GR 1790 Logic- ircuit Analyzer. 1 The typical data used are
based upon experience with GR logic circuits constructed
with 12 to 60 14- or 16-pin digital I 's on printed-circuit
boards.

The Old Way

Prior to the in tallation of the GR 1790 ystem in our
manufacturing facility, we used hard-wired test fixtures for
each board to be tested. Preparation of these fixtures re­
quired a design and fabrication period of 1 to 4 weeks per
board, normally averaging 2 weeks. Test time using these
fixture were reasonably short (5 to 10 minutes), but the lack
of significant diagnostic information resulted in trouble­
shooting and repair times of 20 to 40 minutes.

Total cost for this approach are hown below, assuming
the minimum times given above, a quantity of 10,000­
boards/year made up of 50 different board types, and a board
failure rate of 33%.

Introduction
Is your production schedule limited by manual tests of

items completed or in process? Have you noticed that your
inspection people are unable to retain efficiency as they rou­
tinely and monotonously check, check, check? Perhap
you've begun to give some thought toward changing your test
methods, revising or replacing your old test equipment, and
improving the efficiency of your inspectors. The idea of em­
ploying computer-as i ted te t equipment has been in your
mind for some time but you don't know how to justify, to a
hard-nosed management, the costs of the added facilitie .

Your problem is no different from that which faced our
production engineers at General Radio some time ago, when
they decided to change from manual to computerized pro­
duction-lest operations. We thought, therefore, that a short
discussion of the technique used by the engineers to convince
GR management to finance the change would be of interest
and value to our readers. The example given u e current cost
and test-rate data and are presented for different quantilie of
digital logic boards to illustrate the application of the tech-

•ruque.

Why Economic Considerations?
The engineering decision to use costly test instrumentation

is not very difficult ince it is u ually ba ed upon technical
consideration only. The financial decision, however, is usual­
ly made by an entirely different group of people, continually
alert to the material needs and operating co ts of an organiza­
tion. Because of the ability of technical and financial minds
to cross-fertilize each other and to reach a common under­
standing, progressive indu trial organizations originated a ra­
tional approach to capitalization of facilities several years
ago. They named it "cost-effectiveness" and it became a use­
ful management tool. More important, it forced production
engineers, in need of test equipment, to speak the language of
accountants and broadened the appreciation each had for the
other. ngineers began to speak in terms of total investment,
discounted rate of return, depreciable life and tax shield.
Accountants became equally appreciative of component fail­
ures and failure rates, of labor time to maintain equipment
and to inspect production components, of equipment inter­
faces and software, and of precision of tolerances.

Another advantage of this cross-fertilization of ideas was
to change the focu of management's attention from what has

WITH ORIGINAL TEST FIXTURES
Preparation:

(50 types/yr) (2 wk/type) (40 h/wk) ($4/h)
Test:

(10,000 bd/yr) (5 min/bd) (tk h/min) ($4/h)

Troubleshooting and Repair:
(3,333 rejeets/yr) (20 min/bd) (6~ h/min) ($4/hr)

Total

$16,000

3,333

4,444

$23,777

*As applied to procurement and application of the GR J790 Logic­
Circuit Analyzer, described on page 7.
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1Fichtenbaum, M. L. "Computer-Controlled Testing Can Be Fast and
Reliable and Economical without Extensive 0 perator Training," Elec­
tronics,January 19, 1970.
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Based upon these estimate, costs (in 1968) were calcu­
lated:

WITH COMPUTE R-CONTROLLED TEST SYSTEM

Preparation:
(50 types/yr) (24 hltype) ($4.00/h) $4.800

Test: 1
(lO,ooObd/yr) (30s!bd) (60 X 6O h/s) ($l.65/h) 138

Troubleshooting and Repair: 1
(10,OOO X .33bd/yr) (12 min/bd) (50 h/min) ($4.00/h) 2,640

Total S>7 ,578

Hence the total direct-labor savings made possible by u e of
the computer-controlled te t ystem were estimated to be
$23,777 - 7,578 = 16,199/year. anagement approved
the installation after reviewing these figure and studying a
funds-flow analysis imilar to that of Tables 3 and 4.

The New Era

Use of the 1790 Logic- ircuit Analyzers in the manu­
facturing facilities confirmed the production engineers fore­
cast. The preparation time was significantly reduced, since
only a simple mechanical interface and an ea y-to-write test
program were required for each new device. These are nor­
mally prepared in ~-2 days depending upon the complexity
of the board to be te ted and, in our experience, averaged 1
day /type. The actual te t time was reduced to miIli econd ,
but the time required to in ert and remove the board being
tested kept the total test time at an average of 30 se onds.
The G R 1790 makes convenient the inclusion of diagnostic
suggestions in the test program so that trouble hooting time
may also be reduced. The time req uired however, to effect a
repair (replace an Ie, remove a older bridge, etc) kept the
trouble hooting/repair time to an average of 6 minutes. Ac­
tual total costs for the same quantities used in the forecast to
management are

WITH THE GR 1790 LOGIC-CIRCUIT ANALYZER

Preparation:
(50 types/yr) (1 d/type) (8 hid) ($4/h) $1,600

Test:
(10,OOObd/yr) (30s/bd) (1/3600 his) ($2/h*) 167

Troubleshooting and Repair: 1
(3,333 rejects/yr) (6 min/reject) (60 h/min) ($4/h) 1,333

Total $3,100

Hence, the total direct-labor savings made possible by the
GR 1790 in this example are $23,777 - $3,100 =
$20,677/year.

he typical quantities (and hence the labor savings) will
obviously differ with industry and pr duct. Table 1 gives the
value of annual labor savings for 3 q uantitie f bo rds, 3
numbers of different types of boards, and 2 failure percent­
ages. These figures are based upon the arne rate u ed in the
preceding example.

The saving in labor costs is only one alculation in the
cost-effectiveness approach. It is also important to consider
the ex penses and savings over a period of time of concern (the
cash flow) and to discount future funds to reflect their pre­
sent value.**

The obvious initial expen e i the purchase price of the
system. dditional costs include time spent attend ing train­
ing courses and acquiring proficiency in writing test programs
and using the system, plus normal operation and maintenance
costs.

The labor savings calculated above are reduced by the 50%
Federal corporate tax rate, as are other internal expenses and
saving. Included on the savings ide of the ledger is deprecia­
tion, a non-cash expense that acts as a tax hield. Analysis of
the depreciation of the G R 1790 appear in able 2.

Table 3 gives the funds-flow analysis for an eight-year peri­
od. The et Operating Advantage is shown at the bottom of
each column. Table 4 presents an analysis of the funds-flow
after taxes for the same eight-year period. It is obvious from
Table I that use of a larger number of different types of
boards or a larger quantity of boards would significantly af­
fect the final calculation. For example, if this study had been
ba ed on J00 different type of board in tead of 50, the
Payback Period would have been about 8 months and the
Discounted Rate of Return would have been approximately
150%.

"The application of accounting principles, wllich reflects the time
valueof money.

Table 2
Depreciation Calculation for GR 1790

(Sum -of-the-years-digits method)

*Relatively unskilled labor cost - 1969. Origi na I cost:
Salvage:
Depreciabl e cost:

$32,500
-4,000

$28,500
Useful life: 8 years

Year D iglt5 Depreciation
50%

Tax Shield

Table 1
Typical Annual Labor Savings

(Based on GR experience)

Number of different board type,

10% Reject 50% Reject
Bd/yr 50 100 500 • 50 100 500

1,000 $14,800 $29,200 $124,400 $15,200 $ 29,600 $144,800
10,000 18,500 32,900 148,100 22,200 37,600 151,900

100,000 55,400 69,800 185,000 92,700 107,100 222.300

4

1969 8/36 $ 6,300 $ 3,150
1970 7/36 5,500 2,750
1971 6/36 4,700 2,350
1972 5/36 4,000 2,000
1973 4/36 3,200 1,600
1974 3/30 2,400 1,200

•
1975 2/36 1,600 800
1976 1/36 800 400

$28,500 $14,250

GENERAL RADIO Experimenter



Table 3
Funds-Flow Analysis - Type 1790

1969 1970 1971 1972 1973 1974 1975 1976

EXPENSES
Cash Outlay (Purchase) $32,500 $ - $ - $ $ $ $ $ -
Cash Inflow (Salvage) - - - - - (4,000)

Prod uction Engi neeri ng
$1000 first year, $500 there- 500 250 250 250 250 250 250 250
after (50% tax shield)

Maintenance 500 500 500 500 500 500 500 500

Total Expenses 33,500 750 750 750 750 750 750 (3,250)

SAVINGS
Test/Repair Labor Savings 10,338 10,338 10.338 10.338 10.338 10,338 10.338 10.338

(50% Tax Shield)

Depreciation (50% Tax 3.150 2,750 2.350 2,250 1,600 1.200 800 400
Shield from Table 2)

Total Savings 13,488 13.088 12.688 12.338 11.938 11,538 11 ,138 10,738

NET OPERATING ADVANTAGE ($20,012) $12,338 $11,938 $11,588 $11,188 $10,788 $10,388 $13,988

60.

~o.

'"'"x 4O."I-
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Table 4
Funds-Flow After Taxes

Payback
Year Annual Cumulative Ratio

1969 ($20.012) ($20,012)
1970 12,338 (7.674)
1971 11 ,938 4,264 0.13
1972 11.588 15,852 0.49
1973 11 .188 27,040 0.83
1974 10,788 37,828 1.16
1975 10.388 48,216 1.48
1976 13,988 62.204 1.91

-- - ---- -- ---- --- -- --------ORIGINAL OPERATION

Payback Period = 2.6 years
Discounted Rate of Return = 56%

A standard discount table was used to calculate the Discounted
Rate of Return, whkh was 56%. This percentage can be related to a
corporate goal for return on investment to screen out undesirable
projects or programs.

Alternatively, an arbitrarily chosen discount rate, which approxi­
mates the desired internal rate of return, can be used to discount the
cash flows. The Present Value of a project is the sum of the discounted
cash flows; a positive Present Value indicates a profitable project. The
magnitude of Present Value ofa project can be related to that of other
projects to allow management to make a choice between programs
competing for available funds.

30k
.......--_-1-- PAYBACK
r P(R,OO

'"w
~
I- 40'1--,
w
0:
~ 30k
w..
f 2011.­

'"w0:
2 1011.-
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w
xa
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Relative costs

For those of you who are not familiar with cash flow dis­
counting we offer a short explanation. We have referred to the
time value of money. Because of this factor, expenses (cash
outflows) of one period of time cannot be directly compared
with income lcash inflows) of another period. The reason for
this is that the money we have today can be invested to bring us
a return and, therefore, will be worth more at the end of this
year, next year, and each succeeding year that the money re­
mains invested. At a discount rate of 10%, $1 earned three

years from now is worth, to us today, $1/$1.33 or $.75. That is
the Present Value of the $1 earned three years hence: $.75. The
discount rate chosen is usually the desired internal rate of re­
turn.

Further information is available to readers interested in fi­
nancial aspects of facility acquirement in a reprint of a talk by
W. D. Hill of General Radio to the Planning Executives Insti­
tute, October 4, 1968, entitled "Planning lnll'llstments in Re­
search and Development."

JANUARY/FEBRUARY 1970 5



Other Applications

At General Radio, the G R 1790 is also used in Incoming
Inspection for functional tests of all digital IC's. This inspec­
tion has reduced our failure rate of IC's in printed circuit
boards from an initial 4-8% to Ie s than 1%. Were these figures
included in the cost-effectiveness analysis, the case for the
GR 1790 would be even stronger. We did not, however, in­
clude these figures in the above example since the primary
purpose of the GR 1790 is to test and trouble hoot a embled
logic boards, and because relatively low-eost digital I testers
are available. On the other hand, the increasing u e of Msr
and LSI circuits in standard 16- and 24-pin packages ha cre­
ated additional testing requirements that cannot be met by
low-cost digital IC testers. The ease with which the GR 1790
makes these tests assures ready customer acceptance even in
its I tc ting role. And, of course, printed circuit boards that
u e many of these MSI packages are in turn so much more
complex that the reduction in test and troubleshooting time
provided by the GR 1790 far exceeds the savings depicted in
the example above.

Views of the Manufacturing Manager

The planning and fore ight of the production engineers
were ju tifled on the basis of imple dollars-and-eent ana­
lyses, before and after the fact. onsequently, their view of
the world through rose-colored glasses could be excused. But
what about the manufacturing manager, clo e to the a em­
bly line and continually alert to every-day personnel relation­
hip ? Hi rea tions to the sy tern were expressed somewhat

like this: The test system, like any expensive tool had to
meet a number of basic requirement. It did. The e included
ease of operation by normally skilled machinists/technicians.

The system was completely useful almost from the moment
~f installation - familiarization/training time was a mini­
mum. The test capability of the sy tern was broad,sufficient
to permit change of interface equipment from component
testing to assembly te ting within a very short period of time.

endor ervice, such as programming advice or advice on
in trumentation implementation, was continually available
from knowledgeable sources.

The position of the manufacturing manager at G R is not
nece arily the same as that of a manufacturing manager at
another company. In this case, however, a true vendor-eus­
tomer relationship existed becau e of the complexity of de­
sign and appli ation problems. Consequently, the solution
to the personnel-interface problems between manufacturing
and engineering were worked out smoothly and, in fact, be­
came the ba i for the program of service decided upon to
implement the sales of the system to industry at large.

Conclusion

In many ways, our experience in development and appli­
cation of the GR 1790 supports the theme that innovative
metrology is, in fact, the key to industrial progress.* Industry
can gain immeasurably by new ways of aYing time and re­
ducing co ts and by new technologies and their applications.

·The theme of the 1970 Standards Laboratory onference, spon­
sored by the ationa! Conference of Standard Laboratories, is
"Innovative Metrology - Key \0 Progress."

The Editor is indebted for most of the material contained in this
article to P. H. Goebel. R. E. Anderson, and R. F. DeBoalt. Financing
details were verified and expanded upon byW. D. Hill.

•

"The old order changeth • • •

, ,

As companies grow, old patterns tend to change. Our In­
ternational Oivi ion i currently growing at a rapid pace; we
are progre sively a suming a more and more direct role in our
sale abroad, and old marketing relation hip are di olving.

In urope we are e tablishing our own ales ub idiaries,
and we have taken over from old and valued friends the job of
selling and servicing GR products. Thus, in 1964, we esta­
bli hed General Radio ompany (U.K.), Limited and said
good-bye to laude Lyons, Limited after 27 year. of the
middle of 1969 we purchased the G R segment of tabli­
ssements Radiophon, our rench outlet for over 33 years, and
rechristened it General Radio France, with Paul abricant
temporarily staying on as President to ease the transition.

In setting up our new ub idiary, General Radio Halla
S.p.A., and bidding farewell to Ing. . and Dr. Guido Belotti
S.r.i., we again bring to a conclusion a long and fruitful col­
laboration. Dr. Belotti, and his father before him, represented
us in Italy for 37 years and will continue to manufacture,
under GR license, Variac® autotransformers.

6

We have expanded the coverage of our German subsidiary,
General Radio GmbH, to the northern part of Germany as
well as the southern. This brought to a close a shorter associa­
tion with Dr.-lng. G. iisslein but one that has helped signifi­
cantly to expand GR's market in Germany.

In Latin merica we have worked for 29 years through the
export house of Ad. Auriema, Inc. In furthering our objective
of establishing as direct contact as po ible with our cus­
tomers, we are now moving one step closer to them by replac­
ing this channel by a network of representatives directly re­
sponsible to GR. To Carlos Auriema, who, with his father
before him, has been our colleague and friend, we must now
say goodbye.

These gentlemen - Claude Lyons, Paul Fabricant, Dr.
Guido Belotti, Dr. Gunter Usslein, and Carlos Auriema ­
have all been good friends, as well as business associates, of
GR. We wish them well in their continuing pursuits and thank
them for their contributions to General Radio's successes.

- O.B. Sinclair

GENERAL RADIO Experimenter



GR 1790 LOGIC-CIRCUIT ANALYZER*

D 1190 lOGIC CIRCUIT ANAlYZER' GENERAl RADIO

CONTlJWl

" ./

EJ ...'.., :::: - -•• - ,.
_I" "10' ...

Figure 1. Control panel layout.

• Power supplies.
• Teletypewriter with keyboard, tape
reader, and tape punch.
• Photoelectric tape reader.
• Alpha-numeric display oscilloscope.
• Logic probe.
• Device adaptor kits.

Options include a rack version, ad­
ditional memory, and programmable
logic levels.

In both de k console and rack ver­
sions, all controls are within easy reach
and monitoring indicators are readily
visible ( igure 1). The GR 1790does not

input and output conditions of the cir­
cuit to be tested.
2. The test program is converted to
punched tape on the teletypewriter and
then is automatically translated into a
more compact form; programming
errors are detected during the transla­
tion.
3. The test program is entered into the
computer via the high-speed tape read­
er.
4. The test circuit is connected to the
system by a device adaptor correspond­
ing to the input/output configuration
of the circuit.
5. The operator presses the START but­
ton on the control panel.

All testing then procceds automa­
tically. Should a fault occur, the opera­
tor can troubleshoot immediately or
continue to test the remainder of the
devices, saving the repair work for later.

The five steps above apply only
when a new test program is required. If
the test operator receive a new manu­
facturing run of a previously te ted de­
vice only steps 3,4, and 5 will be need­
ed, thereby enhancing the speed and
savings features of the GR 1790.

THE PHYSICAL ORDER
The standard system components of

the GR 1790 are:
• Computer with 4,096 l2-bit words
of I .6-!.Ls-cycle core memory.
• Interface system.
• Control panel.

*Abstracted from special brochure available
upon request.
··See page 3.

GR 1790 DEFINED
The G R 1790 Logic-Circuit Ana­

lyzer is a computer-controlled function­
al GO/NO-GO and diagnostic test sys­
tem for logic devices ranging from basic
l4-pin integrated circuits to assemblies
with as many as 96 inputs and 144 out­
puts. The system performs up to 4000
tests per second and yields a GO/NO­
GO indication and a typewritten or
scope-displayed error me age.

Purchase justification is easy.** Sav­
ings are stressed in the process of pro­
gramming and in the ready adaptability
of test fixtures. Test programs are writ­
t en by technician-level personnel in
much less time than it takes to write
manual test prooedures, and co tly tool­
ing is eliminated by the simple and flex­
ible device adaptor between the tester
and the tested. Te ting costs are low be­
cause of the speed of computer-directed
te ts, and troubleshooting costs can be
sharply reduced by the inclusion of
operator diagnostic instructions in the
test program.

The simplified test language devel­
oped by General Radio can be learned
in just a few hours. The entire test oper­
ation is characteri zed by speed and effi-

•clency:

1. The operator writes a test program
consisting of simple statements of the

•
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"I (1 ,2,3,5,11 ,4,7,10,1 2,6,9,8)
"0(43,44,61,69,82)
SEQUENCE(3,5,l ,2,7,12,11 ,10,4,8,6,9)

require a special, controlled environ­
ment.

Costly tooling, test fixtures, and
documentation are eliminated since
each circuit to be tested require only a
device adaptor and a test program. The
device adaptor accommodates most
physical configurations of test circuits
and is locked in place in a reces in the
top of the console. Adaptors, provid d
with wire-wrap pins on etched boards,
can be wired with a variety of connec­
tors and can include additional control
functions, loads, logic-level conver­
sions, or any other circuitry neces ary
for the application at hand.

GR 1790 TEST LANGUAGE

A high-level test language enables the
user of the analyzer to write test pro­
grams without requiring a knowledge of
computer programming. This language
is described in detail in the pecial bro­
chure. A few of the many features of
this test language are noted below:

Autoprogramming

It is not necessary to program the
output logic states of the device to be
tested. The GR 1790's Autoprogram­
ming feature enables a known good
reference device to provide this infor­
mation to the system. After automat­
ically double-checking these outputs
(against a second known good reference
device, if desired), the computer stores
them as a permanent part of the test
program. Hence, no reference device
need be kept on hand during the actual
testing.
Automatic Generation of Tests

By definition, only completely com­
binational logic may be tested with an
arbitrary pattern of input stimuli. Such
logic circuitry may require as many as
2n tests for a device with "n" inputs.
The GR 1790 SEQUE C statement
eliminates all the effort in test program­
ming by automatically generating a se­
quence of tests with all combination of
the specified inputs. The outputs of a
"known good" reference device are
stored by the Autoprogramming fea­
ture described above. Use of the SE­
QUE CE tatement results in an ex­
tremely simple program (A).

Diagnostics

The GR 1790 test language facili­
tates inclusion of diagnostic informa-

8

A

END

B
*1(1,13,5,81,7,19)
"0(1,2,37,62,69,71,49,50)
1;1 H(l,5,7)1 L(13,81,19)$

IGNORE(#37,62)
IF(37)2

PRINT CHANGE IC 14!

PAUSE 1
2;1 L(l )OL(#)

•

•

•

33;1 H(13,5) I L(#13,5)$

IGNORE (#69,71,49,50,2)
IF (#69)34

CALL 70

34;

•

•

0053,100

50;1 H(l)$
51;IH(13)$
52;1 L(1 )$

53;1 L(13)$

•

•

•

•

70'$,
PRINT ATTACH IC CLIP

TOIC34,THEN
PRESS CONTINUE!

PAUSE 59
71',

•

78',
RETURN

END

{INPUT SPECIF ICATION STATEMENT
{OUTPUT SPECIFICATION STATEMENT
{STATEMENT WHICH AUTOMATICAllY
{GENERATES A SEQUENCE OF 4,096
{TESTS WITH ALL COMBINATIONS OF
{THE LISTED INPUTS

{END OF PROGRAM

{INPUT SPECIFICATION STATEMENT
{OUTPUT SPECI FICATION STATEMENT
{SET INPUTS 1,5, AND 7 HIGH AND 13,81,
{AND 19 LOW; DON'T CHECK OUTPUTS ($)

/IGNORE "ALL BUT" (it) OUTPUTS 37 AND 62
{IF OUTPUT 37 IS HIGH AND 62 IS LOW (DESIRED
{RESULT) TRANSFE R TO TEST 2
{INCORRECT RESULT, SO DISPLAY A MESSAGE
{TO OPERATOR ON SCOPE
{SYSTEM PAUSES
{lOWER INPUT 1 AND TEST THAT ALL OUTPUTS
{ARE LOW

{SET INPUTS 13 AND 5 HIGH AND ALL BUT 13
{AND 5 LOW
{IGNORE ALL BUT THESE OUTPUTS
{IF ALL BUT OUTPUT 69 ARE HIGH AND 69 IS
{LOW, TRANSFER TO TEST 34
{CALL DIAGNOSTIC SUBROUTINE BEGINNING
{ON TEST 70 AND RETURN HERE
{NEXT TEST

{DO LOOP WHICH REPEATS THE NEXT TEST
{THROUGH TEST 53 ONE HUNDRED TIMES
{DESIRED SEQUENCE OF INPUTS TO BE REPEATED

{DUMMY TEST - BEGINNING OF SUBROUTINE
{DIAGNOSTIC ROUTINE USES OPERATOR
{INTERVENTION

{SYSTEM PAUSES
{DIAGNOSTIC ROUTINE

{PROGRAM RETURNS TO LOCATION FROM WHICH
{IT WAS CALLED

GENERAL RADIO Experimenter
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Figure 4. Test time: 0.080s/board.

Figure 3. Test time: 0.Q10s/board.

t

Figure 2. Test time: 7s for 30,000 tests.
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160.00

115.00

165.00

110.00

Price
in USA

ming time: 30 minutes. Device-adaptor
preparation time: 30 minutes to wire a
blank adaptor. Test statements: 25.
Total test time: 10 milliseconds.

The next example, Figure 4, has I 1
inputs and 18 outputs, and consists of
27 IC's and 5 discrete components
(functionally, decoders, a 3-bit binary
counter, a 14-bit flip-flop shift register
with parallel output, and 15 read-in
gates). Programming time: 8 hours. De­
vice-adaptor preparation time: 30 min­
utes to wire a blank adaptor. Test state­
ments: 151 (with loops, the total board
check consists of 293 tests). Test time:
80 milliseconds.

The final example, Figure 5, is a
front-panel assembly consisting of 7
BCD-to-decimal converters, 7 decimal
display tubes, six 10-position thumb­
wheel switches, 24 dpdt pushbutton
switChes, an 8-position rotary switch,
and a dpdt toggle switch. The panel has
32 inputs and 63 outputs. Programming
time: 8 hours. Device-adaptor fabrica­
tion time: 8 hours to wire a blank adap­
tor and to construct special cables from
panel to adaptor. Test statements: 188.
Test time: 3 minutes, including time for
the operator to reset controls on the as­
sembly, according to scope-displayed
instructions.

Leading parts inthedesign oftile GR 1790
prototype system were playocl by R. T. evit­
kovitch, M. L. Fichtenbaum, A. W. Winter­
halter, and e. Lynn, with R. G. Fulks and D.
S. Nixon,Jr.acting in advisory capacities. De­
velopment of the version described in the ar­
ticle primarily restocl upon the shoulders of
Fichtenbaum, P. A. d'Entremont, P. H.
Goebel, and J. B. Pennell.

$32,500.00
(no extra charge)

add 11,500.00
add 9,500.00

Description

1790 Logic-Circuit Analyzer, console version
Option 1 Rack Version
Option 2 Additional Memory
Option 3 Programmable Logic Levels

1790-9601 Device Adaptor Kit, without holes
for socket, 72 inputs-72 outputs

1790-9602 Device Adaptor Kit, without holes
for socket, 96 inputs-144 outputs

1790-9603 Device Adaptor Kit, with holes for
socket, 72 inputs-72 outputs •

1790-9604 Device Adaptor Kit, with holes for
socket, 96 inputs-l44 outputs

Complete specifications for the GR 1790 are in GR Catalog U,
available shortly, and in a special brochure available on request.

tion in the test program. When failures
occur, the program can transfer to diag­
nostic routines or display messages to
the operator suggesting possible reme­
dies. Some examples of diagnostic tests
a nd other test-language features are
contained in sample program B.

THE END RESULT

Tests of circuit boards at GR's West
Concord facility serve as examples of
applications of the features described
on the preceding pages. The fact that
these boards (and many others like
them) are now being tested in volume
on the GR 1790 and incorporated into
other GR instruments is testimony to
the speed, economy, and effectiveness
of the Logic-Circuit Analyzer.

The first sample board, Figure 2,
with 10 inputs and 6 outputs, consists
of 40 integrated circuits and 22 discrete
components (functionally, two 12-bit
binary counters, one 24-bit recognition
circuit, and six state-recognition cir­
cuits). The programming time required
for this board was 12 hours. Device­
adaptor preparation involved only wir­
ing of a blank adaptor, which took 30
minutes. The test program consisted of
293 test statements plus loops that
brought the total number of tests to
30,000. The total test time was about 7
seconds.

The following examples are brief
looks at other circuits of varying com­
plexity.

The board in Figure 3 has 26 inputs
and 26 outputs assigned to its logic por­
tion. The logic itself is simply 35 invert­
ers contained within 7 IC's. Program-

All prices subject to quantity discount. Figure 5. Test time (including control reset): 3 min.
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2Noyes, A., Jr., " oherent Decade Fre­
q u ency Synthesizers," GR Experimenter,
September J 964.

ting in a temperature-controlled oven,
and can be locked to an external fre­
quency standard for greater precision, if
de ired. A front-panel warning light sig­
nals failure to lock to an external
source. Provi ion i made on the master
unit for maintaining power to the
crystal oven by means of an external
battery, in the event of ac power failure.

The slave unit requires an external
frequency driving source, provided by
the auxiliary 10-MHz output of a rna ­
ter unit or any other precision 5- or
I Q-MHz source. Each slave unit also has
an auxiliary 10-MHz output derived di­
rectly from its input; this permits any
number of slave units to be cascaded if
the first unit in the chajn is driven by an
external source.

Funda mentals of the derivation of
the synthesizer output have been des­
cribed previously.2 In the GR 1165
units, one oscillator use a 3-decade
scale-of-UN" phase-lock 10 p to provide
1000 steps of frequency selection. This
technique provide con iderable savings
in space and production co ts as com­
pared with the previou ly u ed tech­
nique of a single de ade of control per
locked 0 cillator.

A Review of Some Characteristics

• Locally or remotely controlled, from
10kHz to 159.9999 MHz in LOO-Hz steps.

•• l I
lit """-I
SHPS

Figure 1. GR 1165 simplified block diagram.
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to the synthesizer.! The synthesizer
can be employed as a heterodyning os­
cillator for a radio receiver or it can be
the driving source for impedance or
transmission characteristic measure­
ments in a computer-eontrolled auto­
matic test system. The synthesizers are
ideal for measurement of signal-source
stability, and they have found extensive
application in nuclear magnetic reso­
nance st udies.

The new G R 1165 Frequency
Synthesizers extend to 159.9999 MHz
the frequency coverage of the GR 1160
series previously announced. The units
are remotely programmed by u e of
BCD coding and are supplied in rna ter
and slave versions.

The master unit contains a precision
quartz-crystal master 0 ciliator, opera-

l"A I'· f Copp IcatlOns or herent Decade Fre-
quency Synthesizers," G R reprint Form No.
3218-A, available upon request to the Editor.

1165 Frequency Synthesizer

A Bit of Philosophy
The constant pressure of competi­

tive enterprise doesn't encourage com­
placency in the market place the e days.
If we mention that the midnight lamps
glow frequently at GR, it's not a joke!
Our design engineers take their projects
in dead seriousness and are under con­
stant pressure to innovate or to improve
the existing GR line of instruments. The
smiling face our readers see on the
photographs of engineer-authors within
the pages of the Experimenter usually
reflect the pleasant sense of accomplish­
ment when a project is complete. The
ultimate test of completion, however, is
acceptance of the new product by the
public, based upon technical perfor­
mance and economic cost.

otto the consumer has weighted
indu trial design consideration very
heavily during the past few years and
shows promise of even more influence
in the decade of the 1970's. With these
facts in mind, it is pleasant to announce
the availability of another GR instru­
ment, designed for the economy­
minded customer. The technical de­
scription of the GR 1165 Frequency
Synthesizers, which follows, does not
emphasize its low cost to any great ex­
tent - if our readers are impressed by
the specifications and features of this
synthesizer, the price information at
the end of this article will be a pleasant

•surprISe.

A Bit of Information
The frequency synthesizer is the uni­

ver al signal source for all applications
requiring accurate programmable fre­
quencies. Typical is heterodyning the
synthesizer output with another signal
carrying intelligence for transmission
via radio frequencies or applying the in­
telligence directly as phase modulation

SYNTHESIZING AT HIGHER FREQUENCIES

10 GENERAL RADIO Experimenter



- W. F. Byers

After graduating from Ohio State University
with a BSEEdegree, W. F. Byers joined Gen­
eral Radio in 1943 as adevelopment engineer.
Presently, he is Group Leader in the GR Sig­
nal-Generator Group. He is a Senior Member
of IEEE and is registered as a professional
engineer in Massachusetts.

5300.00
5300.00

$5900.00
5900.00

available shortly.
Price

in USA

• Can be phase modulated up to ±3
radians at rates from dc to 300 kHz, up
to ±l radian at 1 MHz.

• Continuously energized quartz-crys­
tal-oscillator oven maintains master­
oscillator stability of <2 X 10-10 per
degree Celsius in 0

0
to 500 C environ­

ment and R: 1 X 10-9 stability per day
after one-month continuous operation.

• Physical height of relay-rack models
is only 3~ inches.

The GR 1165development was by an engi­
neering team consisting of W. F. Byers, C. C.
Evans, G. H. Lohrer, R. L. Moynihan and P.
L. Su II iva n, assisted by A. E. Carlson and R.J.
Hanson, and headed by A. Noyes, Jr., Group
Leader.

Description

1165 Frequency Synthesizer, master version
Bench
Rack

1165 Frequency Synthesizer, slave version
Bench
Rack

1165-9722
1165-9723

1165-9720
1165-9721

Complete specifications for the GR 1165 appear in GR Catalog U,
Catalog

Number

• Auxiliary outputs at 1 MHz and 10
MHz.

• Logic levels are +5 V for logic "0"
and +0.5 Vor less for logic "1," to facil­
itate interconnection with other GR in­
strumentation logic controls.

• All program lines maintain logic "0"
unless the external circuit is grounded.
A maximum current of 3 rnA to ground
is required to program a logic "1."
These logic levels are compatible with
external DTL or TTL IC gates or invert­
ers; a simple external change, using lC
inverters, adapts the unit to positive
logic-level circuits.

• xternally controlled frequency se­
lection use 1-2-4-8 binary coded con­
trol.

All prices subject to quantity discount.

,

Complete specifications for the above units appear in Catalog U,available shortly.

Price
in USA

$210.00
245.00

230.00
265.00

85.00
85.00

475.00

The GR 1522-P2 Differential Pre­
amplifier provides for operation of the
GR 1522 Recorder from ungrounded
signal sources. Its differential input will
handle a wide range of voltage and cur­
rent measurements. Common-mode re­
jection up to 180 dB is a feature at in­
puts up to 500 volts. The preamplifier
was developed by J. M. Steele, develop­
ment engineer in the GR Acoustics/Sig­
nal Analysis Group.

,

Description

1436-M Decade Resistor, 111,110 .n
Bench Model
Rack Model

1436-P Decade Resistor, 1,111,100 .n
Bench Model
Rack Model

1405-A Coaxial Capacitance Standard, 20 pF
1405-8 Coaxial Capacitance Standard, 10 pF
1522-P2 Differential Preamplifier

All prices subject to quantity discount.

Catalog
Number

1436-9702
1436-9703
1405·9704
1405-9703
1522-9602

1436-9700
1436-9701

The introduction of new coaxial ca­
pacitance standards GR 1405-A (20 pF)
and GR 1405-B (10 pF) extends the ex­
isting GR line of coaxial capacitance
standards. ow available ar e units rang­
ing from 1 &r to 20 pF, terminated in
the GR900 R precision connector. De­
velopment of the new capacitance stan­
dards was the responsibility of J. Zorzy,
Group Leader of the GR Microwave
Group.

The trend toward miniaturization of
test equipment is exemplified by the
new GR 1436 Decade Resistors, avail­
able in two values: 111,110 nand
1,111,100 n, with smallest steps of I n
and 10 n respectively. In addition, con­
trol by convenient lever switches facili­
tate rapid adjustments. Contacts are
made of solid silver-alloy; the units of
higher resistance value are wound with
Evanohm* wire, the units of lower re­
sistance value with Manganin ** wire.
Both models of the GR 1436 are avail­
able without cabinets for custom instal­
lations; inquiries are invited. Physical
size of the new units is 8-1/2 X 3-7/8 X
8-5/16 in. (220 X 99 X 213 mm). The
new resistors were developed by W. J.
Bastanier, development engineer in the
GR Component and Network Testing
Group.

.. Registered trademark of Wilbur B. Driver Co.

.... Registered trademark of Driver-Harris Co.

JANUARY/FEBRUARY 1970 11



GENERAL RADIO
WEST CONCORD, MASSACHUSETTS 01781

617 300-4400

SALES AND SERVICE

ALBUOUERQUE
ANCHORAGE
ATLANTA
BOLTON
BOSTON
BRIDGEPORT
BURBANK

"CHICAGO
"CLEVELAND
COCOA BEACH

"DALLAS

505 265-1097
907279-5741
404 633-6183
617 779-5562
617 646{)550
203 377{) 165
714540-9830
312992{)800
216886{)150
800 241-5122
214637-2240

DAYTON
DENVER
DETROIT
GREENSBORO
GROTON
HARTFORD
HOUSTON
HUNTSVILLE
INDIANAPOLIS
LONG ISLAND

513434-6979
303447-9225
313261-1750
9192884316
203 445-8445
2036582496
713464-5112
800 241-5122
317636-3907
201 934·3140

"LOS ANGELES 714540-9830
"NEW YORK (NY) 212 964-2722

(NJ) 201 943-3140
PHILADELPHIA 215646-8030
ROCHESTER 315454-9323
SAN DIEGO 714540-9830

"SAN FRANCISCO 415948-8233
SEATTLE 206747·9190
SYRACUSE 315454-9323

"WASHINGTON,
BALTIMORE 301881·5333

I

INTERNATIONAL DIVISION
WEST CONCORD, MASSACHUSETTS 01781, USA

·ARGENTINE and PARAGUAY
Co..ln S.A.
8u.nOl AI,..

·AUSTRALIA
W.rbunon Frankl Industries

Ptv. Ltd.
SVd~. Melbourne,
Brisbane. AMI.lda

·BRAZll
Ambrlex S.A.
Rio ~ Janeiro
$1'0 Paulo

'CANADA -
Genaral Radio Caned. Limited
Toronto,
Monl,..al. Onawa

CHILE
COMln Chile Lt~.

Sentlego

COLOMBIA
Manuel Trulilio

Veneges e Hllo, ltda.
Bogota 2. O. E,

ECUADOR
Sumlnlstros T.chnIcCM Ltda.
Guayaquil

HONG KONG and MACAU
Gilman & Co., Ltd.
Hong Kong, R,C.C.

INDIA
MOtwaM Prjva.a Llmhed
Bombav. Calcuna, L"'dtnOW'.
Kanpur. New Delhi,
8a"Q11lor., Madr.

·JAPAN
Mido...lya EIeC'Ulc Co., Ltd.
Tokyo

KOREA
Me Intam.t10MI
San Francisco.
s.",,'

MALAYSIA
V~gu.rd Compeny
Ku.la Lumpur

'MEXICO
Electronke Frldln S A,
M41xleo. 10 O.F

'NEW ZEALAND
w. &0 K. MeLNn L1miled
Auckland, Wellington

PAKISTAN
Pak Land Corporallon
Kar.chl

PERU
lmporuc.lo".. v

Aaprue"Ulcl6net
ElecuonlQs S.A.

Limo

PHILIPPINES
T. J. Wolff & Com~nv

Makall. Alul

SINGAPORE
Vanguard Com~nv
SlngapOl"a

TAIWAN
Halghten Trading Co., Ltd.
T.lpel

THAILANO
G. Simon Redlo Compeny

lid.
Bangkok

URUGUAY
Coalln Uruguaya S.A.
Montevideo

VENEZUELA
eo.,ln C. A.
Caracas

"GENERAL RADIO COMPANY (OVERSEAS)
P.O. Box 124, CH-8034, Z'urich. Swttzertand

AUSTRIA 'FRANCE REPUBLIC OF SOUTH
Dip!. Ing Pater Marchattl G."....I RadIo Frane41 AFRICA
WI." Paris. Lvon G. H. Langle, & Co.. Ltd.

Johanna,burtl
BELGIUM -GERMANY
Gro.np~ a"glqua S. A. Ga".....1 R.dio GmbH SPAIN
eru••II.. Munch.". Hamburg Hkpano EI-etronk. S.A.

MMtrkt
OEMOCRATIC REPUBLIC GREECE
OFTHE CONGO Marlo- Oall-vgfo R.p,....n~tio.... SWEOEN
O...co d. Schultha.. Athan. Firma Joha" Lagerc:rann. KB
Zur ch Soin.

ISRAEL
DENMARK eanronia Lfd. SWITZERLAND
SEMCO Semler 81 Co. Tal Aytv Seyf'., ar Co. A.G.
KaMnhwa" Zurich

"'ITALY

EASTERN EUROPE 0.,.,.1 Radio Iten_ S.p.A. TURKEY •

Ga"a,..1 R.cslo Company M la"o Mev_g Engln..rtng, Tnld no
(OvenaMI

NETHERLANOS
and Industria' COf'poratlon

Ismnbul

EIRE Groenpol Indu~r1.t. V.rttoop N.V.

G.rH.al R.dlo Company
AmnHdam ·UNITEO KINGDOM

(O~.....l Oa"a,.1 Radio Company
Gan.,.1 R.cJlo Company NORWAY (U.K.) Limited

(U.K,) LImited Gustav A. Ring A/S Bournti End,
0.10 8ucklnghamshlr.

FINLAND
YUGOSLAVIAIniO O/V PORTUGAL

Hlt4tlnkl eM. Sa"H Oa"aral Radio Company
Litho• tOWrNu)

GENERAL RADIO

• Repelr Jef"V10lS Ire avaIlable at these offices.

•

X erlmenter
WEST CONCORD, MASSACHUSETTS 01781 •

Do we have your correct name and address-name,

company or organization, department, street or P.O.

box, city, state, and zip code? If not, please clip the

address label on this issue and return it to.us with cor·

rections or, if you prefer, write us; a postcard will do.

•

•



•

THE
GENERAL RADIO

• VOLUME 44
NUMBERS 3,4,5,6

MARCH - JUNE 1970

• .'

•

•
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More Memory - More Convenience , . . . , . _ . , . , . 22

Five-Terminal RLC Bridge . . . . . . . . . . . . . . . . 11

Our last issue contained a lead article
devoted to the economic justification of a
large capital investment in automated test
equipment, The purposes in writing the arti­
cle were twofold: 1) to ally ourselves with
our readers in the common problem of justi­
fying capital expenditures, and 2) to demon­
strate by example an economic reasoning
IJrocess proven acceptable to one manage­
ment team. The response to the article was
somewhat startling but most pleasing. Re­
quests for a reprint of a talk referred to in the
article depleted our supply within three
weeks of the mailing date of the Experi­
men ter, I t has been necessary to make more
copies available for the continuing demand.

All of which proves that most engineers
are not unmindful of the impact upon their
company's financial position of their requests
for capital expenditures for instrumentation.
They recognize that their expenditures are
directly related to the profitability of their
company and are willing to act as financially
responsible, reasonable individuals - when
given direction and guidance in procurement.
We are happy to have contributed in a small
way to increasing the engineering value and
knowledge of our readers_

The next logical step is to discuss the
economics of instrument utilization, We hope
to present, shortly, some thoughts, experi­
ences, and advice on other forms of engineer­
ing management - the control of instruments
within an organization, and the economic
waste of mismanagement. The subject is a
vexi ng one in many companies, large and
small. It has been of great concern to our
government, which has a tremendous invest­
ment in test instrumentation in its own and in
its contractors' plants.

Perhaps you have some thoughts on the
subject? If so, we'll be glad to hear from you,
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THE COVER Our government employs a system of measurement-accuracy control ex­
pressed in contractual specifications as "traceability to the National Bureau of Stan­
dards." It is a philosophy based upon one principle: interchangeability and compatability
of industrial products are attainable through accurate measurements based upon physical
standards common to all users. A discussion of the subject appears on page 6,

C, E, White
Editor



Toward a More Useful Reference Standard Resistor

The Electrostatic System of Units and Measurements provides a method of establishing the value of a
standard resistor directly from the value of the computable capacitor developed by Thompson-Lampard
in Australia. The value for a resistor which more closely approaches the capacitor's impedance reduces
the multiplication factor for calibration purposes; the comparison-measurement accuracy is thereby
increased up to some definite value for the resistor. For practical reasons, the compromise value of
10,000 ohms has been established recently for a new standard of resistance. Development work by
General Radio has produced a resistor with the high stability of the Thomas 1-ohm resistor and with a
better temperature coefficient. Our new and different design approach is described in this article.

A number of articles have been written on the advantages
of a I O,OOD-ohm reference standard resistor in compari on to
a I-ohm standard. Some writers have gone so far as to assume
that a 10,00o-ohm resistor will replace the famous Thomas­
type I-ohm standard. I'm afraid we will have to wait a long
time - perhaps 30 years - before this can be proven. But in
the meantime, let's see what some of the advantages are to
calibration laboratories pre ently dependent upon the I-ohm
reference tandard.

• The 10,000-ohm standard reduces the number of transfer
steps required to measure resistor in the range from 1,000
ohms to the highest calibration range required.

• The 10,000-ohm value is much closer to, and can be more
easily derived from, the very stable value of the Thomp­
son-Lampard computable capacitor.

• The 1O,00o-ohm value reduces to a minimum the errors
due to lead and contact resistance and thermal voltages,
yet the value is not so high that shunt leakage resistance i
a major problem.

• The I O,OOO-ohm value presents a better impedance match
to modern null detectors, giving better signal-to-noise ra­
tio, higher detector sensitivity, and reduced power dissipa­
tion in the bridge circuit.

What makes the Thomas tandard resistor so stable and
therefore universally accepted? It consists of a coil of bare,
heavy Manganin* wire that has been heat-treated at 500°C
approximately. Next, this coil is placed very carefully on an
enameled brass cylinder (any mechanical tres or strain is
avoided), then it is hermetically sealed in dry air or nitrogen.
This is, of course, a very simple description of the production
process; the main point of interest is that the wire is heat­
treated at a high temperature after it ha been formed into a
coil. The coil is supported by a heat-eonducting form with a
temperature coefficient practically the arne as the Manganin.
There i a disadvantage in this standard, however. Its high

-Registered trademark of Driver-Harris Company.
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temperature coefficient requires extreme control of the oper­
ating environ inent.

Contrast the production process above with the usual
construction of a I,OOO-ohm or I O,OOO-ohm resistor. Here a
much thinner, insulated wire is used which cannot be wound
into a self-supporting coil. It is necessary to wind the coil
upon some form of substrate, and to wind it foosely to avoid
exces ive tress or strain in the wire. Some manufacturer use
bobbins for support, other use cards; every unit is heat
treated cyclically in an attempt to relieve any built-in stresses.
The range of temperature for treatment may go as high as
+150°C and as low as -80°C. This process results in a good
resistor but not equal to the Thoma -type, since the temper­
ature range used is not sufficient to relieve all the stresses and
strains in the wire. Eventually the stresses retained result in a
positive resistance drift with time if, for example, Evan­
ohm ** wire is used.

Another factor that affects resistance stability to a certain
extent is the coating on thin wire. As the coating dries and
hardens it produces a restricting or "choking" effect on the
wire, and it resistance increases. When the wire is placed in an
oil bath, the coating softens and the wire resistance decreases.
Obviously, it is desirable to eliminate the coating on wires if a
stable standard is under consideration. This was done in the
design of the 10,000-ohm GR 1444 Reference Re istance
Standards.

Basic constru ction of the G R 1444 uses an insula ted me tal
substrate 3Yl X 3 inches, having a coefficient of thermal ex­
pansion similar to that of Evanohm. The resistors are wound
with bare vanohm wire to a nominal value of 5000 n, and
heat-treated in an inert atmosphere at approximately 500° C.
We find that this treatment gives complete relief from stresses
and strains in the wire. There is an additional benefit: the
resistor's temperature coefficient can be adjusted to a very
close tolerance after the resistor is wound. This is pos ible
because the electrical properties of Evanohm change at ele-

-·Registered trademark of Wilbur B. Driver Co.
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1444-A 10-k.l1 standard
with temperature sensor,
shown with carrying case .

1444-61 O-k.l1 standard,
for use with oil bath,

shown removed from
•carrYing case.

•

vated temperatures as a function of time (refer to note at end
of article).

Upon completion of the heat treatment, two of the
resistors are mounted upon a heavy bras plate on either side
of a center shield, to which is soldered a thermometer well.
The GR 1444-A standard includes a 10,000-ohm tempera­
ture-sensor resistor network, wound upon the center hield.
The network has a temperature coefficient of 1000 ppmt
and is in close thermal contact with the standard resistor
elements. The GR 1444-B tandard does not contain a tem­
perature sensor since it is intended for use in an oil bath. An
individual temperature-correction chart is supplied for either
type standard.

Figure 1. Typical long-term stability
of GR 1444 resistors.

The complete GR 1444 unit i welded into a 1/16-in.
stainless teel container, which is evacuated, filled with dry
nitrogen, and then ealed. We chose not to use an oil-filled
enclosure because no oil is completely free of water. Any
water content would cause oxidation of the wire. The effect
of oxidation increases with decreased wire diameter. The GR
1444 uses wire of 0.002-in. diameter, and an oxide film of

o
only 1 A (0.00394 /lin.) will produce a re istance change of 8
ppm. An extended laboratory tt:st of a GR 1444-A standard
demonstrated the stability of the unit over a two-year period
(Figure I).

Since a useful standard of any type ideally hould be
comparatively unaffected by a hostile environment, we
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The author wishes to acknowledge with deepest gratitude the
cooperation of Dr. C. D. Starr and of the Wilbur B. Driver Company in
permitting use of the heat-treatment techniques developed by them.

mm Hg), and the resistance change was less than 0.1 ppm.
Leakage resistance between the resistor and case was mea­
sured at 4 X 1012 n at 35% RH and 2 X 1012 nat 94% RH.

-W. J. Bastanier

investigated the effect of shock upon the GR 1444-A. The
unit was dropped three times, from a height of 36 inches,
upon a concrete floor. The result of several tests was a
resistance change of -0.1 to -0.2 ppm. Obviously, we don't
imagine that you would, in normal practice, deliberately
mistreat a standard.in this manner. If, however, it were to
happen, the value of the standard would not be impaired. By
the way, after a two-day rest period the measured change was
found to be less than ±O.I ppm. With proper design of
transport packaging, the unit will withstand shipment for
calibration or any other purpose.

Of interest to specification-minded professional people
are two other tests we conducted. The ambient pressure was
varied from 1000 microns to 3 atmospheres (l0-3 to 2280

Catalog
Number

1444-9700

1444-9701

Price
Description in USA

1444-A Reference Resistance Standard,
10 kn, with sensor $600.00

1444-8 Reference Resistance Standard,
10 kn, without sensor 600.00

Prices subject to quantity discount.

Some Technical Notes
Starr describes the useful functional changes of

Evanohm wire with time as it is exposed to high
temperatures. 1 Completely annealed Evanohm wire is
commercially available with a temperature coefficient
of +50 ppmtC. During the heat treatment process the
temperature coefficient decreases, passes through zero,
reaches a maximum negative value of about -35
ppmtC, and then passes through zero a second time to
become positive once again (Figure 2). The first zero-

I"Properties of Wire for Resistors," C. D. Starr, Materials
Research & Standards, September 1966.

crossing point is considered to give the most stable
condition of the wire.

At the same time that -the temperature-coefficient
effects are observed, the resistivity of the wire also is
changing. Starting at about 730 ohms/cir mil ft, the
resistivity rises to approximately 800 ohms/cir mil ft
when the temperature coefficient makes the first zero
crossing. Continued heat treatment causes the resis­
tivity to reach a maximum value and finally it decreases
slightly.

The heat treatment of GR 1444 standards is such as
to produce a temperature coefficient of ±0.1 ppm and
a resistivity of approximately 800 ohms/cir mil ft.

Figure 2. Functional changes
of Evanohm wire.
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Accuracy Traceability
Its Impact upon Instrument Manufacturer and Customer

Dedicated people, experience, and technical knowledge assure operational integrity of measurement
standards and calibration activities. These ingredients, however, are not sufficient to assure measurement
compatibility with similar activities, nor with the National Bureau of Standards. Required is some sort of
measurement interface between production measurements and national standards. The Department of
Defense calls this interface "traceability" but does not define it sufficiently or comprehensively. This
article relates some background of the traceability problem and our analysis and evaluation of traceability
philosophy ,and it introduces a fourth path to establishment of traceability.

Shortly after issuance (9 April 1959) by the U.S. Depart­
ment of Defense of military specification MIL-Q-9 58
"Quality Control Requirements," a choru of voices raising
que tions was heard. Particularly of interest to all worker in
the field of mea urement standards and calibration was the
clearly expressed requirement stated under the topic heading
"Traceability of Calibration:" "In the Zone of Interior,
Hawaii and Alaska, measuring and test equipment shall be
calibrated with measurement tandards, the calibration of
which is traceable to the ational Bureau of Standards ... "

Immediately apparent to many metrologists was the
impracticality of attempting to establish a traceable pattern
of accuracy of state-of-the-art measurements for which the
Bureau had no physical standards. It was apparent also that
many measurements were capable of evaluation by the ratio
type of self-calibration techniques. Finally, measurements
based upon independent, reproducible standards derived
from accepted values of natural physical constants could gain
no further accuracy, if performed originally by qualified
personnel, by comparison with similar standards at BS, and
in fact would only increa e operational costs.

Official voices of protest were raised within many organi­
zations, e.g., Aerospace Industries Association, ational
Conference of Standards Laboratories, Instrument Society of
America, and Scientific Apparatus Makers A sociation. In­
strument manufacturers found themselves besieged by cus­
tomers requesting guidance or advice concerning means or
techniques that would be acceptable to quality-assurance
inspectors in cases involving standards not calibrated directly
by BS. Among the many voices was that of Ivan G. Easton
of General Radio, who expressed these feelings l at a measure­
ments symposium sponsored by American-Bosch Arma Divi-

•slOn:

1Easton, I. G.: "The Measurement and Standards Problems of Tomor­
row," January 25, 1960, unpublished.

6

"The present hy teria about traceability to NBS is disturb­
ing. The word hysteria is perhaps a bit trong but we have seen
situations develop in the past year in which the use of the
word does not constitute excessive hyperbole. While the
intent of the traceability program is crystal clear, the opera­
tion of the program needs to be placed in proper perspective.
The concept that all calibrations be based ultimately on BS
certification is a commendable one, but the means of achiev­
ing this result requires scrutiny. The interpretation of the
traceability requirement, in orne circles, has led to the
demand that a manufacturer tate the date of the last BS
certification of the standard against which the item being sold
was checked. This request, while at first glance innocent and
entirely reasonable, is based on a misconception of a stan­
dards structure. A standards laboratory consists of more than
a set of tandards certified by BS on some particular date. A
calibration depends not only on standards, but also on
people, on methods and, above all, on integrity .... I believe
that clarification and proper interpretation of traceability
requirements is a problem for the immediate future at the
commercial and operational level of our national standards
program."

Several months later in an article in the GR Experi­
menter,2 Mr. Easton gave an illustration of one of the
difficulties encountered by manufacturers who are requested
to supply corroborative information pertaining to "traceabil­
ity." He wrote, "In a few instances ... we have been request­
ed to supply more detailed information (pertaining to trace­
ability). A common request in such cases is that we state the
latest date of calibration of our standard by BS. There are a
number of reasons why we do not consider this to be the
proper approach for a manufacturer of standards, and we
have consistently avoided the supplying of such information.

2Easton, I. G., "Standards and Accuracy," GR Experimenter, June
1960.
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The most significant objection to this procedure is that it
constitutes an oversimplification and does not recognize the
true nature of a standards structure ... we believe quality
assurance cannot be obtained from any single detail such as
the date of an BS calibration ... ,,*

Probably the most important point in the consideration of
traceability as a required component in a measurement
system is the fact that traceability itself does not assure
accuracy in measurements. Errors exist within a measure­
ment system because of many reasons, including poor mea­
surement techniques, carelessness or inexperience of mea­
surement personnel, phy ical changes and consequent drift of
instrumentation operating parameters.

We can also consider degree of traceability. There is no
way in which traceability can be quantified. We agree with
Lord Kelvin, if you can't put a number on a quantity it can't
be measured. True traceability, instead, is an expression of
the operating philosophy and integrity of a measurement
activity. Its introduction into a measurement system is an
attempt to promote honesty in measurements and to supply a
base point (an NBS calibration) from which all like measure­
ments can be derived in confidence.

The National Bureau of Standards, focal point of atten­
tion by government and industry alike, felt compelled to
express its position in the traceability debate and did so. In a
presentation at Boulder, Colorado, 23 January 1962,3 W. A.
Wildhack, Associate Director of the BS Institute for Basic
Standards offered these words:

•
·Editor's Note: This information is available, however, upon written
request to GR's Standards Laboratory.

3Wildhack, W. A., "Statement on Traceability," Report of Workshop
on Measurement Agreement - National Conference of Standards
Laboratories, BOUlder, Colorado, 23 January 1962.
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Editor White (left) discusses prob·
lems of traceability with GR en·
gineers (from left to right) J. Hersh,
J. Zorzy, H. Hall, R. Orr, and W.
Bastanier who developed the GR
1444 standard resistor described
on page 3.

"The National Bureau of Standards has received numerous
inquiries concerning the meaning of the term 'traceability' a
used by Department of Defense agencie in contractual
documents and elsewhere, in stating requirements pertaining
to physical measurements.

"Without further definition, the meaning of this term is
necessarily indefinite as applied to relationships between
calibrations by NBS and measurement activities of manufac­
turers and uppliers. 'Traceability' is not given any special
meaning by the National Bureau of Standards, and informa­
tion as to possible special meanings of the term in military
procurement activities cannot, of course, be supplied by
NBS. Where questions arise, it is suggested that they be
directed to the cognizant military inspection or contracting
agency."

Obviously, Mr. Wildhack had made the Bureau's position
clear in the matter of traceability, but the position of the
manufacturer and user of instruments remained as precarious
as before. Fortunately, the specification that had caused the
trouble was improved by a supplement specification, MIL-C­
45662-A, issued 9 February 1962. Bowing to the logical and
technically correct points raised by metrologists, the govern­
ment agreed that the traceability provision could be estab­
lished by any of three methods:

a. Intercomparison directly with, or through, an echelon
of standards laboratories to the ational Bureau of Stan­
dards,

b. Intercomparison with an independently reproducible
standard acceptable to the Bureau,

c. Derivation of accuracy by use of a ratio type of
self-calibration technique acceptable to the Bureau.

The last mentioned method is undoubtedly a most useful
tool for any calibration activity. It is recommended by the
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Bureau because of it cost- aving features and the reduction
of the heavy workload at the Bureau by any work performed
by laboratorie themselves. nfortunately, there are many
aspect to thi method, not known to all mea urements
workers. Que tions rai ed by General Radio customers con­
tinually remind us of thi fact. We have been encouraged to
present to our readers BS-acceptable techniques practiced
by our engineering staff, which are available to many mea­
surement laboratories.

We approached R's Henry P. Hall for advice and assur­
ance concerning impedance-calibration techniques that are
technically ound and display more than a modicum of
common sense. His reaction was immediate and positive. He
pointed out the fact that the Bureau itself, posses ing a
minimum of standards, also faces the problem of traceability
on an international scale. Through the years the Bureau has
establi hed techniques similar to tho e listed above as a, b,
and c. For more efficient use of its limited budget, facilities,
and manpower, it has been forced to develop dependable
calibration techniques using other than comparison methods.
Most important, techniques so developed are available for use
by any technically qualified calibration activity.

From a serie of round-table discu ions with members of
GR's Component and etwork Testing Group carne informa­
tion on one of these techniques, technically ound and
requiring no recurrent calibration services from the Bureau.
Briefly stated, the technique merely involves the application
of known frequency correction factors to standards. We
think of the technique as Self- alibration by Frequency
Translation. It has been applied vigorously at GR (and BS)
for a number of year. Its use is particularly emphasized in
calibration of impedances for one very important reason:

"It ha long been known that capacitors are superior to
either inductors or resistors for use as impedance standards at
high frequencies, because changes in their effective values
with increasing frequency can be more accurately and more
easily evaluated than such changes in either resistors or
inductors. ,,4

Some administrative problems of the calibration labora­
tories emanate from the assumption that all measurements
must be directly traceable to the Bureau to assure measure­
ment accuracy. Overlooked by many laboratories is the fact
that they po sess mea urement capabilities of such a nature as
to provide self-help far greater than they realize. They simply
apply known data given them by the standards and instru­
ment manufacturers!

Take, for example, the reque t by a customer to solve the
problem of calibrating a l-pF capacitor at I MHz without the
necessity of going directly to the Bureau. He already has a
certificate of calibration at 1 kHz, routinely supplied at the
time he made the original purchase. Since then, the mea ure­
ment range in his company's work has expanded into the
high-frequency field. His operating budget is nominal and he
is interested in keeping his overhead down. The answer he
receives from GR is covered in the following article by Mr.
Hall.

4 Huntley, L. E., "A Self-Calibrating Instrument for Measuring Con­
ductance at Radio Frequencies," NBS Journal of Research-C, April­
June 1965.

The Editor acknowledges with gratitude the work of Mr. Hall in
preparing the above article and is equally appreciative of the construc­
tive discussions with J. F. Hersh'-R. W. Orr. and J. Zorzy.

Another Traceability Path for Capacitance Measurements
by Henry P. Hall

The ational Bureau of Standards recently announced
new services for the rf calibration of impedance standards
fitted with precision 14-mm coaxial connectors, like several
manufactured by GR. 1,2,3 High frequency bridges and
twin-T circuits developed at the Bureau are used for the
measurement of resistance, capacitance, and inductance at
listed frequencies of 0.1, 1.0, and 10 MHz.4 ,5 Anyone who
wants direct BS "traceability" of these standards may send
them to BS for calibration at these test frequencies. This is a
significant advancement in the measurement art.

The new service, however, raises an important question:
"When are these direct NBS calibrations necessary?" This can
be considered from two points of view: "When are these
calibrations required to obtain a specific accuracy with high
confidence?" and "When are they required to prove traceabil­
ity as defined (somewhat loosely) by the DOD?" The two
points of view diverge by varying degrees, unfortunately,
particularly when we consider to whom we are trying to
prove traceability. We think that the question can be an-

8

swered satisfactorily for rf-capacitance calibrations, if you
are interested in obtaining a given required accuracy through
use of frequency-correction data. We hope that reason will
prevail among metrologists and that the same criteria used in
deciding what is sufficiently accurate can also be used to
show traceability, for the benefit of quality-as urance inspec­
tors.

The frequency corrections described below were used
with apparent acceptance6 before the new services were
available. They still must be used at frequencies between
those for which calibrations are now routinely provided.

Actually, all the new BS rf-impedance calibrations, R, L,
and C, are based on the frequency characteristics of air
capacitors. While air capaci~ors vary with frequency in a very

•

simple manner (see below), resistors and inductors vary with
frequency in too complex a manner to be as predictably
accurate in the rf range. Therefore, these new BS bridges
and twin-T's relate Land R back to fixed capacitors and
capacitance differences in variable air capacitors. 7,8
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connector and its connection to the "stack" of plates. Most
of the capacitance is in the stack itself so that the lumped
equivalent circuit is a good approximation. The slight dif­
ference between the re onant value of 1 and the desired
correction value is small, less than the uncertainty of the
measurement. Many measurements were made at General
Radio to e tabli h this difference 0 that a more accurate
value of 1 could be determined.9 The values obtained agreed
clo ely with BS determinations (within 10%).

The smaller capacitors (I to 20 pF) have an appreciable
.'

distributed capacitance; consequently, the value of resonant
inductance will be in error, but by less than 21 %. The
effective value for these units was determined by a slotted­
line technique. 9 These values, supplied by General Radio for
our line of coaxial standard capacitors, are not for use above a
specified frequency (250 MHz for the 20- and IO-pF units
and 500 MHz for the smaller units). This restriction is mainly
because of the variations due to distribu ted parameters.
(Correction curves are supplied with units at higher fre­
quencies.)

An important point, which is verified by the many
measurements described above, is that different capacitors of
the same value and construction have equal inductance, well
within the accuracy of the determinations. This is not
surprising. The inductance is mostly in the coaxial line of the

(1)

(2)
35

---_ ...
•5

c =
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RF Characteristics of Air Capacitors

The simple equivalent circuit of Figure 1 is surprisingly
good for representing the effective capacitance of a two-ter­
minal air capacitor. The effective capacitance is

Figure 1. Simple equivalent circuit
for two-terminal air capacitor.

c--+

I -w"2/Co

where Co is the low-frequency value of capacitance. This
equivalent circuit does not include eries re istance, which
does not appreciably affect the capacitance (even the parallel
capacitance) if it is reasonably small. either does it include
the effects of distribut d inductance and capacitance. Also,
at high frequencies the skin depth causes a slight reduction in
inductance. These effects can be considered as variations in
the value of 1, with Co being considered a constant (as long as
all measurements are made at low humidity, < 40% RH).

The simplest method of establi hing 1 i to u e a grid-dip
meter to determine the resonant frequency of the shorted
capacitor. This method, together with the above formula, was
recommended for many years by BS6 to make rf-capacitor
calibrations. For capacitors fitted with binding po t or
banana-pin terminals, this is very easy to do, although we
have to decide how much of the total inductance is in the
shorting connection. When coaxial connector are u ed, we
remove the case to allow coupling to the meter coil.

The value of 1 obtained from a resonance measurement
differs slightly from a lower-frequency value mainly becau e
of the distributed parameters. The worst case would be that
of a uniform line whose effective capacitance could be
written:

The derivation is a power series in increasing powers of wlCo '
The first term is the important one for corrections at
frequencies well below resonance. When w 2 1Co = 10% the
next term is 0.2%, and each succeeding term is much smaller
still. This effective 1is 1/3 the value of the total inductance. If
Co is assumed constant, the effective inductance determined
by a resonance measurement would be higher than 1 by the

12 •
factor 1r"2 = 1. 21 or 21 %.

In large air capacitors (50 p to 1000 pF) with parallel­
plate construction, 1 most of the inductance is in the coaxial
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Conclusion

he principle of applying con ervative tolerances to fre­
quency corrections ha relevance to frequency tran lation of
other types of impedances. Capacitors with dielectric mate­
rial other than air have additional sources of deviation, but
these can be determined within definite limits and included in
the over-all uncertainty. Frequency correction arc signifi­
cant for larger capacitors at much lower frequencies, and the
corrections greatly ex tend the useful frequency range of the
capacitors. This principle may be applied also to inductors
and resistor, even though their equivalent circuits are more
complex.

suggest that calibration be con idered traceable to an u ncer­
tainty of w 2 isCo X 100% where N is orne reasonable
fraction. If we agree that measurements are traceable, ba ed
on orne very con ervative value of N, even as high as 0.5,
this approach is still very u eful.

We wish to stre that it i the small correction which is
important because Co can be easily determined. The high-fre­
quency capacitance value will vary with time, temperature, or
shock because Co change with the e effects. But unless there
is cata trophic damage, the inductance will not change
enough to be perceptible. Therefore, differences between
high-frequency and low-frequency calibrations hould be
recorded and once made on a given unit need not be repeated.
This point hould be appreciated al 0 by quality-assurance
inspectors.

(3)C =

precision connector, or in the stamped metal pieces that
make connections to the plates. Measured variations in i,
between si milar u nits, are generally les than 3%, and allowing
for a 10% change would be very conservative.

When are Calibrations Necessary?

Equation (I) can be rewritten:

Co

I - w2 (ls + t.l)Co

where is is the specified value of inductance and +tii the
po sible deviation in this value. This deviation is due to error
in determination of the inductance and its changes with
frequency or between units. The low-frequency value Co can
be easily determined to 0.0 I% ± 0.005 pF on a R 16l5-A

apacitance Bridge by use of the coaxial adaptor. 9 hi value
can be u ed as long as w2 isCo X 100% is less than the
accuracy required. Corrections should be u ed above this
frequency, and may be used with confidence as long as
w 2 tiiCo X 100% i less than the accuracy required. If greater
accuracy is required an BS calibration hould be made.
Remember, however, that BS accuracy i based on similar
measurement techniques, subject to imilar uncertainties.

The question now is: what is the value for til? A value of
tii = 0.2 ls can be used with confidence a long as the total
correction is 10% or less, the maximum frequency for the low
values of capacitance is not exceeded, and humidity is
reasonably low. Typically, errors will be ub tantially less. We

,

For more information related to the background of this article, the
reader is referred to:
Woods, D., "A Precision Dual Bridge for the Standardization of
Admittance at Very·lfigh •requencies," lEE Monograph 244R, June
1957.
Woods, D., "Admittance Standardization and Measurement in Rela­
tion to Coaxial Systems," IRE Transactions on Instrumentation,
September 1960.
Huntley, L. E., and Jones, R. N., "Lumped Parameter Impedance
Measurements," Proceedings of the IEEE, June 1967.
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7Huntley, L. E., "A Self-Calibrating Instrument for Measuring on­
ductance at Radio Frequencies," NBS Journal of Research-C, April­
June 1965.

Recent Technical Articles by GR Personnel
"Computer-Controlled Testing Can Be Fa t and Reliable and
Economical Without Extensive Operator Training," M. L.
Fichtenbaum, Electronics, 19 January 1970.*

"Using Stroboscopy," C. E. Miller, Machine Design, 30 April
and 14May, 1970 (two parts). *

"How Do You Buy a ounter?," R. G. Rogers, Electronic
•

Products, 15 March 1970.

" ew Fused-Silica-Dielectric 10- and 100-pF apacitors and
a System For Their Measurement," D. Abenaim and J. F.
Hersh. **

.. A our-Terminal, -qual-Power Transformer-Ratio-Arm
Bridge," H. P. Hall. **

"Standardization of a Farad," H. P. Hall. ***

*Reprints available from General Radio.
**Presented at the Conference on Precision Electromagnetic
Measurements, Boulder, olorado, June 2-5,1970.
***Presented at the Annual Conference of the Precision
Measurements Association, Wa hington, D. C., June 17-19,
1970.
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1683-P1 Test Fixture
for a xial leads

1683 Automatic R LC Bridge

•

FIVE-TERMINAL AUTOMATIC RLC BRIDGE
To say that General Radio customers

aided in the design of the GR 1683 is an
understatement. Virtually all the bridge
features are the result of feedback from
customers of the earlier GR 1680.1

WHAT YOU ASKED FOR

First and foremost, many of you
wanted to measure higher-valued elec­
trolytic-class capacitors, which calls for
better bias capabilities, short-circuit
protection, and leakage-current mea-

1Fulks, R. G., "Automatic Capacitance
Bridge", GR Experimenter, April 1965.

surements. Some needed to expre s los
as equivalent series resistance. Still
others needed to measure inductors or
resistors. All, of course, needed faster
measurement rates.

WHAT YOU'RE GETTING

What you asked for - plus fast bal­
ancing. Faster mea urement rates re­
quired a new balancing technique.
Many schemes were designed, simulated
by a computer model, and analyzed.
The rejected methods were either too
slow, too complicated, or too expen­
sive. The selected technique (Figure I)

provides balance time of approximately
100 periods of the bridge te t fre­
quency.

Fast Balancing

We use three techniques - all time
savers. The first is an error-counts-con­
trolled clock rate by which the bridge
converges at variable rates - quickly for
a large unbalance and more slowly for a
small unbalance.

The second technique compensates
for the time delay in the filter through
use of an anticipator circuit. Its opera­
tion is illustrated in Figure 2. Assume

•

-1
l!!l!!. MA6IlITUD£

D£T[CTOII

JPIIUMPL,',[II
OCM,..,.ATOft•"Lnil

.....
9-.... OCnnEGTtOII ...IlTIClflIlTOII P.....$[

D£T£CTOII

COUIlT[II }
COUIlTS· I

CONTIIOLL[D
OSCI LLATOII I

DISPL"'Y .....

MARCH/JUNE 1970

Figure 1. G R 1683
balancing technique.
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that the bridge error signal is decreasing
at a linear rate (line DAC). Because the
filter introduces a time delay, we can­
not detect the bridge error until some
time (Tv) later (curve DEB). If we
observe when this error reaches zero
(point B), the actual bridge error has
overshot and is now at point C. If,
however, the error is detected at point
E, by comparison of the error signal
with a "predicting" function signal, the
actual bridge error is zero and the bridge
is balanced. The time necessary to re­
cover from overshoot is saved.

The third time-saver is a bonus for
tho e who are measuring a group of
components with near-equal values.
The GR 1683 starts a new balance from
the point where the previous balance
occurred. The closer in value the two
components, the shorter the measure­
ment time. Identical components re­
quire no balance time; a short start
pul e is the only delay.

Features

• Wide ranges are automatic
0.01 pFto 199.99mF
0.1 nH to 1999.9 H
0.001 mn to 1999.9 kn

• Standard
Use stable, established GR stan­
dards of C and R.

• Low mea urement error
0.1 % at the end of four feet of
cable

• Rapid peed of balance
125 ms at 1000 Hz for full-scale
change; 1.3 s for 120 Hz for
full-scale change; considerabl;r
faster for Ie s-than-full scale
changes

• Bias
o to 3 volts internal up to 600
volts ex temal

• Leakage current detector
Measures leakage current and pro­
vides a go/no-go indication

• Programmability
Mo t bridge functions are remote­
ly programmable.

• Data output
Various data-output options;
compatible with integrated cir­
cuits

• Test fixture
Available for axial-lead compo­
nents

ABOUTTHE BRIDGE*

Measuring capacitors, inductors, and
resistors requires the efficient and eco­
nomical use of bridge circuitry. The GR
1683 is an active bridge, as can be seen
in Figure 3. The active elements are
multistage, solid-state feedback ampli­
fiers, with parameters an order of mag­
nitude more stable than is required for
bridge accuracy. Because these ampli­
fiers have very high open-loop gain,
their transfer function is determined by
the ratio of the stable passive standards
that are used as feedback elements. It is
possible to obtain stable and accurate
transfer functions to 0.005% or better.
The bridge standards are GR precision
capacitors and resistors.

The inductance/re istance and the
capacitance bridges use the arne ampli­
fiers and standards interconnected ac­
cordingly. Equivalen t-series-resistance
measurement capability is achieved by
the addition of one more amplifier.

The impedance of the current detec­
tor ranges from lOrna to 100 n. This
means that there will be a 0.01% error
for each 160 pF of stray capacitance

"On page 19 you can read about the bridge
we announced 37 years ago.

12 GENERAL RADIO Experimenter
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Complete specifications for the G R 1683 are in Catalog U.

Prices subject to quantity discount.

1683 Automatic RlC Bridge
Bench Model
Rack Model
Option 2 Remote Programmability
Option 3 Leakage Current
Option 4 ESR Readout

'Option 5A Low-Level Data Output
'Option 5B High-Level Data Output

1683·P1 Test Fixture for axial leads
"Not available together in the same instrument.

PATENT APPLIED FOR

across the current-sen ing circuit, when
the measurement is made with the
100-D detector and at a frequency of
1000 Hz. This stray capacitance, more­
over, causes an error in the quadrature
signal (D measurement) rather than in
the in-phase signal (C measuremen t),
since the undesired current in the stray
capacitance on the low side is 90

0
ou t of

phase with the current into the resis­
tive-current sensor and is usually negli­
gible.

The wide range (mn to Mn) of the
bridge dictates the characteristics of the
input amplifiers. For instance, accurate
low-impedance measurements require a
four-terminal bridge. Two terminals are
used to inject and measure current
through the unknown, and two termi­
nals to measure the voltage across the
unknown. In addition, accurate mea­
surements of higher impedance require
a low-impedance source to reduce the
effects of stray capacitance, as well as to
maintain bridge sensitivity during the

•
measurement of low impedances. To
satisfy these constraints, a low-output­
impedance signal source and a low­
impedance resistance ladder function as

source and detector of the current
through the unknown impedance.

A high-input-impedance differential
amplifier is used to monitor the voltage
across the unknown, making possible
four-terminal measurements. In order
to reduce stray-capacitance effects to
near-zero, a fifth (ground) terminal is
provided for a guard circuit. 2 The other
amplifiers are preci ion voltage dividers
that supply the current necessary to
effect the balance.

2 See page 16 for a description of the guarding
technique used.

Description

THE FINAL TEST

The degree to whichyour suggestion
for improvement has been incorpo­
rated within the GR 1683 will be deter­
mined at your test benches. We look
forward to a vote of approval.

- . J. Coughlin

The GR 1683 was designed by the author;
design and technical support were provided
by D.S. Nixon.Jr.and A. W. Winterhalter. W.
A. Montague was responsible for the mechan­
ical design.

Price
in USA

$4250.00
4215.00

add 200.00
add 100.00
add 225.00
add 200.00
add 200.00

165.00

MARCH/JUNE 1970 13



WHY MAKE A FIVE- TERMINAL BRIDGE?

DlTlCTOII

I
• lGfM-22

~.. 0 • +. ft•• If\.uo
• \OO...u. 1. "'U. .....,

(RM)IIt • 100'1

I'Ll ••
so lOA

V R.
100MA

R~...
1IOIOA

soulier

Because we want to measure impe­
dances in the milLiohm to the megohm
ranges accurately. Let's consider two
extremes: two-terminal measurements
of a IOD-mD resistor and a IO-pF capac­
itor. Lead impedances would seriously
affect measurement of the resistor;
stray capacitances would make mea­
surement of the capacitor fairly mean­
ingless. Our approach to the design of
the GR 1683 Automatic RLC Bridge·
included careful consideration of the
methods used to connect the compo­
nent under test to the bridge.

II., e. so
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Figure 2. Four-terminal resistance measurement.

Figure 1. Effect of lead impedance on accuracy of
resistance measurement.
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THE STARTING POINT

Figure I demonstrates the effect of
connection leads several feet long upon
the measurement accuracy of a 100-mD
resistor. A measurement error of 100%
is clearly unsatisfactory. There are sev­
eral solutions to the problem. A com­
mon method is that of substitution: the
bridge terminals are shorted and the
bridge balance is recorded. Then the
unknown unit is connected to the ter­
minals and another reading is recorded.
The difference in readings is a measure
of the unknown. This method, unfor­
tunately, suffers from several uncertain­
ties such as how close to zero resistance
is the short circuit and how repeatable is
the contact resistance? A better solu­
tion is a four-terminal measurement.

Four-Terminal Measurements
of Low Impedances

From the data on Figure 2, such
measurements appear to be perfect ­
no error! This is not completely true,
however, for there are several potential
sources of error which will increase
measurement inaccuracy. A major error
source could be a voltmeter of non-ideal
characteristics. If the voltmeter input
impedance is I MD and the voltage-ter­
minal lead impedance is 100 D, the
resultant error is 0.0 I%.

Another source of error is the lack of
ability of the voltmeter to reject com­
mon-mode voltages, particularly if the
voltmeter is grounded and has a dif­
ferential input. This is demo~trated in
Figure 3, in which a common-mode gain
(rejection) of 10-6 is assumed. As

·See page 11. Figure 3. Effect of non-infinite common-mode rejection.

14 GENERAL RADIO Experimenter



1Hall, H. P., "The Measurement of Electro-
lytic Capacitors," GR Experimenter, June
1966.

shown, the measurement error is 1%.
Whether this size error is important is,
of course, a function of the desired
measurement accuracy .

There are more subtle errors in low­
impedance measurements. or in­
stance, consider mutual inductance be­
tween the current and potential leads. I

The field induced by the current leads
couples to the potential leads, thereby
inducing an error voltage. Figure 4 is an
example of the way in which an induc­
tor-measurement circuit can be de­
graded. The solution is simple, if ap­
plied logically. Twisting together the
current leads reduces the mutual induc­
tion by reducing the area of the en­
closed field loop. A further improve­
ment is obtained if the potential leads
are twisted also and maintained at an

o
angle of 90 from the current leads. If
the 90

0
separation cannot be estab­

lished, and the twisted pairs are nearly
parallel, care must be taken that the
pitches of the twisted leads are not
made equal. The induced voltage will
not be cancelled if the winding pitches
are equal.

Three-Terminal Measurements
of High Impedances

As mentioned previously, at the
higher end of the impedance spectrum
stray capacitance, not lead impedance,
is the primary source of error. 2 Con­
sider the two-terminal measurement of
a lo-pF capacitor, as shown in Figure S.
Nominal values of stray capacitances
have resulted in a measurement error of
1000%!

There are several remedies for this
problem, one of which is the substitu­
tion method described earlier. The ex­
tra measurement is made, however,
with the ex circuit opened, which may
affect the stray capacitances. A second,
more preferred way, is to make a three­
terminal measurement in which the ef­
fect of the stray capacitance is kept to a
minimum by use of low-impedance cir­
cuitry, with the common source and
detector point grounded to form a
guard circuit. This is shown in Figure 6.

---,
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Figure 5. Two-terminal measurement of capacitance.

Figure 4. Degradation of inductance measurement
by mutual inductance.
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Figure 6. Three-terminal measurement of capacitance.

2Hersh, J. F., "A Close Look at Connection
Errors in Capacitance Measurements," GR
Experimenter. July 1959.
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A the impedance of the source or
detector circuitry increases, the effect
of the stray capacitances on the accura­
cy of the measurement increases. The
mo t usual form of this guarding tech­
nique occurs in a ratio-transformer
capacitance bridge (Figure 7). In thi
case, stray capacitance CHI is guarded
by the low output impedance of the
transformer, while the ffect of CL 0 i
eliminated by the fact that at null there
is no voltage across the detector termi­
nals and, therefore, no current flows
through CL o·

DETECTOlI

c,

Figure 7. Three-terminal ratio-transformer bridge circuit.

Figure 8. Five-terminal measurement of capacitor
100 feet from G R 1683.

Table 1
Error Sources and Resultant Effects for Measurement of 10 nF

Source Effect Comments
% counts

C
L1

0 0 Only affects sensitivity
160}.lF reduces sensitivity by 50%

Ru 0 0 Only affects sensitivity
CHI 0 0

R
L2

0 0 R
L2

C
L2

combined cause phase
C

L2
0.005 0.5 shift of 0.005%, which produces

y,-count error in the quadrature
measurement (D)

R
L3 0 0

Same effect as R
L2

C
L2C L3

0.005 0.5

CIO 0.005 0.5 Adds 11, count to Dreading

C1 <1 0.19 19 Adds 19 counts to Dreading

C
L3

0.19 19 Adds 19 counts to U reading

{ RL4 0 0 R
L4

R1N(C ) combined affect

R1N(C-) 0 0 sensitivity through common-mode
gain of amplifier K. In this case,
the effect is negligible.

-
n"INAL IIIPIDANCU TO GROUND
~ • 111 ,.. • 10110

c- -IOu .- • .....u
c",. , ..

CLO • -

LEADS • ,oo-n COAXIAL CA8LE

RUMlI ·20

e..... -JDDOr#'
YOlTIIIIITERGA.N ·10' FOfIIDtFFERUEEIIONALI

< •• FOIII ee-DN-MODIIIGNALI

SOURCE

THEWHY
We have had several requests for

unusual measurements' one was to mea­
sure 10,000 pF at the end of 100 feet of
cable. Our solution to this problem was
a five-terminal measuremen t (Figure 8)
made with the GR 1683 Automatic
RLC Bridge. The four bridge terminals
were connected to the unknown termi­
nals to reduce the effects of the lead
impedances to a minimum, and a fifth
terminal (or guard) was connected to a
common point to minimize the effects
of the terminal capacitances. The bridge
read ex to ± I count both at the bridge
terminals and 100 feet away. The D
reading increased by 0.0040 at 100 feet.
This was extremely close to the calcu­
lated value. In this instance, a two-ter­
minal measurement would have suf­
ficed and the resultant D error would
have been +0.0020, which was the mea­
sured value. The circuit error analysis is
shown in Table I.

Another request was to measure a
l-n re istor 25 feet away from the
bridge (Figure 9). The reading at the
end of the wire was in error by two
counts, the calculated error plus the
bridge uncertainty (± I count). Most of
the phase error due to the mutual induc­
tance of the leads was eliminated by the
twisting of the current leads. The circuit
error analysis is shown in Table 2.

CONCLUSIONS

A wide-range impedance bridge such
as the GR 1683 requires three- and
four-terminal capabilities. If we apply
principles of the new math, adding
three-terminal capability for higher­
impedance measurements to four­
terminal capability for the lower imped­
ance measurements results in a five-

16 GENERAL RADIO Experimenter



terminal bridge. If both stray capaci­
tances and lead impedances affect the
accuracy of the measurement, a five-ter­
minal measurement will be required.

- T. J. Coughlin
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Figure 9. Five-terminal measurement of resistor
25 feet from GR 1683.
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Table 2
Error Sources and Resultant Effects for Measurement of 1n

Source

R

Effect
% counts

o 0
o 0
o 0

0.01 1

Comments

Only affects sensitivity

Negligible compared to
voltmeter input

Effect due to common·m e
gain of voltage detector K

T. J. Coughlin graduated from Northeastern
University with the degrees of BSEE (1965)
and MSEE (1967). He was a co-op student at
General Radio in 1961 and joined GR in 1966
as a development engineer in the Impedance
GrouP. specializing in design of pertinent
instrumentation. He isa member of IEEE.

General Radio Expands
On March 3, 1970, details were completed for the pur­

chase by General Radio of a controlling interest in Time/Data
Corporation of Palo Alto, California. Time/Data specializes
in development and production of high-speed electronic
signal-processing instruments. It is the first domestic subsid­
iary to be acquired by General Radio in the 55-year history of
the company.

Time/Data Corporation, in its four years of operation, has
attained a recognized position in its special field of digital
signal analysis. T/D 's second-generation signal-processing de­
vice, the T/D Fast Fourier Transform Processor, was intro­
duced in November 1969 at the Fall Joint Computer Confer­
ence. It is designed primarily for high-speed time-series
analysis and synthesis under the control of an accessory
computer. This permits analysis of electrical signals in real
time with a speed and economy not possible with a computer
alone. Such systems now are in use in oceanography, biomed­
ical and geophysical research, radar signal processing speech
analysis, environmental science studies, analysis of medical
data, and for structural-dynamics investigations that may
include the analysis of vibratory characteristics of all types of
products.

An announcement on March 3, 1970, designated D. B.
Sinclair, GR's President, as President of Time/Data. L. J.
Chamberlain has been transferred from General Radio, West

oncord to assume the position of xecutive Vice President,
and . A. Sloane has been named Vice President and
Technical Director.

A second expansion move was made by GR on April 27,
1970, when officials of Grason-Stadler and General Radio
signed agreements leading to purchase of all the stock of
Grason-Stadler by GR. Grason-Stadler will operate within
GR as a wholly-owned subsidiary, under its existing manage­
ment. Grason-Stadler has been in business about twenty
years. It has built a reputation as a leader in the commercial
manufacture of precision audiometers and instruments for
psycho-acoustics and the life sciences. Its experience and
knowledge in these fields mesh with those of GRin the acous­
tics and signal-processing fields. The combined capability of
the two companies is expected to exceed their individual
capabilities by a wide margin. In particular, the marketing
streng'th of GR is expected to contribute immediately to in­
creased sales of G-S products. The over-all position of GR as a
major source of acoustic instrumentation in the United States
is expected to extend and solidify, particularly when taken in
conjunction with the high technology of Time/Data's contri­
bution in signal processing.
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INFLATION DEFLATION Ir---A, ,-
~.

,.

1161·AR7C 1162-AR7C 1163-AR7C 1164-AR7C
Old New Old New Old New Old New

Price in USA $6785 $4990 $6940 $4990 $6920 $5290 $7695 $7195
Frequency

0-lookHz 0-1 MHz 30 Hz - 12 MHz 10 kHz - 70 MHzRange

Resolution 0.01 Hz 0.1 Hz 1.0 Hz 10 Hz

Price of GR instrumentation, as
most readers know, is determined in ad­
vance of production release and is usual­
ly based upon several factors, one of
which is anticipated sales. When initial
development and other set-up costs
have been written off, we are able to
consider more favorable prices to the
customers. At the same time, changes in
design, to reduce manufacturing costs,
are considered, but only if there is no
reduction in performance.

Customer acceptance of the General
Radio line of frequency synthesizers
has been most gratifying. Design and
initial setup costs have been written off,
and the redesign of some modules has
resulted in reduced manufacturing costs
but, as mentioned above, with no reduc­
tion in performance. As a matter of
fact, units that are frequency program­
mable have had switching time reduced

to 200 ms. As a consequence, prices for
some models of the GR 1161, 1162,
1163, and 1164 series have been sub­
stan tially reduced. Readers who have
need for synthesizers in applications
such as uclear Magnetic Resonance,
UI trasonic StUdies, Communication
Oscillators, Crystal-Filter and Acoustic
Measurements, or for incorporation
into production test consoles, should
review the table of price savings below.
They should note, also, that the modu­
lar construction of the synthesizer units
permits tailor-made resolution to fit the
requirements of specific applications,

simply by omitting unnecessary mod­
ules. Prices for reduced-resolution
synthesizers, for instance, can be com­
puted by the deduction of $230 for
each decade removed and $300 for re­
moval of the continuously adjustable
decade (CAD).

Listed below are the basic specifica­
tions for the 7-digit synthesizers with a
CAD. Complete specifications and new
prices of all models are contained in the
catalog pamphlet "Frequency Synthe­
sizers," available upon request to Gen­
eral Radio or at the nearest GR District
Office.

18

Information Retrieval
Readers can obtain an index for the 1969 issues of the GR

Experimenter upon request to the Editor.
For those interested in automatic systems for processing

capacitors, semiconductors, resistors, and inductors, a new­
ly-published brochure describing GR's sy terns capabilities is
available. Included in the brochure are systems for measuring
R, L, C, dissipation factor, leakage current, and other
parameters. The examples in the brochure cover bench-top
set-ups to multi-bay systems; peripheral equipment such as
mechanical handlers and sorters conditioning chambers, and
computer also are included. Most of the systems illustrated
will test components and network to the stringent require­
ments of military specifications. Your copy of "Automatic
Systems for High-Speed omponent and etworks Measure­
ments" is free upon request to General Radio.
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OUT OF THE PAST

APRIL-MAY, 1933

t The fact that thia brid.e ia capable of mea urine a
conden r with tArle enerlY laue. makee it neceuary to

diellnlui h between iu diuipalion factor ~ and power

factor ~. The two are equivalent when the loelel are low.

Since the bridge meaaurel RwC directly, tbe term diuipa ..
tion factor has been ulled, even thoulh the two terma are.
(or mOllt condenaera, Iynonymou•.

Is the zero resistance of thi decade­
re i tance box only 5 mn?

The TYPE 650- Impedance Bridge
will furni h the answer to all these
questions and many other. It will
measure direct-current re i tance over
9 decades from 1 mn to 1 Mn, induc­
tance over 8 decades from 1 Jlh to

100 h, with an energy factor (Q = 1()
up to 1000, capacitance over 8 decades
from 1 JlJlf to 100 Jlf, with a di ipation
factor (D = RwC) up to unity.2

These results are read directly from
dials having approximately logarithmic
scale similar to tho e u ed on slide
rule. The po ition of the decimal
point and the proper electrical unit are
indi ated by the po itions of two se­
lector witche. Thus the CRL multi­
plier switch in Figure 1 point to a com­
bined multiplying factor and electrical
unit of I Jlf 0 that the indicated ca-

e

VOL. VII. Nos. 11 and 12

ELECTRiCAL COMMUNiCATIONS TECHNIQUE
AND ITS APPLICATIONS IN ALLIED FIELDS

noB: CONVENIENT MEASUREMENT OF C, R, AND L

B important considera­
tion in the large majority
of bridge measurements

:-:-_---=-::-'- \ made in the average ex­
perhDeIrtallaboratory are the ease and
peed of making the readings, and the

ability to mea ure any values of resi t­
ance, inductance, or capacitance, as
they may exi t in any piece of equip­
ment. A completely satisfactory bridge
should immediately indicate the answer
to such questions as the following:

Is the maximum inductance of this
variable inductor at lea t 5 mh, its
minimum inductance 130~, and it
direct-current re i tance less than 4n?1

Has this choke coil at least 20 h in·
ductance and an energy factor Qof at
lea t 20?

Has this tuning conden er a maxi·
mum capacitance of 250 JlJlf and a 20
to 1 range?

Ha this filter condenser at least 4 Jlf

capacitance and a power factor of only
0.5%?

Is the resistance of this rheostat
200 kn?

I ThelJe are the .tandard .bbrevi..tiootl of th.e Institute
of Radio Enlineer . Note that 1 rnO io 0.001 ohm and tbat
1 MO ia 1,000,000 obm•.

•

•
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CONNECT
UNKNOWN
CONDENSERS
AND
INDUCTORS

READ
RESISTANCE
CAPAC ITANCE
INDUCTANCE
HERE

RANGE
MIN MAX

C 0 100 f
R 0 I MO
L 0 100h

SERI ES
RESISTANCE

GALVONOMETER FOR
D-C BALANCE

balance. From its setting the desirabil­
ity of using the D dial or the necessity of
using the Q dial will be indicated.

The reactance standards are mica
condensers having all the excellent
characteristics of the Type 505 Conden­
sers described in the Experimenter for
January.

The bridge circuit used for measur­
ing condensers is the regular capacitance
bridge having pure resistances for its ra­
tio arms. Maxwell's bridge is used for
inductors, whose energy factors Q are
less than 10. Above this value Hay's
bridge is used. The interdependence of
the two balances of these last two

"--,,E::.-PHONES FOR 1000
CYCLE BALANCE

Figure 1. This photograph of the panel em­
phasizes the simplicity and wide range of the
impedance bridge. In the corner at the left
is a side view of the instrument.

READ
D-R..C OF
CONDENSERS
D- 0 TO D-I

CONNECT
UNKNOWN ­
RESISTORS

READ
0_ OIL OF '<--

R
INDUCTORS
0=0 TO

0=1000

is within the main decade which occu­
pies three-quarters of its scale length.

An inductor or condenser is mea­
sured by connecting it to the CL termi­
nals. The GE ERATOR switch is set at
I KC. and the DETECTOR switch at
EXT, head telephones being connected
to the EXTER AL 0 TECTOR termi­
nals. The D-Q multiplier switch is set on
Lor C as the case demands, pointing to
the DQ dial. The CRL dial is swept
rapidly over its range to indicate the
direction of balance. The CRL multipli­
er switch is then moved in the direction
indicated and balance obtained on the
CRL dial. The DQ dial is then turned for

pacitance as shown on the CRL dial is
2.67 p.f, because the D-Q multiplier
switch has been set on C for the mea­
surement of capacitance. It also shows
that the DQ dial is to be read for dissipa­
tion factor 0 with a multiplying factor
of 0.1 yielding 0.26.

If the condenser had a smaller dissi­
pation factor, this D-Q multiplier
switch would have been set for the D
dial with a multiplying factor of 0.01.
Thus the D dial, as shown in Figure 1,
indicates a dissipation factor of 0.0196
or a power factor of 1.96%.

For the measurement of pure resis­
tance the D-Q multiplier switch would
be set at R so that the CRL dial indi­
cates a resistance of 2.67 n.

For the measurement of inductance
the D-Q multiplier switch would be set
at L and the CRL dial indicates 2.67
mho Using the DQ dial the multiplier is 1
and the energy factor Q as shown in Fig­
ure 1 is 2.6. Had the coil under measure­
ment been a large iron-core choke coil,
the CRL multiplier switch might have
been set at the 10 h point, thus indi­
cating 26.7 h. Then the D-Q multiplier
switch would have been set to indicate
the Q dial with a multiplier of 100 and
an energy factor Q of 41 as read on the
Q dial.

The ease of balancing the bridge de­
pends on the use of the logarithmically
tapered rheostats and the two multipli­
er switches. To illustrate this, take first
the measurement of direct-current resis­
tance.

With the unknown resistor con­
nected to the R terminals, the D-Q mul­
tiplier switch is set at R, the GE ERA­
TOR switch at DC, and the DETEC­
TOR switch at SHUNTED GALV. The
galvanometer immediately deflects, in­
dicating by the direction of its deflec­
tion which way the CRL multiplier
switch should be turned to obtain ap­
proximate balance. The CRL dial is
then turned for exact balance, having
thrown the DETECTOR switch to the
GALV. position.

Because the calibration of the CRL
dial extends to 0, the bridge can be bal­
anced for anum ber of different settings
of the CRL multiplier switch. This is
very helpful in ascertaining the approxi­
mate value of a resistor. Obviously
greatest accuracy of reading is obtained
when the balance point on the CRL dial
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bridge circuits cannot, of course, be pre­
vented, but the use of the logarithmic
rheostats for balancing makes it very
ea y to follow the drift of the balance
points.

The accuracy of calibration of the
CRL dial is 1% over its main decade. It
may be set to 0.2% or a ingle wire for
010 t ettings of the RL switch. he
accuracy of readings for re istance and
capacitance is I%, for inductance 2%,
for the middle decades. The accuracy
falls off at small values because the
smalle t mea urable quantities are I
OlD, I ppf, and I ph, respectively. Zero
readings are approximately 10 OlD, 4
ppf, and 0.1 ph respectively. The accu­
racy falls off at the large value, becom­
ing 5% for resistance and capacitance
and 10% for inductance. The accuracy

of calibration of the DQ dials i 10%.
The accuracy of readings for dissipation
factor and energy factor is either 20% or
0.005, whichever is the larger.

The power for the bridge is drawn
from four o. 6 dry cells mounted at
th back of the cabinet. The liberal size
of the e batteries assures a very long
life. External batteries of higher voltage
may be u ed to in rease th en itivity
of the bridge for the mea urement of
the highest r i tance . The internal bat­
teries operate a microphone hummer
for the production of the I-kc current.
The capacitance of thi hummer to
ground i small and has becn allowed for
in the bridge calibration.

An external generator may be used,
though its capacitance to ground may
introduce considerable error. Subject to

thi limitation, the frequency may be
varied over a wide range from a few
cycle to 10 kc. The reading of the RL
dial is ind pendent of frequency. The
readings of the 0 and DQ dials must be
multiplied by the ratio f the frequency
used to 1 kc to give the correct values of
dissipation and energy factors, while
the reading of the Q dial mu t be di id­
ed by this ratio. For frequencies other
than I kc the ranges of the DQ dials are
altered so that they will no longer over­
lap. Additional resistance may be in­
serted by opening the SERf S R S. ter­
minals. The Type 526 Rheostats, de­
scribed on page 7, are quite satisfactory
for this use.

- Robert F. Field

s,

Design Assistance
oise is a subject so much in the news these days we felt

that a bit of information generated by Dr. Gordon R. Par­
tridge, of General Radio, might benefit technical people en­
gaged in noise-reduction efforts. Thi note implifies and
complements an earlier article in the Experimenter. 1

A problem often encountered in sound mea urements is the
case of adding a new sound ource to an existing background
noise and finding the sound-pres ure level that the new source
would have added in the ab ence of the background. hi
note explains how to make the conversion from the mea ured
values of background level and background level plus the
added ource.

Call the background noise signal S 1 and the urn of the
background level plus the added ignal S I + S2' Plot both of
these measured signals (mea ured in one-third-octave band
for in tanee) on the same graph, as hown in the sketch.
Measure the difference in decibels between the (S1 +82 ) and
the S 1 curves. hi difference is ta bulated as orFF in the
accompanying table. For the value of 01 F find the cor­
rection ( ORR). Subtract thi value of CORR from the
(SI + S2) curve to find the decibel level of signal 82 alone.
Example: The sound-pre sure level in a room is 40.5 dB in

the one-third-octave band centered at 315 Hz. An air-condi­
tioner is turned on, and the sound level Ii es to 42.5 dB. What
sound-pressure level does the air-eonditioner alone prod uce?
Solution: The difference i 2.0 dB, so Dl i equal to 2.0.
The corresponding CORR i 4.3 dB. Subtract 4.3 from 42.5
obtaining 38.2 dB. Therefore, the air-conditioner by itself
produces a sound-pressure level or38.2 dB in the one-third­
octave band centered at 315 Hz.

1 Packard, L. E., "Background Noise Correclions in the Measure­
ment of Machine Noise," General Radio Experimenter, December
1937.
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Noise in Noise
DIFFerence CORRection DIFFerence CORRection

0.1 16.4 12.0 0.3
0.2 13.5 13.0 0.2
0.3 11.8 14.0 0.2
0.4 10.6 15.0 0.1
0.5 9.6 16.0 0.1
0.6 8.9 17.0 0.09
0.7 8.3 18.0 0.07
0.8 7.7 19.0 0.06
0.9 7.3 20.0 0.04
1.0 6.9 22.0 0.03
2.0 4.3 24.0 0.02
3.0 3.0 26.0 0.010
4.0 2.2 28.0 0.006
5.0 1.7 30.0 0.004
6.0 1.3 32.0 0.002
7.0 1.0 34.0 0.001
8.0 0.7 36.0 0.001
9.0 0.6 38.0 0.000

10.0 0.5 40.0 0.000
11.0 0.4

ID..,
-'...
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Q
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MORE MEMORY - MORE CONVENIENCE

1790 Logic·Circuit Analyzer, console version
Option 1 Rack Version
Option 2 Additional Memory

Prices subject to quantity discount.

•

Further development work on the
Option 2 feature of the R 1790 Logic-

ircuit Analyzer l has resulted in an in­
crease in the amount of data that can be
stored, plus more convenience to the
customer. The initial design of ption
2 incorporated a 0 ,., disk with 32,000
word of storage. The improved form
includes two cassette-type magnetic­
tape tran ports, which are capable of
storing m re than 100,000 word per
tape and of providing an unlinlited pro­
gram-tape library.

Ability to duplicate tapes is a feature
not matched by the di k ystem. An ad-

1"G It 1790 Logic·Circuit Analyzer." GR Ex·
perimenter, January IFebruary 1970.

ditional featur of the improved option
is its phy ical location within the GR
1790 console in the area previously oc­
cupied by two torage drawers.

The ea e of preparing program has
been increa. ed. To prepare test pro­
gram type the text on the teletype­
writer keyboard or read through the
high-speed reader text previously
punched in a paper tape. Tc t programs
can be translated and executed without
use of paper tape. ource and binary

Description

test programs can be stored, modified,
or made accessible by com mands typed
on the teletypewriter. This feature pro­
motes rapid program preparation and
on-line modification of te t programs.

The formal presentation of the
features of Option 2 is: OP TO 2, X­
T OED MEMORY. Two ca ette­
loaded, magnetic-tape transport, one
of which contains the system program
and the other the user programs. The
cassette contain 300 feet of certified
tape capable of holding 100,000 words.
Data-transfer rate is approximately 330
words per second (5 ips), and acces
speed i more than 6700 word per sec­
ond (100 ips) in either direction. Time
typically required for ac e to the en­
tire 300 feet of tape is 30 second .

Access to any program on a tape is
provided through software. Generation
and execu tion of test programs are ac­
complished without the u e of paper
tape. Test programs of over 100,000
words in length are implemented with
no upport from the operator.

Price
in USA

$32,500.00
(no extra cha rge )

add 11,500.00

tion is listed a the GR 1654-Z2 Sort­
ing ystem. The capacitor range from
a to 1.11 I II pF in increments a. mall
a I pF and with an accuracy of 0.05%
+ 0.5 pF. Air capacitor are used for the
two lower decade and precision sil­
vered-mica capacitors for the remain­
der. The unit is provided with three­
terminal connection that can be altered
easily to two-wire connection . Devel­
opment was by R. W. Orr.

Prices on page 23.

1
Leong, R. K., "Impedance omparison

Sprints Ahead," GR Experimenter, May I·
June 1969.

•

•

•

• •

/'

widely u ed values. It was de igned prin­
cipally for u e with the GR 1654 Im­
pedance Comparator;! the combina-

•

-
r

-

GR 1654-Z2 Sorting System

G R 1413 Precision Decade Capacitor

The GR 1413 Precision Decade
Capacitor provides, in a single package,
a capacitance standard that cover most

G R 1442 Coaxial Resistance Standard

Availability of the GR 1442- IDlE
Coaxial Re istance Standards, with
value of 0.5, 1.0, and 2.0 n re pective­
Iy, extends the range of GR coaxial
re i tors from 1,000 to 0.5 n. It is
po sible to establish very low value of
standard di sipation factors for calibra-

tion of impedance bridges when these
resistances are used in conjunction with
the GR Coaxial apacitance Standards.

Development of these standards was
by R. W. Orr.

Prices on page 23.
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GR 1656 Impedance Bridge

Complete specifications for the items below are in Catalog U.

Catalog Price
Number Description in USA

1413 Precision Decade Capacitor
1413-9700 Bench Model $930.00
1413-9701 Rack Model 950.00
0480-9703 Rack-Adaptor Set 20.00

Coaxial Resistance Standard
1442-9702 1442-C.0.5n 80.00
1442-9703 1442·0.1.0n 80.00
1442-9704 1442-E.2.0n 80.00

1656 Impedance Bridge
1656-9701 Portable Model 700.00
1656-9702 Rack Model 735.00
1650·9601 1650-P1 Test Jig 35.00

1654 Impedance Comparator
1654-9700 Bench Model 1300.00
1654-9701 Rack Model 1250.00

1654-Z2 Sorting System
1654·9702 (with decade capacitor) 2230.00

Prices subject to quantity discount.

An inexpensive 0.1 % RL bridge
with fast-balance lever switches, desig­
nated the G R 1656 Impedance Bridge.

The basic limitations on the accu­
racy of our 1% impedance bridge (GR
1650-B)' are the resolution and accu­
racy of the main rheostat and its dial. If
a decade resistor were used, it would be
relatively easy to tighten the tolerances
on the internal standards to get a more
accurate bridge. However, decade resis­
tors (with the exception of the new GR
1436) have' a row of knobs or concen­
tric knobs which, while satisfactory for
occasional adjustment, are tiresome for
those who must continually balance
bridges. Our most accurate universal
bridge (the GR Type 1608,2 now
0.05%) solves this problem by use of a
special laO-position switch, so that
only two concentric knobs are needed.
This assem bly, however, is comparative­
ly expensive. Its use, plus installation of
many other measurement and conven­
ience features, results in a relatively ex­
pensive general-purpose instrument.

We think we've found the answer to
the problem of designing a quickly bal­
anced, high-resolution bridge. Our pre­
cision capacitance bridge (G R Type
1615)3 uses a lever switch with digital
readout which we, and our customers,
have found very convenient. While this
switch design is too expensive for a
low-price instrument, we have, with the
help of the Oak Manufacturing Com­
pany, developed a new lever switch for
general-purpose use. This switch is the

1Havener, C. D., "The Universal Impedance
Bridge - New Face, New Features," GR
Experimenter, May 1968.
2Hall , H. P., "A Precise, General-Purpose
Impedance Bridge," GR Experimt!tlter,
March 1962.
3Hersh , 1. F., "Accuracy, Precision, and
Convenience for Capacitance Measure·
ments," GR Experimenter, August/Septem­
ber 1962.

main readout control in the new GR
1656. With it, we have substantially
reduced the time required to make a
balance and greatly simplified the work
required to et several digits to zero ­
with one sweep of the hand!

The improved readout resolu tion of
the GR 1656, in addition to allowing
better accuracy in readings, offers two
other advantages. The smallest C, R, G
or L that can be detected is extended by
a factor of ten to 0.1 pF, 100 1lD., 100
pU (or pico-siemens) and 0.1 IlH, re­
spectively, and standards of even-dec­
ade values can be compared to 0.0 1%.

Another important improvement is
the sensitive field-effect-transistor
chopper-type dc detector that provides
good sensitivity over all ranges of the R
and G bridges, from 10-4 to 10' 0 D..
This wide range, with its basic 0.1 %
accuracy, makes the GR 1656 a good dc
resistance bridge as well as a good ac
bridge.

In other respects the new instrument
is very similar to the popular G R

1650-B, having in common its six
bridges ( eries and parallel C and L, plus
R and G), its battery operation, its
internal signal source and detector, and
its high D and Q accuracy. The O.OOI-D
accuracy is particularly important in a
0.1 % bridge for, in many circuits, such a
difference in D is just as important as a
0.1 % difference in the value of the
parameter.

The obvious use of the new bridge is
in component measurement, particular­
ly those components of tight tolerance
which have come into wide use during
the past few years. If the detector sensi­
tivity is adjusted to cause a given meter
deflection for a given percent unbal­
ance, it may be used for rapid go/no-go
measurements. It can be used also for a
variety of measurements on networks
and electrical devices.

Development of the G R 1656 was by H. P.
Hall. who also contributed the foregoing
material.
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Measurement of Transfer Function and Impedance.

Signal Analysis with Digital nme-Series Analyzers .

• • • • • • •

Complexity in the mathematical treat·

ment of circuits and systems has been re­
duced in the past ten years. Small computers
ma e possible our present-day electronic ana­
lyzers, programmed to apply all sorts of
mathematical analytical techniques to design
and test projects that will save engineering
time and dollars. As part of simulation de­
vices, the analylers also can perform real-t ime
functions in Imitation of control by humans.
thereby helping to reduce hazards to human
operators.

The majority of design and test engineers

are relatively too unskilled in the assembly

and utilization of available instrumentation
to create something which resembles, even re­

motely, the complex analytical test sets pre·
sently sold. This lack of skill is not in the
mechanics of assembly but in the undcrstand­
ing of the techniques involved.

There are, undoubtedly, numerous readers
who bravely entered Norbert Wiener's class·
room at M.I.T. to study the secrets of effec­
tive communication and of communiCal ion
analysis. If, like this Editor, you departed
from the seminar with a modicum of new
knowledge and a plentitude of frustration,
you will welcome another chance to tackle a
phase of signal analysis, helped by th less
difficult presentation on the n xt page. After
that, perhaps. you wi II be ready for the age of

the Fas Fourier Transform and associated

techniques and for the instrumen ts lhat In
corporate them.
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Deviations from Accuracy .

Reports from The Field

The Honorable Society .

Recent Technical Articles by GR Personnel .

Out of the Past .

Not a Cinderella Instrument! .

New Shoes for an Old Workhorse

GR 1790 - More Versatility and Capacity

Programmable Decade Resistor

The Cover Illustrates several of many successful applicatIons of SIgnal analysis In real tIme
The ab,lity to match actIon WIth reactIon, whole events are takIng place, IS an excel ent
cost-reductIon measure. It also permits knowledgeable expert mental con trol dUTIng ac·

•tlons, as contrasted With hindsIght deCISIons forced upon us by delayed data. The nd
result IS an onteiligent. economical approach to research, development, test, and produc­
tion problems

C.r.WI1itc

Editor



Signal Analysis with Digital Time-Series Analyzers
Although time'S<!rles analysis techniques are not new. they have not been used extensively because of the
lack of sUitable equipment, and therefore are not familiar to many engineers. The literature describing
these techniques generally has been written for an academic audience and has been often clouded in
abstract mathematics rather than being presented in user·oriented terms. This is an unnecessary obstacle
to place before the potential user, because there is no more need to be a mathematician to use a time-series
analyzer than there is to use a spectrum analyzer. In this article, the basic principles will be presented in
non· rigorous physical terms as much as possible and will be illustrated with examples from several typical
application.

Analyzing electrical signals is a fundamental problem for
engineers and scientists in all fields, whether they are working
in the research and development laboratory, n the produc­
tion line, or in the field. Whatever the physical, biological, or
chemical system being studied, the basic phenomena can usu­
ally be converted into electrical ignal by suitable tran ­
ducer and analyzed to provide fundamental in ormation
abou t the system producing the signals.

ntil recently, only a few basic analysis procedures were
used, because of the limitations of the technology available
for building test equipment. The basic ignal-analysis proce­
dure. other than direct observation of the signals on an 0 cil­
loscope, has been p wer- pectrLlm analysis, and wil! probably
continue to b s . However, there are many other ba ic analy­
sis procedures that would provide much more valuable infor­
mation about the system under te t, but they have not been
available with the performance required for most practical
problems. 'ven spectrum-analysis equipment, although erv­
ing adequately for a wide vari ty of problems, has severe
limitations due to the analog-circuit technology available.

In the last decade, the availability of general-purpo e com­
puters allowed the advanced signal-analysi techniques that
had been pioneered by Wiener, Lee, et ai, to be developed to
practical computational routines and were applied successful­
ly to many data-analysis problems. They do not, however,
help the experimenter or analyst who requires re ults rapidly
so that he can interact with hi system. Thc cost of computer
analysis for this type of problem is al 0 very high, especially
when the Joss of engineering time while awaiting results is
taken into accoun t.

The revolution in digital-proces ing technology that is
now taking place has brough t advanced signal-analysis tech­
niq ues in to the la bora tory. This advance ena bles economic
production of instru men ta tion systems which con tain aI! of
the computational power required for fast, accurate, signal
processing. The TD 1923 Time-Sene Analyzers, soon to be
introduced by Time Data and GR, are the most advanced and
complete line of this type final-processing equipment
availa ble. Besides their com pu ta tional ability, they contain
signal conditioning and di. play capability, with flexible, sim­
ple controls that allow them t be u ed as ea ily a conven­
t ion alia bora to ry i nst ru men ts.

WHERE AND WHY THEY'RE USED
Every process in nature gives rise to "signals" that arc

amenable to analysis by time-serie analysis techniques.
Therefore, the list of potential applications i endle . They
can be grouped into categories based on the type of proce s-

•
ing that i' used and on the information that is desired. Some
examples from several categories are illustrated on the front
cover and described below.
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Consider first orne example in the field of structural
mechanic. where the basic quantities to be analy7ed are
mechanical vibrations in aircraft, automobiles, buildings, etc.
These vibra tions may be caused by many ex ternal forces such
a wind, engine combu tion and rotation, road roughnes .
earth tremors, and im pact. The designer would like to deter­
mine such things a the s urce and tran mission paths of the
vibrations and the expected tresse and displacements at
variou. points, by analy/ing the signals from points on the
structure. For in tance, during the testing of an automobile.
an objectional vibration may be found to exist in the passen­
ger compartment. Time·serie. analysis techniques will deter­
mine if the vibration i. coming from the engine, the road, or
from the wind. In addition, the structural members that pro­
vide the transmission path for the vibration can be identified
and suitably modified to filter out or to isolate the unwanted
vibrations. The analysis system can even be used to simulate
the structure and the external forces to test the new de ign
before it is committed to production. Vibrations coming
from the engine can also be analyzed to determine its condi-

~ ,
tion. Failures may be predicted, or at lea t interpreted, from
such a "signature analysi. ."

Anoth I' example is the determination of the flutter char­
a teri tic. of aircraft in flight or in wind-tunnel tests. The
re onant frequencies and damping of the variou vibration
m des of the aircraft arc measured as a function of air. peed.
to determine if there are any conditions that will produce
excessive or unstable vibrati ns.

ln the third example, rumbling vibrations, caused by auto­
mobiles driving across a bridge. arc analyzed to pinpoint area
of high or unexpected loadings.

The field of biomedicine has already provided many im­
portant applications bu t it has only now begun to make use of
sophisticated analy is techniques. The nervous system of the
human hody naturally produce electric signals who e charac­
teristics are indicative of the condition of various parts of the
body. The most common example is the eleclrocan.liograph
(EK .) signal, which provides information <lboul the condi­
tion of the he<lrl. l::lcctroencephalogram. (EE ~'s), or brain­
wave tracings, arc <lnalyzed to study brain damage and the
effecl of various. timuli and drugs on the br<lin. The tech­
nique now being used by clinical ph sicians to analyze these
ignals are very primitive compared to those which Can be

used. The wide pread use of time-series analysis techniques in
medicine should increase as they become better understood.

Another application is geophysical exploration. an echo­
ranging application that is in the samc calegor. a. radar and
sonar. A vibration signal is transmitted and echos arc received
from the reflecting geological strata. Compari on of lhc re­
ceived and transmitted signals determines the time delay

3
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All the information about the ~imilarilY of the signals is contained in
the third term. which is a maximum when the signals are most similar.
This term i~ the correlation or covariance function.

"he mean-Sljuare difference is
I

ED - L: h n Yn T)2

I (L: Xn 1
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C. L. Heilman is a graduate of City College

of New York (B - 1955) and Columbia

University (MS - 1956), He was involved in
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grated circui tS. high·speed computers. and

data-analysis instruments prior to Joining
Time/Data Corporation (a GR Subsi iary) in

1968. As Applications Manager at T/D. Mr
Heizman devotes much time to real-time ana·

lysis. He is a member of I .

Correlation AnalYSIS
natural way to compare the two waveform of hgure I

is to subtract one from the other, ordinate by ordinate,
quare each term to give quantities that are porp rtionalonly

to the magnitude of the difference, and then to. um all the
squarcd difference terms to obtain a ingle number that i a
mea ure of the imilanty. Thi number, when normaliled by
the number of independent mea, urements, is the mean-
quare di ference. It can then be calculated for various dis­

placements of one signal with re pect to the other. By imple
algebra, you can how the ame information by calculating
the correlation, or covariance, function which is the sum

of the ordinate-by- rdinale multiplication of lhe two wave­
f rm .* The re.ult for the two random signal of Figure I
. hows that they are most SImilar when there I a di placcment
of 0.7 milli econd bctween them. tr these signal represent
the vibration level att wo points on a structure this time is the
pr pagation time for VIbrations between the two point. The

ign of the di placement Indicates the directIOn of propaga­
ti n. Measuring time delays in this way leads to many useful
application.

In tead of calculating the cross-correlation functIOn of
two different signals as above. you can correlate a signal with
itself to give the auto-correlati n function. This shows how
SUCL:e sive sample of a signal are related.

The auto-correlation function in Figure 2. f r the two
random signals of Figure I, how that succes ivc 'amples of
the upper signal of Figure I arc more correlated, or arc more
dependent upon each other, than tho e of the lower ignal.

nother example i shown, 111 Figure 3, of a inc-wave
signal buried in noise. Fven t hough the, inc wave is not read­
ily ob ervable in the original si nal,the auto-correlation func­
tion how' its pre ence clearly. Thl ability to detect periodic
components in a signal is an important application of the
auto-correlation function.

Spectral AnalYSIS
The measur ment of similanty is often ea ier to interpret

when the operation is done as a 'pectral calculation. It is also

TIME-SERIES ANALYSIS
The preceding pr blems L:an all be olved with arious

combination of the ba ic computational routines that con­
stitute the t 01 of time-, erie analy is. By a time eric or
ignal, we simply mean a succession of data value re ulting

from or SImulating a physiL:al process. The data can be
amount of rainfall, earthquake tremor, electric voltages
fr m a brain, r any other physical proce s. Time is u ually
the independent variable, but not alway. The common thing
about all these r'cord. is that the succes ive data values in
each of the time serie. arc related in ome way to the ther
values in that time. cries, and perhaps to value in s me other
time cries. The e relatIOnship may be determini tic or stati ­
tical. Time-serie studie' analylC the e relati n hips 0 that
the phy ical process can be better understood. This proce s
can then be modeled, or imulated. either mathematically or
physically.

The basic signal-anal sis procedures required in a practical
instrument can be grouped into three measurement cate­
gories, a. ho\\ n in the table below. he proce sing function
II1U t gen -rally be fast enough ,0 that data are proce sed in
real time, that i • as fast as they are being acquired. Real-time
pr ces ing al 0 IS necessary because the number of input data
samples is usually much larger than the memory capacity of
any practical machine. In a typical measurement the input
signal may be sampled for 10 minute at a rate of 100000,
samples/second. The total number of input ample become
astronomical but, after being proce.sed by the appropriate
analysis procedure, the data may have been reduced to only
100number.

between them and, therefore, determines the location of the
reOeding urface. Poor signals can be enhan ed through
analysis teL:hniques, and a profile f the underground terrain
obtained.

Basic Signal-Analysis Procedures
A. Measurement of S, mtlartty

1. Correlation analysis
2. Spectral analysis
3. Filtering

B. Measurement of Waveforms
1. Ensemble averagi ng

C. Measurement of StatIstical D,stribut,ons
1. Probability denSIty functIons (ampli tude distribution)

The product of the proces ing operation i often the final
result de ired. Frequently, however, orne furlher proce sing
must be performed on thi re ullto put it into the form mo t
. ultable or showing the information bing sought. Other pro­
ces. ing functions all w thi' by performing ba ic arithmetic
operation. coordinate transformations, . mo thing opera­
ttOn., and time/frequency tran formation.

MEASUREMENT OF SIMILARITY
The most important time-series analy is tool are those

that give a mea ure of the Imilarity between signal. pectral
analysis, c rrelation analysi , and filtering provjde thi infor­
mati n. In fact, they provide the same Illeasur of similarity,
ba ed upon the mean- quared difference b 'tween the signals,
but present the re ult in different form. Ilhough pectraJ
analysis and filtering are more familiar to most people than
correlation. the latter offers more insight in to the concept of
measurementof imilarityand therefore will bediscus ed fjr t.
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Figure 1. Cross-correlation function of two waveforms. ,SINE-WAVE SPECTRUM
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Figure 3. Analysis of sine wave buried in noise signal.

o

signal with ainu oid of each of the possible harmonic fn:­
quencie , re pectively. The rc ult i always another .in usoid
of the am frequency, whose amplitude and phase are pro­
portional to the corre ponding component in the signal. In
practice, the Fourier-transform calculation is done in a much
faster, more direct way by efficient computational methods
that have been developed in recen t year.

uto- pectral analy l' involves the calculation of the
quared magnitude of the Fourier spectrum and is the quan­

tity produced by most spectral analyzer. Becau. e it i pro­
portional to the power of a signal, it i commonly called
Power pectralDcnsity(P D). It gJvcs exactly the same infor­
mation a the auto-eorrelation function; in fact, it is the Four­
ier transform of the auto-correlation function. and it can be
calculated in that way.

A spectral measurement that is not commonly available
from analog spectrum analyzers, but which is extremel use-

13 ms
r LAG - 0.1 ms/POINT

Figure 2. Auto-eorrelation functions.

o
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--- ~... )(

~
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more common to ee the measurements in this form becau e
in the past spectral analy is was easier to implement with
electronic in trument than correlation analysis.

pectral analysi i based upon the theorem that any repet­
itive signal can be considered to be the um of inu oida]
components who e frequencies are integral multiple of the
ba ic repetition frequency. Fourier-t~ansformanalysis, famil­
iar to most engineers and scientists, involve the calculation
of the amplitudes and pha c angles of the e component. In
principle, the calculation is really a cro correlation of the
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ful, is th cross-spectral function. This function is normally
calculated by the multiplication of the Fourier transforms of
two signals. Like the au to- pectral function, it con tain exact­
ly the same informati n about the imilarity of the. ignal as
the cr .. - orrelation function, and it can be calculated from
the ero . -correlation by the Fourier transform.

The relation between correlation and p ctral functions is
illustrated by the time- and frequency-domain map of Figure
4. It shows that the correlation function can be calculated in
two \\ays: directly in the time domain, or indirectly in the
frequency domain ia Fourier transforms. he fa t algo­
rithms developed to calculate Fourier tran 'forms have en­
abled the calculations to be done more quickly via the fre­
quency domain than in the timc domain and thus have made
the Fourier tran form the key operation in modern time­
eric analyzers.

The au to- pectral function for the sine-wave signal buried
in noi e i. also shown in Figure 3 along with the auto- orrela­
lion function. The sine-wave 'ignal is clearly di cernible in

either function.

Filtering

filter can be considered as a devicc that continuou ly

compares an input signal with a stored reference ignal and
produce a maximum output when the two are mo t imilar.
I he stored referen e ignal i the impulse reo ponse of the
lilter, i.e., the respon e of the filter to a very narro\ pul e
applied at the input. The criterion for the measurement of
similarity is the. ame as for correlation and spectral analysi';
in fact, the calculations arc carried out in exactly the. ame
way. Figure 5 shows a filter that was designed to detect th
pre cnce of a "chirp" or swept-frequen y ine-wave ignal
buried in noi e. Thi type of ignal is u ed often a the trans­
mitted signal in radar sonar, and gcophy ical echo-ranging
'ystem . The output of the filter increa.e significantly when
the signal is pre ent and has the ~me shape as the auto-cor­
relation function of the signal.

The implementation of filter to "match" a pre cribed
signal is quite difficult with analog c mponents, and practi-

6

cally impo sible if the filter is to be ea ily variable. With
digital implementation, the filter design becomes trivial
merely the. pecification in either the time or frequenc do­

main of the waveform to be detected - and the filter char­
acteri tic can be changed in microsecond.

MEASUREMENT OF WAVEFORMS

Ensemble averaging* i very u eful for determining the

hape of a ignal that i ob 'cur d by random noise when the
signal is repetitive or when its time of occurrence is known.
This latter condition exi 'ts when a. y tem is being timulated
in a controlled manner.

An example is the electroencephalograph (EEG) signal
produced by the flashing of a light in a per on' eye. The
response to this stimulation (evoh.ed respon es) arc added or
averaged together. The ignal-to-noi e ratio i increased be­
cau. e theignal component, being in phase with each other,
will add linearly while the noise component being random,
will partially cancel each other and add at a rate proportional
to the ·quare root of the num ber of average.

En emble averaging is also commonl) applied to the mea­
,urement of correlation and ·pectral function to improve the
statistical accuracy of the measurement. onsitler the auto­
spectral measurement of a hort segment (1000 samples in
this ca e) ora filtered random noise signal, as hown in Fi 'ure
6. he auto-spectral function it elfisal oa random function.

veraging the auto- pectral measurements of successive seg­
ment. of the ·ignal reduce the statistical variations.

MEASUREMENTOF STATISTICAL DISTRIBUTIONS

The amplitude histogram is often the fir·t measurcmcnt
made in thc anal} sis of random data. You determine it by
dividing the amplitude range into many cqually paced levels
and by counting the number of times the measured valuc of
the signal i' at each level. The histogram of the two random
signal of Figure I arc sho\\ n in Figure 7. Besidcs 5110\\ ing the

• statistical aVCftlgc c'alualeu from the probability de"sity ofa ran,
dom process.
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cessing. It i. now practical, by application of modern digital
technology, to build instruments that can accomplish all
these function with the performance required for real-world
problems.

Figure 7. Amplitude histograms of random noise.

+2o
AMPLITUDE -VOLTS

-2

0.

0.

Figure 5. Signal detection by filtering.

SUMMARY
The basi tools required for analyzing signals have been

discussed, and some of their applications have been given.
The Fourier tran form i sccn to be a fundamental calculation
required in digital timc-serie analyzer for doing correlation
and spectral analysi and filtcring. ~1any other calculations
often arc required. uch as coherence function, transfer func­
tion*, cepstrum, etc, but the e ar~ extensions of the funda­
mental procedures described and are obtained by further pro-

extremes of signal amplitudes to be expected, the amplitude
distribution give information about the linearity of the rela­
tionship between the ignals. If these signals represent the
input and output of a sy tem under test, the fact that both
ignal have the same distribution, Gaussian in thi case, indi­

cates that the system is probably linear.
From amplitude histogram, the mean value, rms value,

and higher-order momen ts can be calculated.

C. L. Ileizman
ee pal!c 8.
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Measurement of Transfer Function and Impedance
The concept of transfer function is widely employed in the analysis and synthesis of linear systems or
networks. Conventional Instrumentation IS well suited to the problem when a sImple nOIseless single
input, single output system is involved, particularly if the rate at which measurements must be made is
low. If not, modern FFT (Fast Fourier Transform) techniques provide an efficient means for performing
these measurements at lightning speed. This paper derives the best (least mean-squared) transfer-function
and impedance estimator, which is shown to involve the ratio of the input-output cross-spectral to the
input auto-spectral density.

General

The transfer function of a linear network i a popular and
u eful de riptor ofa ystem or network. It i a dimen ionless
quantity that relate the input and output by spccifying the
gain (or attenuation) and pha e hift at all frequencie . Thu ,
the tran fer function of the system hown in Figure 1 i

is thc rclative pha e shift in troduced by the system, as
mea ured by the difference in phasc angle between the input
and the rcsultant output.

In term of com pIc notation, the transfer function is
YU) I tJ;U)

IlU) IOU) -
'U) L!PU)

( I)

while
I ' U)

8U) = / cpU) = d!U) / ¢(f)

. YU) cxp[jl,/lU)]
llU) cxp[J8U)] = '(f'\ ['O{f'\]

v/C;\PJv/

(3)

(4)

where IIU) = YU)
U)

( -)
HU)e p[jOU)] = YU) exp(jIl,!JU)-O(j)]

U)
(5)

•

Figure 1. Llnear·network derivation.

\4-......1911) X!I)
,j,lfl 'I

____~""''\.:::r:/-U...~II'-'-)--.,. o·

is the gain of the sy tcm for a frequency of jHz as mea ured
by the ratio of the output function YU) and the input driving
function XU),

he transfer function often must be measured for pur­
poses of system analysis or simulation. Simulation is particu­
larly important when the sy tcm under '[udy is inaccessible
or unwieldy for e peri mentation. Examples of this type
might include imulation of pr ce s control system or ub-
y tems that can only be ob. erved in opcration, simulation of

thc response of pacc vehicle. to transicnt excitati n without
running the ri J.. of actual damage, or analyzing and simulat­
ing the effcctive transfer function of a vehicle lIspension
'y tem. Knowledge of the transfer function would permit a
convenient analog to be constnlctcd.

Test equipment capable of providing the nece ary mea­
surement has bcen developed over the years and gencrally
includcs a sine-wavc generator, voltmeter, and a phase-angle
meter as the basic tool. The amplitude of the rcsponse and its
relative pha e anglc constitute the necessary measurcmcnts.

mcasurement i. u ually obtained when the frequcncy of
e citation i aried while the input is J..ept con tant.

Standard mea urement ll:chniques of thi type arc usually
adequate and are particularl} uitablc \\ hen the. y !l:m under
ob er alion i

I) oi ele s
_) Ha. a single II1pU t port

OUTPUT

Y(f)~

Yltl

Xlf) !4>lf) U",£AR sYSTEM

---I HlI) 18 It)
INPUT
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x!:t.
HI!J. ~ Ht / 8Z H}& I-, H Ie, vd

•

&,.., &• Figure 2. Noisy-network block diagram;
multiple inputs.

(7a)L!P. ZtY.. +

The equivalent noi e vector has in troduced uncertain ty in
the amplitude and phase mea urements of the output vector
Y/ l/I. The measurement procedure must mininlize these ef­
fects.

n analogou problem arises when the impedance of a
noisy network i measured. In this ca c, the input vector of

igure 3 and equation (7). Y/ l/I, becomes a vollage or velo­
city vector, Ll. a voltage or velocity noe e vector, and XL!l!.
the current or force vector. The equation relating the various
factor is:

(6)
• • •n-2 H n _ 1 H n /~n-2 +On_1 +8+

In other words, if the system is as shown in Figure 2, the
input L!P. and the output YLJ!.. are not simply related by the
effective tran fer function describing the gain and pha e
be tween the X inpu t and Y ou tpu t, becau e of the presence of
numerous noise ources, propagating toward the output port.
We find, therefore:

wherethevectorform L!!..= (j)/cx(j).
Thus, the ou tput Yt..:k can be though t of as the sum of 1\ 0

vectors

where ZtJ.. represents the impedan e of the network to be
measured.

\ ith these differences in mind, the results and discussion
that follow for estimating the transfer function will apply
directly fore timation of the impedance function.

(7)

where lId = HI 1I 2 H3 ... lIn /0 1 + 82 + ... + On

and I iJ = n L1u + 'n-I Hn L~n-I + 8 n + ...

•

Thu • the sy. tem of Figure 2 can be replaced by an equiva­
lent network a. shown in Figure 3(a), pro ided that care
only concerned with finding the tran fer function between
the input terminals where XL.!P.. is applied and the output
terminals where YL1. i ob erved. The vector relation hip are
hown in Figure 3( b).

It can be hown that a similar input-output relationship
e i'ts for any of the "n" input ports. Hence, if HtY.. can be
mcasur d, "n" similar measurements will de cribe the total
set of net work tran fer function .. In some cases, only one
transfer function i rcquired, that which applies between the
X-input and V-output terminal. ow, the signal designated
a 1W through n/~n can be thought of as internal noise

sources that may not be directly observable. In either ca e,
•the problem is essentially the same: Measure the tran fer

function in the presence of other spurious signals, which we
will conveniently call noise.

r-------------.,
I
I

x&...1 vCL
---+!-i Hft-

I

I ,~tli
(al L J

__ 1I'X-H- ,

x

o·

(b.)
1'1 ,_,

Figure 3. Noisy·network derivation.
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Performing the indicated operations in equation (9), we
obtain

(10)- H XI Y I exp[j(O + <PI - 1/11)]

- H XI Y I exp[ -j(O + <PI -1/11)]

I L

L L
1= I

-

Because we de ire to minimize t~ error by choosing an
appropriate e timator** for the gain, H, and the phase angle,
"0, we proceed by differentiating with respect to the pha e
angle and etting the derivative to zero. Thus,

E. A. Sloane received his BSE E degree
from Northeastern University in 1951. He
was a staff member at MIT Lincoln Labora·
tory, radar systems group, from 1951 to
1954; he joined Ampex Corp. as manager first
for product planning, then for advanced tech·
nology planning, 1955-1965. Presently, he is
Vice President and Technical Director of
Time/Data Corporation, a GR subsidiary,
which he helped found. Mr. Sloane is a mem­
ber of Tau Beta Pi and Eta Kappa Nu.

least·Mean-Square Estimation

Because the spurious ignals are treated as a single equiva­
lent noise vector, we can expre s it in term of the transfer­
function input and output as follows:

-
---,----

1\

00

so that

XI Y I exp[j(§ + <PI - 1/1/)]

- XI Y I exp[-j(§ + <PI - 1/1/)]

(II)

=0

The mean-squared value of this error after L * mea ure­
ments will be:

or exp(H) = Y exp(j1/!) - X exp(j<p) II exp(jO)

(8)

L

.E Xl Y I exp[-j(<PI-1/1/)]

1=11\
exp(2jO) = ---------­

L

.E X/YI exp[ +j(<PI-1/1/)]

1=1

( 12a)

L
;r= I L I I exp(j~/) 1

2

1= I

L

- -i L !Y I exp(j1/1/)-

1=1

I exp(j<pI) H exp(jO) 12 (9)

L

L
1= I

6
or exp (2j 0) = ------,,-L----------· (l2b)

L
1=1

where I exp(H/) is the 1th noise vector

YI exp j 1/11) is the zt h ou tpu t vector

and I exp(j<pI) is the I th input vector.

The horizon tal bar indicates ensemble (or statistical) average.

The essential estimator for the phase angle of the transfer
function involve the urn of appropriate forms of the prod­
uct of the input vectors, I exp (-j<P/), and the output vec­
tors, Y /exp(+j1/1/)'

In a similar manner, by differentiating with re pect to the
gain fu nction, H, we obtain the following least-mean-squared
estirna tor:

•

• umber of independent observations.
··An approximation to orne value function.

1\
H=

L L

exp(j§) .E XI exp(j<PI) YI exp(-j1/1/) + exp(-j§) L:xI exp(-j<P/) YI exp(+j1/1/)
l= I 1= I

L

2 LX/
1= 1

(13)
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ote that the estimate for the gain funxtion, H, depends on
knowledge of the phase function, exp (j 8), as well as of prod­
ucts of the input and output vector.

quation (13) can be restated as follows

LX/ exp(j<p/) Y/ exp(- j

I
/) + L X/ exp(-j<p/) Y/ exp(+j /)

1
(14)

2 LX/
I

o that ubstitution of equation (12b) yield

LX/ e P(-j¢i) Y/ exp(+jt/!/)

I
11 exp(j§) = --------- (IS)

or the sake of completeness, we should mention that
these vector function may be expressed in terms of rectilin­
ear coordinates representing in-phase and out-of-phase (co
and quad) components by mean of the following iden tities

exp [+jlKf)] = co (3(f) + jsin(3(f) (20)

Equation (IS) represents the least-mean quared estimate of
the system transfer function.

Because quation (15) may be expressed as
and Z(f) exp[±j(3(f)] = Z(f) cos(3(f) + jZ(f) in(3(f)

= Z(±jf) 21 )

(22)

1\

Xy(f)
H(jj)=---so that

( 16)
I

L

" "H exp(jO) = -----------

the numerator can be recognized as the era -Spectral Den­
sity estimate ~ y of the input and output, or

(17)

and (23)

while the denominator is the Auto-Spectral Den ityestimate
1\
Sxx of the input 'gnal, or

1\

L

L

1

" I 2(f) = L..J X/ (jf) I

1= I

(24)

1\ .~

Hexp(j8)=

so that the transfer-function estimator becomes

--xx

L
I "X2

L L..J I '

1= I

( 18)

(19)

Figure 4 is a photograph of a transfer function of an ele ­
tromechanical network (vibration exciter or shaker system)
estimated in this manner on a Time/Data Model 100 Rapid
Fourier Analyzer. he upper trace how the in-pha e and the
lower out-of-phase or quadrature components. The horizon­
tal axi is frequency.

This is simply the ratio of the eros spectrum to the auto
spectrum of the input function.

Reliability of Estimate

Finally, the error in esti rna tion can read ily be determined
from equation (15) by substituting equation (8), so that

JULY/SEPTEMBER 1970 11



(25)

I ex p( +j , I)1I exp(-j~/) [H cxp(+je) XI exp(+j¢/) +L
IAcxp j 0) = ----------------------

2
I

or

He pUe) + --------" '"H exp(je) -

L
I

I

(26)

Therefore, the error in estimation, 7], introduced by thi pro­
cedure, i

This error involve knowledge of the spectrum of noise;
therefore, we mu t estimate the error by estimating the
noi e pectrum. The noise pectrum i approximately

7]=

LXI I exp[j(1/I1 - <PI)]
I

LX?
I

(27) /I I '""
Slln(f) = L L...J

1= I

(19)

This tends to approach zero as the number of observation
increa e indefinitely, provided that the input and noi e ig­
nal are uncorrelated, because the numerator would repre ent
the urn of a large number of vectors having random phase
angles (1/11 - rf>1), while the denominator would be a real posi­
tive definite quantity that increases linearly with the number
of observation.

The mean- quared error, rr. in measurement can be
shown to be

and, by equations (9) and ( 16), becomes

"I· xy(f) f
(30)

(3 I )

where SIlIl(f) i. the equivalent output-noise pectral den ity.
The mean-squared error j inversely proportional to L, the
number of independent observation entering into the esti­
mate.

The mean-squared error, in term of measurable quan­
tities, becomes

(33)

(3:! )

" I L 2Syy(f) = - Y IL

(2

11::::; I I " ISxy(f)1
2

W

"
S} y(j) - 1\ (34)

rn L
,

Sxx(j) Sn(j)~

:I:
a.,
z- " "Z

7]2 :::::
I Sy (f) /Sxy(f)f- (35)~ or - 1-

<:l "L Sx (f) Sxx(f) Syy(j)w
a::
::::>
f-
~

0: 1\

0
:r(::::: I Syy(f)

~ [1-l'U)] , (36)::::> or -
L 1\a Sxx(j)

Figure 4. Transfer function of vibration-exciter system.

o FREQUENCY-HERTZ
5k

where I (f) -
ISxy(j)12

-- -
S xU) Sn(f)

• (37)
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- . A. loane

The function, f(f), i known as the Coherence Function. It i
lero when the output spectrum is due en tirely to noise ( yy =

Snn), and unity when the system is noi e-free (Snn = 0). Thi
i a popular measure for the reliability of a tran fer-function
estimate.

In ummary, we have found that the e timator that mini­
mized the effects of spurious signal or noi e source invol ed
measurement of the magnitude and pha e of the input and
output ignals for each frequency of intere t. The e measure­
ments could, in principle. be obtained by mean of voltmeter
and a phase meter. However, if the number of frequen y
points that mu t be used to de cribe the tran fer or imped­
ance function i large then more efficient estimates can be
made by means of digital-signal proce sors u ing fast Fourier­
tran form te hnique . The T/D ~lodels 1923 Time- erie
Analyzer, 19_3B Real-Time Fast Fourier-Transform nalyz­
er, or 1923 Fa t Fourier- ransform nalyzer Figure 5,
directly perform the operation indicated in equation (19)
utilizing the Time/Data 90 Rapid Fourier Proces or. The
1923A, for example, will perform a transfer-function analy i
for 128 equall paced frequencies in Ie s than 10 milli-
second per complete e timate.

Figure 5. T/D 1923-C
Real-Time Analyzer.

For Further Information
Bendat, J. S., and Piersol, A. G., Measurement and Analysis of Ran­
dom Data, John Wiley and Sons, 1966.
Lee, Y. W., Statistical Communications Theory, John Wiley and Sons,
1966.
Sloane, E. A., "An Introduction to Time-Series Analysis," Mono­
graphs I, II, and III, Time/Data Corporation.

(38)°<: f(f) < I.

From this it i apparent that

,

The udio Fngineering Socicty ha
announced the impending award of Fel­
low member hip to Dr. . P. G. Peter­
son of General Radio. Presentation will
take place at the annual ward Ban­
quet in ew York on 14 October 1970.

Dr. Peter on i well known in the
field of acoustics. He received the John
H. Pott Memorial ward from the

S. in 196 , for out tanding achieve­
ment in the field of audio cngineering.
Hc is also, a Fellow of the Institute of
Electrical and Electronic Engineer. and
of the Acoustical Society of America.

The Honorable Society
Charle E. White of General Radio.
While presenting the award plaque.

L hairman J. L. Hayes made the
following citation:

"Mr. Charles E. White ha un elfishly
devoted hi time and energie to formu­
lating editing, and su taining the opera­
tion of the CSL ellls/erter for the
pa·t eight and one-half year. Much of
the credit for the growth of thi public­
ity and information media i reflected
upon Mr. White, who erved a chair­
man of the CSL ewsletter Commit­
tee and Editor of the / ewsletter."

A. P. G. PetersonC. E. White

On June 16, 1970, the ational Con­
ference of tandard Laboratories pre­
sented it first Awards for au tstanding
Service to three member of the organi­
zation. One of the recipients ",as

I

Deviations from
Accuracy

I

-
We are aware of two small errors that crept into the

March-June, 1970 is. ue. The fir t, on page 5, hould have
tran lated the te t pressure of 1000 microns to I mmHg. The
second, on page 18, should have specified that witching time
of the GR frequency synthe izer had een reduccd to _OOp
not 200 ms). orry!
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Price

$525.00
525.00
525.00
525.00
525.00

Catalog
Number

1592·9700
1592·9701
15929702
1592·9703
15929704

Description
----t---~

1592 Variac automatic
voltage regulator
120 Y -10% Input
120·Y 0% Input
230/240·Y % InPU 1
230/240 Y _10% ,nput
230/240·Y ±70% ,nput

Prices net FOB Concord, MA, USA.
SubleCt to quantity discount.

Design responSibility for the G R 1592
was shared by C. G. Chitouras and W. A.
Montague.

similar to the preceding example. When
the regulator is u cd to control heavily­
loaded capacitive-input instruments, or
inductive-input power upplie, or just
plain ordinary mechanical systems (all
of which re pond to the average value
of the supply voltage), distorted output
from the regulator can quickly lead to
instrument operation inferior to rated
performance.

The adven t of digital instrumen ta­
tion has created an awarcnes , among
instru men t user., of the devastating ef­
fects of spikes or sharp peaks in the su p­
ply voltage. False triggering of digital
circuits is commonplace when supply
voltages are used in common with dis­
tortion-pr ducing instrumentation. Use
of the G R 1592 a a bu ffering voltage
supply unit to a block of digital instru­
ments helps to reduce false digital out­
puts.

The GR 1592 can even be considered
a a tool to help mitigate "brown-outs",
o widely predicted hy metropolitan

power companies during peak-power­
load seasons. If your local power com­
pany is forced to lower supply voltages
drast ically. use of the regulator will
assure continued and ati factory oper­
ation of instrumentation.

For readers with prohlems of supply
for Ulumin<ltion devices, plating baths,
or similar applications drastically af­
fected by line-voltage variations, the
GR 1592 is <Ivailablc for loads up to 10
kV 1\. Lighter load demands undoubt­
edly could be met by lhe 2-kVA model.

Complete specifications for the
model. listed below are available in GR

atalog U. A pamphlet describing cur­
rent GR model of voltage regulators is
availahle to readers. Addres' your re­
quest to:

Editor. (;R !:'xperilllcl1fer

300 Baker venue
Concord, ~1assachusetts 01742

lChitoura, C., "Considerations tn The
Choice of a Line- Vol tage Regulator. "C R
Experimenter, October 1967.

an automatic voltage regulator such as
the GR 1592 maintain the instrumen­
tation upply voltage at the desired low

operating point.
ote tha t all voltage regula tors are

not apable of doing this. Con. tant­
voltage tran formers and reactor-type
regulators operate solely to maintain
the in trumentation supply voltage at
the normal voltage established by the
power company's distribution transfor­
mer. The GR 1592 is an electro­
mechanical regulator whose output is
con trolled by a servo-driven Variac
adju table autotran former of proven
capability.

There is a more important point to
be considered; the GR 1592 does not
introduce di tortion into the in tru­
ment upply voltage - a factor ignored
too ften by customers of regulators. In
a previous Experimenter article, I we
men tioned that the GR electro-mechan­
ical regulator could track the average
and peak values of supply voltage while
actually detecting the fins \·alue. This
feature ha significance in a numher of
situations. Take, for example, a capaci­
tive-input de power supply with a light
load. Such a unit responds to peak sup­
ply voltages. A 3% distorted output
from the regulator could cau e as much
as 3% change in the dc power-supply
output, even though the regulator held
to a peci fied O. I% Ii mi t of devia tion
from a nominally rated supply voltage.

If the regulator were in control of a
thermal device, which responds to the
rms value of the supply voltage, di. tort­
ed regulator output would affect opera­
tion of the thermal unit in a manner

•

J
•

,
,

IIIII

IIIII111

If you are a typical reader, you have
control over, or access to, one or more
racb of test equipment. Concei ably,
each instrument is well engineered and
ha its own regulated power uppl.
Consequently, you fore ee no need for
a . econd, or ma ter, regulator. Consider
for one moment, however, that all your
instruments may operate satisfactorily
with an ac upply voltage of 105 volts.
Modern voltage regulators usually con­
trol any voltage above the nominal 105
volts by means of a emi-conductor
power-dissipating circuit to dr p the
vol tage clo e to the nominal value.

In the case cited above, under nor­
mal circumstance a fair amount of heat
i dissipated within the rack of instru­
ments. Expand thenumberofrack and
you develop th need for an air-condi­
tioned environment to keep the mean­
time-bctween-faUure rate of the instru­
ments from increa ingrapidly. It would
appear to be good logic, therefore, to
reduce the supply voltage to 105 volts
nominal, and to maintain continuous
operation at that level. Such a tep
would reduce the amount of heat gen­
erated and greatly increase the useful
life of the instruments. InstaIJation of

The fate of ordinary, practical, well­
known, and widely-used instrumenta­
tion apparenlly is relegation to drudg­
ery work and to near-obscurity when it
comes to pu blicizing new models. The
apparent lack of new-design innovation
i compounded by the manner in which
the general public disregards ordinary
but e sential in truments. We've de­
cided to challenge thi. attitude by writ­
ing about the new GR 1592 Variac®
automatic voltage regulator with the
attitude of "How can you do without
. t?"1 .

NOT A CINDERELLA INSTRUMENT!
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NEW SHOES FOR AN OLD WORKHORSE
For a period of about 38* years, the

principle of ob erving high- peed mo­
tion by mean of electronic strobo­
scope 1 has been implemented by port­
able GR equipment of variou type.
There ha been wide acceptance by in­
dustry 2 ,3 ,4 of this instrumen tation,
capable of" topping" fa t motion with­
out phy ical contact for quick analysis
and of preserving the stopped-motion
on film for la ter study. 5

A technique, familiar to photograph­
ers, which has not received wide atten-

• ee page 18 for a partial reprint of the
original GR strobe article.

GR 1541 Multiflash Generator

tion in engineering and re earch activi­
ties, is most useful in topping the mo­
tion of extremely high-velocity actions
without the use of high-speed cameras.
This is the multi-fla h or burst-flash
technique by which a single sheet of
film is exposed, in con ecutive order, by
a series of trobe Dashes.

The arne technique can be expand­
ed, as test requirement become more
complex, to provide for a pulse burst
from a single strobo cope (Figure Ia) or
a burst of individual flashe from mul­
tiple strobes (Figure I b). It provides
equivalen t-shu tter pecds of a micro-

second to conventional cine and high­
speed motion picture cameras when the
new GR 1541 Multiflash Generator is
used.

The implementing y tern u e a
stroboscope, multiflash generator, and
still camera to provide frozen action on
a singlc Polaroid** film within IS
seconds of the event. A serie of com­
plete images, each uniquely positioned
on the film in time and space sequence
is available for tudy and action.

A Glance at the Features
mong the numerous features of the

GR 1541 generator are:

• FIa h bursts, adjustable in numbers
and intervals

• Versatile trigger circuit, de igned to
accept a variety of inputs in terms of
signals and connectors

• Flash intervals that can be calibrated

• Adaptability to existing strobo­
scopes

• Small, light, and rugged construc­
tion

• Highest inten ity retained at 10-/1s
intervals

• Bur t mode provides for initial signal
to activate contact-bounce and noi e­
rejection circuits.

Stopp ,d Inits Tracks
Many lipplication in motion-analy­

sis work have been developed during the
years that the stroboscope has been
"Registered trademark of the Polaroid Corp,

Camero

00000
678tl0

o

5

FreQuency control -!.--"..-'<;~
'----------'

Mo or

Burst

Camero

!'Au I iflosh generator

0000000000
If14.s&71'10

4

5

FreQuency control J-~®'
L----:-~-:---~--'

Motor

ultiflash generator

a b

Figure 1. Flash·burst techniques. a. Single strobe unit; b. Multistrobe units.
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Figure 2 Golfball stroking analysIS - upper. topping; lower. good lift.

FILM

•••

APERTURE PLATE

4 STROBOSCOPES

MULTI FLASH GENERATOR

Figure 3. Instrument arrangemen t for projectile-motion study.

with u. orne common uses include
studie of sport equipment in action,
such as the impact and llight of g If
halls (Figure 2) or the motion of top­
pling bowling pin. Athlete and
would-be athletes observe their form in
photo taken with strobe lighting. The
velocity of projectile (Figures 3 and 4)
and the acceleration of machinery units
can be determined by the usc of two or
more llashe .

A desirable feature in pulsed trobe
Iigh ting is that the moving object under
ob ervation get out of its own way
between flashes. If it does not ucces­
sive images will overlap and "wash out"
the observed action. Overlap is permis­
sible, however, if picture arc taken for
data or record purposes only, inasmuch
as three or four overlapping images can
normally be resolved. If color film is
used, with different colored filler over
each strobe light ( igure Ib), over­
lapped-image recognition is substantial­
ly increased.

16

You can ob erve the acceleration of
a highly reflective, rotating shaft by
mean of another technique. The end of
the haft is painted flat black with a sin­
gle peripheral white dot. Viewed by
strobed light, the single dot give a pic­
ture with a series of well-defined dots
from which the acceleration can he
computed. A practical variation of this
technique is the use of everal trobe
unit, plugged into the triggering jack
of the GR 1541 but not adjacent to
each other. By skipping jacks, you can
increase the point eparation at low ve­
locity, thereby increasing resolution of
the test data.

You can separate consecutive images
with a different technique - shadow
photography. The compact arc in the
GR 1531, 1538, and 1539 trobe lamps
approximates a point source of light,
which can cast unusually sharp shadows.
By u e of multiple, separated strobes in
the system of Figure 3, the images at
each succeeding interval of time fall on

different areas of the film to produce a
record. like thut of the bullet striking
the steel spring in Figure 4. ynchroni­
zation of this system is quite. imple (an
inexpen I\C microphone detects the
bullet's shock wave and it is particular­
ly cnhunccd hy the coherent nature of
the bur·l. That is, the first pulse of the
burst is produced microseconds after
the input-trigger signal is applied.

The chOice bet ween the single-strobe
sy tern in Figure la and the Illultiple­
strobe system in Figure Ib will depend
on the required flash rate during the
burst and the required exposure guide
number. The flash rate for the single­
. trobe system i limited to the maxi­
mum allowable rate for eat:h 1I1tensity
range setting. For cxample, a GR 1531.
1539, or 1540 can be llashed up to 400
times per. econd, or a GR 1538 up to
2500 times per second. Unfortunately,
higher flash rates require lower inten­
sity c1tings: t:onsequently, larger lens
apertures arc reqUired. resulting in re-

GENERAL RADIO Experimenter



Figure4. Multiple-flash shadowgraph sequence.

Reports from the Field

duced depth of field. This decrease in
exposure corresponds to approximately
2-1/2 f- lops per intensity-range tep
for G R stro boscopes. When mu Iti pIe
slrobes an.: used, each may be set 10 its
highest intensity setting, thus recover­
ing a much as 5 10 7-1/2 r-stops, with
consequently increa. ed depth of field.
Each strobe is single-flashed, so lhat the
resulting maximum burst frequency is
100,000 per econd, limited only by the
G R I 54} generator.

Using trobe light as the hultcr
eliminales blur and scvcral distortion
present even in high-. peed cameras and
often pr vides ample lighting at con­
siderably reduced cost, weight, and line
input power. For example, four G R
1538 stroboscope. and a 154\ genera­
tor t:an be used to produce 10,000
flashes-per-second light, about the up­
per 'peed limit for a good full-frame
high- peed camera.

As a no ·talgic touch in the la t is ue
of the Hxpcl'imel/ter, we included a re­
production of the original article that
announced the GR 650 Impedance
Bridge in 1933. It brough t reactions
from the readers, all pleasant. One in

•particular, Everett Mehner of San
Diego, California, was pleased to de­
scribe the manner in which he had

JULY ISEPTEMBER 1970

Some Technical Points

The GR 1541 Multiflash Generator
can provide for bursl groups of two 10

sixteen f1a hes, wilh cparation
between flashes continuou Iy adjust­
able from 10 microseconds to 100 milli­
se onds. Trigger circuils in the instru­
ment provide for a variety of input-sig-

REFERENCES
1. Lamson, H. W., "The Stroboscope," Gen·
eral Radio Experimenter, Dece ber 1932.

2. Fitzmorris, M. J.. et ai, "New Eyes for
Mod rn Industry," General Radio Experi·
men ter, September 1960.

3. Fit?morris. M. J , "Flash·Delay Unit Sirn­
pli fies Motion Analysis in l1igh-Speed Mil
chines," GR Experimenter, August 1963.

4. Hollje, M. C.," lash! A New Strobolilc •
el 'ctronic stroboscope," GR Experimenter,
April 1966.

5. Miller, C. E., "Dctailed Vicwing in Am
bien t Bri gh tness," G R Experimenter,
SeptemberIOctober 1969.

modernized his own bridge, purchased
on the surplus market three years ago.
lIe used the battery box to house a tran­
sistorized ignal generalor (100, 400,
I k, 4k, and 10k Ilertz) and an oscillo­
scope di play. The latter feature per­
mits the operator to balance null points
quite simply and vi ually.

nal sources, electrical photoelectricaJ,
and electromechanical. The trigger cir­
cuit is designed to reject noise or signals
that occur after the initialing signal.
Flash-in lcrval conlrol has a basit: error
limitation of 3%, but provision is made
for a calibration signal to an external
electronic counler if grealer accuracy is
required,

Dcvelopment of the GR 1541 was by C. E.
Miller and W. F. Rogers, who also collabor­
ated on the above material.,

Specifications for the GR 1541 Multifla h
GeneralOr are included as a leiJr Sl1CCt in the
back of this issue

Catalog
Number Description Price

1541-9701 1541 Multiflash 5675.00
Generator

15419601 Cable Assembly 7.50
Prices net FOB Concord, MA, USA.

Subject to quantity discount.
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OUT OF THE PAST

DECEMBER, 1932VOL. VII. No.7

e

~L~CTRICAL COMMUNiCATIONS T~CHNIQU~

AND ITS APPLICATIONS IN ALLI~D FI~LDS

THE STROBOSCOPE

Th F..dgerloQ 1robo (,,0l~ i li rl("\'dopm~nlor Prof. Hamid E. Edl!erIOtl. Mas{I;I('hul'I{'lt .. Inlllilult" ofTf'('hnolo~\

TilE quickne. of the hand
deceives the eve. But tbe eve. -
kn w a trick or two, and,
aided hy ingeniou mechan·
ism, it is not deceived by the
gyrations of machinery at far
higher speed than th trick·
ster's hand achieves. lienee
the strohoscopc, which is not
new, and th Edgerton' trob·
oscope, which is.

• tr boscopcs and their ap.
plica tion are described here·
with. The Edgerton Slrobo·-cope on page .

mo ement is not apparent in anyone.
The film can then bc projected at nor­
mal peed \\ ith re.'ults that are in­
8lrueti e. or C\'CIl hackward with rc­
'ult - that may be allltl ing. The func-

tion of the shutter is
to exclude light from
th film exc'cpt for
brief flashes. Jt ,eem'
rea onahle tha t the
'amI' resul t can be ob­
taincd h) -hUlling off
the ligh t from the ob­
j ct, cxcept [or brief
flasbe . This is the na­
ture of the econd
bt~ Ie of stroboscope,
of whidl the Edgerton
t~ pe is the outstand­
ing exaUt pic. OL" iOllsh­
thi typ<' of trobo-
<'ope is \\ I'll adapted

for isual obsen ations. Photography
mu t still be u cd. if a non-rcpeated
c ellt i viewed, to tore the clemen·
tar view and to relca I' them la t rat a
rat that the 1')1' and mind can follow.

vun idee, howeycr. an indefatigable
t nni player who repeat hi, trok,

II E stroboscopc consists
fundamentally of a devi(·c-
\\ hit'h permit· intcrmittent
ob' nationo. either vi ual

or photographic, f a moying object in
such a manner a to
red lice the speed of,
or top. the motion.

The 10\\ -motion
picture is a familiar
example of th inter­
I' ting and profitable
information which
may be derived fl' m a
lei urely tud" of

• •

event \\ hich necc-
saril. take place a t a
high rate of peed. 1 he
tenni player cannot
olow the champion­
ship troke to a om­
modate the laggard
ey of the novice but the cam ra can,
and the motion picture camera is a
. trobo cope, bu t not all trobo cope
are camera.

The am ra hutter, operating at
hiah peed, chop up the action into a
number of mall eleJIlents, 0 hort tbat

18



tion will tak plac during illumina­
tion. and blurring of detail will r ult.

Th light mu t b brilliant. Other­
wi th r om mu t be mad ntirely
dark, and detail will not been
d arly.

Stroboscope Arithmetic
uppo e tha t the obj t to b obser ed is

ex uting uniformly R omplete ycle of mo­
tion in unit time. upro c further that the ob·
jl' t is either vi wed through a hutt I' open·
ing for F brief. uniformly timI'd intervals,
Or is illuminate I by F uniform instantan u
nashes of light in unit tim. Tb n, if

where k i an integral numher greater than 1,
then acb point of th ohject \\ ill b \'j ible k
time per ycleof motion and will, accordingl),
be ob crvcd successivel al k points eqllally
spaced, in time, thr ughout Ihe cycle of mo·
tion. ueh a ofldi tion. \\ hich is known as
" 'a1" h' hiJ Ipartl -ne rom m, \\ e apparent y ar·
I' ting th motion of th object_ is not. in gen­

ral, ati factor' for vi ual trobos opie ob·
servations. For example, a rotatin~ di c hav·

wh 1'1' II is an integral number, it will b i.
d nt Ihat ach point of tbe object will bl' in
e a tl thc arne po iti n in its 'ele of motion
at h obs I' ation, resulting in what we hall
de ignate a a condition of "pl'rfect" 'n·

hronj m. c rdingl, all appal' nt motion of
the bod will bl' arre t d, so that it will appear
to b stationary at some particular phase in its
c ' Ie of moti n, pI' vided that the opening of
th ShUll I' or the nash of the lamp i of ex­
trem I hort duration. If thi' inten'al of ob­
ervation i of sulliei nt duratiou, the mo\ ing

object. ven when \ iew d troboseopil'all~,

will app ar blurred in utline, sineI' l'aeh point
of the body ex cut sap 'rcl'ptible amount of
motion during th int rval of ohs('rvation,

It is furth r vid nt that the pha e of th.·
ob erved po ition of the objl'ct in it. e) cit' of
motion may be controll d at \\ ill merel) b)
hifting th phase of th yuchronou shutter
r li",ht fia h with resp t to the motion.
The I ecial a e f perfect ynchronism,

in whi h Ih frequenc of motion and of
obs rvation ar identical, is know u as "funda­
men tal" ) Ilchronism,

If II is gr ater than 1, the obj t \\ ill bl' oh­
s rved onl at vcr)' IIlh ryde of motiou, so
that thl' int gratcd illumination i reduel'd
to the fra tional amount 1 II timl'S the illum­
ination at fundamental ynchronism,

Although any condition of p('ffe t ) n­
br ni rn will ompl tely arre t Ihl' motion, il

i obviousl desiraLJle to work at the condition
of fundameutal synchronism.

If, on the otb I' hand,

(U)

(Sa)

( I)

een as a di c wilh k

R Ill-'

IIPR = F

.. = I/F- R

•
,

PR = /IF (3)
On the other hand, Ibe wll('d having fJ

pokes will appear as a stlllionary wheel ha\·
, J'rng Il spokes \ hl'ncver

iog one radial lin i
radial line .

more distinct image is obtained a I partial
synchronism if the body i compo ed of mk
identi a1 part equally paced, in time,
throughout tb ycle of motion, 1'. g.. by a
wheel havin'" P = mk pol.. . Further, it
can readily be hown that such a wheel will
appear a a tationary wheel having P spokes
whenever

c)'('le" ill IInil lilll .. and to tra, '" ill tht, sanlt'
direction as Ihe objl't'l is actuall) mO\ ing.

Con, l'rsel). if til e 'cli frequent') i~

lightl) I..ss than an intcgral multipll' of th.,
frequcne) of ohservation th phase at "hich
thl' ohjeet is Sl'en II' boseopically will eOIl­
tinuall) I' 'cedI' so that the objecl \\ ill app..ar
to mo'" at a low (')'('Iic frequen ') ill a din'e­
lion opposi te 10 th trne mot ion:

- Horatio W. Lamson

'I'll(' ,.,10\\ troboscopic motion \\ hieh e'"1 I,..
ohtain din thi. mllnner, and \\ hich ..an be ad·
ju~tl'd 10 home a vl'ry small fraction of Ihl'
Irue spl'erl, ma I..cs I he strohos('ope c" trem'" ~

valuahle in watching the cyril' of mOlinn of
machilll'ry running at sp"l'ds too high 10 h..
followl'd with Ihe unaided l'yc.

The frctlucll('y of strolJoseopic motion. S.
may be made as slow as de.ired. On th.. olhl'r
hand if ' i' increased ahove a certain limil Ihe
observed motion becomes inlermittent and
less sati factory for purposes of vi ual ~tutl).

R ferenel' 10 '-'<Iuation (3) ho\\s that there
are, theoreti('all), an infinit number of val lies
of R or of F for \\ bich a wheel of P .pokes \\ ill
he 'el'n a a stationary whcel of IJ . pokes. The
larger the valul' of P, til(' greatcr will be the
numbl'r f thl' I' partial synchronisms \\ hidl
occur within a given rangl' of values of R or F,
Th ' fact~ ar of importance in IIsing III('
strob • 'or to d termine Ibl' ffl'qnl'fH') or
sp ed of cydic mOlions.

We havl' so far analyzed the fundamental
la\\ s of thl' stroboscope for conditiolls of ex·
act synehroni m, either partial or pl'rferL
Consider now thc ca e "hl'rl' the yelie f1'1"

.Iuea of motion is slightly grNftl'r than "n
integral multiple of the fretlul'nc)' of ollSl'r·
\ ation-

U=IlFt-,' (5)
\\ h re " i. small compared to 1<. Thi mea'b
that th' mo\in'" 011)'1' twill e",'cute sli,·hlh

~ ~ .
morc than II cyclcs of motion during tilt' in-
tl'n al b t\\l'l'n obs'" ations sO Ihat thl' plHl~I'

"t \\ hid. it is Sl'cn troboscopicall) \\ ill ('on·
linuall) ad\ an . The olJjcct "illlh.. r.. forl' "p'
pcar to mo,e at a slo\\ c)c1i' frt'qnclle) of

(2)

(1)

F = kR

R = nF

identically, on th u and time. a min­
ute in a dark 'n d room. 1f th light
be flashed on him at a con tan t rate
exact] equal to hi troking ra t , he
will appear a though moti nl under
continuou illumination. If th fla h
•[ d he slightly I w r than hi trok­
ing rate, his arm \\ill he illuminated a
little farlh r alonf' in the troke each
time the Jj~ht fla. hes and, a the ye
retain the imao-e b t\\een fla h " the
madl~ troking pia' I' will, m lei-
ur I , and a . in O"le troke can h. pread

o er a minut ifd ir d.
Human., t nni pia ing or olh r­

wi ,cann t repeat unie I'm . cle at
an IIch peed, J\lachin an, and
wh r \. r . mplicat d ma hine ar d -
igned, built, or u d, the abilit to

\\atch their op ration in low m tion
\\ithout photograph i a h n.

The troho cope p rmit topping
the motion of the rna hine ( i uall )
for examination of rna hin or pr duct
at an)' parI of it operating cycl<, while
til(' gromm t flow into th h PI 1" at
undimini h d . jl<' d. r, p rhaps, a
'Cfll<,akin~ clutch, a \'ibrating haft, or
a chatl<'ring valve pring tand be­
t\\ n a nc\\ model and a waiting pub­
lie \\ hieh \\ ill not \\ ait long. low
moti Il tud) \\ill ho\\ th trOll hie, r

•

the primar~ motion rna' h t pp d
and th viLra ting III mb r mad a
conspicuou a a m quito.bru hing
hand at formal guard mount.

'ometim th tran ient mo ement
or vihration take pia at too hi h a
peed for th eye even with th pri­

mar' moti n topp d. Jf I' photog­
raphy is re orted to for a conu .10\\­

ing (Iown of th tran i nl.
liltl con id rati n of what i be­

ing uone h~ the lrobo cope i uffi­
('ient to l up the requir menl of a
at isfactory one.

1\ n accura t mean of timing th
fla h and a I rompt and aura te I' ­

spon. to the fla h conlrol ar e en­
lial, otherwi e the obje't will be
\'iewed at irregulal' interval, and i­
bra tion not pI' ent in the object

•
viewed will b in trod uced.

The fla II mu t be of extremeI hort
duration. Otherwise appreciabl mo·
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PROGRAMMABLE
DECADE RESISTOR
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Complete specifications for the GR 1435
are in GR Catalog U: minor revisions are
shown below.

Frequency Characteristics: At high-resistance
values, frequency characteristics depend
mainly on capacitances and on the type of
connections used (2- or 3-terminal,grounded
or guarded). At low resistance values, they
depend mainly on the inductance. Calcula­
tions based on values shown should give
approximate series-resistance error.

e)

This instrument was designed by Peter
Gray of GR's Component and Network Test­
ing Group, who contributed the material for
this article.

PROGRAMMABLE AMPLIFIER LOAD

PROGRAMMABLE OSCILLATOR OR TIME CONSTANT
.v

PROGRAMMABLE VOLTAGE DIVIDER

c

R...
Vz

I' ­L R.

Rp
V. • --vzo R,

o
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•

R

//,4,.
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EI A
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•

PROGRAMMABLE CURRENT SOURCE

PROGRAMMABLE VOLTAGE SOURCE
R.

R

R

PROGRAMMABLE INTEGRATOR
R. c

I

I

Vz

decade re istor terminals remotely.
Grounding pin 18 of the 36-pin rear­
panel connector hort the resistor ter­
minals, while grounding pin 17 open
the resistor terminals. This is particular­
ly useful if discon tin ui tie are 0 bjec­
tionable, which may exist when resis­
tance settings are changed (the worst
case being the change between "7"
and"8" where all four reed change
state). With proper timing the resistor
terminals could be either opened or
horted during this switching interval,

whichever is more pertinent to the ap­
plication.

A few typical applications are illus­
trated in the figures, ranging from a
imple programmable amplifier load to

a programmable oscillator or time con­
stant.

Catalog Decade Resistance
Parameter R= 100 kO R= 1 MONumber Description Price

Cl 19 pF 11 pF
1435 Programmable C2 76 pF 23 pF

Decade Resistor C3 19 pF 16 pF
1435-9700 Bench Model $750.00 C4 247 pF 276 pF
1435-9701 Rack Model 730.00 C5 46 pF 51 pF

Prices net FOB Concord, MA, USA. C6 1606 pF 1606 pF
SUbject to quantity discount. II 23 l'H 231'H

The GR 1435 Programmable Decade
Re istor was designed for maximum
customer-use flexibility consistent with
accuracy and cost. The ba ic instrument
covers the five-decade span from Io-n
to IOO-kn per step, with each decade a
plug-in board. Mechanical and electrical
provision has been made to allow simple
conversion to a ix- or seven-decade in­
strument, hould the need arise. Reed
switches used throughout the instru­
ment are of the miniature mercury­
wetted type, for low and repeatable
zero resistance as well as bounce-free
operation. The high and low terminals
of the resistors are isolated from
ground; this permits use where a float­
ing resistor is required.

Three distinct mode of operation
are provided for the user's convenience:

Manual Mode The desired resistance is
set on the front-panel dials, ju t as one
would set a conventional decade resis­
tor. This is useful, for example, when
you are making accuracy check on the
GR 1435, to determine how many de­
cades need be remotely con trolled for a
particular application or when you are
manually checking proper ystem oper­
ation during initial set-up stage.

Manual/Remote Mode Some of the de­
cades may be et to the "R" position on
the front-panel dials and be remotely
controlled, while the remaining dials are
set to a particular value of resistance
and held constant. This has the advan­
tage of requiring four less control lines
for every decade which is manually set.

Remote Mode You can select thi
mode by turning all decade dials to the
"R" position; by turning the power
switch to the "REMOTE" position; or
by applying logic' 0" to pin V of the
rear-panel connector. Resistance is set
by application of negative true 1-2-4-8
BCD signals at tandard DTL or TTL
level or contact closure to ground, to
each decade via the 36-pin rear-panel
connector.

A feature that deserves special men­
tion is the ability to short or open the
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Undersi de of 1790·9603
Standard DeVice Adaptor
Kit showing socket holes
and typical wire·wrapped
connections.

Universal Device Adaptor.

GR 1790-MORE VERSATILITY AND CAPACITY

Oed ated Programmable
Inputs Outputs Inputs/Outputs Price

Price

limes (Option 2) and the other 10 pro­
vide capability for the addition of pro­
grammable logic level and program­
mable power. upplies (Option 3). Both
option are available in 50-117 as well as
6Q-Hz version, to accommodate over­
sea cu tomers. Options are al 0 avail­
able separately or combined. either
option requires more physical space.

The kits will be installed by R di.­
triel office service-department per 'on­
ne!. raming required for operation
with Option 2 will be provided the cu ­
tamer; no further training is required
for Option 3.

omplete specification details for
the GR 1790 options are available on
the tear sheet at the back of this issue

$ 130.00
195.00
135.00
195.00

600.00
825.00

\
1000.00
1350.00

$10,500.00
10,600.00
13,500.00
23,000.00
23,100.00

-
-

21\
48
72
96

72
144
72

144

120
96
72
48

1790 Logic·Circuit Analyzer
Retrofit Kits, for Installation of options in

the field by G R p rsonnel
Kit 2AK for Additional Memory, 60-Hz linc
Kit 2BK for Additional M mory, 50·Hz line
Kit 3K for Programmable Levels, 50 10 60 Hz line
Kit 2A·3K for both options, 60·Hz line
Kit 2B·3K for both options, 50-Hl line

Prices net FOB Concord, MA, USA.
Subject to quantity discount.

Standard Device Adaptor Kits
1790·9601 no sockct holes 72
1790·9602 no socket holes 96
1790-9603 sockct holes 72
1790·9604 socket holes 96

Universal Device Adaptors
1790-9605 no soc et holes 72
1790-9606 no soc -et holes 48
1790-9607 no socket holes 24
1790·9608 no so ket holes

Description

As customer for the tandard G R
1790 Logic- ircuit naly7er become
familiar with its operation, we antici­
pate their needs will grow to e pand its
application to more complex test. Or, a
need for expanded memory storage will
be evident as test programs lengthen. It
i even po ible that originally limited
funding for apital expenditures may be
increa ed as the avings, made po sible
by the G R 1790 in action, arc brought
to management' attention. For any of
the e reasons, GR i prepared to help its
cu tamers expand th ir tandard ana­
lyzers by upplying and in. tailing ever­
al retrofit kit.

Kits arc available in two ba ic for-
mats one to expand memory by 50

Versatility is the name for the uni­
vcrsal device adaptor recently made
availa ble to G R 1790 customers.

The logic-circuit analyzer ha proven
itself fa lie enough to handle most log­
ic-clfcuit test problem presented it Im­
ply by means of uitably adapted inter­
facing.

GR engineers incorporated several
important pnnciple in the design of the
interface adaptors. onnections within
the adaptor are made imply, by wire
w ra p plllg to terminals mounted on
printed boards. uxiliary control or
mOnitoring cIrcuitry and loads are ea i­
Iy connected within the adaptors.

ustomers arc given the choice of a
standard adaptor or of a univer al adap­
tor. In the unlver al adaptors, mput and
output connection can he determined
by the test program; thi' permits accep­
tance of a grealer variety of device' as
well as providing checks of outputs and
inputs. Use of the universal adaptor per­
mit tet for horted mput·

The adaptors are easily m erted into
or removed from the analyzer by action
of a single lever. Provision i made on
one standard board to mount socket in
rows 0.250 inch apart and 'paced at
O. I 25-inch internal. daptors are avail­
able with 24,4 ,72, and 96 inputs and
48,72,96, 120,and 1440utputsin pre­
determined combmations.

Complete pecification detail for
the GR 1790 adaptors are available on
the tear sheet at the back of thi i sue.

Recent Technical Articles by GR Personnel
"The Ifuman actor in Preci e Mea ure­
ments," C. F. White, Measurements and
Data, lvIarch-April 1970. *

,. CIl1I- utomatic DC-DVM Calibra­
lOr." R. P. Ander on, Measurements &
Data, 1ay-June 1970.**

.. omputer ids Redundant LOgiC

earch," . R. Partridge, Electronic De­
sign/ ews(ED f), 15June 1970.**

"Planning Inve ·tments in Re earch and
Deve10pmen t," W. D. II ill. 1anagerial
Planning, July/ ugust 1970. *

" '01 e ~xposure Meter:' G. R. Par­
tridge. to be pre ented 3-6 ovember,

coustical Society of merica. **

"A pproxirnate Transfer Characteristic
of a Condenser Microphone with Dia­
phragm Stretched Over Raised Points of
the Backplate," S. . Djuric, to be pre­
ented 3-6 ovcmber, coustical Socie­

ty of America. **

*Repnnts available from Editor - Experimenter. General Radio.
H Reprints not available.
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GR Reflectometer Now Has Versatile 1-18 GHz RF Unit . . . 16

A Big Little-Brother Preamplifier . . . . . . . . . . . . . . 8

Inevitably, as time goes by, we awaken to
•

the fact that ou r hearing is not as good as it
used to be. If we are lucky, Nature will pro
ceed slowly, but surely, to steal this sense
from us. I f we are unlucky, Nature will reo
ceive much help in hastening the process from
the trappings of civilization - the noises of
machinery, jet engines, rock and roll, etc. The
tragedy of the latter case lies in the insidious­
ness by which we are consigned to that quiet·
er world.

Deafness was recognized in the practice of
medicine from its inception but compara­
tively little was known about how to meas·
ure the loss until the early part of this cen­
tury. In line with Lord KelVin's axiom con·
cernlng measurement and knowledge, the
medical profession has contributed much
data since 1900 to establish degree and type
of deafness in patients. These data were de­
rived from the audiometer, an instrument
which has become increasingly familiar as in
dustry has been alerted to one of its respon­
sibilities - the well·being of the worker.

In this issue. Rufus Grason. president of
GR's subsidiary, Grason-Stadler, describes
the foundations of audiometry and the devel·
opment of the audiometer.

Audiometers can be complex or simple, as
established by their applications in hearing
research or for clinical studies. But they are
indispensable In this era of an alerted public
and a benevolent Judiciary. determined to
prevent man from helping Nature's relentless
but slow progression toward an awesome,
silent world.
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Audiometric Measurement: 150 Years of Applied Research

Information Retrieval

The Greeks Had a "Word" for It - Stroboscope . . . . . . . . 9

EXTRAI Stability in Standard Capacitors, Precision in
Capacitance Measurements 11

A Counter Improves

Wi ndscreens for Microphones

Solid-State, Programmable Attenuators

Expansion in the Resistor Family

The General Radio Experimenter is mailed without charge to
engineers, scientists, technicians, educators, and others interested in
the instruments and techniques of electrical and electronics meas­
urements. Address all correspondence to Editor, General Radio
Experimenter, General Radio Co., Concord, Mass. 01742.
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C. E. White
Editor

Our Cover IS an IllustratIOn of Industry In aCllon - WIth a G·S 1703 AudIometer. ThIs
f.llcturc IS being repeated in many plants these days. The subject IS undergo,"g a heaTing

"" to detect ..ny deViation from the normal response

Another year draws to a close. Perhaps it
has not been the best of years to many of us
but it is a part of our lives. Looking forward
optimistically, we at GR hope to share with
our readers a Hoi iday Season fi lied with hap­
piness and a New Year of growth and pros
perity.

SI'a50n'S Greetings'



Audiometric Measurement:

150 Years of Applied Research

One of the many considerations onfluencing the recent merger of Grason-Stadler wIth General Radio
was the former's expertise in life-science instrumentation. Of particular interest was G-S's leadership In
the design and distribution of acoustic and audiometric instrumentation-an area which Significantly
complements that occupied by GR's acoustic measurement devices. In the past year, Grason-Stadler has
introduced two new major models, the G-S 1701 Diagnostic Audiometer and, more recently, the G-5
1703 Recording Audiometer. Adding to an already extensive line, these models represent two extremes
of a continuum of devices whose applications range from relatively simple automatic screening to highly
sophisticated research. This article describes these two units, how they came to be and their Significance
in the audlometnc field.

WHAT IS AN AUDIOMETER?

•

•
•

•
••••

•••

G-S 1701 Audiometer

•• •

•

•

placed in contact with any solid material- wood, metal, or
the human skull it induces ympathetic vibrations in that
material. This characteristic made the tuning fork uniquely
suitable for early attempts to determine the anatomical site
responsible for a given hearing toss.

ormally, the vibrating fork would be held outside the
ear, air serving as the initial conductive medium. If the tone
generated were heard by the listener, it was only because the
ear was "normal" and the tone had been tran milled success­
fully through the entire auditory chain, including the outer,
middle, and inner ears. If this te t were unsuccessful, the nex t
tep might be to place the ba e of the vibrating fork behind

the ear on th subject's mastoid bone, which serve as the
initial conductive medium. For the tone generated by this
process to be heard, it would only have to excite, by direct
conductive vibrations, the inner-ear neural mechanisms
through which acoustic stimuli are transmitted to the higher
centers in the brain. If thi step successfully elicited a re­
spon where air conduction had failed, it would seem to
indicate some blockage or di. continuity in the outer or mid­
dle ear. This mode of determining any differen tial sensitivity
to air-conduction and bone-conduction tests proved to be a
viable diagno tic procedure. The basic technique pioneered
with the tuning fork was subsequently reflned and adopted as
a standard procedure in the growing diagnostic repertoire.

ROOTS OF AUDIOMETRY

The earliest attempt, in the beginning of the 19th cen­
tury to establish techniques for the measurement of hearing
involved liltle or no instrumentation as uch. On the simplest
level were live-voice test, which typically required the tester
to maintain a fixed-in ten ity peech level while varying the
test distance until he could just be heard by the listener.
Although this type of test yields some information regarding
how an individual handles peech communication, it require
well-practiced tester, is subject to great test-retest varia­
bility, and is, at best, adequate only for creening purposes.

Other early hearing test involved the tuning fork, whose
prongs vibrate when struck lightly, producing a pure fixed­
frequency tone. The tuning fork provided a convenient
means of generating a preci ely repeatable fixed frequency
even though it was a greater problem to control the sound
level at the ubjecl's ear with the tuning fork than with live
peech. Moreover, it al 0 manifested the ability to transmit its

signal by mean other than air conduction, for, if its base is

In imple terms, an audiometer is an electronic instrument
u ed to measure an individual's hearing acuity_ The simple t
units perform thi function by providing to the li tener(usu­
ally through earphones) an audio signal (commonly a pure
tone) of known inten ity and frequency. More sophisticated
in truments offer the Ii tener a variety of signals, pure tone,
white noi e, and peech, through a variety of output tran ­
ducers earphone, bone vibrators, or loud peakers. These
audiometers often will record, for several frequencies, the
intensity level at which the Ii tener just hears the ignal.

The audiometer i u ually operated under the auspices of
an audiologist, a profes ionally trained individual intere ted
in the measur men t of the hearing function, its relation hip
to normative data, its asses ment and, where appropriate, its
treatment. As a formal discipline, the field of audiology plu
the instrumentation that accompanie it is lightly more than
20 years old. Both were precipitated during the post World
War II era when thou ands of service per onnel with varying
degrees of hearing impairments returned to civilian status.
Then, more than ever before, there was need for equipment,
trained personnel, and accepted, proven techniques.
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their main characteristics were really quite similar. They
were, without exception, vacuum-tube based. Several were
equipped with weep-frequency 0 cilIa tors, though the ma­
jority provided only a Limited number of frequencies, most of
them the so-called "tuning-fork frequencies" of 128 Hz and
its multiples. Output transducers generally included a variety
of types of earphones and early renditions of the bone vibra­
tor. An electric buzzer was included as a rough approx­
imation of a ma king source on many units to 'mask" or
shield the ear not under test from signals conveyed by air or
bone from the ear under test. Intensity was usually specified
in terms of decibels of attenuation for each frequency u ed.

INSTRUMENTATION IMPROVEMENTS

In terms of the te t equipment that had preceded them,
the instruments described above reflected significant ad­
vance men ts in both audiometry and general electronic tech­
nology. The technology as a whole, however, was still in rela­
tive infancy.

Standards

When audiometers first were commercially manufactured,
there were no accepted tandards to specify either "normal"
threshold, acceptable signal parameters, or test techniques.
Over the years, however, many organization have been
formed specifically to establish, revise, and maintain such
standards.

One of the most important standards, worked out over the
course of several years, specifies the "normal" tille hold in­
tensities of the most significant frequencies in the audible
continuum. These so-called normal absolute threshold values
were obtained by screening large segment of the population
to locate individuals without obvious hearing abnormalitie ,
then by meticulous te ts of these individuals' hearing. After
further screening of the data, a statistical average was made
and an absolute thre hold value for each of several frequen­
cies determined. Figure 1 hows the ISO pure-tone absolu te
threshold levels versus frequency.

On modem audiogram forms, such as that from the C-S
170 I (shown in Figure 2), an individual's hearing at several
frequencies i plotted with reference to Hearing Threshold
Level; 0 dB HTL is equivalent to the standard normal thresh­
old values shown in Figure I.

The G-S 170 I, like most other audiometers, changes the
inten ity of the output as the frequency is changed and auto­
matically references the signal to the accepted thre hold
standards. A su bject with hearing acuity more ensitive than
normal will show a negative HTL. A subject whose hearing is
Ie sensitive than normal will show a positive HTL, i.e., he
will require a ignal more intense than normal to hear the
arne frequency tone.

Cal ibration

The American ational tandards Institute rnc. (A ' I)
the ational Bureau of Standard, and other regulatory
groups also have tried to establish tandard in the critical
area of audiometer calibration. The output level of early audi­
ometers, for example, was calibrated by the mea urement of
voltage produced across the earphones. While such an ap­
proach could accurately describe the adequacy of the signal
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Figure 1. 1964 ISO threshold values for pure tone. Earphone
reference based on measurements made on National Bureau

of Standards 9-A coupler and Western Electric 705 earphone.
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EARLY INSTRUMENTS

For many year the tuning fork and live-voice test served
as the mo t sophi ticated mean to mea ure human hearing.
By the end of the 19 th century, however, technology had
advanced to a point where corollaries to these types of tests
could be implemented by electro-mechanical instruments.
Th e earliest instru men ts designed to test hearing were
scarcely one step removed from the tuning fork, in some cases
containing that very device as their central component. In at
lea t one instance, the tuning fork's oscillations were u ed to
modulate an electrical circuit and to produce an alternating
current in a secondary circuit. Part of this secondary circuit
was a telephone receiver that reproduced the frequency of
the vibrating fork at the listener's ear. This technique estab­
lished a signal ource with repeatable frequency characteris­
tics. Popularly called an "Acoumeter," this tuning fork
audiometer erved a the basic auditory-test in trument until
the alternating-current generator made possible the produc­
tion of a signal with a wider frequency range than that of a
tuning fork. The availability of the vacuum tube, in the early
1920's, made electronic audiometers commercially feasible.

By the early year of the 20 th century, then, an electro­
mechanical replacement had been found for the purely me-
hanical tuning fork in air-conduction threshold tests. It was

only a few years later that an electro-mechanical successor
was found for the tuning fork in its second application - tests
of bone-conduction hearing. To reproduce the effect of the
vibrating ba e of the tuning fork, the diaphragm of a tele­
phone receiver wa replaced by a trip of metal to who e
urface was attached a metal rod. This device, driven by the

same auditory ignal u ed in the air-conduction tests, could
now erve as the vibration source.

The electronic ucces or to the earlier live-voice speech
testing came about gradually through the early years of the
20 th century. By 1927, the technique of recorded peech
tests - implemented by a spring-wound phonograph - had
reached a new peak of sophistication in the We tern lectric
4 Audiometer. This unit permitted individual su bjects, or
even entire classes of subjects, to be given speech threshold
test .

Few really significant audiometric developments took
place in the 30's and early 40's, prior to the ou tbreak ofWW
II. The field was growing, however, and commercial audiom­
eters appeared in increasing numbers on the market, although
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Figure 2. G-S 1701 audiogram,
illustrating possible inner-ear

hearing loss.

within the system, it took into account neither the likely
non-uniformity of the earphone response nor the effect on
that respon e of the volume, re onance, and impedance char­
acteristics of the ear in to which the signal was directed.

The most significant improvement in this area came when
coupler and, later, artificial ears were introduced into the
audiometric calibration process. Both the e devices, made
with known volume and material, serve as substitutes for the
human ear. The earphone of the audiometer to be calibrated
is tightly fitted to the mouth of the coupler or artificial ear.
The ound-pressure level of the earphone ignal, in troduced
at a fixed input level, can then be measured and read through
a microphone contained in the cavity.

Masking Sources

The importance of a masking ource to mask, or block,
tran mission of the te t ignal to the ear not under test was
recognized in the 1920's, and early audiometers contained an
ordinary electrical buzzer specifically for this purpose. It
soon became apparent that the preci e nature of the masking
agent - especially its frequency spectrum - significantly
affected the pure-tone threshold being measured.

White noise, who e pectrum contains equal amounts of
all audible frequencies, provide a more effective masking
agen t than the buzzer and continues to be u ed to the present
day. White noi e masks all frequencie equally, including that
of the test signal, and with a minimum production of beats or
harmonics. Thi major advantage of white noi e, however, is
also it main disadvantage. Because the wtute-noise spectrum
is 0 broad, it introduces to the ear not under test a much
higher over-all energy level than is required to mask any given
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pure tone. Ideally, most efficien t masking would be accom­
plished with a very narrow band of frequencies centered
around the test tone, which would concentrate the available
energy in the vicinity of that tone.

As its latest approxima lion to an opti mu m masking signal,
Grason-Stadler has incorporated into its 1701 Audiometer a
variable narrow-band noise source whose bandwidth changes
as a function of the frequency of the test tone. This variable
bandwidth, which permits efficient masking to take place at
all frequencies, is unique to the G-S 170 I and stands out as
one of its most important features.

Speech Testing

The disadvantages of live-voice tests have already been
mentioned. It became apparen t at a relatively early stage,
however, that whatever the advances in sophistication of
pure-tone audiometry, speech material could not be aban­
doned entirely as an audiometric stimulus. ot only are there
psychological advantages in tests with a speech stimulus,
normally dealt with by average listen rs, but there are certain
common hearing disorders in which the subject manifests
significantly less ability to understand speech than his pure­
tone threshold would sugge t. For these reasons, improved
instrumentation and the standardization of testing materials
were needed.

A variety of speech materials has been developed specifi­
cally for speech audiometry through the years. Much of the
work originated at the Harvard Psychoacoustic Laboratory,
the Bell Telephone Laboratories, and the Central Institute
for the Deaf. Such material generally includes the equally
tres ed (spondee) and phonetically balanced lists who e

5



-

Rufus L. Grason received a very practical introduction to the field
of psychoacoustics and its instrumentation by first working in, and
later assuming responsibility for, the electronics shop at the Har­
vard Psychoacoustic Laboratory. His experience and training lead
him in 1949 to form, with Steve Stadler, the Grason·Stadler
Company. now a subsidiary of General Radio. As President and
Director of Engineering, he has been intimately involved with design
and development of the company's equipment, most recently the
1701 and 1703 audiometers. In the early 1960's, Mr. Grason served
as a member of the American Standards Association writing group
whose recommendations for audiometers resulted in the ANSI 1969
specifications. He is currently Secretary of a subcommittee of the
International Electrotechnical Commission, preparing specifications
for diagnostic and research audiometers.

phonemic make-up roughly matches that of merican col­
loquial speech. This material is presented in standard speech
te t either by an operator or through tape or phonograph
inpu ts.

Modern audiometers such as the G-S 170 I include a VU
meter that can be switched into the circuit to calibrate the
input ignal, either the speaker's voice or a recorded (tape or
phonograph) input. To deliver a fixed-intensity speech signal
to the su bject in live-voice te t , the operator need only peak
into the microphone and control the intensity of his speech
with the aid of the monitor VU meter. Precisely repeatable
intensity increments or decrements can then be made by a
simple adjustment of the attenuator control.

A econd method of implementing speech test is to pre­
sent the recorded material by means of either a phonograph
or a tape recorder. To facilitate such an approach, most of the
standard word Ii ts are now provided by audiometer manu­
facturers on records, which have the advan tage of providing a
uniform speaking voice; this permits excellent inter-clinic
data comparisons. At the beginning of these records a
1000-Hz calibration tone is generally included, which can be
used to en ure that different testers present sub equent test
materials under more nearly comparable conditions.

Suprathreshold Tests

One of the major disadvantages of-the earlier audiometers
was their exclu ion of uprathreshold testing. lmost with­
out exception, audiometers were u ed to determine the mini­
mum audible inten ity that could be detected by the li tener,
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i.e., his threshold. In recent years, a number of tests that use
auditory timuli well above normal threshold have been de­
veloped which, when u ed a constituents of a multiple-te t
battery become useful as aids in defining the anatomical site
of the hearing impairment. Two of the better-known tests
include the hort Incremen t Sensitivity Index (SIS!) and the
Alternate Binaural Loudness Balance (ABLB).

In the SI SI test, the Ii tener hears a con tinuous tone pre­
sented at a level approximately 20 dB above his threshold.
Every 5 econds, a 200-ms, I-dB incremen t is added to the
pure tone. The percentage of increments heard is u ed to
establi h an evaluation score.

The ABLB te t provide information about the upra­
threshold phenomenon of recruitment, i.e., the abnormally
rapid increase in loudne a intensity is increased in patho­

logic ears. This test, which postulates one normal ear, i pre­
sented by alternating a pulsed tone between ears, its intensity
in one ear controlled by the operator and that in the other
ear controlled by the subject. The operator gradually in­
creases the sound-pressure level in the one ear, and the ub­
ject i reque ted to adjust the intensity in the other until it
eems to match. The listener who perceive the tone to be

growing louder at a fa ter rate in one ear than in the other
generally exhibits some abnormality a ociated with the or­
gan of Corti.

Automatic Audiometers

In the early years of electronic in trumentation the audi-,
ometer was manually operated. Intensity and frequency
change, and any timing of signal duration, were imple­
men ted by the operator. The re pon e of the u bject, usually
a verbal "yes" or "no" or a hand ignal were al 0 manually
recorded by the operator.

In recen t year, especially since WW 1I, an increasing nu m­
ber of these function have been automated. In addition to
the obvious benefit of operational ea e, such automation ha
re ulted in increased reliability by pre enting standard te t
sequences, free from operator intervention and the conse­
quent possibility of error. On the automatic G-S 1701 for,
example, tandard tests that employ short auditory signal
presentation are automatically timed. The G-S 1701 also
varies intensity and frequency parameters, and it record the
ubject responses to the e stimuli. The technique through

which this is accompli hed i generally referred to as the
Bekesy technique, after Georg von Bekesy who developed the
procedure in the 1940' .

Bekesy's technique require that the subject' threshold be
recorded continuously at several test frequencies. While the
test i being administered, a recording pen is moved along the
horizon tal axis of the audiogram form, on which frequency is
plotted. In the absence of a subject re pon e, an automatic
attenuator associated with the subject switch increa e the
ound level and imultaneously moves the recording pen

down along the HTL (vertical) axis of the form. In the pres­
ence of a ubject response, the attenuator decreases the sound
level and moves the recording pen up along the chart's vertical
axi . The end re ult of thi procedure i that a record i made
of the ubject re pon e in the region between audibility and
inaudibility.
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THE GRASON ·STADLER AUDIOMETERS

Grason-Stadler has been designing and manufacturing au­
diometric equipment for more than 20 years. It present line
of audiometry-related instrumentation include a peech au­
diometer; a p ychogalvanometer, which utilizes conditioning
techniques to elicit a change in skin re i tance as an indicator
of auditory threshold; a group hearing aid, es en tially an am­
plifier used in group situation to communicate with the
hard-of-hearing; and two audiometers - the G- 170 I and
1703.

The G-S 1701 Audiometer

The G- 170 I is a sophi ticated diagnostic audiometer
used under the au pices of professional audiologi ts to mea ­
ure and assist in the evaluation of the hearing function. ince
it is designed to be used in the diagnosis of hearing impair­
ments - which requires the admini tration of whole bat­
teries of related tests - the in trument is extremely ver atile.
Signal ources include pure-tone, white, narrow-band and
speech noise, as well as microphone, phonograph, and tape
recorder input. Output tran ducer include loud peakers
for sound-field tests, earphones for air conduction, and a
bone vibrator for bone-conduction te ts, all three advan­
tageous for rea ons mentioned above. Suprathre hold tests
uch as SI I and ABLB are automated and can be imple­

men ted by change of a few front-panel switche .
Intensity output of both channel of the G-S 170 I i from

-IS dB to +liS dB HTL for mid-range pure tone. Timing for
other te ts can be implemen ted manually or automatically in
a variety of switch- elected mode. To facilitate verbal com­
munication with the Ii tener being te ted, a talk­
forward/talk-back system with independent level controls is
included with the C-S 1701.

Perhap its most out tanding feature i the flexibility of it
automatic control provisions. In addition to sweep-frequency
Beke y, it can pre ent fixed-frequency Bekesy or automatic
ABLB te t. nother distinctive feature i it variable band­
wid th rna king source, the first such rna king ource to appear
on a commercially available audiometer.

In recognition of these possible effects of noise, more and
more companie are establi hing their own in-plant hearing
test cen ter . When fully opera tional, the e facilities will be
used to screen individuals before they enter the working en­
vironment and at various time intervals during their occupa­
tional careers. In thi manner, both the worker and the
employer can be assured of mutual protection against the
unde irable effects of noise pollution.

The G- 1703 i a pure-tone audiometer with an intensity
range of -10 dB to 90 dB IlTL. It is extremely simple to
operate, having only three operator pu hbutton - Start,
Stop, and Hold. Included a an integral part of the unit is a
recorder that makes a permanent rec('rd of subject re pon e ,
first for the left and then for the right ear. At each of the
seven di crete frequencie presented, the subject's threshold
is determined and recorded via a modified Beke y technique.

The G-S 1703 has at least two unique feature not incor­
porated in other units currently available. ir t, the subject­
controlled intensity hange at a variable rate, rapidly at the
start of each te t frequency, then more slowly a threshold is
approached. This technique mean that Ie time i spen t get­
ting to the thre hold region at each frequency and more time
is pent defining the thre hold preci ely. This, in tum, means
greater rete t reliability and a more meaningful audiogram.

Second, the G- 1703 automatically initiate a check of
threshold at I kHz at the end of each te t. This value, when
compared to the previou threshold value of I kIlz, gives the
operator an immediate indication of the validity of the test.

CONCLUSIONS

These distinctive features of the G- 1703, added to its
ease of operation and its reliability of de ign, should give it,
like it more sophi ticated antecedent, the G-S 170 I, a long
and healthy life in a world which increasingly requires precise
information about the human hearing function. In conjunc­
tion with GR '. growing line of in trumen t for sound mea ­
urement, these two unit and their companion provide one
of the mo t comprehenSive single ource for audiometric
and acoustic equipment.

-R. L. Grason

Condensed specifications for the G·S 1701 and 1703 Audiometers
appear elsewhere in this issue.

The author acknowledges, WIth gratItude, the work performed by
Carol W. Hetzel in assembling and coordinating much of the material
in thiS article.

For Further Information:
Glorig. A .• Audiometry: Principles and Practices. Williams & Wilkins.
1965.
Hirsh. I. J .• The Measurement of Hearing. McGraw-Hili. 1952.

Jerger. J.• Modern Developments In Audiology. AcademiC Press, 1963.
Newby. H. A . Audiology: Principles and Practices. Appleton-Cen­
tury-Crofts. 1964
Watson. L A. and Tolan. T • Hearing Tests & Hearing Instruments.
Wi II iams & Wi Ik Ins, 1949

The G-S 1703 Audiometer

The C-S 1703 Recording udiometer i much simpler and
Ie ophi ticated than the 170 I. It ha been designed primar­
ily for u e in the early tages of a well-developed hearing
program, to distingui h normal from hard-of-hearing indivi­
duals. Although the C-S 1703 will be used for a variety of
application, it will undoubtedly find wide-spread u e in in­
dustrial and busine situation where high ambient-noise
levels might adver. ely affect hearing.

The existence of noise-induced hearing loss has been rec­
ognized for a number of year; the fir t national conference
on noi e was held in 1952. Since then, numerous variables
con tributing to noise-induced hearing los have been deter­
mined with orne precision: over-all noi e level, compo ition
of the noi e, duration and distri bution of exposure, and total
time of exposure. The e inquiries have led quite recently to a
erie of Federal and State law that specify permis ible noise

conditions and prescribe compen ation for workers suffering
hearing 10 due to occupational noise exposure.

OCTOBER/DECEMBER 1970

Catalog
Number

1701-9700

17019710
1701-9720
17039700

DeKr,ptlOn

1701 Manual Diagnostic Audiometer,
117/234 V ~o to 60 fiL

1701 Automatic DiagnostiC Audiometer.
11 V!)(J I 60H
') l4 V :'1'1 t GO Hz

1703 Recording AudIometer
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A BIG LITTLE-BROTHER PREAMPLIFIER
1-in. microphone

1/2 -in. microphone

1/4-in. microphone

GR 1560-P42 Preamplifier 1/8-in. microphone

The GR 1560-P42 Preamplifier is a
bridge between most test microphones
(ceramic or condenser) or ceramic
transducers and the GR analyzers and
sound-level meter _It is similar to the
GR I560-P40 unit but incorporates sev­
eral improvements in it de ign.

Some Details

The -P42 unit is of mailer physical
size (1/2-inch diameter by 6-inch
length); incorporates switch-selected
polarizing voltages, derived from an in­
ternal 65-kHz (approximate) oscillator,
for condenser microphones; and has
larger output current. Its three-wire
ou tpu t transmi ion system has a epa­
rate ignal ground and a shield that does
not carry signal current, thereby re­
ducing hum pickup.

The standard front-end connection
is readily adaptable to most test­
measuremen t condenser and ceramic
microphones. The input connection i
guarded by a signal-driven hield, which
reduces capacitive loading for low-ca­
pacitance microphones. Provision has
been made, a an integral part of the
preamplifier output jack (Figure I), for
insert-voltage calibrations, typically re­
quired for laboratory standard micro-

phones such as the W 640AA, and for
remote checks of systems.

The preamplifier cia s AB output
stage can provide up to lOrnA peak and
> 1 V rms to feed full audio-range sig­
nal through cables as long as one mile;
with no signal it draws less than I rnA at
+15 V, when used with ceramic micro­
phones, thereby promoting longer sup­
ply battery life. Gain of the -P42 is
switch-selected as unity (0 dB) or x 10
(20 dB). The FET input-stage de ign
provide diode protection again t input
urge.

Connection between the preampli­
fier and transducers i by means of the
accepted 0.460-60 thread, to fit present
condenser microphone and their adap­
tors. Most other microphones and accel­
erometers are connected by use of sim­
ple GR adaptors.

Power for the -P42 unit i available
from most of GR' sound analyzers and
sound-level meters. For use with other
instrumen ts or for long ca ble run, the
GR 1560-P62 Power Supply will pro­
vide the required power. The power
supply includes iCad batterie charg­
ing circuitry, an automatic low battery­
voltage sensor to preven t excessive dis­
charge load-current limiting, and re-

mote-switch control capability to tum
off the power.

Other Necessities

Since no single type of microphone
sati fie all test require men ts, G R has
made available as sets a group of micro­
phone to supplement the preamplifier
unit. The I-inch ceramic and 1/2-inch
conden er microphones are useful for
mea urements of low or moderate
sound-pressure level at normal audio
frequencie . The 1/2-, 1/4-, and 1/8­
inch conden er microphones are re­
quired when measurement are made at
hi gh sou nd-pres ure level or high
frequencies. Each set includes all nece ­
sary adaptors to mate microphone, pre­
amplifier, and GR 1562 Sound-Level
Calibrator. In addition, an adaptor is a­
vailable to mate the -P42 unit and stand­
ard I-inch conden er microphones uch
as the Western Electric 640AA; another
adaptor is supplied to mate to Switch­
craft-type A3 audio-type connectors.

The GR 1560-9580 Tripod accom­
modate both the -P42 and -P40 pream­
plifiers, the GR I 560-P5 microphone,
and all sound and vibration instruments
having a 1/4-20 threaded tripod moun 1.

Development of the GR 1560-P42 was by
E. R. Marteney.

Figure 1. Schematic of 3-wire and insert-voltage connections in -P42 preamplifier.
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The Greeks Had A "Word" For It - Stroboscope

A coined word of deep impact in the field of illumination,
derived from strobos (whirling) and skopeo (I look at)

GR 1542

Years ago man discovered that the eye could perceive
rapidly moving objects by observing them only intermittent­
ly, as through a lit in a whirling opaque disc. A similar "mi­
raculous" phenomenon familiar to early western-movie fans
was commonly termed "wagon-wheel effect" and was due to
the harmonic relationship between the information-sampling
(camera-framing) rate and the rotational rates of the thou­
sands of wagon wheels that thundered acro the silver screen.
But it took the introduction of Dr. Harold Edgerton' elec­
tronic troboscope by General Radio Company orne 38
years ago to bridge the gap between a novelty principle and a
widely-useful tool. Intense microsecond flashes of light pro­
duced by the many improved general-purpo e instruments
introduced over the years provide the ultimate in motion­
stopping capability to observe visually, to measure the speed
of, or to photograph events and objects that would otherwise
be but a blur.

The Bear Corporation's portable automobile
wheel-balancing machine incorporates
GR 1542 stroboscope.

Photograph courtesy of

Bear Corporation. Rock Island, Illinois.
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Customer requests indicated a need for several additions
to the GR strobe line such as the GR 1540 Strobolume®
electronic trobo cope, I which produces extremely high light
output, and the GR 1541 Multiflash Generator,2 an acces­
sory for photographic applications. ew, less-expensive light
generators also were requested for "single-use" applications
that demand less ver atile light source such as a simple basic
stroboscope designed only to "freeze" motion for visual
study. One answer to the e need is the GR 1542 Electronic
Stroboscope.

Small But Mi\t1ty

Simplicity in itself, the GR 1542 is a small, rugged, inex­
pensive and simple-ta-operate stroboscope that puts the
magic of frozen motion at your fingertips. Its stable wide­
range oscillator produces teady stopped- or slow-motion
•Images.

Most stroboscopes produce an image that appears to the
operator to decrease in brightness as th . flash rate is de­
creased. Usually this undesirable situation i overcome by
witching additional capacitors into the discharge circuit at

reduced oscillator frequencies. The GR 1542, however, u es a
novel electronic circuit to provide an e sentially constant sub-

1Miller, C. E., "Detailed Viewing in Ambient Brightness," GR Experi·
menter, September/October 1969.

2 Miller, C. E., and Roger, W. F., .. e\ Shoes for an Old Workhorse,"
GR Experimen ter, July /September 1970.

---,,,
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1542 ElectrOniC Stroboscope
Replacement Strobotron Flash lamp

The GR 1542 was designed by the author; W. A. Montague and P. A.
d'Entremont contributed to the mechanical and industrial designs
respectively.

- . E. Miller

con tant light output, oscillator tability, and ease of adjust­
ment - important factors to the operator often working
rapidly in areas of high ambient illumination. High reliability
is also a prime requirement a the Telabalancer must function
day after day. The stroboscope package provides the rather
unique advantage that the entire strobe is bolted into the
Telabalancer as a completely enclosed component. In the
event service is required, the user simply unbolts and ea ily
remove the stroboscope and returns it to hi distributor for
an exchange unit.

Some Background

Realization of the GR 1542 involved an unusual degree of
cooperation among the industrial design, mechanical, and
electrical engineers. The package was to be compact, neat in
appearance, and the controls convenient to operate. It i
physically rugged and thermally and electrically compatible
with the high-performan ce stro be "innards," assuring opera­
tor safety and low co 1. The e criteria were met by use of a
variety of tough plastics and a novel, ymmetrical "clam­
shell" injection-molded case, amazingly re i tant to physical
abuse.

A single-range uncali bra ted oscUla tor provides flashing
rates from approximately 180 to 3800 flashes-per-minute, or
a speed ratio of approximately 20 to I. Stability of the 0 cil­
lator is of prime importance to produce steady, stopped, or
low-motion images. Accuracy of calibration, of cour e, i

not a factor since the instrument is not intended for peed
measuremen ts. A five-tu m con tin uous con trol provides ver­
nier action for smooth speed adjustment t!lroughout the
oscillator range, and motion to above 50,006 rpm may be
viewed by u e of harmonics.

ser response indica tes the GR 154 _ provides good per­
formance and a truly economical capability to "stop" high­
speed motions for visual study or analy is.

Flash Rate: ~ 180 to 3800 flast es Df-'t IT InlJl(! 13 to 63 las.hes ~r second I ,continuously
adjustable bv uncal I rated 5-turn COllt, 01
Flash Ou ,.arion: :::::: 5 ""'~ d 63 fps , =::::: 2b "" 'S aI 3 f ('5

Beam Angle: :::; dOO at ha f-In enSITy po illS
Power: 10!>to 12~V.50to60H] 9W
Mechanlca.l: Mo dl-'l:1 OldSlI c.-l'){" w 1 j f-" ~ d'~ to pI I I '.Imp. nigh brlghtnp\s re 1C(:lor
standard 025·20 Ihrwdcd hole for trIPod "11 mllnq OlMf::NSIONS lw l( h l( d) 42 l(

216x752.n 1107,55,191 m1':. I'" 8 bIOB'g)n. l1hlO9 g)sh'DO''''

C.t.log
---:N..;;u::.:.m::.:be=..'__-1- 0.:::ser, P:.::".:::on"-- -l

1542-9700
1530·9400

C. E. Miller was graduated from Yale Univ r­
sity in 1960 with a B. Eng. degree and re­

ceived his MS degree from Massachusetts
Institute of Technology in 1966. He joined
General Radio in 1960 and is an engineer in
the Component and Network Testing Group.
He is a member of IEEE, AOA and AT! and
holds a patent for a constant offset frequen­
cy-generating device to produce slow-motion
•Images.

jective image brightnes over a wide speed range without
witching, resulting in greater operational simplicity and

lower over-all co t!
In education, the GR 1542 is well suited to student u e in

experiment that demonstrate the principles of stroboscopy
and harmonic motions. Industrial use for the GR 1542
abound in development, te t, and maintenance areas. Careful
electrical and mechanical de ign a ure that this hand-held
in trument will perform faithfully under severe industrial en­
VIron men tal conditions.

A particularly interesting application involves the use of a
slightly modified GR 1542 in a new-type automobile wheel­
balancing machine (Figure l) invented by Bear anufactur­
ing orporation of Rock Island IIIinoi - long the foremost
manufacturer of automotive brake and wheel alignment
equipment in the U . The troboscope i an e ential com­
ponen t in the "Telabalancer. "With this machine the operator
quickly makes extremely accurate balances of wheels with all
part, including the hubcap in place and at road speed of
120 mph! Bear chose to u e the GR 1542 for the critic2l
illuminator in the Telabalancer because of its high, relatively-

Information
Retrieval

An article edited by L. J. Chamberlain, Executive Vice·Presldent
of Time/Data (a GR company), presents the subject of time-series
analysis in comparatively simple terms and illustrations. It is entitled
"A Simple Discussion of Time-Series AnalYSIS" and is available to
any reader who would Ii ke a Single copy. Address your request to
the Editor - GR Experimenter, General RadiO Co., Concord, Mass.

01742.
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EXTRA'

Stability in Standard Capacitors,
Precision in Capacitance Measurements

FUSED-SILICA CAPACITORS
GR 1408 REFERENCE STANDARD CAPACITORS

capaci tors. This bridge provides ex ten ded ranges of capaci­
tance and conductance and extended sensitivity, particularly
when used with the complementary new GR 1238 phase­
sen itive dete tor and GR 1316 power 0 cillator. The bridge,
detector, and oscillator assembly (GR 1621)isofvaluenot
only in the calibration of standards but also in the investiga­
tion of the dielectric properties of materials, through meas­
urements of small capacitances and conductances and of
very small changes in these quantities.

GR 1408 standard, with temperature-eontrolled air bath.

The fundamental design of the new 10- and I Oo-pF stand­
ards is based upon the development at BS by Cutkosky and
Lee 2 of a 100pF capacitor with time tability and small varia­
tion due to voltage change or shock, which permit calibra­
tion to parts in 107

. The dielectri c ma terial used for uch
stability is a special grade of fused silica. It has the further
advan tages of low losses and low frequency dependence of its
dielectric con tant in the audio frequency range.

GR Design

The two main considerations in the design of the fused­
silica capacitor were the manner of applying the electrodes
to the sub trate and the manner of supporting the capacitor

162' 6

GR 1408

GR 1404 ~0002"

GR 1409 0.03'"

v

GR 509 ±0.1"

o Il.----:-::-':-::--_~_:_-__::::_:_--~:----:- ':-:----"
1930 1940 1950 1960 1970

INTRODUCTION DATE

1.0

1000
e
Co
Co,
>­u«
0::
:J
U 100
U«
z
o..
«
0::
CD

-' 10«
u...
o..
"-'

Our standard capacitors do change with time.

Even though the e capacitors have remained satisfactorily
stable over the years, the accuracy of the calibrations, Figure
I, shows an inclination to plunge into the region where the
uncertain tie are Ie than a part per million. The ational
Bureau of Standards has led the way with improved capac­
itors and measurements. We have followed them, not only
with interest but with some new instruments! de igned to
bring to other laboratories the increasing accuracy of NBS
calibrations.

The new GR 1408 10- and 100-pF reference-standard
capacitors with the proven mechanical and electrical stability
of a fused-silica dielectric have been constructed to provide
higher accuracy in the transfer and storage of the unit of
capacitance. The new GR 1616 transformer-ratio-arm bridge
has also been built to meet the need for improved precision in
the intercomparison of these standards and for high accuracy
in the calibration and measurement of a wide range of other

1Abenaim, O. and Hersh, 1. F., "New Fused-Silica-Dielectric 10- and
100-pF Capacitor and a System for Their Measurement," IEEE
Transactions on Illsrrumen ratioll alld Measurement, ovember, 1970.

Figure 1. GR standard-eapacitor
calibration-accuracy improvement with time.

2 utkosky, R. D. and Lee, L.H., "Improved Ten-Picofarad Fused­
Silica Dielectric Capacitor," NBS Joumal of Research, Vol. 69C,
July- eptember, 1965.
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Figure 2. Substrate thickness
is the only difference between 10- and 1OO-pF units.

Figure 3. Effect upon capacitance
of changes in back-substrate separation.

in its cell. It became apparent very quickly that the gap be­
tween these electrode was critical. It had to be well defined
and free of isolated particles of metal that could be attracted
to the plated guard or electrodes by electro tatic forces,
which would cause a dependence of the capacitance upon the
voltage applied. The geometry of the support in the vicinity
of the gap is the principal factor in the design of the cell a the
direct capacitance is not completely within the fused silica
but include capacitance from the top face of one electrode
through the gap to the other electrode.

Figure 2 shows the configuration of the electrodes and the
supporting cell. In the GR de ign the electrodes and guard are
in the arne plane on each face, and photo-etching techniques
can be used both to generate the gaps and to adjust the capaci­
tance by changing the area of an electrode. Fortunately,
microelectronic techniques are available at GR for the depo­
sition of electrodes and the generation of gaps. These tech­
niques have proven more predictable and reliable than any
grinding or masking technique inve tigated. Since the elec­
trode area are not equal and the capacitance is defined
mostly by the area of the smaller electrode, only one gap is
now cruciaL

The su bstrate i held between pring-loaded supports
which are shaped so that, even if the substrate moves, the
guard in the vicinity of the gap stay the arne. As the distance
between the plane of the gap and the holder above it changes
so doe the direct capacitance. Figure 3 shows the magnitude
of this effect. It appears from thi graph that it i "unhealthy"
to have the guard too close to the gap but, a the distance
become greater than about 70 mil, the position of the guard
is less critical. We take advantage of the last 300 ppm of
change to provide for motion of the guard in the cell as a final
capacitance adjustmen t.

Construction

Figure 4 how two coated and etched capacitor sub­
strates. The coating consists of 0.0005 inch of pure gold.
Both the thin substrate (0.030 inch thick) for 100 pF and the
thick one (0.300 inch thick) for 10 pF have a diameter of
2.727 inches. The element i placed in a brass holder and the
capacitance is adjusted to + I00 ppm of nominal values. on­
tact to the electrodes is made through gold-coated phosphor­
bronze springs. Figure 5 show the holder ready to be placed
in a stainles - teel con tainer, and also shows the a. sembled
and sealed cell. This container is welded shut, evacuated,

•

\ .
•

Figure4.100-pFand 10-pF
substrate elements.

Figure 5. Capacitor brass holder
and assembled and sealed cell.

Figure 6. Oil-bath
version of G R 1408 capacitor.
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Some 10o-p assemblies howed more hock sensitivity (I
ppm), attributed to bowing of the thin ubstrate. The capac­
itor were also cycled between 0 and 50

0
and the hysteri i

effect was less than 4 ppm; the cau e of this change i ques­
tionable but could be due to temperature-mea urement un­
certainties of our oil bath.

As for long-term stability, it could only be checked indi­
rectly. The difference between two capacitor in an air bath
did not change by more than one part in 107 during a one­
year observation period.

Figure 7. Air-bath
version of G R 1408 ca paci tor.

baked, back-filled with dry nitrogen, and ealed; connections
to the capaci tor are made via gla s-to-metal feed through .

he dielectric constant of fu ed ilica has a temperature
coefficient of approximately 10 ppmtC. To make meaning­
ful measurement at a level of a part in 107

, one ha to know
the ambient temperature to within 0.0 1

0
. Thi can be ac­

complished in an oil bath; Figure 6 shows the oil-bath version
of the capacitor. The GR 874 connectors, gold plated for
lower contact resistance, are installed six inches above the
capacitor to allow connection above the oil level. The nor­
mally simple measurement of thi capacitor in an adequate oil
bath is, however, complicated by the additional preci ion
apparatu required to make the accurate temperature meas­
urement needed to define the capacitance value. or that
rea on, an air bath wa developed which can provide one or
two capacitors with their own environment and, therefore,
eliminate temperature mea urements except in the case of
highest accuracy. The air bath, Figure 7, is thermo tatically
con trolled at a nominal 30

0
• The bath ha a long-term stabil­

ity of 0.0 I 0 ; it change by les than 0.0 1
0

for a 6
0

C change
in ambient temperature. Temperature control is by a 12-volt
sy tern' batterie can be used during transportation.

Performance

Evaluation of the fused-silica capacitors wa difficult be­
cause standard and measuring equipment capable of the re­
quired accuracy and resolution were not available. We devel­
oped thi equipment concurrently with the capacitors.

We found the voltage dependence of a fu ed- ilica capac­
itor to be a good indicator of its quality and it is the fir t te t
made on all new unit. The capacitance change has to be Ie
than a part in 108 when the voltage applied is changed from
SO to I SO V.

Frequency dependence and dis ipation factor are directly
related to the dielectric and were evaluated by comparison
with two type of air capacitor. Our test showed the fre­
quency dependence to be a few ppm between I and 10 kHz;
the dissipation factor was also a few ppm at I kHz. 1easure­
ment accuracy wa 3 to 4 ppm.

The effects of mechanical and thermal shocks were inves­
tigated. Oil-bath ver ions were dropped at different angles:
the capacitance did not change by more than a part in 107

.
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GR 1621
PRECISION CAPACITANCE-MEASUREMENT SYSTEM

One consequence of the improved quality of the new
capacitors is that both the te t required to demonstrate their
stability and the calibrations to be made in their ultimate u e
a standards require more precision than that to be found in
the measurement ystems of our laboratory and, indeed, of
most laboratorie . We met this need by developing the GR
1621 Preci ion apa itance-Measurement System ( igure 8).
The sy tern is comprised of the GR 1616 Precision Capaci­
tance Bridge, 1316 Oscillator, and 1238 Detector. specific
design objective of this y tern wa to provide precision in
intercomparison mea urement of our new capacitors to
parts in 108 near I kHz. n equally important de ign objec­
tive was to provide direct readings with high accuracy in
mea urements of a wide range of capacitance and conduc­
tance at audio frequencies.

Figure 8. G R Precision Capacitance·Measurement System.
Top to bottom: 1316 Oscillator, 1238 Detector,

1616 Precision Capacitance Bridge

13
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Figure9.GR 1616bridge: Basic circuits.

GR 1616 Precision Capacitance Bridge

The new bridge (Figure 9) uses the familiar transformer­
ratio-arm bridge circuit. 3 Greater precision through higher
applied voltages - 150 volts at 1 kHz - is obtained by use of a
three-winding, 200-turns-per-winding toroidal transformer.

The bridge has twelve decades of capacitance provided by
twelve internal standard capacitors ranging from 100 nF to I
aF, and by the eleven taps on the transformer winding that
give decade steps from 10 through 0 to-I. The three highest
value capacitors can be di connected in sequence when not
needed, with a consequent reduction in detector shunt­
capacitance loading and increase in bridge sensitivity. For the
stability required in precision intercomparisons, the eight
highest value capacitance standards are sufficiently insulated
thermally to provide a time con tant of at least six hours, for
changes in the ambient temperature of the bridge.

Losses in the unknown capacitors are balanced by conduc­
tance decades, by use of five internal conductance standards
- three metal-film precision resistors (10 kD., 100 kD., and I
MD.) and two carbon-film resistors ~ I0 MD. and 100 MD.).

3Hersh, J. F., "Accuracy, Precision, and Convenience for Capacitance
Mea uremenls," The General Radio Experimenter, August­
September, 1962.

Some operational features are:

• Capacitance measurement range 10 pF to 0.1 aF
(10-5 to 10-1 9 F),

• Limit of capacitance measurement errors range from 10
ppm (I nF, 100 pF, 10 pF standards) to 50 ppm from 1 kHz

o 0
to below 100 Hz, measured at 23 + I C.

• Conductance measurement range - 103 to 10-10 pmhos.

• Limit of conductance measurement error is 0.1 % of read­
ing at I kHz, ovcr most of thc rangc.

• Gold-plated GR874 coaxial connector for low and repeat­
able contact resistance; GR900@ connector for coaxial
capacitance measurements.

• Terminals available for external-standard use.

GR 1238 Detector and 1316 Oscillator

The output of the GR 1616 bridge is only a few hun­
dredths of a microvolt when the input to the bridge is 100
volts and the unbalance is a part in 108 of 10 pF. The new
detector developed to ex tract this small signal from noisc, at
the high impedance level of the bridge output, is a combina­
tion of a high-impedance, low-noise preamplifier, a tuned

14 GENERAL RADIO Experimenter



D. Abenaim (right) graduated from George Washington University in
1965 (BSEE) and received the MSEE degree in 1967 from GWU He
joined GR in 1965 as a development engineer, principally concerned
with standards and precision measurements. During a leave of absence
in 1967, Dan was at the National Bureau of Standards, work ing with
transportable voltage standards and fused-silica capacitors. He is a
member of Tau Beta Piand IEEE.

J. F. Hersh (left) graduated from Oberlin College with the AB degree
(1941) and went on to Harvard University for his MA in Physics and
PhD in Applied Physics (1942 and 19571. His doctorate work was in
the field of electromechanical transducers. John's experience has in·
volved work at Harvard's Underwater Sound Laboratory and teaching
physics at Wellesley College. He Joined GR in 1957 as a development
engineer but shared time with the National Bureau of Standards that
year, involved in bridge and capacitance research. His work since has
been with inductance and capacitance bridges and the development of
improved standards and techniques. He is a member of IEEE, Phi
Beta Kappa, and Sigma Xi.

Description

•

•

--,
•--,

•

•

•

Reference Standard Capacitor,
air bath

1408, 10 pF
1408, 10110 pF
1408, 100 pF
1408, 100/100 pF
1408, 10/100 pF

Reference Standard Capacitor,
oj I bath

1408·A, 10 pF
1408·B, 100 pF

1621 Precision Capacitance­
Measurement System

Bench Model
Rack Model

1616 Precision Capacitance Bridge
Bench Model
Rack Model

1316 Oscillator
Bench Model
Rack Model

1238 Detector
Bench Model
Rack Model

Catalog
Number

1621-9701
1621-9702

1616·9700
1616·9701

1408-9701
1408-9704

1316-9700
1316-9701

1408-9700
1408-9702
1408·9703
1408-9705
1408-9706

1238-9700
1238·9701

amplifier with 130-dB gain, and two phase- en itive detector
circuits. The input impedance i that of I Gn in parallel with
20 pF' the noise voltage at I kHz with a source impedance
equivalent to the output impedance of the bridge in the meas­
urement of 10 pF, i.e., 100 Mn in parallel with 500 p ,is
about 30 nV per root Hz.

A resume of operating feature of the 0 dilator and detec­
tor include :

• Detector input is protected by diodes to the fullest extent
of the oscillator' output of 150 volt .

• Matched decade switches tune the detector and set the
o cillator frequency over the range 10Hz to 100 kHz.

• A line-frequency notch filler is available in the detector,
plus a choice of linear or compressed meter response.

• Detector bandwidth is narrowed by adju tmen t of the in te­
gration time constant from 0.1 to 10 econds, to reduce

•nOise.

• Bridge balance is speeded by the pre ence of detector panel
meters that di play magnitude of the unbalance ignal plus
the in-phase and quadrature components. The two phase
meters can be made to re pond to capacitance and conduc­
tance independently by adju tment of phase relationships.

o
The phase reference voltage can be rotated from 0 to 360 to
achieve any pha e condi tion.

• The oscillator provides two 90
0
-di placed fixed-voltage

reference signals to the phase sen itive detectors.

• 0 cillator output i readily controlled and monitored by a
5-po ition range witch, vernier control, and panel meter.

• Oscillator ignal distortion i typically Ie s than 0.3% with
load ranging from short to open circuit.

• Amplifier output and meter output are available on the
rear panel.

CONCLUSION

The new reference standard 10- and 100-pF capacitors,
together with the new measurement system, make it easy for
standards laboratories to improve their accuracy in the trans­
fer and storage of the unit of capacitance. The new measure­
men t y tern will al 0 provide good direct-reading accuracy,
to 10 ppm under limited conditions, in the calibration of a
wide range of capacitors from 10 J1 to much less than a
picofarad, at audio frequencies. From our experience eight
year ago with the introduction of new tandards (GR 1404
capacitor) and a new measurement system (GR 1620), we
can make two predictions: (I) Although this ex tended resolu­
tion will olve some measurement problems, it will also reveal
orne new ones when we try to make the ixth, eventh, or

eighth figure significant. (2) Although we have provided more
resolu tion in the ystem than mo t of us need today, we know
you will be a king for more resolution tomorrow.

- D. Abenaim
1. F. lIer h

Condensed specifications for the GR 1408 Reference Standard
Capacitor and the GR 1621 Precision Capacitance-Measurement
System appear elsewhere in this issue.
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GR Reflectometer
Now Has Versatile
1-18 GHz RF Unit

G R 1641 Sweep Frequency Refleetometer
with the 18-GHz R F Unit.

tional directivity, the wide bandwidth, and the 18-GHz oper­
ating frequency of this unique reflection-measuring device.

Alternately, fue GR 1641 Main Frame and Indicator may
be employed with whatever plumbing the user choose. In
fact, if transmi ion or insertion-loss measuremen ts only are
required, this plumbing is nothing more than attenuator pads
and a detector. An example is the GR 1641-P3 Transfer De­
tector. With this unit, in ertion 10 as high as 60 dB can be
measured.

The New 1-18 GHz RF Unit

The 1641-9603 RF Unit contains a newly-developed di­
rectional coupler that has unusually good directivity over a
wide band. This coupler has directivity performance com­
parable to the best octave-band couplers. Also, the reflection
coefficient or SWR looking back into the U K OW termi­
nals is quite low. Both these characteristics contribute to
accuracy, a ubject discu ed below. Th directivity is illus­
trated in Figure 1 in terms of both dB directivity and residual
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Figure 1. RF-unit directivity.
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Figure 2. RF-unit equivalent source match.

,

,.
I I I

EOUJVAlDfT ICJUtI'C£ lIlAT~ TO l.IJIIIKHOWN

••
~lfM;AI'~~

./1
"
.. j....

TYPOCAl I

Y
Do

./

,

,

•

,

,

, .

•

•!

~RECTM~ p,£T\JL l"" r ·~r" ....! J71
"''''''''''0,," '-Y"

,..
~ 1\

'-<. TYl'IQO\l

4\,
f-

P ~

,),

•

JO

'"

There are defmite advantages in providing the facility for
measuring the reflection (SWR) and transmission properties
of network over the widest possible frequency bandwidth.
First, the set-up time and effort for measuring components
that have differing band-eenter frequencies are greatly re­
duced. Second, the equipment cost is lower when one high­
directivity directional-coupler assembly can be employed in
place of a number of octave-band couplers (in this case,
about five).

It is, furthermore, advantageou to have the best possible
directivity in a network-analyzer directional coupler because
it means making a direct measurement without the need for
computer correction. An accurate, continuous sweep-fre­
quency measurement can be performed in contradistinction
to the step-frequency measurement required for computer­
correction.

The GR 1641-9603 RF Unit comes closer to meeting these
and other requirements than any of it predeces ors.

A Review of the System

The complete GR 1641 Sweep-Frequency Reflecto­
meter,1 a type of network analyzer, has distinct features that
make it ideal for the measurement of microwave compo­
nents. Its original concept was to provide the simplest, ea ­
iest-to-use instrument for measurement of the magnitude
only of reflection coefficient (return loss or SWR) and trans­
mission coefficien t (insertion loss) of networks or microwave
devices. If there is no need to measure the phase of these
parameter, then considerable simplification of the set-up
and operation of the measuring instrument re ult . The earli­
er GR 1641 offers this simplification with the result that,after
a imple initial level-set adjustment, the instrument is com­
pletely calibrated and ready for u e. The adjustment is stable;
there is no perceptible drift. This approach nece itate the
inclu ion of all the directional-coupler' plumbing" within
the package, and this alone offer an advantage to the user. He
is not required to gather up a hodge-podge of couplers, detec­
tors, and cables to make up a measurement system.

Some users, however, may prefer not to be bound by this
concept. The fact is that the individual main-frame and plug­
in unit of the GR 1641 can be operated in other measure­
ment ystem . In particular the new GR 1641-9603 RF Unit,
which cover the frequency range frqm 1 to 18 GHz, can be
u ed in any network-analyzer to take advantage of the excep-

1 MacKenzie, T. E., et ai, "The New Sweep-Frequency RefJec­
tometer,"GR Experimenter, March-April 1969.
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SWR; the equivalent-source-match SWR is illustrated in
Figure 2. The U K OW connector is an IEEE Standard

o. 287, GPC·7mm. The instrument may be converted easily
to , SMA, T C and other popular connectors by mean of
preci ion adaptor.

The rf-unit block diagram is given in igure 3. One of the
two identical directional couplers is used to sample the ource
ignal and normalize it by leveling, so that the incident wave

to the K 0 is maintained con tant. The tracking of'
the two couplers is important for this. An envelope or "vid­
eo" detector i employed to provide the leveling ignal. The
second coupler is u ed to measure the reflection from the
device under test connected to the GPC-?mm connector. The
reflected signal is detected in a second envelope detector in
front of which is installed a 10w-SWR,constant-attenuation,
I G-dB attenuator. This attenuator provides an improved
match not achievable with broad-band diode detectors.

The detectors are affixed by mean of GPC-?mm connec­
tor and can be removed for other applications.

The couplers have a nominal coupling value of 19 dB, ±I
dB approximately, from 4 to 18 GHz. At 3 GHz the coupling
i 21.5 dB, at 2 GHz it is 25.5 dB, and at 1 GHz it is 32 dB.

The 1-18 GHz Transfer Detector

The G R 1641-P3 Transfer Detector is a well-rna tched en­
velope-detector assem bly comprising a la-dB attenuator and
a diode detector. The attenuator is employed to improve the
match to the diode detector. With the GR 1641 indicator
y tern the assembly has a sensitivity of -65 dBm. The SWR
pecification is 1.02 + 0.005 fG H z·

Accuracy

Although accuracy wa described in detail on page 8 of the
referenced Experimenter, a brief qualitative discussion is in
order.

The ignificance of the directivity, Figure I, and the
source match, Figure 2, are illustrated in the following ex-

•preSSIOn:

John Zorzy received his BS·Physics degree from George Washington
University in 1948 and his MS from Tufts College in 1950. His
early experience was directly related to design and development of
radar, antennas, and microwave devices. He joined GRin 1960 and
presently is Group Leader of the Microwave Group. John is a mem­
ber of IEEE, Sigma Xi, Sigma Pi Sigma, and serves as Chairman of
the IA/NCTA Task Group on 75f1. Precision Coaxial Connectors.
He is a member also of the IEEE Subcommittee on Precision
Connectors, of JEDEC Committee JS-9, and of the Department of
Commerce Joint Industry Research Committee for Standardization
of Miniature Precision Coaxial Connectors.

where:

f j == Reflection coefficient indicated by ute ] 641 system.
k == ormalized frequency re ponse of the 1641 sy tern.
f x == True, unknown reflection coefficient.
f 0 == Residual "directivity" reflection coefficient (Figure I).
f s == Reflection coefficient looking into coupler (Figure 2).

When the U K OW has low SWR (fx ~< 0.1), the signifi­
cant term is the directivity, f o. When the K OW has
moderate or high SWR, the significant terms are kfx and
kfsf x

2 In thi iattercase, the specification shown in ~igure

4 are expressed as a percent of f x for simplicity.
-J. Zony

Rack Models

1641-9601
1641·9602
1641-9603
1641·9605

Bench Models

Complete specifications for the G R 1641 are in the supplement to GR
Catalog U, to be distributed shortly.

t 64t Sweep-Frequency Reflectometer
20 MHz to 1.5 GHz 1641·9702 1641-9712
20 MHz to 7 GHz 1641-9701 1641-9711
20 MHz to 1B GHz' 1641-9704 1641-9714
20 MHz to 1B GHz 1641·9705 1641-9715
500 MHz to 7 GHz 1641-9703 1641·9713
500 MHz to 18 GHz 1641·9706 1641-9716
1 GHz to 18 GHz 1641·9707 1641·9717

164t-Z Sweep-Frequency Reflectometer, with display oscilloscope
20 MHz to 1.5 GHz 1641-9902 1641·9912
20 MHz to 7 GHz 1641-9901 1641-9911
20 MHz to 18 GHz' - -
20MHzt018GHz - -
500 MHz to 7 GHz 1641-9903 1641-9913
500 MHz to 18 GHz -
1 GHz to 18 GHz -

Transfer Detectors, Included (where appropriate) with 1641
and 1641-Z; not included WIth RF Units purchased separately
20 MHz to 7 GHz 1641-9606
1 GHz to 18 GHz 1641-9604

RF Units, to fill partially equipped models
20 MHz to 1.5 GHz
500 MHz to 7 GHz
1 GHz to 18 GHz

t 64t -9605 Accessory Kit
• Includes all three RF Units

"
160'14,;

II"

Figure 3.
Block diagram of rf-unit.
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other
new
products

EXPANSION IN THE
RESISTOR FAMILY

The family of standard resistors de­
signed by GR has been increased by two
more members in the GR 1440 series.
These are the O.OI-Q and the O. I-Q
resistors.

Principal uses for the new resistors
are in calibrations of low-impedance
systems, for use in substitution meas­
urements, and a laboratory or produc­
tion standards. Construction of the new
resistors i ornewhat different from re­
sistors of higher values in the 1440

series. Previously, use was made of the
card-type wire-wound technique. The
new resistors are made up of a low­
inductance meander-cut sheet element
of weU-aged Manganin,* connected to
gold-plated copper terminals.
• Registered trademark of Driver-Harris Co.

When completed, the resistors are
adjusted, with relation to the nominal
value, to 0.1 % (0.0 I Q) and 0.05% (0. I
Q) re pectively. Both units are oil filled
an d ealed into oil-fIlled, diallylph­
thalate boxes for long-term stability
and mechanical protection.

•

Development of these resistors was by W.
J. Bastanier.

Complete specifications for the GR 1440
0.1-.11 and 0.01-.11 resistors are in the supple­
ment to GR Catalog U, to be distributed
shortly.

Catalog
Number Descript.ion

1440-9671 1440 Standard Rosisto<, 0.01 ohm
144tHl681 1440 St..dard Rbi..or, 0.1 ohm

Manual-remote model.

I

Remote only model.

SOLID-STATE,
PROGRAMMABLE ATTENUATORS

,

}

•

Automated testing is a must for ef­
ficien t high-volume production. If man­
ually operated electronic instruments
are involved, they have to be designed
so that controls can be set and changed
remotely by suitable electrical signals,
often under computer control. Cali­
brated programmable attenuators are
useful for a variety of tasks

• to extend and/or program the dy­
namic range of other test equipment
such a analog or digital meters, level
sensors, oscillo copes, wave or spec­
trum analyzers, and counters

• as gain or loss standards for measure­
ments using insertion techniques

• for level setting of signal sources for
receiver testing of sensitivity, over-load
characteristics, and selectivity

• for open- or closed-loop leveling of
sources responding to a preset program
or a detector with suitable analog/digi-
tal conversion. •

Note that signal sources often have pro­
vision for frequency programming but

18

remote level setting is limited or un­
available.

Calibrated attenuators now available
are almost all electromechanicaUy pro­
grammed. Relays, reed switches, and
turrets of coaxial pads operated by
motors or solenoids are in u e. With this
approach, exceUent results in terms of
accuracy, SWR, and broad coverage can
be obtained, but switching time suffers
and there are definite limits to operat­
inglife.

Figure 1. Programming pulse triggers trace of
attenuation transition from 0 dB to 40 dBat
30 MHz. Horizontal scale: 1 ms/em. Vertical
scale: 10 dB/em.

These are severe re trictions which
would rule out applications in highly
repetitive production testing or high­
speed systems. The GR 1452 Attenua­
tor was designed specifically for these
requirements. Since it is all olid state, it
is fast and not subject to the usual per­
formance-life Limitations. One-dB steps
from I to 80 dB are produced by highly
stable resistive pads of 40, 20, 10 dB
and 8, 4, 2, I dB. These T and 1T-pads,
together with the rf diodes performing
the switching function, are assembled
into pseudo-coaxial structures. Switch­
ing time is dependent largely on the
decoupling networks; with a lower fre­
quency limit of 10kHz it is less than 0.5
m . Operating frequencies are 10kHz to
500 MHz.

As the choice of pad values suggests,
rem 0 te selection uses BCD coding.
Logic levels are compatible with com­
mon IC logic sy terns. egative true
logic controls attenuation values (all in­
put "high" corresponds to 0 dB rela­
tive attenuation).

The GR 1452 is available in two ver­
sions. One model, for remote operation,

GENERAL RADIO Experimen.ter
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is not packaged in an instrumen t case to
save money and space. The second
model offers both manual and remote
operation (when the dials are set to the
"R" position).

Figure 1 shows a transition in attenu­
ation from 0 dB to 40 dB, at 30 MHz. A
spectrum analyzer was used as the de-

tector (with uitably wide bandwidth
and not scanning frequency); the hori­
zontal weep is triggered by the switch­
ing ignal applied to the attenuator.

Development of the G R 1452 was by G. H.
Lohrer.

Complete specifications for the G R 1452
are available in the supplement to Catalo~ U,
to be distributed shortly.

C.talog
Number

1452-9700
1452-9701
1452-9702

Description

1452 Programmllbl. AttenU8tM
Manual·Remo,e Bench Model
Manual-Remote Rock Model
Remot...only Model

048G-9722 Adaptor Set, to rack·
mount manual·remote model

.4,---------------------,

WindKf.n.4 per pac
l'lnch dIameter
Yi-·mch dIameter

Description
en.log

No.

1560-9521
1560-9522

Hz

Development of the windscreens was by
E. E. Gross, Jr.

in Figure I fortheGR 1560-9521 wind­
screen. Loss is essentially 0 dB below 3
kHz, then rise to about 2 dB at 12 kHz.

.2

Figure 1. Effeetof
1560-9521 Wi ndscreen on

response of 1560-P5
Ceramic Microphone.

The e windscreens should prove to
be u eful also in industrial area that
may be oily or dusty_The use of a poly­
urethane windscreen will protect the
microphone diaphragm and has only a
very small effect on the microphone fre­
quency response and sensitivity. As the
windscreen becomes soiled it can easily
be removed, washed, and reused.

The effect on the microphone sensi­
tivity and frequency response is shown

WINDSCREENS FOR
MICROPHONES

The GR wind creens for I-inch di­
ameter microphones (1560-9521) and
1/2-inch diameter microphones
(1560-9522) have been added to the
ever-growing list of small accessories de­
signed to make the lot of the ound­
measurement engineer a little easier.
The two new wind creens are fabri­
cated ofreticulated polyurethane foam.
They are e pecially helpful if one mu t
make noise mea urements outdoors
when winds are of low velocity (30 mph
or lower). Wind-generated noise is at­
tenuated by a factor of 20 dB or more.

1158-9600 Probe, Tektronix P6006 (010·0127-000)
not sold separately

•

-
•...

•

ments; options are 5-, 6-, or 7-digit read­
out. Buffered data-output versions are
available for each of the digit option.

Development of the GR 1192-B was by S.
Bentzen.

._-~,

Complete specifications for the GR 1192-8 Counter are in the
supplement to GR Catalog U, to be distributed shortly.

Experimenter readers. Many features of
the 1192 counters are explained there
in detaiL

As in the previous model, data dis­
plays can be varied to suit test require-

1192·8 Counter (50 MHz) Bench Models
5·digit readout
&-digit readout
7-digit readout

1192-2 Counter (500 MHz with scaler) Bench Models
5-digit readout
&-digit readout
7-digit readout

Relay-rack mounting for 1192·B or 1192-Z
Option 2 BCD Data Output for 1192-B or 1192-Z

A COUNTER IMPROVES
The GR l192-B Counter is another

an wer from GR to consumer requests
for economical instrumentation. It in­
corporates higher frequency response
(50 MHz) than its predecessor, the
I I 92-A, without relaxing sensitivity
specification . With type-acceptance by
the FCC as an a-m frequency monitor
an d as a monitor for fm and vhf­
television broadcasts, the l192-B (plu
the 1157-B Scaler for approved opera­
tion to 216 MHz and to 500 MHz for
normal tests) is available to broad­
casters for use as a frequency monitor.

Obviously, we have no wish to re­
strict the u e of our counter to the
broadcast industry. Any reader interest­
ed in reading frequency, frequency
ratios, time intervals, single and multi­
ple periods, and many other electrical
phenomena for which the electronic
counter is suited, should refer to the ar­
ticle! that introduced the 1192-A to

1Bentzen, S., "The Counter Punch," GREx­
perimenter, July /August 1969.
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