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The Cove. "'ust '~les ~'iI' 01 milny suCC(!ss lut apphcal,ans o f <1i)'HII d""lvsis In real II!""" 
The .lbol,ty to Tl,Hch Ktlon ..., th react,o .... ..... h,lt e_' t~ a.e lakl ... g P1a(;l.>, IS an ellcelieN 
c01H·ed~ChQf'l "-ute It also permits k ... owYItdqe-.. ble t llperlrnet>(,,1 Cotltrol (hf'Inl C 

t. )<'Os, cQnt.aued WIth "nds.ghl de~$'ons fo.ON:! Uparl ~ by delaVffl da ta _ The enN 
r u I llin ntelt,genl , c.onO TllCilI ilPP'o.ch 10 ,_arch. dewlOPmefll . len, lInd p,od 
II )n lfoblefT1li 

Complellity In lhe mathematical trea t 
tne'I1t of circuits and sr.; tems has been r. 
duced in thl) past ten years Small compl.llers 
make possible our presen t-<:lav elect rooicana· 
'Ylers. proqr"mm(>(i to applv all sort s of 
mathematical analvtical techniQue$ to design 
and lest proJecu that ..... il1 save engineeri ng 
IItne and OOlla", As I.lilrt of s.mulat ion de· 
vices. the analVlersalsocan perlorm real time 
funct ions in .mitation of control bvhumans. 
thereby helping 10 red~ hazards 10 human 
ooerawrs 

The majority of design and tes t IIng,neeo-s 
are relat ivelv too unSki lled in the assemblv 
and ut ilililt io n of available instrumentation 
to crea\l~sornclhlng which resembles. evt'fl re 
mot"IV. the compfelt aJ\oJlv t ical test SCIS ore­
'i1l"nt1v SOld. This l(lCl of , .. ill is not on the 
mechanics of iIS5IIImblv but in the undcTt rand­
/ng of lhe rechnlques involved. 

There are, undoub tedlV. numerous readf>fs 
who bravely entered Norbert Wiener's cl~ss 
room at M,I T. to study the secre ts of effec· 
t ive communicat ion and o f communicat ion 
analvsis_ II, like this (dilor _ YOU do,parted 
from lhe seminar with a modicum of nNII 

k.nowledgoe .rod OJ i>Ieflti tud(' 01 Iru~lfa l io". 

you ..... ill welcome ,100ther chance to ta.clte a 
phase of ~ignal analy$is. helped bv the 1t.'$S 
dill icult presentation on the nell t pago:' Al iI" 

th<rt, t)(!rhaps. YOU will be ready fo r I hl' OJI"f' o f 
,~, Fast Fourier Tra!l$form and associo) ted 
techn'Ques and lor lhe inst.umen ts lha t on 
corpOrale them, 

C. ! Whit.' 
f.d,w, 
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Signal Analysis with Digital Time -Series Analyzers 
Alit "IV SIK"' 1U~..,.notl_.theyh;no.notbHnu.,ed •• ttt. 1'itI'lyb« J 0111 
I I' YI '''''I. nd lh •• fore are not fam,loa. 10 many e"9'n" ... Th, hteraIU'" "b,,, 

• ...-. 'V _ *n wroU .. n for an Ki1demlC orudienee Ind has heft> oft," dOllded In 

I:bslr..::t m,them",c;s rtth« than M'"9 p._nb>d in use.,or.enllld lerm$. Thll 'I an unn_v olnt"Cle 
10 pl_ ~fO,,,'hll potllfll •• ' u ••. IMtc:;;o .... , ..... >S r>O more need 10 be. m"ltwma"e:'", to use .. , .. , ....... 11$ 

"""''1'''' Ih'" I ...... IS to UIII' 5P«trum .nalvlef'_ ''I this .rllCltr, the bale pnnc:.pil'Sw,1I '-p._ntl'd 1M 
" If 00 I>hVI'C<lI 1~.' ,eh p< ,bl' and WIll be ,II "!rued ~lIh ... ~ml>h , .. ,m lyp =-I 

AnalYllng electrical ~ignals is a fundamental problem for 
engmeers and sdcnllsis In all fields. whether they arc working 
In the research lind development laboratory. on the produc­
lion line. or In the field. WhillcYCr the physical, biological, or 
chc mical system b~'ing studied. the baSIC phl.'nolll{'na can usu· 
ally be converted Into electrical signals by sUllable trans­
ducers and analYlcd to provi!.!e fundamental Information 
ahou t t h{' system producing the signals. 

Until recently, only a few basic analysis procedures were 
use!.!. becausc of the limitations of the technology availabll.' 
for building test NllliptnenL rtw baSIC signal-analysis procc­
!.!ure. other than direct observation of the Signals on an oscil­
loscope, halo been power-~JlCclrllm analysis, and will probably 
continue 10 be so. l lowe\'cr.lhen' arc Illany other hasic analy­
SIS procedures t hat would provide much more \'aillable infor­
mation about the ~ystem under test. but Ihey have nOI been 
a\'allable wllh the performance reqUired for mosl praclH:al 
problems. I ven spec:trum-analysis equipment, although serv­
Ing adeqll:ueJy for J wide \'ariely of problems. has severe 
hmllalionsdue 10 Ihe analog-(ncuitle(hnoiogy available. 

In Ihe last dec:ulc. Ihe avail<lbllily ofgenerJI-purpose com­
I"uler<l allowed the advanced signal·analysis techniques thai 
had been pioneered by Wiener. Lee. el ai, 10 be de~elopcd to 
pracllcal compu talional routines and were applied successful­
ly ttl many data·analySlS problems. They do nOl, howe\er. 
help the expemnenler or analy\t who rC(IUlTes results rapidly 
~o th~t he can Inleract With his system. The cost of computer 
~nJI)'sis for liltS IYPl' of problem is iJ lso very high. especially 
when Ihe loss of en~lIle('nnJ!. time while awa iting resulls is 
taken HlIO :Iccoun t, 

The revolution III digital-processing technology Ihat i~ 

now taking place has brought ~dvanct'd signal'analysls t('ch­
nHIU<'s lIItO the laboratory. This advance enables economic 
producllon of instrumentation syslems whieh contain all of 
til\.' (omputJtionJI I"ower reqUired for fast. aceurale, signal 
pro(eSSlllg, I he I I) 1923 r une·Series A nalyzers, soon to be 
lilt rodun:d hy Tunc ])ata and GR. are the mOSI advanced and 
complete hne of thiS type of signal-processing e<luipment 
a\·aila1">It'. Besides theIr ~'Ol1lpulilllonal ahllJly. they contalll 
signal condllioll1ng and display capablllly, wllh ne)(ible, sim· 
pIe conlrol~ that alloy, Ihem to bc u~ed as eaSily as conven­
tlflnallahoratoT) Instrumenl~. 

WHERE AND WHY THEy'RE USED 
I Icry rro..:e~, 111 nalure j!JI'es Tlse 10 "signals" Ihal arc 

;lInen;Il>Ie to analy~is hy 11I1l1'·~cri ... s analysis techniques. 
rhl'refore, Ihe h~t of potential applications is I"ndkss. They 
.:an he grouped 11110 .:alegones based on the Iype of process· 
Ing th.tt l~ used Jnd on the Informatio'n that is desired. Some 
l'xJmples fr(11II sen'ral categorles:lre Illustraled on Ihe front 
.:~)\er.tnd lh.'scnhed helow. 
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Consider first ,0111(' c'(alllple~ 111 the fiel!'! of slruclurJI 
mechalllcs. where the haslI: (IUantlltes to he JnalY/ed arl' 
meChallll'JI vihrations III aircraft, .lUtomobiles. buildings. el<.: 
rhese \ IbrJIIOn~ may he caused by mJny ex lernal forces such 
as wind, engine combustion and rotation. road roughness, 
earth IremON, and ImpaCI The designer would like tod,'leT­
II1lne such things J~ the source and transmission paths ofthc 
vihr~lions Jnd the expecled Slre,sellC Jnd displacements <It 
v;!fious point~. hy ~nalYl1ng th .. signals from points on Ihe 
~truclure. For in~l3nt;e, dunn}: Ihe testing of an Julomohlle, 
an obJectlon;l1 vibration may hl' found 10 .. xisl in the pa~<;cn' 
ger com parI Illl'n I Timc-~cn .. ~ Jnal)~ls techniqucs will detl'r­
mine if the vihration is eom1l1)! from the engine, the road. or 
from tl1l' WlOU. In a!.!dlllOn. Ih~' structural members Ihal pro­
vide Ihe tramllm~ion I"alh for th" I'ihralion C:III be idenllfled 
and SUitably mOllified to fllh'r out or to Isolale Ihe uny, Jnled 
Vibrations. The analysis sr~tem (an .. "en h ... used to simulate 
the structure and the external forces 10 tesl the new tk\l)!n 
before 1I is comlllllled to produclion Vibrations <'oming 
from Ihe engine can al~o he analyzed to determine its coudi· 
lion Fai\lIre~ may be predl(\l'd, or at lea~llIIt~rpr .. ted. from 
such a "slgnatlne analysl\" 

Anothl'r "xarnl"le IS Ihe dl'lermlllation of the flult,'HhJr­
acteriSlics of aircraft 111 night or 11\ ""ind-lUnneltests. rhl' 
re<,onanl frequcncie~ Jnd damping of Ihc various vinration 
modes of Ihe aircraft arl' mea\uretl JS a function of airslwed. 
to dClCTl1l1nC If thNe Jre any (omhlions thJt ""Ill produ(1' 
exceSSI\e or unstable VI hralion~ 

In Ihe Ihl rd e'(.Hllple. HIm hhng VI brations, C<lused by Jut ()+ 

mobilt's drivlll): "cros~ 11 hrid!!<'. ,Ire allalY/ed to I"inpoin t ,trea~ 
of high or Une\l)eded loadings, 

T h .. flcld or bloml'Ji':1IIe h,l~ alrcady pro\ided l11Jny im· 
port,lll t .tI"Plic;tti(ln\ 1111 t II ha. only no\\ h,'gun 10 nuke usc 01 
saphl" ica ted anlll} si~ ledmi(IUeS. I hI' ner ... ous system of the 
hu man !xId} n.lturally produ(l's eil'..:1 ric ~ignals whu)e (h;lrac­
leristics arc mdicatlH' of the con dillon 01 various part<, of Ihe 
body, rile most (ommon l',ample IS the l'1cctro..:ardiograph 
( I'KG) Signal. Whldl IHonde, mformallon aooul the~'ondl' 
lion of Ihe heart. Ill'..:trucn..:ephalogralm I I I C·s). or hr,un­
y,a~c Ira<'lIIlt~. dr,' anJi}Il'd to ~tuU) brain damagl' and the 
effl'l'ls of ~ariou, ,llInull Jnd drugs on thl.' Orittn I hl' tc(h· 
111(llIe5 noy, belllg lI<;cd hy dmicJ! ph} ~il'ians to anal}'I" th,''>\.' 
siJ!n31~ Jf(' \cry primltl,e ":Ilrnpan'd 10 Ihose I\hi..:h ..:an be 
used. rh,' \\ ide~pread uw of 111l1c-~t!ries analysl~ t,'..:hmq lIe~ in 
medlcmc ~hould inl'Tea~' a~ the} heeom .. heller understood. 

Another application is gcophYSl..:al exptor-Jtion, an erho­
ranging application th~t IS III Ihl.' ~allll.' cat .. gor) as radar and 
sonar. 1-\ I Ihr;ttlOn ~ign.lll~ tran~ml!tcd .lIld echos arlO r,'(civet! 
from the relll'eling J;"ologl,al \tral~. CompaTison of Itn- rl'­
cClved and transnllllell \lgnab ,tell'rmilll'~ Ih,' 11I1It' d{'l.l), 
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bcl .... een Ih{'m <lnd, therefore, dc lermines Ihe loca ttonofthc 
rene..:tm~ ~urfa~e~. )'oor sIgnals I,:an be enhanced through 
analysis tl'..:hniques, and a profile of the underground lu rain 
obtamed. 

TIME·SERIES ANALYSIS 
I he prcl,:edmg problems Ciln all ~ solvcd with various 

combinations of the ba~ic compu tational routines Ihat con· 
~lIIutc Ih{' luols of time-scries analysIs. By a tune senes or 
signil\' '4e simply me:1n a succession of data values result ing 
ffllm or simulatmg a physi~al process. The da ta Ciln be 
amount of rainfall, carthquake tremors. electric voltages 
flom a brain. or an~' olher physi(al process. Time is usually 
Ihe mdcpcndent variable. but nOI always. The common Ihlng 
ahout iJ1t these records is Ihal the SUCl'eSSlve da la values in 
{'adl of the IHIl{, series aT{' related in some way 10 thc oth{'T 
valu~'s in Ihal lunc scril'S. ilnd perhaps 10 values m somc o lher 
lIllie St·nes. Thes{' rdatlon<;hlps moly he dl'!enmnlsl lc or,ta tIS­
IlI,:JI. Tmte-scnes s l udll:'~ analY7c these rdationshlps so Ihal 
Ihe phYSical proct'ss can be beller under)lood. T IllS pnxes.'I 
~"Jn then he modded. or ,>imuTaled, either ma lhematically o r 
phy~il,:ally. 

' I he ba~ic ~lgnJI-analysi~ prm"edures reqlllred in a pract ical 
JII\lrumcnl C'III be grouped tnlO Ihree mcasuremcnt cale­
gone~. as ~hoYo n in Ihe tJhle below. The prO\:o.'ssing funciions 
IIIU\t g("l1cr<llly he f;l$t enough so Ihat data 3re processeu III 

Tl'altiml' , Ih;11 i~. as fa~t aslhey arc bt'ing aCllulTeu. Real·lime 
prOl"e~Slllg aho 1$ nCCl's\ary bel,::nI~e Ihe numher of inpu I dala 
sampics i~ USUJlly much larg.'r Ihan lite mell10ry capalily of 
any IHacliral IlIDchine In a Iypical lI1t'a~uro.'men l . Ihe mp UI 
"gnul may be samplcd for 10 minules .11 u ra te of 100,000 
'Jl11rle~/second TIl\' toul number ofmpul S-Jrnplcs becomes 
J,tronomi\;JI hut. aftl'r being proCo.'ssed by tlte appropri3 te 
.mJlysis pro(edurc. th(> d<lla may have ho.'en reduc,'u to on ly 
I 00 nUll1he~. 
BH'e S,,,,.t·An.tvs,s Procedurn 
A. Measurement of Slmolantv 

I Co.relaI!Ofl.naly"s 
2 Spect."f aNlIV5'S 
3 . F,hermg 

B. Meil'lurement 01 W,1YeforfTlS 
I Ensembleave.agong 

C. Measuremenl 01 Stilhst,cal o.UrobullonS 
t Probaboltty der>tO.tv lunct,ons iampl'ludedlstftbutoonl 

I he produ(t of Ihl' processmg 01)o,!rJlion i~ ofU'n Ihc fmal 
n'\ull deslrrd. Frequcnlly, ho .... evcr. son1\' fur l her processlllg 
must b,' performed on thi~ rcsultlo pul it 11110 the form most 
~uII ahle for showing thl' Informallon being sought. Olher pro­
n;\smg functIOns allow this hy pcrforming hllsic arit h metIC 
op-a.lllOns. (oordin~tc transformalions. ~mool hing opera­
tlom •. and Ilrne/ frl'quency Iransformations 

MEASUREMENT OF SIMILAR ITY 
I he mosl llllpOrlJnl 111l11'-sait's unalysis lools 31\' Ihose 

that lUve J measure ot Ihe similarity bclwc{'n sIgnals. Spectral 
analYSIS. correia lIon analysis, and fllteTlng provide this 111 for­
illatIOn. In fal,:l. they provIde Ihe ~ame t1leJsure ofsltl1llan lY, 
basl'd upon t he rllcan'~\IU;)fed dlff\'rence beTween Ihe SIgnals, 
!:lut prcsentlhe results 111 diffeH'nl forms. Allhough spel,:tral 
analySIS and filtering arc morc familiar 10 mosl peopl\' Ihan 
\'orrel3tion, the laller offas more msigh I in 10 the COrtCt-pl of 
rneasuremen I of slrllilanty and therefore will bediSl,:usscd f,rst. 

• 

C. L Heuman is a~adUille o t C,lyCoitege 
01 New York (BH 19551 and Cotumbla 
Univer$.ty {MS 19561 He was invotved in 
r~ch ilnd prodUCI development 01 inle 
graled circu,ls. high speed computers. and 
dala-aoatv~is insllunl(lnU prior to toinlng 
Tit11P/Dalil CorpOration til GA SulJ~'d'ilrvl ,n 
1968. As Applications Manage. at TID. Mr 
Heilman do.'VOles much lime to redl wneana 
Ivsis He is II member a ilE EE 

Correlation AnalySIS 

i\ nli lural way to~·ompaTl.· the two w;lveforl1lS of Figure I 
IS 10 subtract one from Ihl' olher. ordmale by ordm:II(', 
Mluare each t("rlll to give quanlliles Ihal arc porporl ional only 
to the magnitude of Ihe dIfference. "nd then 10 ,urn all Ihe 
~uJrcd differ('IlI,:C tern1~ to ohl.1I11 a ~ingle numtJer that is a 
measure of the slInllanty. I h,s number. wh('n normahled hy 
the numON of inul'pendcnt m('asuremcnlS, tS Ihe mean­
squu/\' dlrferencl'. II ~'an Ihen he cakul;lIed for various {ils­
plaCeml'nls of OIl\' ~ignal Wllh rc~pcl,:110 Ihc other. 8y simplc 
algebra, you can \how the ~me inform .. l lon by cakulalmg 
Ihe corl\'lation. or (o\aTlan~·e. fundlon which I~ the slim 
of Ih(' ordmale-hy·ordm.Ill· multIpl,catIon of Ihe IWO wave· 
forms.· The Tl'~ult for the IWO random st~nals of hgur .. I 
sho ...... thai Ihey arc most ,>mlllar ..... h .. n therl' IS a (h~plan'menl 
of 0.7 nulhsecond hdwel'll Ihcm. If the~e signah repre~enl 
Ihe VIbration level at I WCl pOlnl s on a ~t nlelu re. Ihi~ tIme I~ the 
propagallOn tlllle for vlhr.IIIOn\ bcl ",et'n Ihe I Yo 0 pOUlts. The 
SIgn of Ih(' dlsp1J~'eml'nt Ind,cates the d,recltOn of propaga­
lIon. Mc~suTlng 111111' delay, III 111I~ .... ay ic;lds 10 tll.ulY u~eful 
applil,:;lllons. 

I n~tcau of I.:a((ulalmg tl1\' croS'-l'orrelallon functIOn nl 
twO dlfft'renl \ign,lls a~ Jhow. you can ~orrl.'lJle a <,Igllal Yolth 
llself 10 glv(' the ;Ju tO-l"orrel"llon fUlwllOn. r hi\ ,lto ..... ~ how 
s\lcCt.'~siv(' samples of a ~Ignal Jrl' rdllkd 

The JuIO-corrl'lallOn (UI1((IOnS til Figure ~, for Ihl.' t .... o 
rJndom signals of I'lgure I. ~how Ihal sucl,:essivc \Jmpll's o( 
lite uppa Signal of Figurl' I art' mort' corrdaWd. or Jrc mor., 
dependent upon ('a~h other, thJn thO$<,' of Ihe 10'4cr \lgnaL 

\notht'r l'xample 1\ shown. JII hguR! 3. of" ~lIIe''''''ave 
,ignal buried 111 nOl'>C. I "en thou~h the \lIle wave IS nol read­
Ily observahle III Ihe onglnal "~n:lt. Ill\" .Julo-corrl'l.II IOn func­
tton )ho .... ~ liS prC'l'nle dearly I lus ablhty 10 uelccl pcnodk 
componenl" III J ~lgn,,1 '" JI\ 11l1portanl "pph~allOn of Ihe 
aUlo-correlalion fUl\l·lion. 

Spectral AnalYSIS 
The mCJMlfl'!11enl of \IIlHIJ nt~ IS oftel1 casl." to IIIlerprl"l 

when Ihl' opera lIon l~ donI' 'I~.I ~p('~ l lal cJiculallon Illsalsa 

'u " L: h n )R "I 

" , (L: 'nl. L '01_, ~ L. "0 ) __ ,,1 ) 
" n 

All The Informal j"" ahtl"l lh~ ~,,,,jla r'ly tor lh" ,1,.,,~Js ,~ l""la",,,d '" 
Ih~ Ih,rd te rm. "hkh " a m"\,"," Ill" h"" I h ~ $'Ilnals :lr.' IlIn~ ' sim,la r 
I his .urn 1\ .h" torrd~ It"" ,or ""'a"D"t~ func u un 
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TIME - MILLISECONDS 

T LAG - 0.1 ms/POINT 

F,gure 1. Cross·correla tion function oftw() waveforms. 

r LAG -0.1 ms/PQINT 

Figure 2. Auto-correluion functions. 

more common to see the mcasurements in this form because 
in the past spect ral analysis was easier to implement wi th 
electronic instru ments than correlation analysis. 

Spectr(ll analysis is based upon the theorem that any repet­
itive signal can be considered to be the sum of sinusoidal 
components whose frcqucncies are integral mul tiples of the 
basic repetition frequency. Fourier-ttansform ana lysis, famil­
iar to most enginecrs and scientis ts. involves the calcu lation 
of the amplitudes and phase angles of these componen ts. In 
principle. the calculation is really a cross correlation o f the 
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• • 
~ 

o 
TIME - MILLISECONDS 

100 

o 
r LAG - 0.1 ms/POINT 

13m$ 

FREOUENCY- HERTZ 

Figure 3. Analvsis of SIIle wave bu .. ed In nOIse $Ignal 

signal with a sinusoid of each of the possible harmonic fn:­
quencies, respectively. Thc result is always anoth .. r sinusoid 
of the SJme frcqucm.:y, whoS<' amplitude and phase arc pro­
portiona l to thc corresponding component in the signal. In 
practice, the Fourier-transform calculatIOn IS done in (I much 
fas ter, more direct way by efficient computational methods 
that have been developed In rccenl years. 

Auto-spec tral analysis involves the calculation of the 
squared ll1(1gnitude of the Fourier ~pectrUTJI and is thl' quan­
tity produced by most spectral analyZl'rs. Because it is pro­
port ional to the POWl'r of a signal. it is commonly called 
Power Spectral I)ensity ( 1'5 1) . It gives exactly the same mfor­
mation as the auto-correlation function, in fact. it is the Four­
ier t ransform of the ;llI to-corrdation func tion, and it can be 
calcula ted in that W3y. 

A spectml Illeasurement that is not commonly Jvallahk 
from analog spectrum analyzer".. but which isextrcmely use-
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ful, is the l Toss·speclral fun ction. This fun ction is normally 
~;llc ul :llcd by the mulliplication of the FOil ncr transforms of 
I wo sign .. ls. Like th l.! auto·~pcclra l funct ion, it contains eX:lc l· 
1)1 the same mformatlon 3bou t the si milarit y of lhcsignatsas 
the ..:ro~corrclJtlOn funclion, and it ca n be cah::ulated from 
the crms·corrd ation by the Fourier Iran~forrn. 

The relation bet w('cn correlation and spl!(;lral fun ctions IS 
illustrated by the time- and fTt'qucncy-dornain rna p of Figure 
4. It shows thaI the correlatIon (unctIon CJn be calcu13tcd in 
tVla \\Jys: directly in the tll11e domain, or indirectly in the 
frequency domain via Fourier transforms. r he fast algo­
rithms developed to calculate Fourier transforms have en­
ahll'd thl' caku lations to he done more quick ly via [h e fre­
quency domain than in thl' lime domain and thu s have made 
Ihe Fourier transform Ihe key operation in modem IlIllC­
series an"IYlel1l. 

The auto-spectral funct ion for the sine-wave signal buried 
III noiSl' i\ also shown in Figure 3, along with the aUlo-<·orrl.'la­
lion funt;[lon. The ~ine-wa\le signal is ele • .ul y discernible in 
either function. 

Filtering 

\ fIller can he conSidered as a device [hat co ntinuousl)' 
compar ... ~ .. n mput signal wllh a stored rde rence signal and 
produl'es a maximum ou tput when the IwO are most similar. 
I he stured rderenct' SIgnal IS the impulse response of the 
lilter. I.e .. the response of the fil ter to a very narrOlo, pulse 
applied at Ihe mput 1 hl' cnlerion fOI thl' measurement of 
'Imilarit) i~ the saml' as for corrl.'i atl on and spec tral analysis: 
in fac t , the C,lku lal ions afl.· carried out in exactly the same 
way. !-igurc S ~hows a filter Ihal was d{'~igned 10 de tt.'c t the 
presenct.' of a "chirp" or swep t-frequency sine-wave signal 
buried In noise. This type of signal I!> used o ft en as the trans­
rni ll.:d SIl:!;nal in radar, ~on3r, and geophysical ei,:ho-ranging 
,yslellls. "I he output o f the filtcr increa,es signifi ca nlly when 
th~' signal i ~ prt.'scnt and Ims th{' '.;lIlIe shapr as th e aulQ-(;or­
relation tum:lion of th,' Signal 

The unpll'menlation of fi lters to "matlh" a va'scrlbed 
signal IS (IUltt.' difficult With analog eOnll)On<."nls. and practl' 

6 

fOUOII'LII '~"N$f(IOI" 

'.,1, .. ) 

cally unpossl bk If thl' filter is 10 be easily \'ariable. With 
digilal implementation, the fil le r d.:~ign becomcs Irivial 
merely thl' spedfic3tion in ei ther the time or frequency do­
main of the w31idorm to hc delccl~'d and tlw £ilia char­
acll'ristlc ~a n be changed in microseconds. 

MEASUREMEN T OF WAVEFORMS 

t nscmble a\eragwg f is \'cry useful for dNermining the 
shape of a Signal thai IS obscured by random nois..- when the 
signal IS r..-petiti\'(' or .... hl'n its time of occu rrenn' is I.. no .... n. 
rhis lat1l'r condition e~lsts whe n a s),s tem IS being slirnulah' d 
in a controlled manncr. 

An example is the clcl[roclh.:ephalograph (I I (0) signal 
prod ut:cd by the flashing of a light in a pel1lon's eye. The 
rt.'sponSl's to Ihls slImul"lion (c\()I..~·d rt.'sponses) arc added or 
a\'eragl'd together The ~ignJHo-noi~e ralio IS Increa!o<'d be­
caliS<' th e lolgnal compOlwnt~, Ill'ing in pha,,,. .... ith l'alh Olh er. 
will add lincarly .... hilt: the nOise com l)Ol1cnls. heing ralHlom. 
Will partlall} cancl'll',ilh other and add al a ral.: proportional 
[0 Ihe ~quare root of the number of a"l'rag~'s. 

I nsemble aVl'raglllg is also commonly appli,'d to the I11ca­
surement of correlation and spl','lral functions \0 impfO\l' I h ... 
stat is tical act:uraq 0\ till: nll'a!>urcm.:nt ('onsi(icr th~' auto­
spc(;t ral measun:ment of a short ,egnw nt {I 000 "ll11 l' ll" in 
this (;a~e ) of a filler,'u lantiolll noi~e "l1.nal, assho .... n in l igure 
6. Thl' au to-spect ral I undion il~clf is Jl,o a random fund ion. 
A\'Craglllg Ihe JUlo-.Pl'ctrJI mehUIl'llll'nb of~ucn'~~I~'e ~"g­
ments of the \ignal r,'uuce~ Ihe \[;Jtl~t Il'at \ ariatiom. 

MEASUREMENT OF STATISTICAL DISTRIBUTIONS 

TIll' JlllphtuU,' hblOgra111 j, oftl'n thc first 1lll'a,Ure1111'1l1 
made III the anal)\i, of random data. You dct,'rllline it h} 
dividl11g the amplitUlk fange mto m,ln)' equally ~j1;lc ... d kn' ls 
and b) l'ounling till' numher 01 tilll'" thl' mea,ured \'aille 0 1 
Ihe ~ignal i~ .Jll'al'll kwl. ] he hi.,to).'TJ111S of the [11.0 r,lnuolll 
~ignab. of 1·lgurl' I arl' ,hO\l n in I igurc 7, Ikside, !>ho .... ing the 

." ' l ali' h .. ~1 "'''r:I!!" ",aluJlcti f."m Ih~ I'",t-"t- i\il y tI~n"l) "ra ran­
dom I'HKC'S, 
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T LAG-5ms/POINT 

TIME - SECONDS 

Figure 5. Sognal delecllon by j,her,ng, 

extremes of signal amplitudes to be expected, the amplilUde 
distributions gIve Information about the linearity of the rela­
tionship bel ween the signals. If these signals represent the 
input and output of a system under test. Ihe fact Ihat both 
sign:lIs have the same distribution, Gaussian in Ihiscase, indi­
cates that the system is probably linear. 

From amplitude hiSlograms, the mean value, rrns value, 
and higher-order moments can be calculated. 

SUMMARY 
The basic tools required for analyzing signals have been 

discussed, and some of their applications have been given. 
The I'ourier transform is seen to he a fundamental calculation 
required in digital timc-serics analYLers for doing corrdatlon 
and spectral analysiS <lnU fiIH°ring. Many other calculations 
often arc rcqullcd. such as coherence function. transfeT fune­
Ilon-, eepstrum. etc o but these an; extensions of the funda­
mental procedures described and are obtained by further pro-

JUL Y ISEPTEMBER t970 

o FREOUENCv- HERTZ 

Figure 6, A...eraged aUla soeCl,um 01 band-limlled nOise, 

AMPLITUDE - VOLTS 

Figure 7 Amplitude histograms 01 random noose. 

cessing. It is no .... pr<lctical. hy applic<ltion of modl'Tn digital 
lechnology. to build IOstr\Jllllonb thai can al:l:omphsh all 
th<,se functions wil h the p<'rfOrOlJno.;c re(juircd for T<'al- .... orld 
problems. 

C L. Ilei7!l1:m 
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Measurement of Transfer Function and Impedance 
The concept of Ir,nffer functton " widely employed on Ih' 8n.1V10li WId -Vnth"t, 01 hn .. , IV •• ems or 
network •. Cony,nllon,' Innrum4If1t.t'Of! II wall $Ulled 10 l h' probl.m when II "mpl. no, .. I .. smilie 
HlPU!, IIngl, output ,,,,,'8m.s .n\lolYed, par1icul.rly If Ih' , ... II whIch me'JUt,mants mull be made " 
low. If not, modern FFT IF." Fourie, Tr.nsformIIKhn,qu. provld. 'I" .ffic .. nt me,", for performIng 
thMI measurements" hgtotmng'Pftd. Thos paper derives the best 1181tS1 melln-squar,d) tr.nd."lunclton 
and ,mped.nct ""","10., whIch" snown to iOllolll8 the ratio of Ih, ,"PUI-oulpul (,oa·.pect.,1 10 the 
IOput auto-specl,.! den'lly. 

General 

The lrJnSr~r function of a linear network is a popul:.r and 
usl'ful descriptor of a system or network. It is a dimensionless 
quanllty that relates the mput and output by specifying the 
gain (or attenuation) lind phase ~hift at all frequencies. Thus, 
Ihe Iransfer function of the syslem shown in Figure I is 

where 

IIU] OU]' Y(f> Li'U] 
I..'!JL XU] ¢(fI LL 

YU] 
1I(fJ '" XU) 

(I) 

<:2) 

is Ihe gam of the syslem for a frequency of 111.£115 measured 
by the ratloof the output function YU) and the mput driving 
function XU), 

• 

ll",,'" P1lTt .. 

~ lq LtW 

.,. 
.", 

____ +d::l:;.""~, __ • 

FIgure I. Lmear-netW01'k derivatIon. 

I J!JU) 
whi le om '" - L'"U] L2!fl-

(3) 

is the relative phase shift Introduced by the system, as 
measured by the dlffereru;e in phase angle between the mput 
and tho;> resullant output. 

In terms of coml'le\ notalion, the transfer function IS 

yU) 
lI(f)e>;l'i,OU]i-= - e>;p{J[~(f) O(f)i (5) 

XU) 

The transfer funLtion ortcn must be measurcd for pur­
I'0se~ of ~ys tem analysis or simulotion. SUllulation i~ particu­
larly important when Ihe system under ~tudy is inacc<'ssihll­
or unwieldy for l'Xperimen tation. FX:lI11ples of tillS Iype 
might indude simulation of I'roccss control syslcm s or ~llh ... 
sy", tems that Lan ani) he oh~en'ed in operation, simulation of 
the reSl'ome of spall.' \ehielcs 10 transient excitation without 
running Ihe rist.. {If a~tual danlJg!.", or analyzing and ~lnlUlal­
ing Ihl' l'ffedivl.' tran\fl.'f fundion of a Vl.'hitll.' SUSl'ension 
",y~lem Knowll'dgl' of Ihe tran~fer fum;lion \\ould I'l.'rmil a 
conn'nien I analog to he cOfhtrm:ted. 

Test eqUipment ':Jf'abk of prOVIding th.' nceC';liJry mea­
surements has bl.'l'n de\c!opcd o\er the )'cars and gcnerally 
indlltles a sine-.... a\t' ~cnl'rator, \'011 Illeters, and a phase-angle 
meter a." the hask tool~. I hI.' Jllll'htud .. oflhe response and ilS 
rcl:lIl\e I'ha."... angle constllute Ihc necessary measur.:ments. 
A meaSurl.'mcnt is u,u:.lly obtained wh.:n the frclluenq of 
el(~'ilatlon is \ arietl whll\" thl' III I'ut is lepl cOnSlanl. 

Stantl::mJ rneJ~urCfm'nl tech01qll.'~ of this I} pe arc usually 
ad<'{lliate Jl1Il Jrl' pJrtir.::ularly ~uilah1c when thl' sysll'm und!."r 
obs..'r\';ltlon i~ 

I) 'obdl.'\~ 

1) I h\ a ~tngk Input port 
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In other words, if the systl.'l11 is as shown in Figure 2, the 
input 'd <lnll the output Y t..1.. arc not simply related by the 
crfcc l i~c (r;lnsfcr fum: l ion dl.'scnbmg the gain and phase 
between the X input Jnd Youtput, becauS{' of the presence of 
numerous noise ~ourcc~, propagJtlng toward the output port. 
We find, therefore 

(6) 

'Ahcre the vedor form At..!!..:- A (j) /.l!<f) 
Thus. thc output Y L..!t. Io:Jn be though t 01 as Ihe sum of t 'AO 

\'('lo:lor5 

(7) 

Thu~. the w~tl'm of Figure 2: can be replaced by an equlva­
Il.'nt network J~ shown In Figure 3(<1). pro\'idt'd that we arc 
only conr.:erned with finding the transfer function between 
the input terminJls where '<L2.. IS applied and the ou tput 
tcrmln<ll\ .... h.'f.' YL£ is obwl""l"Cd The \'cctor relationships are 
shown In hj!url' 3(h). 

It Io:<ln he sho .... n that a "lIIilar input-output relationship 
e'llsts for any of the "n" mput porlS. li enee, if II£.Q. can be 
lIleasurl.'d. "n" ~illlilJr mea~url'menlS will describe Ihe 10lal 
<;et of net .... ort.. transfer functions. In some cases. only one 
transfl.'r function is reqUired, that .... hich applics between the 
~-Input Jnd Y -output terminals. 'low, the signals dcsignall.'d 
as l\lru through ~nlli call he thought of JS mtcrnal nOise 
sources that may nol bI.' directly obSl.'rvab1c. In either case. 
Ihe problem is esS{'n l t:llly tht' same Measure the transfl.'r 
function m the presencc of o ther spurious signals, which WI.' 

will convenit'nTly call noise. 

JULYfSEPTEMBER t970 

F,gure 2. NOisy-network block diagram; 
mutllple '"PUIS. 

The equivalent noise vector has introduced uncertain ty in 
the amplitude and phase measurements of the ou tput vector 
VtJ!... The meJ~tlr{'"lTIent procedure must minim ize thcse ef­
fects. 

An analogous problem arises when the impedance of a 
noisy network IS measured. In this case, the input vector of 
Figure 3 and ((Iuation (7), V ct, becomes a voltage or velo­
city vector, Nd..,1 voltaj!e or veloci ty noise vector, and Xl...!2 
the cu rrent or for~'e wetor. The equation relating the various 
factors IS' 

(73) 

where ZL.!l represents the Impedance of the nelwor~ to be 
measured 

With thesc dirrerences III mind. the results and discussions 
that follow for estimating the transfer function will apply 
directly for estimation of the 1111 pcdance funt·lion. 

1'------------.. 
I 

~Lt-l · 1 MiL i i :Lt. 
I .. Lt.1 III L ____________ J 

, 

, 

'" 

FIgure J. NOlsv-nelwork derlvallon. 
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least·Mean·Square Estimation 

Because the spurious signals 3re treated as a single equiva· 
lent nOise vector, we can ex press it in terms of the transfer· 
function input and output as follows: 

(8) 

or N exP(JO = V exp(j..p) X exp(j9) II exp(jO) 

The mean-squared value of thIs error afte r L· measure· 
ments wIll be : 

I 
L 

£T. L: IN, "plIO,) I' 
L 

1= I 

L 

• L: lv, "P(;';,) X, exp{j91) II exp(jO ) 11 
L 

/-1 

where N, expot,) IS the I' h noise vector 
V I exp(j ~/} is the lth outpul vector 

and XI exp(j9,) is the Ilh Input vector. 

(9) 

The hom.ontal bar indicates ensemble (or sta tistical) average. 

Performing the indicated opera tions in equation (9), we 
obtain 

L 

L: 
1= 1 

{ V?+I-f2 X? 
- H X, V, exp[ j(8 + /fJ, - iJi ,)] (10) 

- Ii X, V, exp [-j(8 + 'I - ..p,)]} 

Because we desire to minimize Ihq, error by choosing an 
appropriate estimator·· (o r the gain, fl , and the phase angle, 
D, we proceed by diHeren tia ting with respect to the phase 
angle and selting the derivative to zero. Thus, 

I 
= -- ( 11 ) 

L 
=0 

so that 

L 

L: X, VI exp l-j(9,- w,)1 
/- 1 

L 
(l1a) oxp(2;§) = ---------

L: XIV, CKp ( +j(91- ..p,» 
1= 1 

L 

L: XI tKp( -J9,) V, exp( +j..p,) 

/-1 
or exp(1j§) = --..,.---------

L 
( 12b) 

L: X, exp{+J9/) V I exp( -jiJi ,) 

1= I 

The essential estim3 to r for the phase angle of the transfer 
(unction involves the sum of appropriate forms or the prod· 
uct of the input vectors, X, eKp ( -J9,), and the output vec­
tors, VfC.:P(+J..p,). 

In 11 similar manner, by dif(erenti3tmg with rcspectto the 
gain function, 1-1 , we obtain the followingleast·mean-squared 
estimator: 

L L 
cxp(j8, L X, eKp{j9,) VI exp(-jiJi,) + eXP(-JD) EXI exp{-j9,) VI exp(+JiJil ) 

~I ~ I 
( 13) 

L 

2 :E X? 
/' 1 

• Numher or indcpo:ndrnl O~rY;lllons . 
•• An .ppro~ i maliOll to some uL,, ~ I\on':l;on. 
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, 
Note thai the estima te for the gain func;tion, 1-1 , depends on 
knowledge of the phase function, expOS), 8$ well as of prod­
ucls of the input and output vectors. 

Equation (13) can be restated as follows 

EXI exp(j¢,) VI exp(-JIj/) + E X, exp(-J9/) VI exp(+JlP/) 

/ / 

so that substjtution of equation (12b) yields 

1: XI exp(-j¢,) VI exp(+j\!t,) 
/ n expOD)· --------

L X,' 
/ 

( IS) 

Equation (15) represents the leasl-mean-squared esti mate of 
the system transfer function. 

Because Equation ( 15) may be expressed as 

I 

L E XI exp(-Jtf>,) V, exp(+JW,) 
/ n expOD):o ----------

I 

L 

( 16) 

the numerator can be recognized as the Cross-Spectral Den­
slly eslimateS>l Y of the input and output, or 

L 
E X, exp(-HtJ1) Y, exp(+jlP,) 

/-1 

( 17) 

while the denominator is the Auto-Spectral Density estimate 
§xx of the inpul signal, or 

L 
" X' L L.J I • 

1""1 

so Ihllthe transfer-function estimator becomes 

( IS) 

( 19) 

ThiS IS simply the r.IlIO of the cross spectrum to the auto 
spectrum of the input function. 

JULY {SEPTE MBER 1970 

( 14) 

For the sake of completeness, we should mention that 
these vector functions may be expressed in terms ofrec tlhn­
ear coordinates representing in-phose and out-of-phasc (co 
and quad) components by means of the following identities 

exp I %Jfj(J) J '" eostJ(f) ± JsintJW 

and Z(f) expliJtJ(f)l::- Z(f) cos(3(f) %JZ(f) sintJif) 

::: Z( ±In 

so that It un ,. 

L 

S"y(f) '" L L X,(JJ) Y/Hn 
1= I 

L 

S ",(f):II ~ L lx/un r 
{= I 

(20) 

21) 

(22) 

(23) 

(24) 

Figure 4 is a photograph of a Ironsfer function oran elcl.:­
tromechanical network (Vibration exciter or shaker system) 
estimated in this manner on a Time/ Bata Model 100 Rapid 
Fourier Analyzer. The upper trace shows the Ill-phase and the 
lower out-of-phase or quadratur{' components. The horizon­
tal axis is frequency. 

Reliability of Estimate 

Finally, the error In estimation can readily be determined 
from equiltion (I S) by substituting equation (8), so Ih,lI 
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L: XI exp(-'¢/)! I-I exp(+JO) XI ~XP(+J¢I) + 'l,co,:P(+lv,) 1 
/ n "pub): ---------

L: x, "I t:'xpU(\!I/ ¢I)I , 
II e:(p(JO}+ --------

(:!5) 

(26) 

Therefore, the error In cstimatlon, '1, mtroduced by this pro­
ccdure, is 

L: X/ NI exp l J(\!I1 ¢/}I 
/ 

This error mvoln'~ knowledge' of the spectrum of noise. 
therefore, ..... c must estim .. "! the error by estimating the 
noise spectrum The noiM~ spectrum is approximately 

."------
L: X,' 

(27) 

/ 

Thi~ tends to approal'h zero as the number of observations 
Increases indefinitely, provided th:lt the input and noise sig­
nals are uncorrelated, because the numerator would represen t 
the sum of a large number of vectors having random phase 
angics (tJi, - ¢,), while the denomin:ltor would be a real posi­
tive definite quantity that increases linearly with the number 
of observations. 

The mean-squared error, ;:;r. in measurement can be 
shown to be 

(28) 

where S"n(/) IS the equivalent output-noise spectral density. 
The mcan-squared crror is inversely proportional to L, the 
number of independent observations entering into the esti­
mate. 

w 
~ • , 
~ 

z 
z 
;; 
~ 

w 
~ 
~ 
r • ~ 
0 • ~ 
0 

FREQUENCY-HERTZ 

F,gure 4 Tran$fe.- funcuOIl of V,bfllton-e"CHlu synem, 

12 

( 29) 

and. by equationst I)) and t 16). becomes 

where 
, 
S~)U)= 

, 
S~,(J) ;; 

, 
SY)' (/) .. 

I 

L 

I 

L 

I~"u)r 
g~~(j) 

L: \, \, exp!,! YI 

L: X,' 

I L: ' L V, 

(30) 

0,1) 131 ) 

(32) 

(33) 

The mean-squared error. In terms of measurable qU:IIl-
tilies, becomes 

;jT~ [ S,' V1 
It)U)12 J. l 

, 
gH(J) 

(34) 
Sx..-(j) 

, 

[I 
IS.,U)F ] ;jT~ 

S)) If) 
(35) "' -~\(j) L S\\({)S))(f) 

, 
;jT~ 

I SHU) 
(]6) 0' • [ I rU)) . 

L S, xU) 

Is~)'U)12 S') (1) S"n(J) 
where r (/) : : ! 37) 

SuU) SnU) SHU) 
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!'rom this it is apparent that 

0<: r (f) < I. (38) 

The function, r Ul. is known as the Coherence Function, It is 
lero when the outpu t spectrum is due enllrely to noisc(Syy "" 
Snn), and unity when the syslem is noise-free (Snn'" 0), T his 
is a popular measure for the reliability of a transfer-function 
estimate, 

In .. ummary, we h.alie found that the estimator that milll­
mized the cffect~ of spurious signal or noi"e sou rces mvolved 
measurcments of the magnitude and phasc of the Input an d 
out put signals for each rre(IUcncy of in Icrcst. These measure­
mentscould, In principle, be ohtalned hy meansofvoltmclers 
and a phase meter, 1I0\\ocver, if the number of freque ncy 
points that must be used to descnbe the transfer or impcd­
al1..:e function is large, then more cfficil-n t est imates can be 
made by means of digital-signal processors usmg fasl Fourier­
transform techniques. The TID Models 19:BA Time-Series 
Analyler, )9:!JD Real-Time Fast Founer·Transfoml Analyz­
er, or II):!JC r3st Fourier-Transform Analyzer. Figure S. 
din.'ctly perform the opcratlOns indicated in e<lua tlon (19), 
utililing the fmle/Dala 90 Rapid Fourier l'rocesSQr. The 
19 :!JA, for example, will perform a transfer-function analysis 
for 128 e(lually spaced frcquencies In less than 10 milli· 
se..:onds per complete cst imate. 

- 1::.. A Sloane 

For Furl"'r Informalion 

FIgure 5. TID 192J·C 
Real·TIme Analvzer. 
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dom DatIJ. John Wiley andSon$, 1966. 

Lee, Y. W., Sta f/$ ti~1 O:Jmmuni~tionl Theory, John Wilev and 501"15, 
1966. 
Sloane, E. A., "An Introduction to Time·Serles Analvlils," Mona­
IJ,-,p/Is f. fl. MId Iff. Time/Oala Cor~IIO!'1. 

The Honorable Society 
Charles h. White of General Radio. 
While presenting the award plaque, 
NCSL Chairman J L. Ibyes made Ihe 
follOwing citation' 

The AudiO I ngineerin~ Sociely ha\ 
announced the impending award of Fel­
low !IIember~hip to Dr. A I' G, Peter­
son of General Radio. Presentallon will 
take place at the annual A wards Ban· 
quel In Ncw York on 14 October 1970, 

C, E. Wt'IIle A, P G, ~lerSO!'I 

On June Ib, 1970, the National Con· 
fercnel.' of Standards Laboratories pre­
sented ils first Awards for OUlstanding 
Service to Ihree members of the organi· 
lation. One of Ihe recipients was 

"M r. Charles F. Whill' has unsel fishly 
devoted hiS tlille and energies to fOTllm­
lating, edlllng. and sustaining the o~ra­
tion of the ,",CSL Ne",s/~tler for the 
past eight and one-half years. Much of 
Ihe cledil for the grow th of this public­
ity and Information media is reflected 
upon Mr. White, who Sl.'f"ed as chair· 
man of the NCSL Newsletter Commit­
tee and Ldllor of the Nell'sletlf'r . . , 

Dr. Peterson IS well known III the 
ficld of acoustiCS. lie received Ihe John 
H. POlts Memorial Award from the 
AI' S, in 1968, for outstandmg achieve· 
ment III the field of audio cngmeering. 
lie IS, also, a Fellow of Ihe Institute of 
I-Iectncal and I ler.: t ronic Fng;neersand 
of Ihe Acoustical Society of America. 

Deviations from 

Accuracy 

We are aware of two small errors that crept into the 
March-J une, 1970 issue. The first, on page S. ~hould have 
transla ted the test pressure of 1000 microns to Imm ll g. T he 
second, on page 18, should have specified tha t s ..... ltching l illie 
of the G R frequency synthesizer had i:leen redu..:ed to :!OOps 
(nol :!OO ms), Sorry I 
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NOT A CINDERELLA INSTRUMENT! 
The fate of ordin,try, pr,\ctic:ll, well­

knov.", and widely-used instrumenta­
tion apparently is relegatIon to drudg­
ery work and It) ncar-obscurity when It 
comes to publi(illng. new models. The 
apparent la(k of new·de~ign Innovation 
IS compounded by the manner in whIch 
the general publk disregards ordmary 
but l'ssenllal Instruments. We've de­
Cided \0 challenge Ihis allllude by wril­
mg about the new GR 159::! VanaC® 
automat" ~oJlagl' regulators With the 
alllluuc 01 "Ilow can you do without 
II"" 

If )'011 .tTl' d IYPIf.:JI re~dct, you have 

conuol owr, or access 10, one or morc 
Til .. b of test cqulrmcnt. ConceIvably. 
each Instrument IS well engmeered ;lIId 
h3~ lIS o .... n rCj;ulatcd power supply. 
COmC(IUcntly. you fOTl'!>\'C no nc('d for 

a 't'.:oml. or m:lsler, regul:llor. Consuj('r 
for one momenl. howl'~er, Ihal all your 
m<,lrumcnls may operalc )alishclorily 
wilh an :Ie supply vollage of 105 volls. 
Modern vol!agc Tl'gulalors usually con­
Irol an} voltage abovc the nom mal 105 
yolts by rm'ans of J scrl11-conductor 
power-dls~lpaling CIrcuit to drop the 
vollJgc dose to the nornm:ll valuc. 

In the caS(' elled :lhO\'e, under nor­
mal circumstances a f,lIT ;imount of heat 
IS dl~~lpatcd wLlhm thc nck of mslru­
ments. I xpand the number of racks and 
you devdop the need for an aIr-condI­
tIoned en\'ltOnmenl to keep the mean­
Illll.:-hctween-fadure nte of thc IOSltU­
mcnt~ from IOcrea~mgl1lpldly. 1 1 would 
appear to he good 10glc, therefore, to 
redul'c the supply voltage 10 105 vola 
nommal, and to mamtam contmuous 
operatIon at Ihat level Such a step 
would reduce th ... :l1l1ounl of hcat gen· 
l'rated and greally mcr.:ase the useful 
lIfe (JI tlw mslrum~'nts, I n~tallatlOn of 

" 

an automa tic voltage regulator !>udl 3S 

the GR 1591 nlam laHls Ihe lrlsltumen­
latlon supply vol lag!." at the (1c~lred/o" 
operat ing point. 

\lote t lt:lt all volt age regulators art' 
not capable of domg this, Constant­
voltage transfo rmers and reactor-t~ pc 
regulators operate solely 10 mam tam 
the instrumen tation supply volTai;C at 
the normal voltage t'sl3bhshed b) the 
power company's distribution Transfor­
mer, T he G R t591 IS an l'Iectro­
mechanical regula tor whosl' outpul 1\ 

conlrollcd by a servo-driven Varrac 
adjustable autotransfoTnll'r of prov..-n 
capabl lily, 

There is a more unportant pomt to 
be considered , lhe G R 1592 docs nOI 
introduce dis tortion in to th..- tn,lru­
ment supply voltage a fac tor Ignored 
100 oflcn by customers o f regutl tor~. In 
;I pl\'vious Etp<'rllllt!lIlt!r Mtld .... 1 

\\'1' 

men Iloned that I hl' (; R ekclro-l1ll·.;h,tn­
il'al r..-gulator could track th<' .IYct;lg{' 
and peak valll<'s of SUP I)I~' \oltal:\l' wlllk 
actually delecl ing the rl11~ \<lIue, '1111\ 
fealure has significanl:e In a nunrlh'r 01 
situations. Tak<" fore,(,Hnplc, ,I capau­
Tive-i nput de pow<'r suppl) .... Ith a hght 
load, Su~'h a unit r~'sponds to pl'ak~up­
ply \ollages, A 3% dIstorted output 
from the regulator could cause J\ much 
as 3% change In Ihe de pO'ol-<,r ... uppl) 
output, even though Ihe r<'guldtor hdd 
10 a spccifi~'d 0. 1'1 II/ml of ticvlJllon 
from a nominally raled sup pi) \olla!;l' 

If the regula lor wae 111 eonlrol of a 
therma l devil'e, which re~pond\ to th..­
rms value of the supply vollage, dl'lOrl­
cd regula tor ou t put would affect opera­
lion of the the rma l uml tn a manner 

I Ch ll ouns. C, "('o"sidcra r",UI5 III r h ~ 
ChOice of 3 Un.- VOll aK" K~~u l a l o r , "(,'Jl 
t.·xP"ri"'~"(f'T,OClober 1961. 

Slillilar to the preceding<'xample, When 
IIll' r~'gulator IS IIM'd 10 contr01 heavily­
load('d CJllaci l l\'e-input instf1lrn<'nt~. or 
Indu((iH"mpul pow!!r ~upplles, or Ju~1 
plaIn ordmar) ml.'chanil'al system~ (;111 

of .... lm'll rl.'~pond 10 the aver:lge values 
of till' supply voltage). distorted output 
from Ihl' rl.'gula tor tan qUICkly lead 10 
in\lrumenl operation mferior 10 rat~'d 
jX'rforrnanl:e. 

I'he Jdwnl of digllal instrumenta­
tion Ira') crealed an awarcncss, anlong 
inslrurnenl u-,crs, of the devls ta t tng d­
fet't' of ,pikes or sharp peaks in Ihe sup­
ply volta!;.:, blse tri~c ring of digi tal 
l'lrCUII\ I~ commonplace wht'n supply 
voh,lges :IT ... used in common wi th dis­
tort ion-prodUCing 1n51 ru menta t ion. LIS\.' 

of the C,R 15~:! as il buffering volt ag..­
~urpl)' un1\ to;l block of digi talmstru­
Im'nt~ help!> 10 f\'dUCl' false dIgItal Oul­
puts. 

1 he (;R 1592 can even be consideTl'd 
a~ a 1001 to hl'lp nutigate "brown-ouls", 
~o WIdely predIcted by metropoli lan 
power comp:lnles dunng peak-power-
10;ld ~a~on ... If your local powt'r com­
pan) i~ forced to lower suppl)' \'olta~~'s 
dr;tSlll'dll), uS\.' of Iht' r.:gulator will 
a"ur~' contmued and satl ~factof) oper­
allOn otl11\trumentOltlOn 

lor r':Jdl'r\ wlIh prohkrns of \uppl) 
for IlIul111natlon dl'vic<'s, plalmg balhs. 
or ~H1liIOlr apphcations dra\tl("atly af· 
ft,cted b)- Jlne-\oltagc variations, the 
(.R I S<):! i~ Jvailabk' for loads up to 10 
kVi\ Lighll'r IO:ld demands undoubt­
edly could bl' ml'l by thl' 1-k VA modl't 

('ompleh' l.pl·';lfie3tions for till' 
modeh ll"tt'd t>clow Jre JV3 ilablc III GK 
Catalog 1I A p;ll11phkt tll'scribing ':UT­
(l'nl (. R model~ of vOl!Jgl' r..-guliitoTh IS 
J\'Jl1ahk \0 re;ld,'r~, Addrc,!> your r~'­

'IUl,.,t 10, 

I dilor.(;R "x/laitl1(,lller 
.~oo B,lker \V~'llUl' 

{'on~(ud, \Ia!>sarhusdt~ 01741 

~,gn rnpl)Os.bololV lor {he GR 1592 
was "'ared bY C G Ch,IOU'M and W A 
Monlague. 

15929100 
15929101 
15929702 
15929703 
1'>929704 

\ Oft< .......... 

lS92 V. roM::- ,, ' om_he 
... 11_,""'1 ...... 
120 V il~ .np...l 
120 V !20'" ,~'",' 
2]()/'40 V -J:5' '''Wl 
2JO/'240 V t11l" '''!JU1 
2~1740 V"""" 

SS2S,OO 
52S.oo 
52S,OO 
52S,OO 
52'5.00 

.. "e ....... 1 f 08 Cone",". MA USA 
Sub,ec' .0 "~."" ' " d,,,,,o~n' 
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GR 1541 M .... lti flash Generator 

NEW SHOES FOR AN OLD WORKHORSE 
For a period of about 38· years, the 

principle of observing high-speed mo­
tion by means of electronic strobo­
scopes' has been implemented by port­
able GR equipment of various types. 
There has been wide acceptance by in­
dustry2.3,4 of this instrumentation, 
capable of "stopping" fast motion with­
out physical contact for quick analysis 
and of preserving the stopped-mot ion 
on film for later study. S 

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

-See page 18 for a partial reprint of tile 
origina l GR strobe article. 

, 
• 

a 

tion in engineering and research activi­
ties, is most useful in slo pping the mo­
tion of extremely high-veloci ty actions 
without the use of high-speed cameras. 
This is the multi-nash or bu rs t-flash 
technique by which a single sheet of 
mm is exposed, in consecutive order, by 
a series of st robe nashes. 

The same technique can be expand­
ed, as test requirements become morc 
complex, to provIde for a pulse burst 
from a single stroboscope (Figure I a) or 
a burst of individual flashes from mul­
tiple s trobes (Figure Ib). It provides 
eQuivalen t-shu ller speeds of a micro-

second to conventional cine and high­
speed motion picture cameras when the 
new GR 154 1 Mull iflash Generator is 
used. 

Th e implementing system uses a 
stroboscope, multinash generator, and 
still camera to provide frozen action on 
a single Polaroid'" film within 15 
seconds of the event. A series of com­
plete images, each uniquely positioned 
on the film in time and space sequence, 
is availa ble for s tudy and action. 

A Glance at the Features 
Among the numerous features of the 

GR 1541 generatotare: 

• Flash bursts, adjustable in numbers 
and intervals 

• Versatile trigger circuit, designed to 
accept a variety of inpu ts in terms of 
signals and connec tors 

• Flash inlervals that ca n be calibrated 

• Adaptability to existing st robo­
scopes 

• Small, light, and rugged construc­
tion 

• Highest intensi ty retained ilt IO-ps 
in tervals 

• Bu rst mode provides for initial signal 
to activate contact-bounce and noise­
rejection circui ts. 

"Stopped" In Its Tracks 
Many ~pplica tions in mot ion-analy­

sis work have been developed du ring the 
years that the stroboscope has been 
"Regi~tered Iradcmark o f tile t'olDroid Corp. 

b 

Figure 1. Flash-buru techniq .... es. I. Single strobe unit; b . Mult'ltrobe unI ts . 
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Figure 2 Golfball stfoking analVlilS - upper, topping; loWClf", good hft, Figure 3_ InurUrT1('nI ar.angement for pfojecllll'-mol!Of1 sludy_ 

with u\. Some common u)es include 
~tudies 01 ~ports l'(luipml'nl in action, 
'u~h as Ihe impacl Jnd night of golf 
halls (Figur ... :!) or the motion of lop­
pIIng bowling pms. Athletes and 
would,l>..- ;Hhleles ohserve their form III 
pholos taken with sirobe lighting_ T he 
...... Iol·ity 01' projectiles (Figures 3 and 4) 
and Ih,' acceleration of machmery units 
"Ill be dett.'TllIincd by the use of two or 
more nashes. 

A deSirable featurc in pulscd strobe 
lighlmlt i\ thallhe mo ... ingohJccl und ... r 
oh<.ervation ge l out of its own way 
tx·I ....... cn na~hes. If II docs nOI, succes' 
\I\e images will o ... etlapand "wash out" 
the observed action, O\'erlap is permis­
Slhle. ho .... e ... er. if pictures arc taken for 
data or record purposes only, Inasmuch 
a~ three or four o\erlapping Images can 
normally I>..- rcsohed. If color film 15 
u ... :d, wilh diffcrent colored filtcrso~er 
each ~Irohe light ( Figurc Ib), OVl'r­
IJpped-llilage rccoglUlion IS suhstantial­
ly IIlcrca<,cd_ 

16 

You can obsef\e the accckra t ion oj 
a highly renective, rotating )hafl h) 
means of another ' ... ehnique, Thl' end of 
Ihe ~haft is pain tcd nal black with a ~in­
gle peripheral white dol. Viewed hy 
strobed light. Ihe single dOl glH'S a PIC­
ture wi th a series o f well-defined dots 
from which Ihe accelerJtlon can he 
cOnlputed. A practical variation of Ihl~ 
techniq ue i~ Ihe usc o f several s trohe 
units, plugged II1 to the trigsenngjad,\ 
of the G R IS4l but not adjacent 10 
eac h o ther. By ~kipp ll1 g J'lck~, you call 
increase the poin t separation a t low ~e­
locity, thereby Incrcasing rl'solullOll of 
Ihe tes t data. 

You can ~cpara t (' consecutive imJge!> 
wllh a different technique shadow 
photography. T he compac t aTC in till' 
GR IS3 1. 1S38.and I SJ9slrobcI3lllps 
~pproxima tcs a pOin t source of light, 
which can cas t unusuallysharllsh~dow~_ 
By usc of llIultiple. s",p3raled ~ t rohe\ III 
the system of Figul\' 3, the IIllag" at 
each ~ lI ccecdlllg intcrval of time fall on 

diffel\'nI .m'a, of the film 10 prodll~e J 
rl.'cord, lih' that of till' bullet \triJ..ltlg 
till' \led 'pring in hgur ... 4 Synchrom­
latlon of Ihi\ ~)\tl'l1I i\qulle simpk(<ln 
i lit' xpen~l\ c IIlIcrophonl' detects t hI.' 
bullet·~ sho..:k II a\'C I and It i~ rrarlicular­
I) l'nhanfl'd hy thl' cohen'nl natllrc of 
the hur.t r hal i\, the first puhc of the 
bur,t IS produced microseconds after 
I hc III put-t riggl'r signal i~ applied. 

-I he rholcl' bel \It CCIl Ihc single-slTobe 
s),stCI11 In l-Igure I" and thl' multipk. 
~Irohe sy!>lelll in Figure lh Will depend 
on thl' fe{IUlrl'd nash rail' durin!? the 
bur.l Jilt! Ihe requirl.'d I.'XpOSUft' gUIde 
number. ·1 hl' nash r<lle for the ~Irlgk­
~Irotlc S)stl'm is limited to the nuxi· 
mum JlIo .... ahlc rate for ('ach II1ten\1I) 
fange ~t:lling For cXJmple,,, CoR IS.ll, 
15,19, or 1540 can hl' nashI'd lip to 400 
lillll'\ per 'e(ond. or J C. R I SJH up 10 
:!500 IHlIC\ pl.'rsl'cond Unfortlln;lll'I)'. 
hi!?hl'r nJ\h ratt:" r ... tlllire lower irltl'n· 
~ity ~l'lIing'" cOn~I.'(IUcntly. IJrger lens 
apertures . .H,' rcqulred. r ... ,ultmg III re· 
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dUl:l!d d~pth of field. 'fhis decrease In 
I.'xposurl.' corre:.ponds to approxima tdy 
2·1/2 htop~ per Intensity·range step 
for (;R strohoseopc\. When multiple 
strobe~ art' u~l·d, t'ach lIlay be l>CI to lis 

hight'sl intt'nsily ~t' lIlng" thus recover­
Ing as much as 5 to 7· 1/2 f·stops, wilh 
I.'onscqllcntly mctl.'a"d depth of field. 
I .. <:h sttoh~ l~slllgle·nJ\hed, so that the 
rc\ultlllg ma'CIlIlUIll bU1'S1 frl.'quency is 
100,000 per ~cond.limiled onl}' by the 
GR 1541 g.;-n.;-r:nor, 

LSll1g \lrohc light as the shutler 
l'iinllnJles hlur and ~C\erJI distortions 
[)flo',ent 1.'\11.'11 111 hlgh"J'Ced cameras and 
ofll'n pro\lide, Jmple lighting Jt con· 
\u.krabl)' r.,uuced CO\t. weight. and line 
mput rowa, I' or example, four GR 
1538 \Iroho'il:()rl.'s <lnd a 1541 gen~ra­
tor I:all he u~ed to produl:e 10,000 
na\h~\·pl·r·"":l:onu lighl. about the up­
Jlt'T 'reed linllt fOT a good fu ll·frame 
high,sreed camera 

Fi9ure 4 . Multlple·flash shadowllfaph seQuence 

Some Technical Points 

The GR 1541 Mulli/lash Generillor 
can provid.;- for burst groups of I W () to 
six t een flashes. with separa tion 
between /lashes continuously adJuM­
able from 10 mi<.:rosc<':Ollds to 100 milli' 
se<.:onds. T rigger circUils III [hI.' IIlMru· 

ment provide for a varkt}' of inpUI-~il1' 
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Reports from the Field 
.. h J nO)IJlgic tou<.:h III the last issue 

of the Frp,'rimt·/i/a. <,\.-e Includ~d are· 
prodth:lion 01 thl' original Jrtilie that 
Jnnounn·d thl' GR 650 Imred3nce 
Bridge III 19]) It brought reatllon~ 

Irom the reJdl'rs. ~II 1l1c3sanL Onl' in 
Ilanicul:n, I verl'lt Mdiller ot San 
Diego. California. was rkascd 10 de· 
'i .. nb~ Ihe llIanner III which he had 

JULY/SEPTEMBER 1910 

moderniz.ed hiS own bndgl.'. ['Ilu .. h~","'u 
on Ihe surplus market thn:e ) ~'al~ all-O. 
III.' used Ihe bailer), box 10 hou)l' iI tTiln· 
sistorized signal gl.'nerJtor (100. 400. 
lk. 4k. and 10k lIertl) ilnd <III ()\<.:llIo­
scope display. The IJlter rl·Jttlr~' per­
mits the or<·rator 10 hJIJnl:e null rOlnt~ 
qUite simply and visually. 

II,I! 'iOllr~cs. c1cctrical. photOl'I~t.:Irical. 

Jnd e1cclrom~chJnical. The tng£cr cir­
cllil is de~lgned to reject noise or~ignal~ 
IhJI occur ~fter thl' initiJting signal. 
H.J\h·lnll"r\ill control h:ts a ba,ic error 
limitation o f 3 ..... but rro\'ision IS mJdl' 
lor iI <':ilhbrJtion signal to an <· ... tl·rnal 
c1l'l'l rOI1l~ <:olln teT if greater JCCII raq I~ 

l"I."qulred, 

OeYelopmem 01 ,he GR 1541 WiI$ by C. E. 
M.Uer and W F Rogers. who also eollabor· 
ate<.! on the above malenal 

..~ I, .II,}ns to, the GR 1!J41 MJiI,fI ~h 
'')lOf.an i'Kludt"d as a It'dl Shet 1 HI thl" 

I" I f II 5'S 
C""",log 
Nurnbeo Oesctlpllon Proce 

:>41 9101 154 1 Mu lloflash 5615.00 
Gene rato r 

1!:019601 Cabte Assembly 1.50 
Poie", nfll Foe Concord. MA. USA 

SublOCI 10 qu.nli1V discount 
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OUT OF THE PAST 

The GEN ERA L RADIO 

EXPE RIMEN TER 
VOL. VII. No. 7 DECEMBER, 1932 

ELECTRICAL COMMUNI CATIONS 
AND ITS APPLIC ATI O NS IN 

TECHNIQUE 
A LLIED FIELDS 

= : : : =,= 

THE STROBOSCOPE 

T 
1Fr"'''''''':i111 E ", lroIJo:.('op(" eOIli'isl ;; 

fUlid a mcn lnU,' of II d c\ il'(' 

,, 1,il'lI I-'erlnit~ inlennilf('nl 
1lO",,,,,,,,,Jjloh:.-er\Ulion ... ('il ilcr ,j"ual 
or phottJ;:raph ie. of a 111 0\ iug objet't ill 

IIllt'h II mUllner as 10 

IIIv\elllcnl is not a ppa n 'lIl in an~ unl', 
The fil ul ('1.111 tben I,,· prnj('(' led a l Ilf)r , 
lIIal '"1J('cI I \\i lll rc~lIlt~ Ihal arc ill ­
,.Inwl; \(', or I'\ {' II I.ud,\\urol .. ilh ro'· 
" lilt S lha l l11a\ he allllh,i ll /,!". Til l! filiIC" 

l ion of 1/11" shull er is 
red ut'e t he speed of. 
or .. lop. the mol ion. 

The ",10" . molion 
pic ture i .. a fami liar 
exa lllple o f IIII! inler­
I!sling a nd profilable 
i nformalion \\ hi e h 
illS) he dcr;\ ell frO Ill 14 

le i s urcl~ ~I u d .\ of 

"a ril~ tllke place al n 

high ra teofspced. The 
lennis pluJcr ca nnOI 
".10\\ Ihe j'l,arnpi<lJl ­
ship s lrol.e 10 a('colII ' 
moda le Iht' laggard 

~rll " .Iuick" .... of ~ he /u,,"/ 
tlecei"f:II lhe e~f'. Hili Ihe eye 
"no .. , II Irick or ''' 0, _",I. 
. itl~1 by in r;enioue ,n« han. 
i~ on~. it ;5 nOI deeoei\f:d hy the 
!!yru lio,, ~ of m ao:hinerr I ' fu r 
higher ~,.eedg thull the 1.;,,1. · 
~ler·. 1"",.1 IIchie\'cs. lIence 
the ~l rol~N' ... hieh i~ nOI 
ne .. '. IIntl the J.:AI{(erlOu· Dlrob-
06C0,"' ... -hich iIo, 
SI~I>eII a".1 thd. aI'-

1,licalionA are dNCril>t't1 here­
with. The Edl!erl(.n ~ Irol",. 

1!oCt),,,: on ,>1' (;1: 5. 

10 e.\cl Ulle light frOIll 
II I(' fil lll {·\.n',,1 for 
hrief fl a"he", II ..eI!II1S 
r('a,,,onalJlI' Ihal Ihe 
"a llle reH.1t I'a n he 0'" 
la ined 10> "hllllin~ off 
I he li}!l!! (rolll IIII' n h, 

jl!C l , ('\. I·t'1'1 for hrief 
fllI sh t'$'. Thi", is Ihe na , 

Illre o f Ihe l>Cl'ond 
"I~ It' flf .. lroIJOst·o lw, 
uf \\ Ilit- h lilt' Ellgerioll 
I ~ I '" i" thc oulslallfl. 
in l! I! " 111111' If'. 01" 1011,.1 ~ 
Ihi" I) I"" o f slroloo, 

e) e of Ihe 110' ice, hU I Ihe ca mera can. 
and Ihe mOl ion pic ture i'u mera is a 

"lroIJoscollC. hut 1101 all strol)O$I"olle" 
are cameru!:'. 

... 'ol}(' is \\ 1·11 allap led 
for ,i"ual ob;;er\ at illll,., 1 ' I,ol0l!rafJh~ 

1ll1I;;1 still he U,.ell. if a IlIm·r('(I(·alell 

c\en l is \ic"ef/. In ""tort' 111(" clcmen· 
Inr)' \ ie\\ 10 a ud to rl'l('ase I hem la le r a I (I 
rUl e Iha t the e)c a nd lI1ind ('a n fo/lo .. , 

Consider. ho\\('\('r, till indcfu ligah l,' 
lennis pla)er \\ho rCI1C81 S h;", Slro h ·, 

T he ca mera shuller. operaling at 
high speed . chops "r Ih~ aCl ion inlo a 
number o f small eleillents. so <: hort thai 
n .... ~,_ ~, .............. , ..... ~ .. ,_,_p,...,. II ......... ' .... ,....._. " .... ,~~ ... ". I •• ,,,~,._T_" .. ~ .... 
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idl'nli('a ll ~. 0 111' IIIOII S,IJlul linit'll a ll1in ­

ule in a darkened room. If Ille lighl 
1.Ie f1a l'hed on him al a ronSlanl rate. 

e~acll) ('q ual 10 his s t roking rill e. he 
",ill uppear as [hough lIloliolileSl> umler 
('olllillllOIlS illumin ation. If Ihe Rash 
~rlted I", ~ Iigh t l ) slo"'cr Iha n hi" slrok· 
iilg rlllt', hi .. arlll ",ill be illuminated a 

lillie furl her a long in the s iroke eal' iI 

lillie Iht' lighl flu <ihes a lili. II!! Ihe e}c 
retuinA Ihe illla~c be l "'~n fl a;:hes. the 

rnalll~ I! lrol..ing pla)er ",ill seem le i· 

surel). ami a s ingle Sirole ('a ll 1)(' sp~ad 
0\ er a minute if dl"sired. 

"umans. lenllis pia ) ill~ or olher · 
Ilise. ('/llmot relK'al IIlIiform t')cles al 
a ll) f!lldl sl~d. \ladlillcs (,U II . IIl1d 

'" Ilert', er complicated ll1 aehines are de­
sig,u . .'d. huilt, or u~1. Ihe a)'i lil ) 10 

",a ll'lr their ol>cra lion in s lo'" m Ol ion 

II illrolll pholograph) is a Ioonll. 

Tlw strOI.lOS4'ol>C !"termi lS s lopping 

the 1001 ion of lit(· mac hine (I isllally ) 
for uanrin 8 1iOll of m8chine or product 
al 811\ pllrl uf il s opt·rH tili /! l'~(' lf' ""hile 
Ihe g rommet s 110'" inlo the hOPI>crs al 

undirnini"hed "' Ilf't'fl. Or, l:;erlrap!;. a 
"'Jlu·ul..inl! dul"J.. II ,iLratill1f 8hllfl. or 
il dmllering \ahe "pring btllnds I,e' 

111('('11 11 fit'''' 1II0<1t'1 and a ",ai ling pul,. 

lif~ '" hkh '" ill 1101 "'ail 101l1!' \ 1010\\ 
lIIoli (lll .. tlld~ ",ill sll!)", Ihe Irouble. or 

Ihe I'rillltlf) lIIoliol1 mll y lie. II lopped 
alld Ihe I ihraling member made as 

l'vlI.'Il'irliolis as /I 1Il06C.luilo·hrus h in g 

IIIIml 01 formal g uanl 111011111. 
Sometimes Ihc Irausienl 1JI0vclncn i 

or \ ihralion lakes place al too high a 

spl't'11 for the c~e e\en \lith t he pri. 
mllr} Illolion s lopped. lIere photog· 
rllpll~ iM rc;;orled to for II flCeorul " lo"'­

in:: 1101111 of Ihc- Inlllsi;ont. 
\ lillie cOI1 .~illcralion of ",hat is he­

ing done II~ IIII' II lrobost'o l>C is sum· 
I·il' lll 10 M'I up tile rC(luiremenls of II 

jm li~r8t'lory IIIlt'. 

\1\ tH'nlrah' means of timing Ihe 

fla;:!! 1111(1 a prolllJlt alul IIcc-urate reo 
"'I lim"...' to tlrt· fla~11 control are essen­
lial. o llu·r",i.'le Ihe objcC't lI ill be 
lic"'t"d at irreg ular in tenals. and \i· 
I,ralio n s nol prc!!Cnl 111 Ihe ohjeci 

\ iC"'cll II ill he inlroduced. • 
Tht" fl3 ,,11 IIlU s t he of e:l.trem e ly IOlIort 

duralilJn. Ollrer",ise a l}j)redahlc 111 0· 
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tion '" ill l a kr plaf'C tluring illulllina­

tio n _ allli hhlrr iug uf deta il II ill result . 
T il l' light lIIus t ),e I:.rillialli. Ot h e r · 

lIise t he room II1l1st he made cll t irely 
da rk. and d e l ails \I ill lIo t he seen 
dear!) . 

Stro boscope A rithmetic 
Suppoet'! Ih. t the ohjecl 10 he (lboier "ed ie 

t'.eculinll uniformly R eoml,lele eycles of mo· 
Ii .... , in ""it time. S"PI~ fllrlher thgt Ihe ob. 
jI'Ct ift ~ilh"r li" .. o:<l through a "hutl,'r hp""" 
ill~ for I? I,ri,·f. uniforml, lim ... 1 int"rv"I". 
or i. iII"minalt!" by F II ni form in~ tanUnl'(llll; 

Oa~h~ of lillht in unit t ime. Tb"n. if 

II. ... nl? ( I I 

wh"rt' 'j i ~ lin in l'1!rll l " .. ",I,..r, il ",itt I ... eo·i. 
dl'lI l Ibl! t'ach pOinl of Ihe ,,1.jM!1 .. ill I", in 
0:.1:.1'11), 110" ..... "''' l>OIIili .... , i" ils C) d" ... f mtllion 
81 ueh obllCt'v.tion, ~Iti"g ill .. I,al .. e ~ h.tI 
deaignall' u a 4'<)llIlition (. ( .. 1 ... ·r(.'(.· I·· ") 11_ 
(.hr()niUII . Af'COf'dingly. lilt apl,nenl "'''Ii,," of 
Ihe IH>.ly .. ill I ... a.~tl'''.''' Ihat it .. ill 1I1'1<e1f 
to 1>0: al. tinn.r, at ... ' ,,'1' I'lf li .. ullf IJh~..., in ii_ 
t) de of mllli •• n. prol i, I"" tlU' 1 1101' "pI'Ili"t=- ,,( 
tlot' &hutler Qr Ihe Ila ~ " ,,( II,,· la"' I' iii nl 1'1<­

Irem"ly IIho,l duration. If I "ill in't'nlll (,f ,,1._ 
,penlll;o,n i. III 8uflieit'nl ,Iuralion. th .. moo in.: 
objecl. e"'11 .. hen o' ie"e<1 ~ 1rt)I;o,.('('l lif'.l1~, 

"ill al' I)('.r blllrred ill (}I,lline. ~inlT ea..!, 1"""1 
of Ihe hody nl..'i;."e~ a l",rf'''I'lil,lc ,,,non" l nf 
'"otion "urill~ Ihe in l"nlll of nl'''''n ;'li'lI1. 

It ii fllrth~ eo-idenl thai Ihf' I,ha".. of 110 .. 
"IIKneo.l poe;ti"n of the 01.;...,1 in il~ qd" .. f 
m .. tion ilia, he oon lroll",1 a' .. ill mer~l) t., 
. hift ing Ihe I'hail<: of the ~,nehrlln""~ ~I",ltcr 
or light O ",~ h .. ith rC!! l>eCt I ... thl' mOli .. n. 

The al'eci.1 .,...., (If lJf'rfL'C1 "}·lId.roni~",. 
in .. hiet. (he Irf':<l"elle, n( mOliQn a.,,1 of 
(>h..erl'lIlion.", i, len liul. i~ \.."" .. " a~ "f"",la_ 
IIIl'n tar· _, "d,rf/n;s",. 

If" i,. gr ... el ..... IhwlI I. ,Ill' "hjerl .. m IH' ul,_ 
!H'r .. ed 01,1, . t eO'l'r) ,Hh "1,,1 .. of "'oli,," ... , 
lhlll the inl"'lIratt'd iII,.",,,,ati"n i. " ',llIet'<I 
to Ihe (racl;onal amOllnl I " linll" th" ill""" 
in.tiOll al (u",III OI1 en llll 8} " ch .. m;''''' 

Althollgh . II ) condi lion .. f I,,·,.(, ... t ~,n­

ehrolli~", ... i11 eo",,,lel,,I, arre;!1 th", mUI;or;. it 
'~Qb,-ioIlJ) df'e'raLle IQ .. or\.. '" Ih" .... ""I'liun 
o( ("n<lamellt,,1 bynd,rt)ni.", . 

1(. on the olher ha"d. 

F _ kit ( " -' 
.. here k if any iniellralllu,"t..-r ~rl'.l('r Ihan I. 
thell uch I/Oilll of Ih", o"j~t .. ill I ... 0 i.ilo\o· 4-
tim« ll1'r ",·cteof fIlulinn w,,,1 .. ill. a ,"·"rdingl~. 

I.e ol_ncd ~1I4'Ceib;I'el) III k I'0inn ('(luall, 
III)aoed. ;n lime. Ihrollglwol Ih" .,,-d,, "f ,,,,,. 
lion. S"eh • coolllilioll ... hid, i~ "'no .. u h 

" 1,ani.I" f),l1f;hroni8m ... hil" aI' IHor"" II ) 11._ 
rer;ting Ihe ,nOlif/n IIf Ihe III.j~ ... - I. ;~ ""I. '" ge,, ­
eral. utidllclflt'y for "i~ulIl ~ l rol """""I' iI' 01,­
M'r". tkmt.. F ..... l'um"le, " rOI.cinjl: ,Ii..o;: ha.· 

illg nne radial line i~ eee,. a" II ,io;!C .. -ilh ~, 

radia l lind. 
A 'lIOC'e distinct ima~e i~ ol,l ainedlll I,arlial 

8y"dlroni&1lI if the bod y if compo"e" of m~ 
i, I,,"I;ell l I.arle ellually ' I,mel'd. ill l i,,,~. 

IhrougholH !I'e cycle of moti ...... t. g .. I.) " 
.. heel " ... ;ng I' _ mk !l1 ...... H. F"rlh"r, il 
can readily toe ~llO .. n tl' lI t ~ud, ... heo:! .. ill 
wl'l>Cu ... st.tionu), " 'beel llll\' ing P sllOk"" 

"IC _ ",.. (31 
On th .. "th.er h~",I. the .. Io .. d h.,inl!: /' 

~ IH)\.. "" .. ·iII "1'IIt'U "5. ~1. I ;o"ar) .. 10",,110,,0, 
injl: "I' ~I'<>kt'~ .. 1""'1'1'0:1' 

,,1'U - " (I ) 

1I"(~n" "'1' Iu '''Iuat;o" (3) ~h" .. " 11.111 Ih"r,· 
a.". Ih('flrdkall) . au ;nfinill' ",,1,,1 .... ,.f 0 alu.'~ 
" I It "r f,f F for .. I,ieh a .. hrt'l "l /' ~I'"k.~ .. ,II 
I", OIeell a~ /I ~ tali.."ur, .. Iot"'1 "f /, ~I".k.·~. '!'h.· 
!:or!:",r Ihe 'al,,1' o f I'. tl,t' ~real"r .. ill 1,,- II", 
""u,l,..r 'lf Ihr&<" I, .. rliai .. ~,,,.hr.,,,i~"'~ .. hid, 
O('("lIr .. ilhi" a ,io ~n r"n~t' of 0 aln .... (If It ". / 
'I'h .. "" f"cl~ are of i"'l'orlun,"· ,,' " ''''l= II", 
~ t'O"O"'''I''·- lu d '·le'''';''e II". fr"' I"""" , ,.r 
~, ,, ... ,, I u( "}die mOlion~. 

\\" hilit'oO ("r .""hzl'd the f""tl a",,,nul 
la .. ~ of II,.. ~ tr .. lj()ooCt'1": lor .... ""lili .. n' "f .. ~ . 
.~ I .rn~hroni~lII ... ill ,,,r I,"rlia! B, 1 ... ·rf"' ·I. 
Con.idrr nn .. · 110 .... a!le "],rr,· Ih .. ('~di<' frt'. 
'I''''' '(') ,,( "'olion i .. ~Iit.: hll ) g,,, .. Il·r tI"", u" 
",1 .. t=-r,,1 muh",I" Iff 110 .. (' .... 1""' ... ' of •• 1, ..... • 
ollli",,-

" "F ..... 'i (51 

.. h("r,·.'i i~ ~",,, II t' .. ,,,!'url',1 I" It . TI,i~ "'ell"~ 

that ,"" mo, in~ ""J<'O:t .. ill t'\I'~"h' ~ Ii~hl" 
", .. r(, Ihan " ,',<'If'Ii of mllti"" ,J"r>"~ th.· ", ­
t"n ~ll"'I",· .. n "I • ..en uio" ... , Ih~t tl ... 1.10" .... 
"I .. hid, ;1 ,,, "''''11 .lrubu",·" I"'·"" ~ .. ,tt ,-.",­
l in""II) " ,I , . u,·,· . '1'1,,, ,,1,j'~ 1 .. at Ih"",·f. ,rr "I'· 
I"',,r w "".,,·.t a ~I" .. c~cli,' f""I'"'''''' "f , 

II ",. 
",1'1". on ""il lim.' w",1 to, Irlll"1 ill II,,· ~~"'" 
,1,n"'li'/I1 u~ tI,,· "I,jl'l·t ;~ ",'lw,lt. ,,"" i,,!! . 

Cun,,·r>o('I). ,f tI,,· ",,' Iie ("·'I,"·nc~ ,~ 
. h~hll)· Ie>!« th"n .101 ;ntf1:rwl ,,,,,hil,l .... ( tl ... 
f'('{p'l'ne) of <>"-enation th~ 1,10 ..... al .. h ... h 
11,1' ""jrcl i~ ~n ~lrulH'''''''I,i,·.II~ .. ,11 .... n· 
liu!f~lI} rl!(', .. I,· "" Ihat the ohj .... .' 1 "ill "1'1"'lIr 
IU """ '. U a ~In .. ,·,dic (.""",."''' '" II 01 ... ·,·· 
,,,,,, "I'I"",il(" Iu tI,1' trlle ",uli"",, 

, /1" - /1 

' I It .. ~I" .. ~lr"IJ.O>o(·ol,ir ",.>1,,,,, .. hid, .. ,," I ... 
""lai,, .. ,1 i" Ihi .. "''''''''',. and "hi.-to ,·a .. I,,· ",I. 
j" 'I"" In 1 ... 'Cu",1' a ot"~ ~lIlall f'~("I;"" .. f ltot' 
Ir",. ~1>C<'tI. ",a"'..- tlo" ~lr"I~ ... ..-'I ... · "'Ir,."",,, 
,~I,,"I,I<· in .. a id,;,,!; th.· ,.,"'1' .. f ",,,I,,,,, "f 
lIIud""t'ry running al ~I",,',I ~ 1"<1 high I" I,,· 
( .. 11""",,1 .. ilh Ih" " .. "i.I .... 1 ",". 

Th" fr .... I" .. nq nf ~lr"I"""'-"-'I,i,' ",oh.",. ". 
Ill .. , "" ma,l" a~ .10" lIij tI .... irf't.l. On tlo .. "tl,..r 
lu.",1 if.s i~ iuer.:a"",1 ah,)o~." t"'r!ain limi l II,,· 
oli&l'nL .. 1 ",oli"" I"",un" .. i11lrnni ll eJl I .. ,,\1 
Je.I~ "atisf"clor, for I"' ,. ......... of li:;lUal ~I",I~_ 

- lIoul;O W. Lamson 
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PROGRAMMABLE 
DECADE RESISTOR 

The GR 1435 Programmable Decade 
Resistor was designed for maximum 
customer-use flexibility consistent with 
accuracy and cost. The basic instrument 
covers the five-decade span from IO-n 
10 l OO-kn per step, with each decade a 
plug-in board . Mechan ical and electrical 
provision has been made to allow si mple 
conversion to a six- or seven-decade in­
strument , should the need arise. Reed 
switches used th roughout the inst ru­
ment are of the miniature mercury­
wetted type, for low and repeatable 
zero resistance as well as bounce-free 
ope rllion. The high and low terminals 
of the resistors are isolated from 
ground ; this permits usc where a float­
ing resistor is required. 

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

Manual Mode The dcslled resistance is 
set on the front·panel dials,just as one 
would set a conventional decade resis­
tor. This is usdul, (or example, when 
you are making accuracy checks o n the 
GR 1435, to determine how many de· 
cades need be remotely con trolled for a 
particular applicat ion, or when you are 
manually checking prope r system oper· 
ation during initial set·up stages. 

Manual/Remote Mode Some o f the de­
cades may beset to the " R" position on 
the front-pane l dials and be remotely 
controlled, wrule the remaining dials are 
set to a particular value of resistance 
and held constan t. This has the advan­
tage of requiring four less cont rol lines 
for every decade wttich is manually set. 

Remote Mode You can select tttis 
mode by turning all deCiide 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 s tandard DTL o r TIL 
levels, or contact closures 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 

20 

decade resistor terminals remotely. 
Grounding pin 18 of the 36--pin rear­
panel connector shorts the resistor ter­
mina1s, while grounding pin 17 opens 
the resistor terminals. This is particular­
ly useful if discontinuities are o bJec­
tionable, which may exist when resis· 
tance settings are changed (the worst 
case being the change between "7" 
and"8" wherc all four reeds change 
state). With proper timing, the resistor 
terminals could be either opened or 
shorted during this switching interval, 
whichever is more pertinent to the ap­
plication. 

A few typical applications are illus­
trated in the f'IUres, ranging from a 
simple programmable amplifier load to 
a programmable oscillat or or time can· 
stant. 

C818tOg 
Numbt. O_rl"llon " .. 

1435 ProgBlTlmetM. 
o.e.de ResistOl' 

1435-9700 Bench Model $750.00 
1435-9701 Reck Model 730.00 

Prie ..... l FOB Con-coro, MA, USA, 
SublK1 10 qu.ntlty dlllCOUnl. 

ThIs 1rt5lrument _ desIgned by Peter 
Gnlv of GA's Component and NetWOfk Tesl­
mil Group, who contritxned lhe matenal for 
th,sert,cle, 

Complele 5P8Cifieations fOf" the GR 1435 
are in GR Catalog U; minor revisions are 
Shown below. 

F.-.quenc:y Ch.tKterisl ics: AI high·resistance 
values, frequencv char~teri$tics depend 
mainlv on capacitances and on the Iype of 
conneclions u$6d (2· or 3·terminal, grounded 
or guarded). AI low resistance values, lhey 
depend mainly on Ihe inductance. Calcula· 
lions based on values shown should gi1/8 
approltimale Jet'ies-resiSlance error. 

" 
-0-,-' --,l-~a .­
}~"1 
'to T~ "r 

-.-~ 
DKHt 1t,1,t.G, 

l'l1I1IIe1t< R - IOOkO R ", I lola 

CI 19 pF II of 

" "of 23 pF 
C> 19 pF 16 pF 

" 247 pF 276 pF 
C, "'of 51 pF 
co 1606 pF 1606 pF 
LI 23ltH 23"H 

PROGRA MM ABLE (lJRRENTSOURCE PROGR AMM ABLE OSCILlATOA ~ TIME CONSTANT 
• 

" 

" 

• 
• 

I • .!l. , .. 
PROGRAMM A8LE VOlTAGE SOURCE 

'. 
• • 

PROGRAN~LE INTEGRATOR '. , 
•• 

" 

'. •• 

, 
, " 

., 
~ 
~~ ,-,-< 

,_ II.CL"~ 

PROGRAMMA8U. 'IOI...TAGE DIVIDER 

• 
'4'~VI .... 

PROGAAM MABL£ AMPUFIEA LOAD 
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• • • 
Unders,de 011790·9603 
Standard DevIce Adaptor 
K,t IhOWlngsockct hoi. 
and typocal wtre-wrapped 
connections • • • 

U",wr~l Oe .... ce AdaOIOf. 

GR 1790-MORE VERSATILITY AND CAPACITY 
Versatility IS the name for the uni· 

versal device ad~plor recently made 
dutiable 10 G R 17110 customers. 

The IOgJC-..:Ir<.:Ull analyzer haspro,",cn 
itself faeil .. enough 10 handle most log­
Ic-cU~lIlllcsl p rob lern~ presented II sI m­
ply hy nlt'ans of sullably adal>lcd mt cr­
r'King. 

f;R engineer.; Incorporated scvcral 
lI11portanl pnm:lplcs In the design of the 
mlcrf,l\:c adaptors. Connections within 
the adaptor are made SImply, by VoIrI.' 
w rappi ng to lernuoals mounted on 
printed boards. AUlIili:uy conlrol or 
mOIl1\oring Circui t ry and t oad~ arc easi­
ly connc..:ted within the adaptors. 

Customt'f'S are &lven the chOice of a 
'ilamlard adaptor or of a universal adilJl'" 
tor In the unIversal adaptors. mput and 
output connections can be determmed 
by the test progrilm. tillS permits accep­
tan ce of a grea ter variety of d('vices liS 
well <IS providing ( hecks of ou tputs and 
mput"_ Use oflhe unt~ersal adaptor per· 
mits It'sts for shorted mputs, 

fhe adap tor<, a~ eaSily mserted into 
or remoH'd from the analyzer by ac tio n 
of :I ~ingJe k~CL I' rovls ion is made on 
one sta ndard board to mount sockets In 
rov.~ 0.250 Inch apart and spaced at 
O. 12S·lOch mternals. AdJptors arc avail· 
abll' v.ith :!4, 48, 72. and '16mputsand 
48, 7:!, Q6, 120, and 144 outputs m pre­
dcterlnined l'omblOatlons, 

('ompletl' \peclfkation details for 
the (; 1{ J 790 adap tors lire available on 
thc tear shee t atthc back of this Issue. 

As customers for the stan dard C. R 
1790 109.Lc,('ucuLl AnalYier bel"011ll' 
familiar with Its opera tio n. we antlCI' 
pate Iheir needs will grow loexpand Its 
apphc<ltion to mo re complex tests. Or, a 
need for e,",panded memory storage .... L11 
be evident as tl'J.! programs lengthen. It 
is even possible that o rigmall y lunitcd 
funding for capItal expenditures may be 
increased as the savIOg.-.. made possible 
by thl' GR 1790 in action. arc brought 
to manageme nt '5 allenllon. I=or any of 
these reasons, G R is prepared to hel p Its 
cuslome rs expand thcir standard ana· 
Iyzers by supplying :md mstalling sever· 
al retrofit kits, 

Kils arc aVilllabll' In IWO basic fo r· 
m:IIS one 10 expand me mOT) h) 50 

DKc"p,lon 
1790 Log,c.cireuit Analyle. 
Re tro li t Ki ts, lor il1~tallation 0' options tn 

th(! field by GA IJeI"sonne' 

IIIlIes (OplIOll 2) and Ihe other 10 pro­
VIde capabIlity for the addillon or pro­
grammahk logK' levels and program· 
matll .. pO .... l'r ,upplies (Opllon 3) ROlh 
options Jrl' ':IV,ulable 111 50- 11 7 a~ well a\ 
60-117 "e rSlom., to accom mod:llc over· 
seas eu~IO l1l crs. Options are also av:ul· 
abl l' sl'parately o r \:ombinl'd , Nl!ilher 
option requm:, more physica l spa\:t', 

The kll s .... 111 be lIlslalled hy GR dt,­
trLl:t lIffil:e \l:P/Ke.dl.'part menl p('«;on­
nd 1 ra1ll1OI; requIred for opt'fatioll 
with Optwn 2 WIll be provided Ihl'(;us, 
IOmer; no furtllcr Iraming IS reqUIred 
for OptIon 3. 

Compk le ) Ill'ciflcation dclalh for 
the GR 1790 options afC aV311Jblc on 
Ih(' le;IT .. hed al Ihe bad., of this Issue 

Kit 2AK for Add'lional Memory. 60 HI lill<! 
KOI 18K for ACld01iooaJ Memory. 50 Itll,ne 

S I 0.5OO.00 
10,600.00 
13.500.00 
23,000.00 
23. 100.00 

K" 3K fn. ProQrolmn",lJlc l_'~, 50 10 60 HI' It, e 
K,t 2A-JK for both Oi.lOons. 60 HI lone 
Kit 26 31< for bam OPt,on 5O-H/t,n .. 

0," .... P,oq.,m .... ble 
Inputt Ou,puts Inputs/Outpu" 

St ...... dard O.vrc. Adaptor 1(,1$ 
1790 9601 no ~ll!t hol<'$ 72 72 
1790 9602 no 1()I;lo:t hol<'$ 96 144 
1790-9603 <~ ~CI he·~ 7] 72 
t790-9604 ;oc1", he'S % t4·1 

Unrvena/ Oevlce Adaptors 
1790-9605 no IV leI ho 72 120 " 1790 9606 no sockel half '" 9ti '" 1790 9607 no socket h<1lf , " 72 72 
t790-9608 no ~ltet hoh"f> "" % 

Prien nel FOe Concord. MA, USA 
Subject 10 qu .. nlolV discount 

Price 

S 130.00 
195.00 
135,00 
195.00 

600.00 
825.00 

1000.00 
1350.00 

Recent Technical Articles by GR Personnel "A 'oi,e I :\po,ure Ml'ler." G R pJr. 
tfU.lg('. to he prc\crl ted J-() l'Iioh'mhl.'r, 
\couslical SOll(,l), of America •• 

" 1 he Il ulllan F:ad or In Pre\:isc Measure· 
ml'nls." C \. WhJle. t'oIeoJuremI'II/Su/lJ 

1>010, March·ApnI1970.' 

'Sl:mi-Autornatic D('·DVM Calibra· 
tor." R P_ ,\ndc!"';on. Meusurements & 
fJuto. \lay·Junl.' 1970.· .. 

• Kf'pnnls nail.l>! .. r.om I o.IlIor 
• "Il.cprinls no\ 1'llil ll> tC'. 

JUL V ISEPTEMBE R 1970 

"('omp ut er AId!> Rl'dundan l LOgLe 
Sea rch." G. R l'artridge.l:'Il'clwllIf IJf" 
JigIlNl'ws(EDNJ,IS Jun('1970,·· 

" Pl annlllg I n~l'!olments In ReSl.'ar.:h and 
Developmenl," W 1) _ Ihll. },Julluf{l'flal 

P/onmng. July I August 11)70_" 

",\ rprm,im31t' ' ·r,.n~fcr Charilctl'rl\lle~ 

of a ("ondcl1wr MIcrophone with 1); .. . 

phragm StreichI'll O~N J.LJi~cd I'ollll\of 
thc Backplah'," S V DJum;. to he pre­
~('ntcd J·b I\o ...... mber, Acoustiul SOCIl" 
ty of Ameri\:3· · 
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