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CONNECTION ERRORS I N 
CAPACITANCE MEASUREMEN TS 

• W HEN A CON 0 ENS E R is connecteri 
inlo a circuit. somc 'YI>e of connec tin g ..... ires 
mlls t be used. These ",ircs \\ill hale capac
it a nccs to each o lher a nd 10 o lher pa rIs of 
the circuit . ",jlh the resu lt that the cHpaci
l ance actually inlrOiJuccd inl O Ihe circuit is 

different from Ihal of lhe j'ondcliscr alollc. Even when one con41cnser is 
suhstituted for another, usin g exact ly the sa mt: lea ds. the ca p lIl' il BTlI'C of 
these connectiolls lIIar be different in the 1\\ 0 cases. parliclllarl~ if Ihe 
1\\0 condensers differ ill size and shape. Such ('Ollncction errors, "hilt: 
negligihle in man y cases in volvi ng large capacitances. Ik'eornc of im
portance in the measurement 81lcl inlcrcomparison of small (·apaci tances 
and of s tanda rds. 

1I 0w lIIallY differellt t ypcs of conncl'liOIl capllci tallCt's nrc Ihere and 
whut urc their magni tudes? An /lclua l exa llll'le "ill ;;;er n' 10 illustrate 
them. Suppose that two '1''' 1'.: i22 Precision Con.-Iensers lire 10 be COII

nected togelher. \Vitll their pand;, tout'hiug. Iheir terminal" ;Ire Ihree 
inches apart . Le t these ter
millals be connected by t '''0 
No. 16 bare cOPI)Cr "-ires 
spacc(1 3f of an ilH;h apart 
(standard Genera l nadio 
spacing) . The wire sholll(1 
be bare to e liminate ),0 111 

the ex tra cll pacilance intro-

FU: III K L. The ll<:curacy I ..... hid. 
the {,,, Iil!tu l ;oll or .. Tn'R 722. 1) 
PrN!iij ion Conden!!<'!r \~ Io o .. 'n at 
righl ) (11 11 1,1' 1I.l'cl'ifie<1 ( I:I'I:,uls to 
II ("1>t1~i,l<'r.hlr tl el("r e<' upon Ihe 
<,rror~ ,Ii,,,,,, .... ,,d in Ihi~ IIr l.de 
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GENERAL RADIO 2 

duccd by the insulation, whose dielectric 
constant is grea ter thun unily (3 l'H!f. 

haps), UJld the ad~lcd dielectric loss in 
this insulation. The wire shou ld he of 
small diameter becausc its capacitulll.-e 
varies as the logarithm of the ratio of 
il s diameter to some o lher length , spat·· 
ing of the wires, or distance 10 ground. 
Precision condensers are lwo-lcrmiuul 
condenscrs wit h olle terminal connected 
to the panel and shield. One of the COII

necting wires is, therefore, con nected 10 

the panel an.d to ground. 
There ure three types of capaCI

tance involved: capaci tance between 
the IwO wires. capaci tance I"elwecn the 
high wire and the panel, and capacitance 
between the high ... -ire and ground. The 
calculated \'ulues of these three capaci. 
tances arc 0.22 J.lJ.lf, 1.07 J.lJ.lf, and 0.79 J.lJ.lf, 
respectively. Thcy are, howe\'er. by no 
means additive. The grounded wire 
sh ields the panel so that part of the ca· 
pacitanee to the panel is transferred to 
the grollnded wire. Si milarly, parl of the 
capaci tance 10 llll infinite ground is 
transferred 10 the panel which is shiel(l
ing it. The ac tulll tOlal capacitance is 
1.19 J.lJ.lf. This is tertainl, 1I0t negligible 
when measuring ('apacitullt.'cs of ,LOOO J.lJ.lf 
or smaller. 

~ ,---' -

5 Vc , Cg Cx 

~ 
~ 

f'U; I)KK 3. The &tray capacitances C, anrl C~ 
Ilrtllluce crron in the Illeluurelllent of the 

unknown condenser c., 

It should tlten be sufficient , when COIl

netting two condensers in parulle l. to 
add the capacitance of Ihe added con
denser and the connecting wires, Unfor· 
tunately, the latter, as indica ted above, 
is not a constant for a given pair of wires, 
hut tlepends greatly upon the dis tance of 
these wires to all grounded pancls and 
hence on the size and sllal)C of the added 
condenser. It is, thererore, usual in stlb· 
stitution measurements to keep the leads 
connected 10 the standard condenser 
with the unknown in pos ition and with 
its grollndc(1 terminal already COIl

neeted. The hi gh lead is in positioll ami 
just nol touching the hi gh lerminal of 
the Itllkno\\l1. Sitch a <lis l)OSition of ap-

Freultll 2. This fi ne wire 
connector, by means of 
which Curve A of FIf;uRt: 
5 was obtained, is used in 
calibrating all precision 
condensers in our labora· 
tories. An older type of 
COnll t:<;tor is shown lean· 
inl against the condenser 
ca lincl, and produces a 
"'''cII grcatcr error as 
~hn"' n in Curve n or 

Fr<:UR p. 5 
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plIratus is 8110" 11 in Figure 2. lI a \ing 
made II sunil' jelll measure lUent , sHeh liS 
balancing II bridge. (or this condition. the 
11 111..110" n condenser is L"O lUlcc ted inlo 
eircuil ami the second baltmt:c mude. In 
this maliller the cITecl o f t he I,"mls is 
lnk"1J ;nlo at'c'ollnl, for Ihis should IJe the 
!lame ill Ixnh mellllurClllcn15. It apl)eare, 
hOIH!\er, IllIlI the capacita nce measu red 
(Icpends "llOl1 the original seplIr:1I ion of 
the high lellil and the high terlllin a l of 
the unknown. 

Figure 3 illu81ralcs tile various capac
itances \I hich Clll l,lr the problem. For 
tile fin'llmclI!;urclllcnl the high lead hilS II 
10lal capacita nce C, to ground ami a 
capacilllm:e C. to the high termin al of 
the unknown ca pacilallce C~, bo th of 
lhc&e clipacilanL"1!S corrcspolldiu g 10 II 
('erwin separa tion h. The lola I capaci
tance of the s)steUl is 

e+e + e,e. 
g C~+C. 

The high lead is then brought into 
con tact with the high tcrminal. maki ng 
" = 0 and C~ = 00. The s taudanl con
denser is then changc(l 10 a capacitance 
C' such thai the total capacita lll'e of the 
system is the same as beforc. The 
change in clI paci tll llcC .1C of the 
SllllHlanl t'Ollilellscr i~ 

.l.C = Cz + .lC, - C. 

" herc C·· . r C.C" I • 18 \\ rltlen or )Ct'a llse 
C. + C" 

in general C. is \cry smull compared 10 
Cr. 01 her observ8 t iOllS are then IIInde for 
IliIT ... renl di"lom.'t!s of 5cparation I,. and 
the caplld l8nce chall::;"8 aC plo tt ed 
against h. as silo"n ill Fib'lJre I. H ill 
1II0\'ing the high lead ovcr the dist lllH:C 
I., the ground capacitance C, docs not 
i'hange, i.e., 6CQ = O. Ihe plot of 6C 
agains t II "ill have 1.1 horizonlall1sytllp
tote. "hich islhe true ,allie of C.,. En!1l 
under lhe most fa\ oraLle 1·0I14li t;0115. 
there "ill hc some change in this ground 

3 EXPERIMENTER 

capa"il auee as t he spacing" is dlllilged. 
If the high lead is a fi ue \\ ire and is kept 
It considerable distance f.rOUl a ll groundell 
surfuecs, the change in Cv will be IIpprox
imat elya linear fu nction of It. Tlw plot 
of .lC will t!ten !ta\'e a slallting a8)l1Ip

lote I, ho;oe in tercept iii the \' a lue of CZ' 
The finer tilt: "ire alld the grea ter Ihe 
distance 10 ground, \\it hin lim;ts. the 
1II0re ncarl) horizontal is tbis as) IIIp
tOle. For II large wire ncar the grou nded 
panclil the chunge in Cv is such tha i this 
plot of ilC has a maximulU and changes 
by such a large amount Ihat it is im
po@sible 10 draw an asymptote. 

Observa tions made wi ll. II Tn'~; 716-A 
CapaciI3111'e Bridge 00 a TY1'~; 722-0 
Precis ion Condenser are plolted in Fig
ure 5. Cune A was obta ined with the 
connector shown mou nted on the bridge 
in Fignre 2. The fine steel wire is kepi liS 

FII,:mIR 4. TIoaoffticll.Uy, th~ meaaured cal'ac
illlnet': of an lIir ('(mdelitICr I'lottffl aa a ru ... :. 
liou or the diuanee h .. 10m ... , in FICURI!. 3 hail 
dlhf'r II hori1.<)IIU,1 or II "erl i<'1I1 asyn'l" ote 

fur from the grounded panels as possi!Jle 
und is raise.1 b) means of a ('lI m which is 
llIuullted 011 Ihe triangular sUPI>ort. The 
sla nt ing IIsyl1lJllote is well defillcd IIml 
gi\cs a value of99. 13 ~~f for the capaci. 
tailL'C of Ihe unknown condenser. The 
eun c has this value for a separation II of 
M ind .. 1-lc lI l.'C, wi th this connector and a 
l{ _inch sC l1aralioll . il should be possible 
to lIIeasure t'apacitance to llithin ±O.O1 
~~r. C ur ve 8 \I as obtai ned using the con
nettor whidt is 8hoWll leaning againsL 
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ENERAL RADIO 4 

, 

the precision condcnser. Only the verti
ca l rod moves, and its capaci tance to 
ground should change only slowly. The 
supportin g bar is, however, wide enough 
[0 shield the rod and cause the ground 
ca pacitance to cbange rapidly as the rod 
is raised. J Ie.nce a ll measured va lucs of 
tl.C are 10w, aud no asymptote can be 
dral>ll. The pa nel of the precision oon
denser lI'a8 ilext depressed 5 inches and 
Curve C obtained. This sho ..... s 11 great 
improve ment ovcr Cllrve B. bu t the 
slanting asympt ole is not easily defined. 
The cri tical separation II is lrs inches. 
Curve D was obta ined with No. '16 par
allel wires at the same height f.roUl dIe 
panel as the hole in the terminal. There 
ill flO possihilily of drawi ng an asymp
tole, and t he critica l se paration is only 
O. Linch. 

T he fllle wire connector is now used for 
a ll IIccurate eaplici tallce measurements 
in t be General Radio testing laboratory . 
T he critical separation of U inch is al
' .'Iiys obtained by adjustment of Ihe 
height of the high terminal and the ca m 
tben used to make quick connect ion or 
disconnectioll, Observa tiOllS ca ll be reo 
l:.ca led to O.OL IJ.lJ.f and to 0.02 IJ.lJ.f (Hell 

when the condensers are reUlOVe(\ lind 
then reassembled. Oifferent types of con· 
densers. both standard a nti unknown. 

V-
, 

0,. --- --:» V 

~ ,-' 

' / 
• 
, , .. , .- • u 

can affect the \'alue of the criticlil &c pll

ration so tha t 0. 1 IJlJ. f is a t prese nt set as 
a conservative error. 

There are, of COllfSC, many ways of 
connecting: eondcnsers in parallel so t ha t 
their ca plici Lanccs add with only sli gh t 
error. TYI'~; 509 Condensers are built to 
be staeked one on top of another. Plugs 
projecting: downward from thc termin als 
ht in lO the jack tops of the terminals Le· 
10w.The plugs add a ca pacitance of a bout 
0.5 IJ,uf. There i8 a decrease ill eapaci tance 
amounting to about 0.31J.1J.f wbell similar 
units are placed l:.clow and above. These. 
condensers a re, therefore, most accurate· 
ly mcasured Ly using two dummy case,; 
be twecn which they are a lways placed . 
The error of measurement is ± O.OL 1J.~f. 

\Vhen the JlO",'er factor of lI. eOlhleuser, 
as ,.ell as its capacitance, is to be meas· 
ured, extra care mus t be taken to keep 
the cont acl resistance of the cOl.l lleetiolll; 
low. T he equivllient serics rcsistancc of a 
condenser varies in versely both as the 
ca paci tance and as the frelluellcy. E,'ell 
at a frequency of I kilocycle the re
sistance of a 1 IJ.f condenser of power fae· 
tor 0.0005 is only 0.08 ohm. Thc usc of 
plugs and jacks under these circum · 
sta nces is quest ionable. 

Lo the lIlost precise work the COII 
denser is prov ided witb a third terminal 
cOlluected to guard elec trodes or to 
the shield from which the main ter· 

, 

minuls of the condenser a re now in· 
sulated. and the Lridge is provided 
wi th a guanl ci rcui t \.0 which the 
ex-tra termi nal isconucctcd. By these 
devices the connect ion capacitances 
and their power factors a rc removed 
from the direct measurement. 

- H OBlmT F. FI ELIl 

F'CUIIH 5. Di fferent 'YI'I!II And nrrungc· 
mell t~ of eonnl'Ctor~ produce d ifferently ......... 
8h"I'<.>tI rlo t~ of m':lIsurcd Cllp'JC;lIIne,", 
IIgaUl~ t t he .liil lanee I.. Curo'''' A. taken wi th 
the fin" wire oonneclOr of FICU II '- 2, is Ihe 
onh' one of the four curVeiI whieh has II 

. well·defined ny ml'tot e 
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5 EXPERIMENTER 

A VISUAl BAlANCE 
FOR A-C BRIDGE 

INDICATOR 
MEASUREMENTS 

• THE PRECISION Of BAlANCE 
of u-e bridgcs is a direct. fUliclion of Ihe 
I5(: lIsil;"il) of the lIull indicator. At a fre
~ luclIC) of 1(}00 cycles. where most clcc
lrkal com munica tiollS measurements IIfC 
mutle. 1lI!lgnclic head telephones, by 
\ irttlt: of their mechanical resonautt, 
hu\'c adequate sensiti vity "hell lISCtl 
'" ilb all Bill plifier. For commercia l ,lOwer 
frequencies and for the higher audio 
range, howc,"er. headphones arc flot 
suitable. being limited by their 0\\ II lack 
of !lensitivi!) as \\'ell as that of the car. 
For these frequencies, II \·is uul illllinlior 
is {lcsi ra l,lc. 

The coppcr -oxide.rectificr meier in 
conjunction wi iii an amplifier provides 
adNluate sensitivity and is convenient 10 

r- llde. To facilitate IIIe use of this \'i8ual 
indicator, the TyPJo: 814-An Am plifier (a 
relay-rack model) is provided with Bpace 
for mounting a 8Inlldard -sizc meter. This 
<lllIplificr, in conju nction \\ith a coPllCr
O'.ide mcter, is an excellent delector for 
6O-cycle IIH':/ISUrCJllenI S. 

The meter, mounted 0 11 tile ampli fier 
pU llcI, is shown in Figure 1. Space behind 
the meier ill used for baltcric!I. 

This meter is a lso used in the 1'YI'f-; 
483-F Outpu t Meter"'. Its impedance is 
20,000 ohms 8ud iIB frCtluency charac
teris tic is considerably hctter than any 
previous ly obtainulJle. Two ,·olt s a re reo 
quired for full·scale dencction, and the 
smalles t scale division is 0. 1 volt. A dc · 
neetioll of one'ljuarter di,·ision. or 0.025 
\'olt. is easily dett.'CleJ. 

About 4. microl ol18 applied to the am· 
plifier input'" ill giHl this deflection Oil 

t he meter. With 10 lOftS applicd 10 IIle 
Tnf-; 716·/\ Capaci tance Brid ge. this 
means Ihat capaci tance nnd power 
fac tor ca ll he bnlnllccd to Ii few lIIil . 
lionths. 

The sensitivity of the meier is essen· 
tially constant up to ] 0 kilocycles ami 
about equivalent to that of head t.ele · 
I)hones at 10 kilocyclt."B 8ntl 100 cycles. 
Ll ead te lephones at low freq uencies, 
ho",'e \'cr, tend to cmph8sil'.e harmonit.'1! 
because of Ill l!cirani l"1I 1 resonance effects, 
and, ut frequencies lIS low all 60 cycles. 
there is IIlw8)'s th l! possibility that the 
cu r ,,'ill re-combinc hurmonics to pro· 
duce the fU lld amcnw1. 

FIGIJKI!. 1. The Tn·I!.I:II'I • .'\1l i\lII t,iifier .. illl lII~I"r and fih~r. The lilter cwn be '''Duuled at Ihe 
rear of Ihe inUnJDlent. and i. eonnOOled to Ihe panel jacK tbrough a hole in the panel 
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ENERAl RADIO 6 

Sharpness of balance \\ it II cit her meter 
or headphones is grea tl y incrca&ed by the 
use of a filter 10 exclude harmonics. 
TYPE 81'. 1' T uned Ci rcui ts" have i:H'!en 
designed for this purpose lind ca n be t.>on· 

Trpc /Jr'a; I',if)ll 
8 14 • . \U Alnl,lifier 

net' ted in the b'Tid circuit of the las l am
plifier tube by plugging into a jack on 
the amplifier panel. T hese circuits art.' 
s tocked in '\\ 0 models, onc operating al 

1000 c}·des and 400 cycles, and the 0 1 her 
t uned to 60 cycles. Oilier single-frc
((tWIlC)' a llel lIIultiple- frc(jllclicy unil S 
/ 'U ll he built to order. 

Cu.1.- Word / '00 
A I.o,"~ ' 97.50 

81 ·~ 1>2 Tuned Cin:uit - WO and 1000 cyclt!tl ,,-lIlILI; l i .50 
8 1"-1>3 Tuned Cirell i! - 60 cyde;l ", )11' 1.1; 12 .00 
·mS- 1l1 Hl"Ctifier " t'I~r OUlUI IM'S .,;: ... T JO.OO 

Thi •• n".,..,en' "I_,,~ und ... to .... ". M ' hn A ...... Io.o T.lnph .. n ...... T@IOS .... b C_I'.o, ",,1.1, fo. u"h .. "o" ;n ...... r<h. 
I ..... dptloo:o. __ " ... ,;al. 'a.' .... 'Ioo. • • ad _10.-, ..... k i. pu", ...... pp iood ..,;..,,« . 

SHIELDED TRANSFORMERS FOR 
BALANCED CIRCUIT MEASUREMENTS 

• 0 N E a F OUR R E C E N T rout ine 
measuremen t problems required a bal_ 
ullcc,1 po\\er sou rce at several hundred 
kilocycles. T o obtain this. a sl.iclded 
transforroer o j:lCra ting a t these fre
quencies \\ as necessa ry. TYI'~: 578 Trans
formers were tried. and pro\ed to be ex 
cellent for t he puq>osc. Thesc trans-

(ormers "ere origin ally designed for use 
"i lh iml)Cdancc bridges and "ere de· 
IICr ibcd in the Experimellter for April, 
193·~ ali{I OctoLer, 1935. 

'1' \\0 shields nre used on the 'J ' YI' ''; 578 
T ra lls-former so lhat it ca n I)C used in 
either direction. The shiclds comple tely 
surround each winding and mak e the ter
miual cap"eitances equal. This double 
shielding a lso rct.iuccs the mll gnitude of 
the termill ll i capacit ances, \\'hich is de
sirable (or work li t high freq uencies in 
ord(!r to avoid too b'Teal a shunting er· 
fcct on the secondary 10lld illlpellances. 

1-'igure 2 shows the TYI' E 578 ','rtlllS
former 3S the coupling de \'ice bcl\\ een an 
unbalanced ;tnd a balanced system. The 
(';tp'l('i tan('cs \\hieh mUSI be equ;tl (or of 
ncgligihle magnilU(le) IIrc C. and ~. 

Each of these consis ts of the terminal 
capacil a n~e of Ihc wind ing to shield in 
serics wilh one·half the shicld-to-shield 
clI l'aci tancc. The magnillllie of C1 and C: 
is about 40 !J.}l f eacb alHl 11 11.\) do nol Ili f
fer by more Ihll n 3 }l}l f. 

l-'IGliKK I. 
'I'he 'l'vl'E 578 Trllnsfor rnrr 
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7 EXPERIMENTER 

1 
L CASE 

1 
T I I T 

~ I I I I C, *= Z, ~ I I I ~ I 
I H~ I ~ ILLATOR I OSC " II~ • BALAN CEO 

NO 
TO 

GROU I I I I I I I C2 := Z2 ~ I I 

.J.. 
T 

PRIMARY/ 
SHIELD 

I 
_ .J 

1-
L 

\ 
' SECONDARY 

SHIELD 

FICUKE 2. 'I'llie diagram IIhuw. the ahie1ding arrnnS<!' lllent "rid the cII llacitauCdi which are • .,0-
dated with .. Itch terminal. For th,., conneelion ~hown. C, and C. are.t.oul 40 I'p.£ each. Note thai 

the transformer win,Jing~ arf' flU I ~"I':'lIcr.la l'l.w 

With Z. and Z: cncll eq ual to 3000 
ohms resistive. the unbalance ca llsed b)' 
the maximulII inequality of trandormcr 
terminal ca pacitauces is, at 0.5 mega
cycle. ahonE 1.5% in impedance 81H1 2" 
in phase. AI lower frequencies and ""ilb 
lo\\cr val ues of Z. and Zt. the unbalance 
is, of course, corresJlOndiugly less. AI 
a udio 8111 110" radio frC(IIlCncies amI \\ ilh 
500-olull circuits. little. if a n)" unbalance 
'\ ill be noticed. 

When Ihe Iraosfanner is u!!(!d to ob· 
tain a balanced source for measurements 
of gain or attenuation, the magnitnde of 
Z, and Z: is not importunt since th(' \'olt · 

uges across them are usually held COil· 

SIUllt 10 simulate a zero-im pedance gen. 
erator. 

When a vacuum-tu be voltmeter is 
used to measure equal ,'oh ages across Z. 
ami z". eve n order barmoniC!! iu the volt 
age wa\'e can produce UIIC(llial voltage 
readings if the voltmeter is L10 t a true 
sq uare.law device. T o a\·oid this. it is de· 
sirable to uSC! a filter between generator 
a lld transformcr. 

Three models of this transformer are 
available, covering un effective fre
(Iucllcy range of 20 cycles to 0.5 mega· 
ryclc. - W. G. W"HST€1t 

f"'l"-~f<J""e u.,"t.c· 

5i8·,\ 
Sill· I) 
578_C 

I-'r~JUency RUII/.'!· 

50 cycle!! 1(1 10 kc 
20 cyd .. ", lu 5 ko 
!! kc 10 500 ].;;,. 

Prilll(fry 

SOn t05 K!I 
601l 106KO 
20 I} 10 2 K!I 

Sa-ona(ln·t (;<)(1 .. II t>rfl I'fir<' 

1 Kn to 100 Kn T ' HI.~ 1 15.00 
I Kn to 120 Kn TI':,,'Q H 15.00 

" KfllO 40 Kn T IW' " 15.00 

'Hanle W ~ot,., •• unJ ..... "hin (; db .. ( m .. ,mum .. I"". A. u'",,_ ~n." ,,( bQ,h ;ml'~"a...,. .n~ ,,,,,""0<, .. dl .... ,he 
....... bP><d 10M our be 12 db. 

IT"" 10_ ;ntloMa""" _-on.lm ... "", .. Mk~ '0"" ,he I"";n"", _ 
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Of mo<iern archih!cture in kee ping 
"i th its general surroundings is our nc 'tl 
lI ollywood offi ce a t 1000 Nor th Sewnrd 
Streel. We share thc occupa ncy of this 
building with the C. C. La nge ,'in Com
PUll) , \\ 110 for nearl) a decade ami a half 
ha\e represented us on the Pacific Coasl . 

The specia liza tion of the Lange\ in organ· 
iza tion in SOllnd work and the diversifi
Clition of our OWl] activilies Illude se pn -~ 
rut iOIl of thc t •• 0 organizal ions ad .·isa blc. 
The pallb'S of purling were greatl y 
soft ened b} the arrange ment .\ hich 
makes )Ir. Lungc\'i n our genial landlord. 

THE General Radio EXPERIMENTER is mailed wit/lOut charge eodl 
"wn th to eng ill eers, scien tists, teel," iciClIIS, and others in tcres ted i" 

commUfI;catioll-frcc/uetlcy meflSllre m ellr. and CO'ltrol problem .~ . JPli en 
se'lding r~Juestsfor s ubscripLiOlI S (/tid address-cllUlIge noLices, plcollc 
supply thefollowing i'lformotion: name, compOlly ,wme, compally ud
dresll, type of bllSi1lells COrtlptllly is en gc.ged in , mid title or posit.ion of 
itldil;icillal. 

GENERAL RADIO COMPANY 
3D STATE STREET CAM8RIDGE A, MASSACHUSETTS 

BRANCH ENGINEERING OFfiCES 

90 WEST STREET, NEW YORK CITY 

1000 NORTH SEWARO STREET, lOS ANGElES, CALIfORNIA 
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