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_.------------------FIIIU .. I. 

THE MEASUREMENT OF ELECTROLYTIC 
CAPACITORS 

The measurement of electrolytic ca­
pocilors requires specialized meas­
uring instruments, High capacitance 
values, high dissipation faclors, 
limited voltage rolings, and the 
need for de bias are all factors, 
that influence the design of the 
capacitance bridge, Moreover, the 
residual impedances of the leods 
can be compo rob Ie with the imped­
ances to be measured, and their 
effects must be eliminated if 
accurole measurements ore to be 
made, 

This a/ticie discusses the measure­
ment conditions and the design of 
o new capacitance bridge to sa tisfy 
them, 

Perhaps the largest cllpacitunccs that 
most of us ha\'e had to deal with were 
those in the problcms givcll in circuit­
theory tcxtbooks1 where all circu it 
elcments wcre in ohms, henrys, or 
farads, While actual ca pacitors in the 
fa rad rangc didn't seem very practical, 
we realized it was the principle involved 
tha t was important and not the magni­
tudes, Jl owever, students these days 
may accept slich grotcsque circuit 
valucs wilhout question and , in fact, 
rna,}, ha\'e seen capacitors of this value 
advertised or displayed at the recent 
I EEE Show demonstrati ng our new 
TYI'E 1617 Ca pacitance Bridge (Figure 
' For InltAn.." E. \. Guil1emin, J.tNldllCtiu IG Cirn,,' 
T~'O'M, Jllbn W,I.), &no.l Son., ~ •• w York, 19.>3. 
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the . xper lrn e nte r 

1), One-farad capacitors: may not 
becomc very common for some time yet. 
but (,;lpaeitors of 0.1 furad ::llJd up nrc 
bring made by 5C\'cral manufueturers. 
and mpal'itors of ovcr 0.0 I F ( 10,000 JJF) 
arc not uncommOll in JO\\'-voltage power 
suppl ies. 

To avoid large errors from Ihe im­
p<'duJlcCS of the {'onnerting lcad .. , onc 
should meu"urc! thc:s-e large capacitors 
on a four-terminal bridge. One famd has 
11 reactance of only 1.3 milliohms at 
120 liz, th(' standard test frequencYI 
and the J1'Sbt:llwe of tesL lends may 
IX' many times largrL E\'en for ca pnc­
itance \'nlues \\'ell lx-IQw 1000 JJF, two­
terminal mcn.surements of D may bc 
subjcct to errors. For larger vulucs, 
capacitance-measu rement errors may 
be caused by lead inductances. e\'cn 
at frcqueneies as low as 120 li z. 

The 11C\\' '1'\'1'£ IGI i Capncitance 
Bridge is dcsigned especially fo r meas­
uring these large-valued capacitors, as 
wcll as other electrolytic types, most of 
which requ ire the special mem;urcmcnt 
ronditions prescribed by ;\11 L or EIA 
!Specifica t ions (see Table I ). The in­
ternu l test freque ncy of 120 li z is the 
funda menta l of the ripple signal that 
would be applied to fi lter capacitors 
used in full-\\'a \'e pO\\'cr supplies. While 
th is is far fro m the only application for 
electrolytic ca pacilors, 120 Hz has been 
the generally accepted measu rement 
rrcquen cy for all ex('ept the nonpolar­
izcd types used for motor sta rting and 
other specia l GO- li z applications. T he 
T n'!; 10 1 i can be used with a su itable 
external generator- down to ·10 li z 
and up to I k Hz over most of its 
• Gil. Tnl 1311·,\ or Tfn 1310-'\ . 

TABLE I 

Summary of EIA and Mil Specif ications on Testing Electrolytic Copocitors 

Sp«ificIJI!Q1\ 

"'''' A Ct"urlJl)' 
CtrparilOr T ype F,~quenc/l AC 1~"cl C Lou DC /'olllri:irn; l'ollag~ 

MIL C_3965 C 120±5 Hr l~ .. Ih<", 30% 1% II Or P.f . C-Sufficient .., ". . eve .. .,1 •• Tantalum Fa ll 01 oeWYor 1 Ii, 1% polori.y. 
and Sinle •• d ... I>kheu. i, D--"Polo. ind Copodlonce 8.idg,·' 
SlU8 capo el la .. .rnoll' r Sum o f oc and dc .holl nO I e ~ c .. d 

DCWY. 

Mil C-26655_8 120±5 Hr limited 10 IV, 1% 0,10% C-Mo~ lola. 2.2 V. 
Solid Tonlolum ,m, D- " Po lonr ed Brid ge", 2.2-1/ d, 
Copo. llo <l mo~. 

--
liS 211 120 lil Smoll enough nol ±1~% 0, 5% Oplionol 
Ton lolu", Eleclrolyllc '0 change value 
Copocllo .. 

Mil C. 62 B 120±5 Hr limited '" 30% 1% 0, 1% N. bio. required " ., vol loge 
Polo,hed Alumi num of DCWY or ~ V, Ie .. Ihon I V. However, if bioI 
Copo d lo •• wklckeva, 10 cou.e. d iffe,enc ... meowramentl 

omolle, with bloo .holl govern. 

lIS 154 8 120 Hz Small enough nol ±2'h% II o r RC Optiona l, bu. if ... b.lon llo l d iffer· 
D, y AlumInum ' 0 change volu. enee 0'''''', rOled d, .I>ould b. 
EI .. I .. lyll. Copadlo" u.ed. 

-
lIS 205 120 H, 5moll enough nol ±2'h% 0 Optional 
El echol yli. (opotila .. 10 ckonge value 
fo r u. e In Ele<lron;c 
Inflr umenll 
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range with no degradation in capa· 
t itan('e-OlcaSUrelncnt. :tccumry. 

Tesl-Signallevel 

The a(' Sigilli I Il'n'1 i;; part itu larly 
important for t:mtaluln typt·~, whieh 
tolNate only n "Ny low rcvcrse \'oltage. 
T he gencrntor I l'\'(~1 switch hns three 
po~itions: 2 \' ,0,:) " . nne! 0.2 V, rms, 
ma..ximu m. Th is ii'l 1 he appl ied bridgc 
yo ltngc; the uc luli l "oltage applied to 
thc unknown I'apndtor i.s somewhat 
less. The O.i'H·olt. maxi mum Eignal level 
hns beco me an informal industry sta nd· 
a rd. The 2·,·oil. levcl W3.S included for 
incrensed scnsith· ity on thc lowest 
cn pncitnnec rangc (0 p F - 1000 pF), 
and thc D.Z-\' position was added to 
allow n check to cll~ure that the Icvel 
was "small cnough not to change 
va lue," ill the words of so me spedficn­
t ions. 

DC Bia$ 

While de hins is not sl><'eifielilly 
requ ired by thl' ~ I I L and EI.\ sta nd­
a rds for cnpacit:lIlc<, mra.:<uremrnts (fWC 
T able 1), it is slx'eified fo r ~I I L dis..:;ipa· 
lion-factor measu rcmcnts of tllntn lum 
units. Also, thc t.ellt conditions used by 
capacitor man ufactu rers, which \'ury 
considcrably, u;;ua lly incorporate de 
bias. For tantalum {'apacitors, the bias 
specified is such thM , when the ac sigllal 
is added, the su m will ne\'er go ncguti,'c 
and will never excc('d the r[lied volt[lge. 
A common pra('t.ire is to u>;e 1.5-vo1L d(' 

bias with lelois than O .. '>-\'olt ac .':l igna!. 
Il owevcr, sevcrn l mtlllufnctu r('rs re­
quire that llimost the full de r1ltcd 
\'oltage be applied. To cope with i'!ul'h 
a ln rg(> ,·arintion in the dc-hias f"( 'qu iN'­
ments, the bridge includ<'s a n adjust[lblc 
in tcrnn l su pply, with six rl1llg<'s up to 
GOO volts. This covers the ratings of 

almost all electrolytic cnp[lcit.ors as 
well [IS tho:'C of most ot Il('r ty pes. 
Extern[tl hias up to 800 volt s mny bc 
applird . 

TIl{' appliN.1 bias m ltag<, i~ ind icated 
on the P:lII(,\ meter. wh i('h a\.;o servcs 
a" tht' null indi('ator and as n leakage­
('urrellt ammeter with fllll-sca\{' ranges 
from GO #01. \ to 20 m.\ . The ultimatc 
rr.soilltioll of abou t 0.;) #01.\ is ndcquate 
fo r most aluminu m cnpa('itors a nd 
some lLlntn lum types. For others [I n 
cxternal mir ro.'l.mmetcr can he uscd. 

Safety Fealures 

:\\ensuN'nH' nls on bia"c,J ca pacitors 
mny be inherelltly dangerolls, iJeC::1USC 

lethal cnergy rnn frequent ly bc slored 
in the capacitor being me3su rcd. :\ Iorc­
o,'er, ill ordcr to get good ae scnsitivity, 
a largc bYP:l capacitor i.:; requi red in 
the interna l de slIpply, which m3Y nlso 
store dangerous energy in the instru­
ment. it.~('lf . T he lIscr and thc instru· 
mf'nt :'lrr prot('(·ted by scvera l features , 
including h\'O warning lights and dis­
charge t"irf'uilry. If bias is not requi red, 
three switelws must nil he improperly 
sct in ordrr 10 get a dangerous voltage. 

ORange 

Xot on ly til(' wiJc ('n ptwitnllcc range 
(I pF to 1.1 F) hut al~ a wide dissipa· 
tioll·fartor rnngc is ncetled to Illcasure 
large t'ic('troIYl ic (,:lpacito~, whosc D 
va lll(' i" often well o\'{~r I ( I OO('~) nt 
120 li z. Tltf' I) runge of til(' TY1'~; 

W17 , which extcnds up to 10, would 
be awkward to u:<e [lbO\'c unily wcre 
it. not for til<' im·lu,..ion of the 
OIITIIO:,\II.1.· hal:lllcing mC'l'Iltlni 'lm. 
wh ieh i~ al.,Q a ff'ature of our I>opuiar 
T Y/'E Ili:~ ) Impf'dnllf'c Bridge,: ThiJi 
'II. 1', Ibn. ··O'lh,,,,,,II -.\ :\[."'hn' .... 1 r .... ,·ioe t.<> 
l "'I',,,,,e U"d~~_ lb.1ane~ Con'·~rr""el"." (I'OOf'~1 Hod •• 
Rr~"_01". \1',,1. [(.,',9, 
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figu •• 2 . V.llm ....... m • 
m.' .. m . o lu ...... '" .. , .. 
f .. u, . I .. m ill .. 1 ••• lt lO., • •• 
Th . l .. mill .. 1 ••• i.toll." 
" "lid " h .. v. n .. of'.cI, 
no. d .. " .. lid " I ' Ih • 
vollm . , .. lmp.d"n • • II 

111'11111 •• 

nOllrcriprOf':ti ganging m('('h.1ni;.m ('on· 
vcrL" illtrrtu·ting hridge ndju"tmt'nb 
into in<ll'I)('ndt'llt (lIW" ~ thut the rcul 
and im.1gin:.try p:lrt~ of the im l)('(lnll(,l' 
('un 1)(' hllllln("ed without a tim('-('on· 
suming !«'qll('Il('(' of adju>:tlll(,f1ts lind 
rcadjw;tml'llts. 

Brief Th~ry of Four·Terminal 
Meo,uremenls 

"rry low impNIa.n('(',.; mil'" 1)(' mc·o .... 
ured h~' :l four·tf'rminal method \\ hen n 
hif!;h dl',I!;ft·(, (If u('{'umey i..~ to hI' n'lIl­
izc·d. Thi ... i ... til(' ollly wily ill \,hkh 
('rror" ('lIll~t'd hy thl' imp<'<I:lIlt,{, (If Ihe 
('onlll't"ting Il'ad", tNmin:ll", lind ron­
t:let.~ (whit-h lIlay II<' mtlell Illrgl'r lh:m 
thl' unkllClWll impt'dnnre hl'ing nwlL ... • 
uml) ('lin he avoided. Thl' l- impll'"t 
four-t('rmillal ml'lI'iur('lIlent t'ir('ui1 is 
thl' \"oltnwtN-:unmrter mNh(KI ~hown 
in Figurl' 2. Thi" i'i u trrlll..jrr-imp('f.iunre 
m('Uslll1'ml'lll. ltC'rUu--<, thl' imp<><i::lIl(,(>, 
Zx, is thl' ratio of output \'Ollllgl' tQ 
input eurrf'llt, Z!I. From un iu"pe{·tion 
of thi~ rir<'uit, it i" obvious why two 
t('rmiualli of !l four-terminnl !'tnnd:lrd 
nrc ('n \ll'<.I th(' "rurrent" termina l" and 
two rnllt'd thr "potelltial" tl 'rmillul,.. 
Although thr~ terminal p:drs are 
thcorctimll~' intrrrhangrllhir h('(·au,-.{' 
Z:I ZI' for n linl'ar. pa.~~k(', bilaternl 
lIetwork, til(' rurn'lIt rating>! of Ihr two 
pail"1-'. of trrmillnl .. may 1)(' (Iuitr dilTrr .. 
l'nt. as 1lI:1~' nth('r pr:I(,tira\ a~p(·(·ts 

of the de,..ign. :\"otr that thr unknO\\"Il. 
R.ot , i,; ddinoo ap< til(' rf'"i ... tant'(' between 
the junction of 1he upJ>C'r two lends 
(point .\ ) :H1d th(' junrtion of the lower 
two I<'"ud,. (point H,. 'I'll(' loration of 
these junet ions ,..hou ld \)(' I){'rmnncnt in 
n ]OW·imlX·dalll·C' "wndnnl, in<irpcu<il'nl 
of the po:;:ition of conllrrlillg lend!', and, 
therefore, such :1 lI llllldard mllst have 
fou r !'\('pnmtc t('rminnls . 

. \ l ore nrcllrote impr<iuncc mea~urc· 
mrllts Clm be mllll€' with n bridge, Figure 
3, to Il\'oid meter calibration erron::. 
1I0\\"('\·er. h('re the r<'"iduai re"istnlH'(,!5, 
r1 and r" npl)('11r ill o lher bridge :lrms, 
wherr th('y cun CUusl' ('rro~ unlck'i the 
rf',..i.,tallres of thc-;{' arms are high 
r!lough to make the rr"idllul" l1egl igil;lc 
II..,. f'omp:lri!-Oll. :\"ote that r) and fa nre 
in fl<'ril'!! with the ~ur('(' and d('tcctor 
and thus 1':111.--(' no I'rror. 

For pn'ci;·ion mensun'mellts 011 low­
I"tt\uoo re~i"loN for exam pit'. th(' I\cll"in 
douhl(' bridgr i,; u"ed (Figurr I) .. \ 5 
l'hOWIl, the unknown iii ('ompnred with 
:Hlother four·ll' rminal I"(',;i ... tor, /($' If 
N., aud Un ar<' slIfJi('if'lltly Inrgr, t he 
main ;';()urf'C of error b lhe hrt"lllch 
rOlll:lining T4 and r. and r{"~lIlts from 
the voltage drop, I~'" \\ hit"h may be 
llppreri3hl(' b('rnll"'e T, und T. :lr(' ill 
*rie-. with lo\\-illllx>daIH'(' I(,\: and R$' 

" 

" 

figur e 3. Ii. Wh. a' .... n . br ldg . ... . Oluring .. 
f .. ur.t.r", i nal r.li""', . .. .... lth ill <tlld .... 1 I.rmi· 
n .. 1 i"'pedallc" I h ...... 11 III .. di .. '.'" circuil 

bron. h • • • 

I 
J 

.I 
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\"ot{' th:\t the unknowlI, 
a..'" th{' f(';;istanee bctwC('n 
of the uplX'r two leuds 
thf' junetioll of the \ow('r 

oint H). The location of 
l~ ~hould 1)(' pcrmallt'nt in 
lIce Manclard, indcprndt'nt. 
1 of cOli llcl'ting leads, and, 
:h a l' tandanl must have 

terminals. 
rat\> imlx'dalH'c mea"ure­
made with n bridg<" Figure 
meter ca libration errors. 
f' th£' rr"idu:ti resista nc{'s, 
)Car in other bridg<, arms, 
1n cau~(' error" unlr;,.,;; the 
f thl'~1' arms are high 
ke the rC"idual" IIrgligible 
n. :\"ote that t] and '1 are 
• tlw SOllrcc and detector 
:;.e 110 error. 
on measurt"ment" on Jow­
It;; for exumple, the Kelvin 
r i,. uH'd (Figure ..J ). As 
nknown i'l l'ompar<'d with 
·!rrminal rel;i~tor , Hs. If 
are !'uflil·jl'ntly larg{', the 

of error i" thl' hmneh 
and r. and re"ulb from 

drop, Hr, \1 hii·h mny be 
)('('all"r t. and r. nrc in 
11\-impedaIlCf' H.I. lind R.~. 

" 

'. 
, . 

'. 
'. 

'. '. 
' heot~lone bddge m eOI .. rlng " 
.illo'. II .. wilh ito ... idll ,,1 le.m'_ 

Ihown in "di,,<e nl <;« .. 11 
b,on<h ... 

1 
J 

.I 

" 
'. 

'. 
-

'. '. '. 
'. " 

~ '. 
Fig .. . . 4 . A Kelvin dOllbl , b. ,dg. <ompo"ng 
Iwo fo ... ·I .. m l" ,,1 . uiUo <1. Th , u <ond u l 01 
'0110 O,ml, II. ond R .. di vide 110 . e rrOr v"lloge, 

E., p,opo,'ionol,l y. 

The Kelvin bridge U5es auxiliary arm5', 
H g and 1(6, to diYide thi" error \·oltage 
proportionately bN\W'cn the t.wo h:lil-es 
of the bridge so that. its effect is bal­
anced and call celled. 

The excellence with which th is 5<'cond 
set of ralio nnns (N g nnd H~) balaneeR 
out the crror voltage depends Oil the 

dilTerenrc behl·ecll their mtio, 

and that of the malll arms, 

halance exprcl'l'ion is: 

II, 
Rx Rs RII + 

The 

R.(,. + ,.) (fI' fl.) 
Ra + Hb + T4 + r. Un Ub 

A$ lin example, if the unknown and 
~tandard rC!'i"tUllces and the stray 
rcsi"tance, r( plus r&. ar!' ~dl equal, lind 
if Rot Nil und R,,/Rb differ by I{:~, the 
error will be .J..:.«(. In prreil'ioll ]\clvin 
bridges, the adjustable arms, 1(04 and 
If G. tra{'k to IntH'h doscr tolerallce 
than this. 

An o]wiolls way to make u ('np:lrl­
,...... t..'lllce bridg(· that will In{'al'ure ,'pry 

high capacitances i~ to adapt til(' I":ch·in 

.June 1966 

bridge prin('iplr to a conventional 
cnpaeitance bridge, as ;;hown in Figure 
;J. ,\ny ac bridge for measuring complex 
impedances mu"t ha'·e t.wo adjustments 
(here C and IJ); to kerp the ratio 
of the secondary arms equal to that of 
the main arms, two pairs of tracking 
adju"tments are therefore neccssary. 

',"hat kind of lcud errors would we 
grt, with such a bridge? A faruu has a 
reactance of 1.3 milliohms at 120 liz, 
and the re5i."tancc of the connecling 
Iruds cou ld ea<;ily be :.?O mil1iohms (two 
fret of #20 wire ). If we a&;ume that 
1( ... = 10 mil1iohm;;;* and that. R,v 
and /{~ can track to Ire, the re,,"lting 
{'nparit:llwr error is 2CC. The error 
would i){' of thi" magnitude Ol"('r most 
of the top range (if Dx = 0). This 
dr"ign might he acceptable but IS 

;<ome\\lwt marginul. 

A New Cir(uil for AC Four-Terminol 

Measurements 

.\noliH'r \\:ly to compen~'lte for the 
error \·oltagl', I~·!I in Figure .j, is to 
introdut"c, hy "orne mean", an r'lll111 
\"oll:lgr in the {'orre~pondi.jlg phlce in 
• Thi, ia th~ ,."I,,~ ,,( Ih~ , .. tio .... m on the 101' ,an.., 01 
th~ Tnt. 1111, It In, .. l "'" '·~'Y3",.1I1<1 ob,o.", ' ........ " .. bly 
good """"'".,\) .. 

" 

'. '. C AII'U$I "£N T 

'. 
I '. 

E, '. '. o . """", WEN' 

c. 
C, " 
'. 

F;g ... e 5. A ,,,,,,·le. minDI <op"eilon" bridge 
.. li ng Ih e Kelvin d" .. bl e b,'dll . principle . fo, "C 
meolll.em e n" on ° <om p ie,. Impedonee. Iwo 

!longed adi .. lImenl1 o,e n ..... o.y. 
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" 
" '. '. 

' . . ~ , . 
II E. 

'. 

'. 

Fl . .. , . 6 . Th. be .. l. drcul l of Ih. 1611, wh ..... 
" .. h ..... q .... 1 ( .. lm .. lI) I .. ,h ...... , " .. 11"1', f., 
II plo •• d in th. oppooll. lid , of Ih, brldl ' b~ 0 

l ilhl l~ , ,, upl , d " .. nd .. ,m.,. 

lhe OPI)O: .. ite !;ide of the bridge, If this 
is dOIlC, no crror r<'suits, I)('cause this 
{'xtran{'olls voltage can be {'onsidered to 
be efTe(,li\'cly in scrirs with the gcn{'rtL­
tor and, ll\U,~ , will change only the 
h'\'el of the voltllge applied to the 
bridge . 

• \11 ideal transformer of 1:1 ratio 
would do thil'i job perfectly if the 11.\. 
and c.~ arms were of infinitcly high 
impedance; it is surprising how well a 
small, practical transformer with pmc­
til.'al values for R.v nnd e It will nctually 
do the job. For the circuit of Figure 
6. the baluu('(' cqunlion is: 

R," e [ r" + r. + r. 
ex"'" Il", • I + R", -

(r. + ri) , p + (r. + ri) T, ex _ 

Il",.l/ .11 

8 

(r. + r.l (ra + r,) 
1l,./~_ 

(
r. + Tt) (Ta + TI) 

/)x R II ~ ,w. 
(r, + Tt) (oj " + (oj (t, + 's»)J 

R",R.. U", 

where r., T~, t •. t p , Il .. and .1/' are 
defined by the transformer equiva lent 
circuit of Figure i . 

With tl liule inllight. it. i8 CiiSy to 
idcntify the phYl.'il'ul cau;o,e of the crror "..... 
term .. , mo~t of which arc proportional 
to r, and r •• which started nil the 
trouble, By choice of cirl'uit el('menl~, 
thcS{' error t('rIllS cu n be madc qu ite 
small, C\'en whell lhe lead resistances 
nrc qu ite large and R", i ~ rather small 
(as it must be for scnsi ti"ity eon­
l'id(·rations). The trunsformer in the 
Tnt: J61i uses .\Iumeta.l laminations 
to get a large mutual iudu('tanee and n 
bifilar winding that make" the le,'lkage­
induct..'lnce terms negligible. (Actually, 

.fI. 3 0-< the mcnsured ratio - 18 < X I , 
.\ 1 

which may &'em unbeliemble but. 
whkh is actua lly not. at all d illicult to 
achieve in bio lar transformers.) The 
wind ing resistance and the other lead 
re~istance, rt, appear in the terms 
that. cause the la rgest errors. 

Ilow well docs this llchcme work? For 
the circuit '-alues u:)C(1 in the prc\'ious 
example ( Il,. ,.. 10 mn, r4 + r. = r,= 20 
mn, ex = I F), the crror is approx i­
mately 0.1 % (if 0 is sma ll ). The 
speeifi cll.tions a llow less than 1% addi­
tiona l error in Cor 0.01 ill 0 for resist.­
ances of 0.1 ohm in any or nil leads on 
the highest range or I ohm ill /lny or all 
leads on the lo\\'cr ranges. These va lues 
permit the use of connecting leads of 
considerable length, so that large en.-

• A",ually ... ~itoo' '" pIaeood "".- the tt.n.fo'm~r to 
,,,,,,nate !be mu ..... 1 induet...,~. th u. rtldU""'. the ~""O" 
It! ..... <OIIt.a.ioilljt,lf. ,t-t,-' •. 

" " <. 

1[0 = o--------J"-JC--~IDr~ ~ 

FiIU,. 1 . 
Equ lw a l,nl cj, e u il .1 Ih , I,ani/ .. ,m.,. 

• 
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pacitors can be measured while re­
motely localed. 

A somcwha~ similar proble m with u 
very similar solution has been reported 
by Foard, 1~'l llg1ands and Binnie.' 
Therefore, we can not claim the prin­
ciple as Jl('\\', but we can 53)' that we 
haven't seen a circu it. exact I:,' like ours 
before. 

An Inte resting Error-And lIs Cure ,..... 
While four-terminal measurements 

remove the error caused by reasonable 
amounts of resista nce and self-in­
ductance in the connecting leads, mu­
tual inductance betwccn the" cu rf{! nt. '. 
leads and the "potential" leads can 
caliSC appreciable error when the ca­
pacita nce being measu red approaches 
a farad . If concenlric loops are formed 
by one-foot leads, as shown in Figure 8, 

• T. R. Foard. R. C. Lan,dand. and A. J. B,nni~. "Tra",,' 
form ... ·R.uo H"dge Xnwwk ... ~'b Pr"", ... l.ead Com· 
IH' ...... ,..,", .. I'TIIC"J,~~. of 1"', IE8 (I':.bc:). \'01 110. to. 
P 86. Sc-lI.rml;Hor 1963. 

Figure 9. 5up, .po .. d d iog.om. 
of Ih , meo.u"m , nt of " fou,_ 
'''minol Im pedon"e, b l""k , ond 0 
thr .. _t .. ml"ol Impedonet , " d , 
.how l"g duon ty. No' , thot o"ly 

E 
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f igure I . Whe " Ihe "curr t "t" o"d 
"potenl;"," I' od. fo. m COn<ln ' >lc loop. 
CI,, ), th t ' .. u"i"'11 muluol Indu"ton<l 
(Ib) offtcll Ih , v"lu t of Ih ' '''poei lo n .. 

me o l u" d. 

the mutual inductance can be as much 
as 0.3 pH, which causes a 15% error, 
in a mC!l.surcment of olle farad at 
120 Hz. T his is a series-resonance effect, 
a nd it increases the measured value of 
capacitance, although the mutual in­
ductance may be negali\'e if OilC loop is 
rc\'crs<'d wilh respect to the other. 

The cure is simple; just twist together 
either the current. leads or the potential 
leads to reduce the mutual ind uclance. 
This remm-es the error almost entirely, 
leaving only the mutual cou pling of thc 
bridge term inals, which is almost com­
pletely negligible, cven for mcasure­
ments of one farad. , 
Three-Terminal Measurements, Toa 

At the low end of the capacitance 
range there is the dual situation of 
errors due to shunt, rather than se rics, 
impcdanees. These stmy impedances 
are usually the capa('ita nccs of shields 
that are used to avoid placing lead 
capacitflllce directly across the Ull-

,],1 " 0-
if '. 

~ J1"". th . .. circuli b,,,,,chu "ould defin t 
th ' th. tt -te.mlnol imp,don"e, be­
""'" t Iwo 0" redundont " • • how". 

z ' OP EIj -CI~CUl l VOLltGE 
• IHPUT CU~R(HT 

$HOOIT-CUtCUIT CUIIAEI. T 
Y. ' INPUT YOLltGE 
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'. 
f igu.. 10. M.o,u •• _ 
...... , 01 a capacho. , 
C .. ... I,h a ,lIIlld.d 
Il ad o .. d 'hi 'nu"llIg 
u.ay tOpacl,ollclf . Th . 
_hi ,ld p,.~.",' "'0' 
copaclta .. c . dlr .cll, 
oc.o .. 'hi U .. ~IIO ... II . 

knowll Fill:llrt, 10). With n .. hi('ld adclrd, 
Ih('f{' :lr<' '·llpac-ilalll,(," from hoth I('rmi-
11111" or thf' unknown to thc ~hil'ld, 
rorming /I Ihl"t'<'-tt'rmil1al nNllork (rig­
un' II ;\l:ln~' !'tandnrd cnpuf'itor.-: of 
lOll rnp:ldt:lllf'f' \':lhle nrf' f'OIl"truct('(j 
n~ thrf"P-ll'rminn l d('viel'~ to n\"oid \('ud 
('rro .... '. To (,liminate the ('ITN't of i-itruv 
(,:lptl('itnn('('~, various Iype~ of gunr;' 
hn\"(' 11ft'1\ 1I",'d in ea pnritnll(,(, hridgt .. 

In tlif' Tnt. 11117, thl' I>tnndard 
c:lp/uitor j" IlIrg(' C'llough (0.:) #-II) to 
111101\ con .. id('r..tble I>hllnl rapaciwll(,(, 
without apprf'('iabl(' error. !-o Ihllt 
point \ ('oulll h3\'(' Ix'rn uf'<'d for 11 

gllnrd 111 lhi" C:lt:e CA lIould !ohunt 
thl' d{·tC'l"tor (no error), find ('8 would 
t:hunt thl' :-t!l ndnrd. lI owe\'('r, Ihi~ 
Jloint !lml both the unknown and the 
:-tanciflrd r:lp:u'iton; get filII hia~, and 
In' do not en('Ournge our ellJ:;tomer8 to 
put (00 \'oh~ on the l:'hield!l of their 
connCt·tioJl .. Tlwr<'for<'. an i"omting, :l­
J:;lng(', ullit.l'-g:lin amplifiN i.'1 u'('d, II hkh 
block" th(' ric anti still gi\'e; til(' nece:.­
.~ary guard ~igna l to rrou{'e the e!Te("t 

Flgu.. II . A ,t. .... 
' ..... 11101 oopotllo., C., 
... lIh III ""'0' " copo­
cilollc", C , o .. d C8' 

I lg u .. 12. Tt.. guo,d orrong''''' I .. , u .. d ill Ihl 
1611. No vollog. opp ' Otl a"OI1 CA at n,,11 

(id .. II'I'), olld CB I"" lood. ,h. o""plll i ... 

of CA (by fi fntto r of about 1000) find 
to gi\'C n low outpUL imJX'duncc thnt 
ca n tolcrnte n ron.-:idcrablc loud (('B)' 

Would You Believe 5 Terminols? 

The TrrF: 1617-.\ ('apacitance Bridge 
has fi\'(' term.ina l'l und i<; one of the 
world 's fcw fi\'(·-tl'rminn l bridges. One 
cunnot help wondering if there i:; 11 

m{'u;;uremcnt situation wlwre all five 
termjnnl;:; would be uscful simulta­
neously. Ruppose, for ('xample, that one 
lIanted to men!lUfr none- microfarad 
cnpncitor thnt Wlli'; 1000 f('('t aWlIy from 
th(' bridge. The lcad~ .-:hould be shielded 
10 8\'oid pirkup, a nd n gunrd would be 
ne{'e::;,"nry to al'oid 11 tnpntit!m ce error 
unle.."-S a vcry low-capacit.'tllec cable 
were u"Cd. Lik(,\l i~e, if 1111 accurate /) 
m lue is d~ired , tl. four-termillnl mens­
lIf('ment should be Illude, because the 
It'ad resi.~ Itl.nee will probnbly be scveral 
ohms. Actlmlly, II"{' haven't tried th is, 
but the T yl'£ 1017 ought to do it. If 
allyone tries it , we'd like to hear about 
it, particularly if it work.';. 

While thi!' example may not be a 
com mon problem, there i!l a very im­
I>ortnnt problem in (,xtrcmely higb pre­
cision capacitance m('n~ur<'ments where 
{'\'ell fil'e-terminnls nrc not enough, a nd 
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Lbe usc of eight terminals has been 
proposed i. 

P{'r1l3.PS nil this stress all extra 
terminals has left the impression thut 
r'Jlpncitnncc measurements have some­
how become much more difficult. than 
they used to be. (Whatever happened 
to those simple two-terminal bridges 
eR used to make?) Certainly nothing 
has l'hangC'd over the middle range of 
capacitance valucs, snd only two termi­
nals are required , as always. The TYI>E 
1 G 17 is just. as easy to lISC for ca pacitors 
of lhese values, particularly if one uses 
the two-lead, shielded cable harness, 
which connects the proper terminals 
together at. the bridg{'. Also suppl ied 
is a four-lead harness for the measure-

I R. D. ("ulkoe.t.,y. "Four_T ... mi ... 1 PI;. Network., ... 
Pr~111on SIID<IAn"." 1881'1 T .... ~""" .......... Co ..... ,nK.-
Ii .... OM EIId ... ir •. (10. J ..... u •• y. 11164. II I~. 

1Il'nry I> , Uall, Group 
l.eader ofthe [ml)l'(lllll~ 
:'ofen.~Url'lIJ('lIl Group in 
GU', EngineNing Ik­
l)II.rllll<'l1l, IIIU'nlle<! both 
Willia m, College llI1d 

:'o1 .I.T .. H~i\'ing in 11)52 
his ,\ B. from the former 
lind hi~ :-. 13. lind S.:'ol. in 
EIe('triCIII Enjtine-t'ring 
from the> latter. lie camtl 
to Cit>lll'ral Rlldio fir~t 
Ill! a cooperative ~lud('nt 
in 19 19, ix-coming II full­
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time dtvt'lopmenl en!l;il1eer in 19.12. Set. ion 
Leader in 1963, a nd lirollP I.(>ad('f in HIDI. 
.\ member of IEEE, he hll8 1I('rvt'(1 on vari­
ous committe<'>! of thllt lind other profe.t­
~ionlll and indll'llry orpniMtionl!. li e if! 8 
m('mber of Phi Beta Ka ppA, EtA l"appll XII, 
Tau Bell!. PI, and ~igffill Xi. 

mcnt. of those larger capacitors, for 
which other bridgcs are not s.!ltisfac­
tory. 

- II I;SIO' P . IIALL 

SPECIFICATIONS 

Quartlilll "'~Umtr 

C"p"ct,,,",. 120 III internal 

40 Ih; to 120 l iz cxk!rnlll 
(ull('ful down t.o 20 l iz 
with trouced ae<:uracy) 

120 11& to I kHz 
ext.erlllli 

Olu l,o'lolI f .. ct"r 120 11& illU'rnal or 40 Hz 
to 120 11& 

120 l iz t.o I kllz 

l ' od-It. d,'''"u (ftor (4 -I . .... rnol •• "" ... 11."), 
Additional e1l1)!\citance error of 1('811 thlln I":' 
and D error of 0.01 for a resisunoo of m in 
eaeh lead on 1111 bll~ the highe!lt range, or 0.1n 
on the highest range. 
In' • • II.1 hfl Sltll.l , 120 II. (aynehronized to 
line) for OO-lI z model; 100 II. for 50-liz model. 
Selectable amilliwde Ie. than 0.2 V, 0 .5 V, or 
2 V. Pbase reversible. 

N ..... An:uraclI· 

a to 0.11 10' ± I" ± 1 pF, ,mllllest divi~ion 
2 p ; resident (U zero") CIlIlIlCi-
!.ance approxima~ly 4 plo' 

0.11 Ftol.l F ±2% 

Otol.lF' SAme IIJI above witb 8uilt~ble 
generator 

('00)' ± 1 % ± 1 plo' with suitable 
Otol F /11. generator and prccaution! 

OtoIO{~ ± 0.001 ± 0.01 C ± 2% 

o to 10 [ ± 0.001 ± 0.01 C] {~ ± 2% 

bl •• no\ T .. , Slt".\ , 20 liz to I kllz with limited 
range (ere nbove ). 
I"'. ,"" t DC II., V"lt.1I1I olld V.lt ... . '.': 0 to GOO 
V in Ii I'llnges. 
V.I' .... ' . ..... cu.o.y, ± 3$0 of full seale. 
111' . '"01 DC Itol Curr. lIl , Approximately 15 filA 
maximum. 
A ...... " .. 1t0Ilt.: 0 to 20 rnA in 6 range.. Cao 
detect !i-""- le&kage. 

11 
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",.1 Experhn emer 

GENERAL RADIO COMPANY 
WII:ST CONC~O . .... SS .. CHU.ETT. 0".' 

S PEe I Fi e A T I ON S (Conf'J J 

"mm.", Ac ........ y , ±3'e of full Kille. 
hi" ",,. 81 ... , 800 \' maximum. 

Cobln"I, Flip-Tilt; relay-rack model also i. 
available. 

".we, ...... I •• d , 105 ' " to 125 , . or 210 V to 
250 \', flO liz, 18 \\" maximum. :\Iodcl. available 
for 50·111 OIICration. 
AUfl,.,Iet SlIppU.d , Four-lead and Mil:'lded 
two-lead ('11.1>1(' aME'mblietl 
Acc",,,. I .. ....... 1 • .., ' :\one fOT 120-lh mea&­
urem('nta. The TYPE t:1I1·A Oscillator ia 
recommend"'" fOT meaaul't'ment at ~p(tt fl'f'­
q,uendl'lilhe Tnt; 131()..,\ Oscillator for ron· 
tIOU0U8 I't'quenryeov<,ragl'. 

Di .... ... I.n"' Port."ble modl'l - \\"irith If>1 4• 
height 15, depth 11 inchl'l!l (",15, 3S5, 2:SO mm ); 
Tack model- 'Aidth IU, hl'ight 1.1, d('pth 1x>­
hind panel G~ illchee (-185, aM, 100 mm ), 
ove .... all. 

1617·9701 
1611-9116 
1611_9106 
1611·9166 
1611.9120 
1611.9296 
1611.9116 
1611_9216 

Na. Walthl: Portahle mood, 26 lb ( 12 kg); 
rack model, 28lb (1;1 kg ). ~ 
Shlpp ln, W, lgh l ' Portabl .. moot'l, 31 Ih (15.5 
k g ); rack model, 13 Jb (20 kg ). 

Delfflplion 

Typ' 1611 Copodlon" Brld.e, Po"oble Model 1115 V. 60 Hz ) 
Typ' 1617 Copod lonu atlc' . e. Portobl' Model 1230 V. 60 HI ) 
Type 1617 Capullon. , I<ld.e. Portabl' Model III" V. 50 HII 
Typ ' 1617 Capullon " I<ld. e. Par/able Model lno V, 50 HII 
Typ. 1617 C.poei lonu I<id.,. Rock Mod,1 "I' V, 60 HI ) 
Type 16 17 Capullon " I< ld" , Ro •• Mod,11230 v. 60 Hd 
Type 1617 Copo d lon" I<ld." Ro c" Mod,1 111' V, 50 Hd 
Type 1617 Capo d lon" I< ld." Rock Mod,I{230 V, 50 H. ) 

Price 
in US,t 

$1195 .00 
1 195.00 

on "q",,1 

on " q"' " 
11 95.00 
11 95.00 

Dn roq" ' " 
on n q",,1 

GENERAL R A 010 COM PANY 
WEST CO N CO R D , MA SS A C HU SETTS 0 1 78 1 

," :, ... .. . 
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