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ing the terminal 
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capacitor. 

Th pr hl 

h 

c;*--
1 

frc tJ 

mH t riaJ 

A.� our c·a1. eitru m . m· n1cnl.· and .·t milh nth 

, rt f th miHiouth part · I th millionth w ha · 

f uud. in ·r a ·ing a lvantu�P 1n foll wing � a ion 1 ur au of 
• t and. r oth r llin 0-12 fnrad pi ofarorl in. t ad r l mi r m.i ·r -
f ara1L . hy prop nPnt. of t pi o ar d i,0 th ri ht o 

\\Tit th via.ti n. pf i-n. .. d of 1 µµ. f r 10-12 f .r d an 

l µpf in a -l L ·ad. 

www.americanradiohistory.com

www.americanradiohistory.com


� GENERAL RADIO EXPER I MEN TER 

be a sumed to have simple and con­

stant charact risti ) . Only when one 

conductor completely urrounds the 

other i the apa ita ce imply defined 

by the form and nature of material 

inside th capacitor. soon as th 

erminals requir d for u e or mea ur -
men t ar provided, the e rminal add 

increment to the apa itanc which 
dep nd upon the na ure and po ition of 

object. xternal to the capacitor and 

which are seldom easy to d fin or 

ontrol. 

As an example of thi on id r a 

typi al capacitor constructed a h wn 

in Figur 1.2 Th capa itan ha b n 

brok n, a a somewhat arbitrary fir t 
approximation, into four component : 

0, the capacitance of the multiple-plate 

capacitor and leads within th ca e; C11 

the capaci anc b tw n the external 

binding posts; C2, the capaci ance be­

tween th high terminal and the ca e, 

whi h i connected to the other erm1-

nal; C3, the capaci an e between the 

high terminal and all obj c xt rnal 

to the capacit r and its terminal . 'I ypi­

cal of the magnitude of th e com­

ponen are h values 0 = 100 pf, 

C1 = 0.2 pf, C2 = 1.3 pf, C3 = 0.03 pf. 

The "free" capacitanc of thi apaci­

tor, i.e. the capa itan e of he i olat d 

capacitor with no conn ction to the 

terminal , i the um 3 C0 + C1 + C2 + C3. 

The capacitance C0 b in· urrounded 

by th ca , i independent of th po i-

i on of external obj t . Th capacitance 

C 1 betw en terminal i influen ed only 

by intru ion v ry clo to or betw en 

the terminals. But C3, and to a les er 

2This is the tructur u ed until recently in the General 
Radio TYPE 1401 tandard Air a.pacitors. 

3Whcn the capacitor is isolated, C3 is the capacitance to 
infinity. The similar capacitance from the low terminal to 
infinity is in . crie with C3 in tb "free" capacitance, but 
it can b n .gl cted here b causl' this capacitanc to in­
finity is much larger thnn C3 when the low t rminnl is 
connected to the capacitor ca e and is infinite when the 
lo-w tPrminal i. grounded, as it u ually is in two-terrninal 
measurements. 

4 

extent C2, can readily be affected by 

more di tant environment of th capaci­

tor , and variation of 0.01 pf or more 

can re ult from a light change of 

po ition. 

More radical change in the e ex­

ternal capacitan e are produced by any 

conne tions made to th t rminal . A 
wir onnec d to the high terminal, for 

exampl bvi u ly introduc n w com­

pon nt of capacitance b ween the wire 

and he capacitor part . It also, not so 

obviously, reduce he "fr " apa i­

tanc by a mu h as 0.1 pf by hanginO' 

the di tributi n of fi ld around th 

t rminals. There i a imilar r a tion of 

the apaci or on th connec ion , which 

makes he capacitanc f he l ad when 
conne ted to the apacitor differ from 
that of th 1 ad alon . Indeed the com­

plexity of this mutual int ra tion i u h 

that it i impractical to define the divid­

incr line b w en apa itor and 1 ad 

with a pre i ion much be ter than ± 1 pf. 

A consid ration of the e difficultie 

sugg sts several po ibl method of 

m a urem n in whi h the errors and 

uncertaintie can be r du d or elimi­

na ed in ord r to ob ain accuracy jn the 

measurem nt of very mall capa itance . 

Thr e of these method of calibration 

whi h have been u ed at the eneral 

Radio ompany 

with regard to 

accuracy. 

will be r vi \Ved here 

th ir limita ions in 

1. Capacitance A dded (Insertion Ca­

pacitance). 

ince h apacitance of the two-ter­

minal apacitor depend upon h en­

vironment of the capacitor and upon 

th method of conn tion, an a urate 

calibration can be made only by d fining 

with uffi i nt preci ion the geometry 

of both he environmen and th conne -

tion . On prac ical method of achi v1ng 
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high accuracy is to calibrate in terms of 
the capacitance change at a pair of ter­
minals when some change is made in the 
capacitor or it po ition. Two mea ure­
ments are required to determine the 
capacitance hange, and, hence, erminal 
conditions for both measurements mu t 
be either invariant or preci ly specified. 
When the capacitor has variable capaci­
tance, the hielded internal capacitance 
can be varied in an environmen de­
termined olely by the capa itor con­
s ru tion; whil the xternal capacitances 
at the terminals, although dependent 
upon external connections and environ­
ment, can easily be held so con tant 
during the capacitance change that they 
make no appreciable con ribution to the 
difference. Such variable capacitors can 
be calibrated4 in terms of th capacitance 
added or removed by rota ion of th 
capacitor plates with e en ially no limi­
tation of accuracy by connection errors. 

When the capacitor has a fLxed capaci­
tance, a calibration of high accuracy of 
the capacitance added requires that the 
capacitor be connected with pecified 
leads to a specifi d et of terminal . For 
example, the Gen ral Radio TYPE 1409 
Standard Capacitors are calibrated in 
terms of the capacitance th y add when 
the banana plug on the capacitor are 
plugg d in to General Radio TYPE 938 
Binding Posts with �-inch spacing. 
When the connections ar made with 
reasonable care, the reproducibility of 
measurement is better than 0.1 pf. 

For greater accuracy the environment 
of the terminals must also be defined, 
for any change in terminal position or 
panel size (which re ult , for example, 
from th us of differ nt bridge or of 
terminals on an external apacitor in­
stead of the bridg terminals) can pro-

4The General Radio TYPE 722-l\1D and TYPE 722-l\IIE 
Precision Capacitors are calibrated in terms of apaci­
tance removed. 

JUL Y, 1959 

duce a change in the measured capaci­
tance. The value assigned to the 0apaci­
tor is the difference be ween two bridge 
measurements: the first with the bridge 
terminals open, and the second with the 
capacitor connected to the erminal . In 

the second measurement the capacitor 
case and bridge panel are usually eff ec­
tive in hielding the bridge terminals, so 
that this measurement is not very sen i­
tive to changes ou side the radiu of a 
few inche . The capacitan e of he open 
bridge terminal in th first measure­
ment (and of any open terminals on the 
capacitor, such as those on top of the 
1409 Capacitors) is affe ted to a greater 
exten by panel size and terminal 
po i 10n. 

The General Radio TYPE 1401 Stand­
ard Air Capacitor is ano her example of 
a fixed capacitor calibrated in t rms of 
the added or "insertion" capacitance_ 
The e capacitors are now being made, 
as hown in Figure 3, with banana-plug 

Figure 2. Two methods for the measurement of capac­
itance added. The capacitances shown represent only 
major components in the complete expression of the 

self and mutual capacitances of the terminals. 

INITIAL MEASUREMENT 

METHOD A 
tic"" Cc+C�+Cp -C8 

METHOD B 
l\C �cc+C�-q, 

FI NAL MEASUREMENT 

BOTH METHODS 
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terminals on the case, similar to those on 
the TYPE 1409 Capacitors. In previous 
production the TYPE 1401 Capacitors 
have had the jack-top TYPE 938 Binding 
Posts on their cases, and two double­
ended banana plugs have been provided 
with each capacitor to connect it to 
another pair of similar binding posts. 
With these connectors two different 
methods of added-capacitance calibra­
tion can be made. In the fir t method, 
shown in Figure 2-A, the initial measure­
ment is made with the bridge terminals 
open and the final measur ment with 
the capacitor connected by means of the 
double-ended plugs. In the second 
method, shown in Figure 2-B, the initial 
measurement is made with he plugs in 
the bridge terminals and the final with 
the capacitor added to the plugs. 

This choice of methods has in the past 
resulted in some confusion. The National 
Bureau of Standard has used the econd 
method (plugs added to the bridge) in 
its calibrations of these capacitors, 
but the General Radio Company has 
given on its calibration certificates a 
correction of the certificate value to ob­
tain the capacitance when the capacitor 
is connected by the first method (plugs 
added to the capacitor). The capaci­
tance value on the certificate was ob­
tained by the fine-wire-connection 
method described in this article, and the 
capacitance measured by the first method 
is 0.35 pf larger than the certificate 

6 

Figure 3. Type 1401 

Fixed Air Capacitor as 
now supplied. 

valu . When the second method is used, 
the measured capacitance is 0.7 pf lower 
than that of the first method because 
the capacitance added to the bridge ter­
minals by the plugs in the initial meas­
urement (Cp + c; - C� in Figure 2) 
is 0.7 pf. In neither method is the added 
capacitance the same as the "free" 
capacitance. 5 In the first method the 
added capacitance is greater than the 
"free" capacitance because of the capac­
itance, Cp, added by the plug . In the 
second method the added capacitance is 
less than the "free" capacitance because 
the connection of the capacitor removes 
from the final measurement the capaci­
tance, c�, between the ends of the 
plugs that was included in the initial 
measurement. 

To avoid both this choice between 
connection methodi;; and also the limita­
tions of the fine-wire-connection method, 

5The value on the ccrtificnte, obtained by the finc-wire­
conncction method, also differs by about 0.2 pf from the 
"free" capacitance for reasons explained in this article. 

Figure 4. Measurement of "free .. capacitance by the Rosa and Dorsey method. 
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the 1401 Capacitors are now provided 
with only banana-plug rminal , and 
they are calibrated by both the National 
Bureau of Standard and General Radio 
Company, as the 1409 Capacitor are, 
in term of the capacitance added when 
the capacitor is plugged directly into 
General Radio type binding posts. 

2. "Free" Capacitance. 

In the attempt to de.fin a capacitance 
with high accuracy, an alternative to the 
method of p cifying with sufficient pre­
cision the geometry of the onnec ions 
is a m thod which elirninat s all con­
nec ion and define the "free" capaci­
tance of the capacitor wi h all di turbing 
connections and urroundings r 1noved. 
In thi method th difficulties of meas­
uring the capa itance of a capacitor, 
isolated from its surrounding and with­
out connections, are ub tituted for the 
difficultie of controlling the geometry 
of the connections and the envir nment. 

It is possibl to determine thi "free" 
capacitanc by evaluation of th di -
turbing eff t of th conne tion and 
application of a correction for the e 
effect to the measured capacitance. A 
method for doing thi ha been d crib d 
by Ro a and Dor ey. 6 The effect of the 
connections can be eliminated from the 
measurement by the use of wo sets of 
connecting leads which are not n e ar­
ily identical but which have no mutual 
interaction. As a implified illu tration 
of this me hod, con ider the arrangemen 
shown in Figure 4 .  The apacitor to be 
m asured has a "free" capa itanc Cx 
which includ s ext rnal compon nts 
corresponding to C1, C2, C3 in Figure 1 .  
For simplicity only the high terminal, 
T, is shown in Figure 4, but the ground 
connection to the ca e and to one ide of 
SE. B. Rosa and N. E. Dorsey, "A ew Detern1ination 
of the Ratio of the Electromagn tin to th Electrostatic Unit of Elertricity," Bull. Bureau of Stand., Vol. 3, Nos. 
3 and 4, 1907. 

JUL Y, 1959 

the capacitor shovvn in the figure can be 
made to a second, similar terminal on 
the capacitor. A first mea urement is 
made with connecting wire A connected 
to the terminal and to the bridge and 
with wire B remov d. The mea ured 
capa itanc i C1 = c; + c� + 6.CA + 
Cx -6.C�. A imilar mea urementwith 
wire B connected and A removed gives 
C2 = c;_ + c; + 6.Cs + Cx -6.C�, 
where 

cl + c; is the mea ured capacitance 
of 1 ads bridge, etc. , when both wire 
A and B ar removed, 

6. CA and 6. CB are the increm n ts 
added by wires A and B, 

6. c� and 6. c i are the changes in c x 
re ulting from the presence of A and of B. 

With bo h wire A and B conne ted 
o the t rminal the capa itan meas­

ure is C12 = c; + c; + 6.CA + 6.CB + 
Cx -6.C� -6.C�. Th e relation can 
be combined to how that Cx = C1 + 
C2 - C12 - (C;_ + c;). The "free" ca­
paci ance C x can thus be determined 
from four measur d capacitances, C11 
C2, C12, and C� + c;. 

In this derivation the, wir A and B 
are assumed to have no mutual inter­
action, e.g., th capa itances 6.CA and 
6.C� are no al er d by the addition of 
wir B wh n C12 i b ing mea ured. In 
th imple onne tion shown in Figure 4 
there is ome mutual eff t (which can 
with care be kep below 0.01 pf), but in 
a ph ri al capacitor such as tha used 
by Rosa and Dor y he two leads can 
be thoroughly hielded from a h o her 
by their location on oppo ite sides of 
the phere. The as umption that the 
calculated Cx i th "free" capacitanc 
further requires that the ini ial measure­
ment of c; + c; be mad with all m a -
uring apparatu o far r moved from the 
terminal T hat it has no ignificant 
effect on the capacitan e. In practice it 
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BR I DGE 

-.­h _t__ 

Figure 5. Diagram of con nection method u si ng a 
fine wire. 

is difficult to approximate this condition 
to better than 0.01 pf unless, as in he 

osa and Dorsey capacitor of concentric 
pheres, one of the conduc ors surrounds 

and shields the other . 

Another method which removes most, 
but not all, of the eff cts of the connec­
tions is the fine-wire-connection method 
de ribed by R. F. Fiel d .  7 In this method, 
as hown in Figure 5, the connection be­
tween the bridge and the high terminal 
of the unknown capacitor is made by a 
wire of small diameter pivot d near the 
bridge terminal so hat its eparation 
from the capacitor terminal can be 
varied. An initial mea urement :is made 
with the wire para ted from the ter­
minal by a dis ance h. With the assump­
tion that the apacitance ch between 
the wire and terminal i small compared 
to the unknown Cx, o that ChC:ij(Ch+ 
Cx) �Ch, the mea ured capacitance is 
C1 = C� + Ch, where c; :is the capaci­
tance between -v ire and ground \\·hen 
the separation is h. When the wire is 
moved in to tou h the terminal, the 
capacitance ch becomes infinite and the 
capacitance between \ ire and ground 

increa es to c;. The measured apaci­
tance now become C2 = C� + Cx. The 
unlcnown capacitance can thus be re­
lated to the m asured values C 1 and C2 
7R. F. Field,' 'Connection Error in CapacJtance l\1easure­
ments," General Radio Experimenter, vol. 12, No . . , 
January, 1938, pp. 1-4; reprinted: Vol. 21, o. 11, April, 
1947, pp. 1-4. 

8 

by L::,.C = C2 - C1 = Cx + (C� - c; -
C,.). At ome par i ular distance h, the 
capacitance Ch i equal to the hange in 
C0 as the wir is moved, i.e., C,. = �-c;, 
and the term in parentheses vani hes, 
leaving imply Cx = C2 - C1. 

Wh n th wire i curved and pivoted 
at the bridg end to approach the capac­
itor terminal from above in the manner 
de cribed by Field, the change of .!'::,. C 
v ith his fairly l inear, a hown in Figure 
6 from Field' article. A plot of !:::,. C 
against h can then be extrapola ed to 
h = 0, wh re .!'::,. C = Cx, and the value 
of h which corresponds to his L::,.C wa 
found by Field to be _y,£ inch . The di ff r­
en e between the two capacitances 
measured with the wire touching the 
terminal and th n >4' in h above it 
should, therefore, be the value Cx of the 
unknown capacitor . 

This method is simple and useful for 
calibrations where uncertain tie les than 
0.1 or 0.2 pf are not ignifican . It ha in 
the past been used in the calibration of 
our TYPE 722-D Precision Capacitor 
where the dire t-reading a uracy limit 
i ±0.1% or ±0.2 pf,8 and in the cali­
bration of TYPE 1401 Standard Air 
Capacitors , with a limit of ± (0.1 % + 
0. 1 pf). Th re are, however, several 
rea ons why this method has connection 
errors which can be of the order of 0.1 
pf . In the first pla , even in the ab-

ence of other error , the capacitance 
mea ured, ex, is not the "free" capaci­
tance cc;), but the capacitan�e (�� ii; 
th presence of the connect1ng wire. 

� ven though he added capacitance to 
a-round of the wire has been eliminated !::> 
from the measurement, the wire still 
reduces the capacitance of the terminal 

s. o e that th catalog accuracy I imit of ± 0.05 pf f_or the 
TYPE 722-:\1E Precision apacitor rc:fers to capac�tance 
removed, that is, to a calibration with the capacitance 
varied but the connections unchanged. 

9This wa poin ed out to us by Dr. F. R. Kott r of the 
a ional Bureau of Standard . 
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from its "free" value by disturbing the 
field around the terminal and, hence, 
the charge distribution on it. The fine­
wire connector used by Field makes he 
measured capacitance of the TYPE 938 
Binding Posts on TYPE 1 401 and 722 

Capacitors about 0.1 pf le than the 
"free" capacitance, i.e., C{; = C1; + 
0.1 pf. 

...... 
a. 

Cx 99.lt--,.......--+----+----+----+------1 

0 .25 .5 I 1.5 
h IN INCHES 

2 

Figure 6. Determination of unknown capacitance C1e 
from .6.C measured with fine-w ire connector. At 

h = 7;(( inch Cx = .6.C. (From Field paper7) 

A recent analysis of the component 
capacitanc s in the fine-wire method 
with a three-terminal capaci ance bridge 
has revealed that even the capacitance 
C: in the presence of the wire is hard to 
determine without error of the order of 
0.1 pf. The measurements were made on 
a capacitor which was 'ternally identi­
cal to a TYPE 722-D Precision apacitor 
but which had internal, guarded con-

JULY, 1 9 5 9  � 
nections to the terminals to permit 
mea ur ment of the "free" capacitance 
and the effects of the connector upon it.10 

To imulate the stray capacitances to 
external grounds in two-terminal meas­
urements, the three-terminal measure­
ments were made with a wiTe cage 
(30" x 30" x 30") surrounding the capac­
itor and its onnec ions and conn cted 
to the "ground" terminal of the capac­
itor. 

The measured capacitances, Cx, c;, 
C� +Ch, and LC= Cx + C� - (C�+Ch), 
are plotted in Fi<Tur 7 a a function of 
the separation h between wire and 
terminal. For conveni nee the capaci­
tance level has been adju ted to make 
C� = 1 00 pf. The upper urve show 
the variation in ex a the wire mov s 
away from he terminal, with an increa e 
of about 0.1 pf as the influence of the 
wire vanishes wi h increasing h. Th 
next curve shows the re ults of the :fine­
wire m thod, with LC plotted as a 
function of h. Th lower curv , with 
the level of the capa itance axi shifted, 
show the variation of the wire capaci­
tanc s, � and C� +Ch, with h. 

The fine-wire method, when corrected 
for th effects of the wire on ex, pre-
IOThese measurements were checked within ± 0.01 pf by 
a measuren1cnt of ''fr e" capacitance by the Rosa and 
Dor ey method. 

c� _J_ --

�;+----- Cx 
I 

I 
tJ.C 

IOO.O 

999 

Fi gure 7. Variation of measured 
capacitances with fine-wire con­
nector as a function of the sepa-

ration h. 
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diets that, at the distance which makes 
c; + ch = c�, the capacitance differ­
ence 6.C will be equal to c;:. In Figure 7 

this condition is shown to be satisfied at 
a distance h = 2 inches. Any attempt, 
however, to determine c;: here by extra­
pola ion of the 6.C curve to h = 0 en­
counter difficulty because the curve is 
not very l inear. Examination of the C�, 
c; + ch, and ex curves how that ch 
does, as expected, cause deviation from 
linearity at small h, that c; is itself not 
linear for h les than about 2.5 inches, 
and that ex i not constant with h, as 
a sumed in the derivation of the m thod. 
In the region beyond 2.5 inches Cx is 
almo t ons ant and C0 rela ively linear, 
as de ired, and it seems po ible that a 
linear region beyond the range of the 
graph might extrapolate to C: at h = 0. 

The important point, however, is the 
obviou diffi ulty in de rmining c: by 
this method without variations of 0.1 pf. 
Attention should al o b direct d to the 
differen e be ween he 6.C value at the 
�-inch separation and the values of C: 
and c;:. With the �-inch spacing, the 
fine-wire method would giv und r these 
conditions a capacitance 0.14 pf les 
than the capacitance C: in the presence 
of the wire and 0.25 pf less than the 
"free" capacitance C/;. Thes results of 

hrce-terminal measurement in an en­
vironment which approximates two­
terminal conditions can be altered 

liO"htly by the differing environment in 
a true two-terminal m a. urement, but 
our results show no significant chang in 
th order of magnitude of the e dif­
f rences. 

The conclu ions to be drawn are, 
therefore, that the fin -wire-conn ction 
method is not satisfactory for the de­
t rmination of either the "free" capaci­
tance or the capa i.tan e in the presence 
of the wire with errors less than 0. 1 or 

1 0  

0.2 pf unles considerable care is taken 
in both making and correcting the 
measurements. As in the other methods 
of making connection to two-terminal 
capacitors, the results are reproducible 
with a pr cision of 0.01 or 0.02 pf if 
adequate care i taken to keep the 
geometry of the connections invariant. 
The fine-wire method can, therefore, be 
used to calibrat in terms of added 
capacitance with an accuracy of better 
than 0.1 pf even though it is not this 
accurate in the determination of an ab­
solute value. 

3. Direct Capacitance of Three-Terminal 

Capacitors. 

The uncertaintie and errors in capaci­
tance mea urem nt con idered here 
have been the re ult of the variations 
in terminal capacitances produced by 
changes in the connections and in the 
environment. These problems associated 
with the capacitor terminals can be 
eliminated if th terminal capacitanc 
can be separated from the capa itance to 
be defined and m asured. On way of 
doing this is to introduce a third con­
ductor as a shield or guard which com­
pletely surrounds all of at least on of 
the pair of conductors farming the 
capacitor to be measured except the 
area which produc s the desired direc 
capacitance. The pair of conductor of 
the oriO"inal capacitor and the added 
shield form a three-terminal capacitor, 
su h as the one shown in Figure 8, along 
with its equivalent circuit. 

The addition of the hield changes 
the capacitance that xi ted between 1 

and 2 before the introduction of the 
shield by altering he field, and it also 
re ult in new capacitanc , C13 and C23, 
between the oriO"inal conductors and the 
shield. If the shielding is complete, how­
ever, he capacitance C12 is now inde-
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11 

Figure 8. Diagram and 
schematic of 3-termi-

nal capacitor. 

3 

pendent of the surroundings outside the 

shield and connection to the terminal 

1 and 2 can affect only C13 and C23. The 

direct capacitance C12 -usually referred 

to simply as the capacitance of the 

thre -terminal capa itor - is, therefore, 

qui e definite and not subj ct to the 

connection errors which trouble two­

terminal capacitors . 

Not , how ver, that if in this three­

terminal capacitor one of the capacitor 

terminals, say 2, is conn c ed to the 

shield, 3, the capacitor reverts to the 

usual two-terminal capacitor, with ter­

minals 1 and 2. The capacitance C23 ha 

thus been shorted; the capacitance C 13 is 

now parallel with C12, and the capacitor 

has the capacitance C = C13 + C12. The 

Fi g ure 9 .  View of the Type 722-CD Three-Terminal 
Prec ision Capacitor. O uter cond uctors of Type 874 
Coaxial Connectors provi de the shield. Inner con-

ductors are the capacitor terminals. 

JULY, 1 9 5 9  

3 

capacitor is, thu , equival nt to that 

shown in Figur 1. Al though C 12 i still 

shielded from external influence , C 13 is 

a £unction of connections and environ­

men t, and the total capacitance meas­

ured is subjec to the variation de­
s ribed previously for such two-terminal 

capacitors. 

The well-defined dir t apacitance 

of the three-terminal apacitor is of 

pra ti al u e in a capacitance standard 

only if it can be rnea ur d with high 

accuracy and with rea onable ease. A 

bridge with transformer ratio arms is 

well-suit d for just such rneasuremen 
11 

In he trans£ ormer bridge shown in Fig­

ure 10, the unknown ands andard capac­

itor are driven by ernf's of oppo ite 

pha e and known ratio from a ta pp d 

transformer secondary winding, and the 

diff rence in the capacitor currents i 
measured by a detector . When the 

bridge is balanced for zero current 

through the detector, the current 

through the direct capacitance C12 and 

Cs mu t be equal, and the balance rela­

tion i C12/Cs = n. Any capacitance, 

such as 023, across the detector has no 

effect at balance because th re is no 

potential acros it. Any capacitance, 

such a C13, aero s the transformer wind­

ing will hav negligible effect on th emf 

as long as the output impedance of the 

transformer is small compared to th 

I I The thr e-terminal capaC'itor and it measurement are 
w 11 described by A. J\f. Thompson, "The Precise Meas­
urement of Small Capacitance ," I. R. E. Transactions 
on In trumentation, Vols. 1-7, os. 3 and 4, Dec., 195 , 
pp. 245-253. 
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load reactance of the capacitors. Bridges 
with uch transformer ratio arms have 
been built for the accurate measurement 
over a wide range of values of the direct 
capacitance of hree-terminal capaci­
tors.12 Direct capacitance can be meas­
ured by several other null method such 
as th se u ing bridged-T and t'vin-T 
networks. Most bridge ne works can be 
adapt d to the three-terminal measure­
ment by the us of auxiliary bridge arms 
to balance th unwanted componen 

13 

but the double balance required is never 
convenient and it i difficult to obtain 
accuracy when the direct capacitance is 
v ry mall compared to the other capac­
itances. In some bridges three-terminal 
mea urement can al o be made over a 
limited range by connecting the un­
' anted apacitances aero s low-imped­
ance arms of the bridge and across the 
generator or det ctor where the shunting 

ff ect is negligible.14 

In all the e thr - erminal measure­
ment methods the connection errors in 
capacitance can be eliminat d by having 
12The TYPE 1613-A apacitance Bridg is a transformer 
bridge c vcring the rang from 5 to 11,000 pf. 

13Tbe TYPE 716-P4 uard ircuit provides the com­
pon nts required to rr1ake three-ter1ninal measurement 
with the TYPE 716- · pacitance Bridge. 

14Three-tenninal n1ea.surcments can be made with the 
TYPE 1650-A Impedance Bridge in this way. 

12 

rv 

ne 

Figure 10. Schematic of transformer-ratio-arm bridge 
with 3-terminal capacitor connected for mea.surement. 

a complete external shield around at 
least one of the capacitor terminals. In 
Figure 10 the a e of the capacitor and 
a hield lead from terminal 2 to the 
shielded detector complete the shielding 
around that terminal of the capacitor. 
A shielded lead to the other t rminal is 
not usually required to eliminat con­
ne tion capacitance but may be needed 
to prevent pickup from other ources. 
With such three-terminal mea ur ments 
the mea ured direct capacitance hould 
depend solely upon th con truction of 
the capacitor and the accuracy of meas­
urement should be limit d only by the 
bridge or the reference standard used. 

- JoH :r F. 1-IER H 

xt month n ' 3-t rminal capacitors, both fixed and variable, will be de­
scribed. In a forthcoming issu Dr. Hersh will continue the discus ion of ac­
curacy considcra ions and calibration methods for capacitance. 

VACATION 
During the w of July 27 and 

Augu t 3 our Manufacturing Depart­
ments will be clo ed for vacation. 

There will be business a u ual in the 
Sales Engine ring and ommercial De­
partm.en ts. Inquirie , inclu ing reques s 
for te hnical and commercial inf orma-

CLOSING 
tion, will receive our u ual prompt 
attention. 

Our Service Department requests 
that, becau e of absences in the manu­
facturing and repair group , hipments 
of equipment to be repaired be scheduled 
to reach us after the va ation p riod. 
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I N CREASED ACCU RACY FOR THE TYPE 1 454 A 
A N D  -A H DECAD E VO LT AG E DIVI DERS 

A new model of the Decade Voltage Divider, with an input resista nce of 100,000 ohms, has bee n made 

available. In addition, the ac c u racy specification for these d iv i ders has been improved by a factor of 

2.5. The factors affecting the accuracy are discussed in this article. 

THE TYPE 1 454-A Decade Vo l tage 

D ivider wa introduced in 1955 1 with 
accuracy specifications of 0. 1 % in 
vo l tage ratio ± 0 . 00000 1 .  The int nt 
was to take advantage of the i nh rently 
good characteristics of the TYPE 5 1 0 
Decade R i tors and to keep the volt­
age divider in the same pri e class by 
avo iding expensive adj ustment to clo er 
limit . Since the tolerance on the resist­
ance decades is ±0.05% it i eviden t 
that the worst combinations can pro­
duce an error in the voltag ratio of 
twice this value, or ±0. 1 % .  The pe ifi­

ca ion limits on the voltage divider were 
set accordi n gly. 

It was recognized that the catalog 

l imit of error was very seldom ap­
proached in actual service and most in­
strument wou ld readily meet tighter 
tolerance specification . A recent tudy 
has hown that only a few of th com­
ponent resi tors are critical and that 
proper election of these during a mbly 
would enable us to guarantee a consid­
erably h igher accuracy, 0 . 04%, for ratio 
• Ivan G .  Easton. "An A urate Voltage Divider for DC 
and Audio Fr quencies," General Radio Experimenter, 
Vol .  30. pp. 1-5, August, 1955. 

above abou 0 . 1 withou appreciably in­
creasing the pri of the in ru mcn t. 

The additive con tan t t rm of one 
part in a million in the exp re ion for 
the error, however, wa till the limiting 
factor at low settings. This could amount 
to 1 % a a ratio of 0.000 1 .  Thi rror is 
cau ed by the contact re i tance of the 

switches and is introduced in the manner 
shown in Figure 1 .  In the Kelvin-Varley 
cir u i t  u cd in this divider, the re i ors 
of the sec nd decade parallel two adj a­
c nt re istors of he fir t decade, and so 
on. It will be een that, in the pr sent 
arrangem nt of four decades, the volt­
ag drop of three switches in serie ap­
pears in the ou put circuit .  Thi cau es 
a residual output voltage at the zero 
setting and an incr ased error at the 
lower output . 

Th cure for his second accuracy 
limitation was suggested by the fa t that 
the switch con tact r i tance was found 
to be remarkably constant .  The re i t­
ance may increase by a factor of two 
or three when the in trum nt is not in 
use but return quickly close to i ts 
initial alue af ter a fm operations. The 
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Fig ure 1. Schematic diagram of Type 1 454 Decade 
Voltage Di vider. 

accuracy of the divider a low set ings 
can be greatly improved if a bucking 
voltage equal to the average switch drop 
is introduc d into the output loop.  

The contact-drop balancing arrange­
m nt is shown in Figur 2 .  A mall re­
sistor R ,  is p laced in eri s with the first 
decade at its low nd and the low output 
terminal is  conn cted to the high ide of 
the r istor. The low output terminal 
thu differs in potential from th low 
input erminal by the voltag across the 
resistor, which i mad equal to the 
switch conta t drop.  The voltage at the 
output t rminals can be balanced to a 
n gligible value by thi arrangement.  
The balancing re i tor i very � mal l ,  
abou 5 milliohms, so that it  presence 
is n ver notic d in ordinary use of the 
divider. When highest accuracy is needed 
at low ratios, the user mu t rememb r to 
keep the inpu t and output circuits sep­
arate. The user m ust also remember to 
turn each switch back an d forth several 
time wh never the instrument i .  fir t 
used . The tenden cy is to forget t first 

1 4  

or second decade when h e are left at  
the zero setting, bu th e con tri but 
the mo t o the contact drop, s ince hey 
carry mor urrent and ·must b r tored 
to normal r istance if the comp n at ion 

cheme is to be ff c ive . 
Although the l ction and matching 

of the component r sistors should in  .... ur 
meeting the n w tol ranees, a h ck to 
one part in 106 is made of each rat io of 
each decade in the final in pection of 
the instrument. 

When maximum accuracy is required ,  
temperature ff c s m u  t b e  allowed for 

and the input vol tag mu t be r duced 
on iderably below that corr ponding 
o the dissipation l imit of the resistors. 

Since all  re i tor ar of imi lar constru -
tion and have mor or le s equal tem­
peratur co fficients, he effects of ambi­
ent t mp rature variation,. are very 
small .  The effects from elf-h atinO' are 
not balanced out, howev r. R £erring 
to Figure 1 ,  it  w i l l  be een that in th 
first decade b tween points 7 and 9 .  
which are bridged by the s e  ond decade: 
only half of the i nput curr nt i carried . 
The resistors betwe n these points wil l  
have only one-quarter of the tempera­
ture ri e of the others of the decade, 
causing an error in the output voltage. 
The temp rature rise of the second and 
following decades is much smaller and 
can be negl cted. The temperature effect 
is largest at the z ro position of the fir t 
decade. I t  ha be n found that, to keep 
the self-h ating error at this first posi­
tion within the specification l imits, the 
input to the TYPE 1 454-A Decade Volt­
age Divider should be l imited to 1 20 

volts. Th normal d issipation limit is 

Figure 2. Arra n ge­

ment for balanc i n g  
the switch contact 

voltage drop. 
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230 volts. Neither l imit applies to the 

high-resistan ce model, TYPE 1 454-AH, 

J U LY ,  1 9 5 9  � 
which has one-tenth the di i pation at 

a gi en voltage. 
- W. N. T UTTLE 

SPECI FICATI O N S  
Voltage Ratio: . 0001 t o  1 . 0000 i n  steps o f  .000 1 .  

Accuracy: ± 0 . 04 % o f  indicated rat io , for in­
put voltag b low 1 20 .  The vol tage dr p i n  
'\v itch c nta t and wiring i s  balanc d o u t  so 

that full accura y is maintained down to t he 
lowe t setting, 0.000 1 .  

L i n earity: ±0.02% of ful l-scale setting. 
Frequency Characteristics: If the external capaci­
tance pl aced across the output term i n al of 
TYPE 1 454-A is le� t han 50 µµf, the frequency 
error is l e · than 0 . 1 0 to 20 kc for any . tting. 
For the TYPE 1 454-A H ,  the fr qu ncy limit is 
2 k for th same capacitance. 

I n put Res i stance: TYPE 1 454-A, 1 0,000 ohms ; 
TYPE 1 454-AH, 1 00,000 ohms. 

O utput Resi sta n ce: Varie '\vith output setting de­
pending primarily on the s tting of the highe t 
d ·adc i:n use. 

Max i m u m  I n put Voltage: 230 vol t rm · (or de) for 
40° C. rise of the resi tor of the i nput d ca.de. 

Type 

Input vol ag should be limit d to 1 20 for maxi­
mum accuracy. At maxi mum rated voltag the 
total error can approach ± 0. l 
Resi sta nce U n its: TYPE 5 1 0  Decade-R sistance 
Un its. 

Tem perature Coeffi c i e nt: Of t he individual r -
istors, lcs than ± 0 . 002 % p r dcgr . S i nce 
h vo l tag ratio ar d •term in d by r si. tor 

of imilar c nstru tion, amb i nt temperat ure 
eff ct are v ry small.  

Term inals: Jack t p bind ing posts wi h tandard 
% -inch spacing at input and output. A paratc 
grom1d po t i provid d, o that th div ider 
cir uit can be u cd grounded or ungrounded, 
with he hiel d grom1dcd . 

Mounting: Alumin um panel and cab inet . 

Di m e n s i on s :  ( Length) 1 5 � x (wi d th )  5 ;!4'  x 
(height) 5 inches, o ver-all.  

Net Weight: 7 U pounds. 

Code Word Price 
1 45 4-A 
1 454-AH I Decade Voltage Divider ( 1 0,000 o h m s) . . . . . • • • • • I Decade Voltage Divider ( 1 00,000 o h m s) . . . . . . . •  

ABA K 
ABA H 

$ 1 4 5 . 00 
1 45.00 

¥/ESC O N  1 9 5 9  
Cow Pala ce, Sa n Fra n c isco . . A u g u st 1 8-2 1 

When you attend he We tern E lec­

troni Show and Conven tion , drop in at 

Booth 20 1 5  and 20 1 6  to see these new 

General Radio inst ru ments : 

TYPE 1 650-A Impedan e Bridge 

TYPE 1 52 1 -A Graphic Lev 1 Recorder 

TYPE 1 305-A Low-Fr quency 0 c i llator 

T PE 1 632-A Inductan e Bridge 

TYPE 1 554-A ound and Vibration Analyzer 

Eac h  of the e in rumen ts ha featur s 

of elec tri al an d  mechan ical de io-n that 

w ill interest :vou performance specifica-

tions that w i l l  please you , and th ame 

high qua l i ty of man ufac ture that you 

expect in G en eral R adio products . 

Type 1 650-A I m peda nce Bridg e  
A wide-range, accurate, gen ral-purpo e bridge, :rnea. ur.1.n.g 

R, L and C .  Completely new design with exc l u  i v  , paten ted 

Orthonull f at ure and self-cont a ined ,  t ran i torized generator 

and detector. See Experimenter for l\1arch, 1 959, for f urther 

details. 
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Type 1 5 2 1-A Gra p h ic Leve R ecorder 

� 1 l ly d - rib d in la t 1nonth' (.Ju ) 
xp rim nl r. H iah-� n ·i t · ,  · '� '" ,"inffl -

h. nn 1 re · rd r :\·hi ·I pl t 1 y l 

Type 1 305-A Low- F req uency Osci l lator 

•oyerm.� fre­
to 1 0 ,. l 

of i th r 
tc I r. t . 

0. <... ·c-cll 
r t i on .  '"lo be le. c rib rth · mnw J ;,, · u ' o.f th E:cp 'rimen t  r .  
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Type 

·\Vi l -nm 

Y n i  n t  to opc>rat. . ha� i1 -1in 
r > hi t ion [yp� hibh pr c· i · i  n .  T 

Bridge 

f r lhe pr 1 

t w  -l rm innJ 
l 

n-

f< rthco 1 1 10' 1. i"U Ow E.rp rimrnl r .  

Typ,e 1 5 54-A So u n d and V i bration A naly zer 

� I  . lr - amplilu l and fr quen ;..,. of he i u  i \·idual 
f w:.n· f rm b W '  n .... . .3 ... nd :...3 ,  ·y ·l  

· n l .  Ha L th · ta-v pa--=: baud . 
1 1  t n.  n .  i'3tor . 

1 n b r 
mier 1 lu n i n pn f r a · u .. t i  \York . or <lire · 11-

n 1-purpo"'e lPC't ric-w· ,. an:ilyz · .  T d � -ribeu in a 
f< r heuminrr i · u of l h  Exp rim n ta. 
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G 

Other I n struments 

n ra l aclio pr lu · t .  �jl l k o n  
ran: orm r n<l tun<l• r<l 

n e  al dio Comp an y 

ru­
tanc . 
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