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SPECIFICATIONS
proxirrul.teh' 1 pf (negligihle in sl1h"titution me_Ire
mente or dil"Cl't. lne~ln'lmellte with the muitilllier at
10 or hi,;her).
l_~."'" .IIef Hu... idity, Vu.ri'ltlon~ of lempemlnre
from U5 to US F h:n"1! no si~nifirn.ntefJl'<"t on the acc'n~)'

of the llridge.
"I"Cl'Loc meMlltement.- of <Ii .pation f:\rlor 1'000IId not.

be lltl.effilltOO ....hen the bridge has 1_11 e.ICl'(lI'letl to a~
oorll\lllly hi~h reillti\'e humidity, ulIl~ it III firal dried
by heat or n dCl'ifflUlt.
' ••er l"pul: I wlIlt, m:I..Ximllffi, at G£:'\I':RATOR
termiruJ~, ...-hil'h allow" Il maximum of 200 v at 1 kr, or
50 v lit 00 1']1l!I. If the generator and dctfl('lor oolll\(l{'tioni
lire intcrehJl.nged, ,00 volll! can be ap])lied at I k(' and
lower.
A~c.uorl" S",pplled: One TypF. 271.~L Shielded Patch
Coni and nne TYr~; 87~-lnt Pll.wh Cord.
Au...o.l•• Re'l"I.... , O!lCillator, high.impedance de
tc(·tor/ 'lIul, for H\ll).~titlllion men.lmreml'll\.!l, 1I 111llrmdng
l'ap:ll'ltor. The Tn~: 121O-C Unit. itO O:><'illrilor i~

recommended with the Tyl'f: 12:1:l-,\ TlI1l1'tl .\mpli
fi('r lllld ~l1l1l)eto'('lor for mCMllrementilllJ) to 100 kc.
The Tnt: 1:I02-A Ol!dllator clln aiM be 1l800. At
low rndio freqllenciell, II. I'lldio receiver i. 11 IIlltil!(lll.'tory
,IClet'tor. The Tn'.: 1122 Pre<'i~ion Cllpl'dtor and the
TyPES 505, 1-Kl9, and \101 Fixed C'lll:ll'itol1:l nre recom
mended M IJtalancinr; l'&p""'itono,
M.....'I... , Ilelll\·-mck mounting or hardwood cabinet..
Olm.".lo".: Ilelay-mck model: width 10, ~ight 1-1
ineheB (485 b\':\OO mm), depth behind pRnel9 incheB
(ZIO mm), c.binet model: ,,·idth 21~, height 1-1)4,
deptb II h" inC"heB (500 by :l65 b.\' 2!JO mm),
Noll Wfigh" Relll,\·-r.iCk model, -4-tI~ IIOOOOa (20.5 kg);
c.bioet model, 51J.i pou~ (25 kg).

...cc.....CI'
CllplU'ilJlnN!, direct-reading: ±O.I % ±(O.G pf X capac..

iUt,nce multiplier 14Ctting) when 1)< 0.01,
Cnpllcit"ncc, I!lIbstitution: ± 1.2 Jlr
DillP'ipnlion Fador, direc-t re,l(lin,;: ±0.OOO5 or ±2%

of din! reading, whichever ill 1:ITWlr.
DilliliplItion Fllctor: llllbe!titlliion: ±O.OOOO5 or ±2%

for the Chlllli\e in /) when t.he C"hflnge i~ leN than O.Oli,
When J) is grenter than the Iimitll given above, eor

reeli01U1 must he made to mllinlllill tho !lIsted nceUl'lW,\',
FOI'm\lIae are supplied to make thCl!C corrections. A
rolTCl"lion ('hart (or the precil!ion ('llpacitor is lliM sup
plied ..... hiC"h nllo.....s fleeUI'l"T or Illll)l!titulion Jllel\llure
menta of :1:0.05% or :l:0.6pt. A 110-point calibration is
Ilvllilable, Ill. ext", l'iUlrtre, whiC"h 1I110.....a lllll~itulklll
ffiCl"IllUremetlta to be RllIde .l"ith an lU';eumcy of ±O.05%
or :l:O.2pr.
.........cy ......' 30 cpe to 300 k('. To maintain the 1lC.
eurncieR stated abo\'e, the operatin«: frequene)' must not
differ from the range-eelect.or rrequeney by more thAn II
rlll'tor of three.
z... c.,..clto.~ "'cton th<t U...." ....J1 T_I...h, Ap-

........, M .....,_ ,
Cu.rw:itana', diret" resding: 100 pf to 1.1 JOf at 1 ke;

100 pf to 1150 pf at 100 cpe, 10 kC", Md \00 kC".
Cap3l"ilall('C, substitnlion: 0.1 I,r to 1000 pi" ,,·ith the

intern:u standard.
0.1 pi" up to value of aVrUhble standard ,,·ith ex

tenml ~tAndllrd.
Disl!ipMion Factor, dire<'t-ruding: 0.00002 to 0.56.
ou.;.pation FllI'tor, substitlltion:

C ItAndllni
0.00002 10 0.50 X C unknown·



OPERATING INSTRUCTIONS

TYPE 716-C CAPACITANCE BRIDGE

SECTION 1.0

INTRODUCTION

1.1 GENERAL

The Type 716-C Capacitance Bridge isa Schering
bridge which is direct reading in capacitance over the
frequency range from 30 c to 300 kc and in dissipation
factor at four specific frequencies, 100 c, 1 kc, 10 kc,
100 kc. The resistance balance is made by means of a
variable capacitor connected across one of the ratio
arms, as shown in Figure 1. Hence its reading in dis
sipation factor is proportional to the ratio of the applied
frequency to the frequency for which the RANGE SELEC
TOR switch is set.

The bridge may also be usedfor all types of sub
stitution measurements by the addition of a fixed or
variable balancing capacitor. The direct- reading scales
greatly simplify the necessary calculations for capaci
tance and dissipation factor.

1.2 RANGE AND ACCURACY

The ranges of the bridge in both capacitance and
dissipation factor at a frequency of 1 kc are given in
Table I for both direct-reading and substitution methods
using internal standard. Minimum values are set by the
direct-reading limits of the scales or by 1/5 of the small
est division. The direct-reading maximum value of ca
pacitance at the other three specific frequencies is
1150 p.p.f.

Both the minimum and maximum values of dissipa
tion factor are proportional to the ratio of the applied fre
quency to the frequency for which the RANGE SELECTOR
switch is set. This ratio should not be less than 0.1 nor
greater than 3. The resulting ranges are 0.000002 to
0.056 and 0.00006 to 1.68.

GEN.

Figure 1. Schering Bridge Circuit.

TABLE I

Range at 1 kc Error

see 3.12

see 3.22

FractionalActual

M =capacitance setting of RANGE SELECTOR. C' =total
capacitance in arm. Cx = unknown capacitance.

MaximumMinimumQuantityMethod

Direct Reading C 100 p.p.f 1.1 p.f (lp.p.fxM) +0.1% 002%]D 0.00002 0.56 0.0005 2 %
Substitution C 0.04 p.p.f 1050 p.p.f 2 p.p.f 0.2%

D C' C' 0.00005 C' 2 %0.00002 x e- 0.56 x e- x-
x x Cx

Dissipation factor, D =~ =RwC, is numerically equal

to power factor within 2% for all values less than 0.2.

1



GENERAL RADIO COMPANY

SECTION 2.0
INSTALLATION

A-C OPERATION

2.2 ACCESSORIES REQUIRED

(The Type 1231-B Amplifier and Null Detector with
1231-P5 Adjustable Filter is recommended.)

2.1 ACCESSORIES SUPPLIED

Two Type 274-NE Shielded Conductors are sup
plied with each Type 716-C Capacitance Bridge for
connecting to the generator and detector.

20 c to 15 kc
1000 c
400 c

2.3 CONNECTORS

Connect the generator and detector to the bridge
by means of the Type 274-NE Shielded Conductors sup
plied, with the shield side of the conductors connected
to the terminals marked G on all instruments. Connect
one of these ground terminals, preferably one on the
bridge, to a good ground, or to a large nietal sheet placed
under all three instruments. The bridge may be operated
with its panel either horizontal or vertical.

Type 1301-A Low-Distortion Os
cillator

Type 723 -C Vacuum-Tube Fork
Type 723-D Vacuum-Tube Fork

DETECTORS

Type 1231-B Amplifier and Null
Detector with the
Type 1261-A Power
Supply 10 c to 100 kc

Type 736-A Wave Analyzer 20 c to 16 kc
Type 1212-A Unit Null Detector 50 c to 5 Mc

2.21 All the detectors listed above include visual
null indicators. Aural null indicators, such as head
telephones can also be used with these or with other
types of amplifiers. Western Electric 1002-C and Brush
crystal telephones (or their equivalents in sensitivity
and impedance) are satisfactory. When a visual in
dicator is desired, for use with amplifiers other than
those listed above, the Type 1800 Vacuum-Tube Volt
meter, or the Type 1803 Vacuum-Tube Voltmeter will
be found satisfactory.

2.22 Selectivity, which is inherent in magnetic tele
phones, must be provided for most detectors by tuned
circuits or band-pass filters. The Type 1231-P2 and the
Type 1231-P3 Tuned Circuits, the Type 1231-P5 Filter,
and Type 830 Wave Filters are suitable. The Type 760
Sound Analyzer and Type 736 Wave Analyzer are in them
selves highly selective.

400 c

1000 c

10 c to 100 kc
25 c to 7500 c

BATTERY OPERATION

GENERATORS

(Battery-operated oscillators are generally avail
able only for fixed audio frequencies, 1000 c and 400 c.)

Type 723 -C Vacuum -Tube Fork (With
batteries)

Type 723 -D Vacuum -Tube Fork (With
batteries)

A generator and detector are required to supply
power to the bridge and detect the balance points. The
Type 1302-A Oscillator and Type 1231-B Amplifier and
Null Detector with 1231-P5 filter are recommended, since
they most nearly cover the frequency range of the bridge.
Other instruments with more limited frequency range and
for both battery and a-c operation are given in the follow
ing tables.

DETECTORS

Type 1231-B Amplifier and Null
Detector

Type 760-B Sound Analyzer

GENERATORS

Type 1302-A Oscillator
Type 1304-A Beat-Frequency

Oscillator
Type 1330 Bridge Oscillator

10 c to 100 kc

20 c to 20 kc
60 c, 400 c, 1 kc
5 kc to 50 Mc

2.4 HUMIDITY
During periods of high relative humidity, it may be

desirable to use desiccators or raise the bridge tempera
ture 20° C above ambient. * Humidity has little effect on
capacitance accuracy, but can cause serious errors in
dissipation factor readings.

3.11 Procedure: Connect the capacitor to be measured
to the UNKNOWN DIRECT terminals with its shield or
ground side connected to the lower terminal marked G.
Use as short leads as possible. The bridge will not bal
ance unless a capacitance greater than 50 Illlf is connect
ed across these terminals.

3.1 DIRECT READING METHOD

SECTION 3.0
MEASUREMENTS

3.111 Setthe METHOD switch at DIRECT. Setthe
DISSIPATION FACTOR switch at 0, unless it is known
that the dissipation factor of the unknown capacitor is
greater than 0.06. Set the RANGE SELECTOR switch
to the frequency position nearest to that used and to

*R.F. Field, "Heat Can Conquer Humidity," General
Radio EXPERIMENTER, June, July, 1944.

2



TYPE 716-C CAPACITANCE BRIDGE

Cxp
Cxs

(3)*
1 + D 2x

1 + D 2 1 + D 2
Rxp

. x x
2 Rxs

DxwCxsDx

Cxs
C

~ C-C(DD o)**
1 + DDo

Dx
D

~ D-D(DDo)**
1 + DDo

Rxs
D (4)

wC

Cxp
C 1

1 + D2 1 + DDo

~p = 1 + D2 (l + 2DDO>
wDC

.05 .13 .35 .91

.10 .26 .40 1.04

.15 .39 .45 1.17

.20 .52 .50 1.30

.25 .65 .55 1.43

.30 .78 .60 1.56

3.117 The fixed capacitances across the ratio
arms A and B, represented in Figure 1 as CB and the
zero capacitance of CA (Section 6.25), produce errors
in both the capacitance and dissipation factor readings
of the bridge, when the dissipation factor of the unknown
capacitor is large. Approximate expressions applying
to the unknown capacitor are

where C and D are the values of Cxs and Dx calculated

from Equations (1) and (2) and where Do is the dissipation
factor corresponding to the fixed capacitance across
each ratio arm, amounting to 205ILIL f + 5% when the
METHOD switch is set at DIRECT. The-corresponding

value of Do is 0.026 f- ::!:. 5%. Both bridge readings
o

are high by the factor 1 + DDo. In order to realize the
maximum accuracy of the bridge, Equations (4) should
be used for capacitance when D>O.OI, for parallel resis
tance when D>0.05 and for dissipation factor when D>O.1.
The expression for series resistance is not subject to
this kind of error. Values of the correction term DDo
for different values of D are given in Table II.

**TABLE II

PERCENTAGE ERROR (when 1.. = 1)
fo

(When D reads value in table, C and Dread
too high by % in DDo column)

D DDo D DDo

% %

(1)(ILILf)Cxs = MC - 1.1

the capacitance position that shows the least unbalance
of the bridge (only at a frequency position of 1 kc are
there multiple capacitance positions). The gain of the
amplifier should be turned down at first, so that over
loading will not occur.

3.112 Adjust the CAPACITANCE and DISSIPA
TION FACTOR dials alternately until a sharp balance
is obtained on both, readjusting the RANGE SELECTOR
and DISSIPATION FACTOR switches if necessary. The
capacitance balance usually must be made more closely
than it can be read in order to obtain a dissipation factor
balance to a tenth division on the dial.

3.113 The reading of the CAPACITANCE drum and
dial (C) multiplied by the sett~ of the RANGE SELECTOR
(M) gives the total capacitance across the UNKNOWN DI
REcT terminals. This measured value includes the zero
capacitance of 1.1 ILlLf across those terminals. The un
known is:

3.114 One turn of the dial corresponds to 50 ILlLf.
The last two figures of the capacitance reading to the
left of the decimal point are either the actual dial reading
or that reading increased by 50, depending on whether the
reading of the drum is an even 100 or ends in 50. The
dial and drum are direct reading only between 100 and
1150 ILlLf.

3.115 The dissipationfadtor of the unknown capac
itor is the sum of the readings of the DISSIPATJDN
FACTOR switch and dial multiplied by 0.01 times the
ratio of the applied frequency f to the frequency setting
fo of the RANGE SELECTOR switch.

Dx = 0.01: D (2)
o

When the factor 0.01 is omitted, dissipation factor is
expressed in percent.

3.116 Theseries resistance of the unknown capac
itor, its parallel capacitance, and its parallel resistance
can be calculated from the expressions

Dx
Rxs = wC

xs

*All formulae given in this booklet, except Equations (27)
to (29), are consistent when the practical electro-mag
netic units are used, ohm, henry, farad, cycle, radian
with dissipation factor expressed as a ratio. Whenever
these quantities appear as ratios, the units in which
the bridge reads directly, micromicrofarads and dissi
pation factor, may be used. When these units are used
in Equations (1), (2), (5), (6), (11), (12), (16), (17), (24),
(25), and (26), the results are in the same units.

3.12 Accuracy: The accuracy of the DffiECT capaci
tance reading is ±0.1%±(1 ILlLf x RANGE SELECTOR M)
over the range of 100 ILlLf to 1.15 ILf, provided the dissi
pation factor reading is less than 0.01 (see 3.122). This
accuracy can be maintained for greater dissipation factor
readings by using Equations (4).

3.121 Thefractional accuracy, therefore, varies
from 0.2% for full-scale setting of the CAPACITANCE
dial to 1.1% for a setting of 100 ILlLf.

3



GENERAL RADIO COMPANY

3.122 The CAPACITANCE dial itself is direct read
ing to 1 JJ.JJ.f. The possible additional error of 0.1% can be
introduced by the ratio arms, .which are adjusted to better
than ±:O.I%, plus small leakage impedances in the shielded
transformer.

An extension of the ratio-arm shieldprojects throogh
the panel into the insulator of the high UNKNOWN DmECT
terminal. There remains a capacitance of 1.1 JJ.JJ.fbetween
this terminal and ground, which cannot conveniently be
removed by shielding. The error caused by this capaci
tance must be eliminated by subtracting 1.IIJ.jJ.f from the
product of CAPACITANCE reading x RANGE SELECTOR
M to maintain the stated accurac of +0.1% +(1 f x
RANGE SELECTOR M. This latter error is, therefore,
1.1 JJ./lf for M = 1,0.11 JJ.JJ.f for M = 10, and negligible
for M = 100 or 1000.)

3.123 The leads used to connect the unknown
capacitor to the terminals will add some capacitance.
This introduces a positive error which must be sub
tracted from the bridge reading. The capacitance of
leads of No. 16 bare wire with 3/4-inch spacing is about
0.3 JJ.JJ.f per inch. Most of this capacitance is associated
with the high lead, which therefore should not be in
sulated. It will amount to 1.2 JJ.JJ.f for the shortest pos
sible leads used when the panel of the unknown capacitor
is flush with and touching the panel of the bridge. This
capacitance may be measured as described in Section 3.2.

3.124 Theaccuracy of the dissipation factorread
ings is 0.0005 or 2%, whichever is the greater, provided
the dissipation factor reading is less than 0.1. This
accuracy can be maintained for greater dissipation factor
readings by using Equations (4). It is difficult to state

GEN. 0-------,

Figure 2. Substitution Method.

4

exactly how the error varies over the dissipation factor
range from zero to .06 because the scale of the DISSIPA
TION FACTOR dial Is semi-logarithmic. Slight errors
also arise from leakage impedances in the shielded
transformer. The mica capacitors controlled by the
DISSIPATION FACTOR switch are so adjusted that the
accuracy of the switch settings is 1%.

3.125 Thedissipation factor of the standard capac
itor varies from 0.00004 at 1000 JJ.JJ.f to 0.0004 at 100 JJ.JJ.f,
corresponding to a figure of merit DC of 0.04 JJ.JJ.f. The
error in dissipation factor reading can be reduced by
adding this dissipation factor of the standard capacitor.
One of the capacitances of the shielded transformer is
connected across the B arm as shown in Figure 10,
and has an appreciable temperature coefficient of capaci
tance. The accuracy of the dissipation factor reading
can be checked by the method suggested in Section 6.25.

3.2 SUBSTITUTION METHOD

3.21 Procedure: Many of the errors inherent in
direct readings across the bridge may be eliminated
by using the substitution method in which the standard
air capacitor is always kept in circuit and the unknown
capacitor is substituted for part of it. The capacitance
range of this method is that of the standard capacitor,
1050 JJ.JJ.f.

3.211 Set the METHOD switch at SUBSTitution
and the RANGE SELECTOR switch to the frequency*
position nearest to that used and to a capacitance position
for M equal to 1. Connect a balancing capacitor to the
UNKNOWN DIRECT terminals. The following method of
connection** should give the capacitance added to the
bridge by the unknown capacitor within 0.1 or 0.2 JJ.JJ.f.
Connect the lowterminal of the unknown capacitor to the
grounded UNKNOWN SUBSTitution terminal, as shown
in Figure 2, leaving the high lead separated from the
terminal of the unknown capacitor by about 1/4 inch.
Make this lead a stiff bare wire of small diameter.
Balance the bridge for capacitance and c;lissipation fac
tor as described in Section 3.1. This balancing capa
citor must be at least 100 JJ.JJ.f larger than the unknown
capacitor and may be either fixed or variable. Type 505
Capacitors, Type 509 Standard Capacitors, and Type 722
Precision Capacitors are suitable+. With the METHOD
switch set at SUBSTitution the capacitors controlled by
the DISSIPATION FACTOR switch and dial are connected
across· the B arm.

3.212 Connect the high lead to the high terminal
of the unknown capacitor and rebalance the bridge. The
new reading for capacitance will be less than, and the
new reading for dissipation factor will be greater than,
the initial readings.

3.213 When the unknown caJacitor has a dissiJa
tion factor less than 0.1, its capacitance and dissipation

*Higher fo gives best resolution.
**J. F. Hersh, "A Close Look at Connection Errors in
Capacitance Measurements", GENERAL RADIO EX
PERIMENTER, July, 1959.
+See the General Radio catalog for data.



TYPE 716-C CAPACITANCE BRIDGE

factor can be calculated from the changes in readings
of the CAPACITANCE and DISSIPATION FACTOR dials.

(5)

D = ~ (aD)
x aC

Dx

where initial readings are designated by primes and a
stands for "change in".

aC C' - C
(6)

C' aD

w(aC)2 1 + (aD) 2 (aCc)
2

(8)

aD

Cxp

(D - D ') 1..
f o

The initial capacitance C' appearing in the dissipation
factor equation should include the capacitance of the
leads to the unknown capacitor. This capacitance may
be found by making a third bridge balance in which the
leads are removed. The change in reading of the CA
PACITANCE dial from its initial reading is the lead
capacitance. The losses in the standard capacitor do
not appear in the expressionfor dissipation factor because
these losses are constant and are in circuit at all times.

3.214 When the balancing capacitor is variable,
the CAPACITANCE dial may be set exactly at a mul
tiple of 100 Illlf. The change in caIRcitance aC may then
be read directly by reading the scale backward.

1 - (aD)2 £-
aC -----...:=.=.

1 + (aD)2

1 + (aD)2
Rxp '" wC'(aD)

where aD has already been multiplied by the frequency
ratio fifo.

3.218 When the dissipation factor of the unknown
capacitor is very large (a value of 1 is a good dividing
line), the zero capacitance of the ratio arm containing
the DISSIPATION FACTOR capacitors produces addi
tional errors, and the following expressions should be
used:

3.215 The series resistance and parallel resis
tance of the unknown capacitor can be calculated by
means of Equations (3) or obtained directly from the
expressions

(9)

_ c' aD
- aC 1 + aD

Rxs

1 + a 2
aC 1 + aD

(7)

C'(.AD)

u; (aC)2

1
R xp = wC'(aD)

where aD has already been multiplied by the frequency
ratio fifo.

3.216 Thecalibration of the DISSIPATION FACTOR
dial is extended below zero to 0.0015 so that the bridge
can be balanced initially even when the dissipation factor
of the balancing capacitor is .greater than that of the
standard capacitor in the bridge. Advantage may also
be taken of this negative calibration in allowing sub
stitution measurements to be made with the METHOD
switch set at DIRECT. For this connection the dissipa
tion factor reading with the unknown connected will be
less than the corresponding initial reading.

aC 1 + aD
T+i)2"

1 + D2
Rxp = u;C'(A.D)

C C'
where a =D1'- aCaD =DCaC aD,

where an has already been multiplied by the frequency
ratio fifo' and where

3.217 When the dissiIRtion factor of the unknown
caIRcitance is greater than 0.1 and the dissiIRtion factor
reading of the bridge is less than 0.1, Equations (5) and
(7) require certain correction terms and become:

With the METHOD switch in the SUBSTitution position,
a capacitance of 65 Illlf is added across each ratio arm,

which makes Do equal 0.034 .!.... + 5%.
f o

5



GENERAL RADIO COMPANY

3.219 If Equations (8) and (9) are checked by
applying Equations (3) to the series quantities in order
to obtain the parallel quantities, considerable difficulty
will be encountered until the existence of the following
identity is established,

1 + D.} = (1 + D2) 1 + a2 (10)
(1 + aD)2

3.22 Accuracy: The accuracy of the calculated
capacitance is 2 IJ.lJ.f or 0.2%, whichever is the greater,
over the range up to 1050 IJ.lJ.f, provided the dissipation
factor of the unknown capacitance is less than 0.1 and
4D is less than 0.06. This accuracy can be maintained
for greater dissipation factors by using Equations (8)
or (9). This error is double that of the standard capaci
tor because in a substitution measurement two readings
are taken and the errors of these two readings may be
additive.

3.221 A chart* is provided on the panel of the
bridge giving the correction, in tenths IJ.llf, to the stand
ard capacitor for every 100 IllJ.f. The correction at the
50 IJ.lJ.f points can be obtained by interpolation. The worm
correction is rarely greater than 0.25 1J.1J.f. Application
of this correction will allow capacitance differences to
be determined to .±O.8 IJ.lJ.f or ±0.1%. For capacitance dif
ferences of less than 25 1J.1J.f, this error decreases linearly
to about 0.1 IJ.lJ.f. The lower limit of this error may be
set at 1/5 of the smallest division or 0.04 IJ.lJ.f, or by the
backlash of the worm drive, which is not greater than 1/2
of the smallest division or 0.1 1J.1J.f.

3.222 The standard capacitor can be calibrated so
as to be internally consistent to 0.1 IJ.lJ.f or 0.1%. This
is the so-called worm correction.** Using the correction
supplied by this calibration, capacitance can be measured
to an accuracy of 0.2 IJ.lJ.f or 0.1%. A capacitance of
200 IJ.lJ.f is the smallest that can be measured to an
accuracy of 0.1%.

3.223 The accuracy of the calculated dissipation
factor isO.00005 x £or 2% whichever is the greater,

Cx
provided the dissipation factor of the unknown capacitor
is less than 0.1 and AD is less than 0.06. This accuracy
can be approximately maintained for greater dissipation
factors by using Equations (8) or (9). The error is
always that of the change in DISSIPATION FACTOR
readings. This change can frrquently be increased by
keeping the capacitance ratio ~x near unity and by making

the frequency ratio!.- less than unity. The minimum
fo

error indicated above can only be attained by using that
part of the scale around zero. The dissipation factor of
a mica caJll,citor, 0.0005, may thus be measured to an
accuracy approaching 10%.

*R. r. Field, "Increased Accuracy for the Precision
Condenser", General Radio EXPERIMENTER, June, 1947.

"See General Radio catalog for data.
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3.3 SUBSTITUTION METHODS WITH EXTERNAL
STANDARDS

3.31 An external Type 722 Precision Capacitor
can be used as a standard by connecting it across the
UNKNOWN DIRECT terminals and using the internal
capacitor merely as a balancing capacitor. The METHOD
switch is set at DIRECT. The use of such an external
standard is of advantage only when this standard is
provided with a worm correction or has a capacitance
range especially suited to the work in hand.

3.311 Some of the advantages of the substitution
method may be extended to capacitances greater than
1000 IJ.lJ.f whenever capacitance standards are available
which are apprOXimately equal to the unknown capaci
tor, but only at frequencies near 1 kc where the larger
capacitance ranges are available. There are two dif
ferent methods which use, respectively, the standard
capacitor in the bridge and an external standard vari
able air capacitor.

3.32 Method I - Internal Variable Standard

3.321 With the METHOD switch set at DIRECT,
connect the fixed capacitance standard to the UNKNOWN
DIRECT terminals and balance the bridge for capaci
tance and dissipation factor. Substitute the unknown
capacitor for the standard capacitor, using the same
leads, and rebalance the bridge. The capacitance and
dissipation factor of the unknown are:

Cx = Cs + (C - C') M

(11)
Dx = Ds + (D - D')

where the primes refer to the initial balance with the
standard, M is the setting of the RANGE SELECTOR
switch, and Cs and Ds are the capacitance and dissi
pation factor of the fixed standard.

3.322 The accuracy of this comparison is deter
mined by the difference in capacitance between standard
and unknown. When C - C' is less than 5 IllJ.f, the errors
in both capacitance and dissipation factor are almost
entirely those of reading the two dials, as explained
in Section 3.22: 0.1 IJ.lJ.f for capacitance and 0.00005 for
dissipation factor. The former corresponds to a frac
tional error of 0.1% at the smallest setting of the stand
ard capacitor which would ever be used, 100 IJ.lJ.f.

3.323 By setting up. tolerances for both the CA
PACITANCE and DlSSIPATION FACTOR dials, the bridge
may be used as a limit bridge for rapidly checking lots
of similar capacitors.

3.324 A set of fixed standard capacitors may be
intercompared, provided there are enough duplicates
so that each capacitor may be matched by those smaller
than itself. A convenient set of standards consists of
pairs of capacitors having values 1, 2, 5 per decade.
The number of capacitors per decade may be reduced from
six to four, a 1, two 2's and a 5, provided that an extra
1 is available in the lowest decade and no error is entail-
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ed in stacking four capacitors. Type 1409 Standard Ca
pacitors are available in these ranges.* The two l's are
compared with the 2's; two 2's and a 1 with the 5's; two
5' s with the l's in the next decade and so on. Any ca
pacitor in the set may be taken as correct or their aver
age may be used as a reference. Their dissipation fac
tors may be determined by measuring the dissipation fac
tor of the O.OOl-J.Lf standard by the substitution method
of Section 3.2. Intercomparisons of this nature are prob
ably consistent to 0.1% in capacitance and to 0.00005 in
dissipation factor, and may be extended to well above
1 J.Lf.

3.325 Greater accuracy can be attained on the
whole intercomparison if, when it would become necessary
to change to the 10 multiplier in order to measure the
2000 J.LJ.Lf capacitors, the multiplier is kept at 1 and enough
capacitance is added in parallel with the internal standard
capacitor to provide the capacitance balance. This ad
dition process is continued through the 10,000 J.LJ.Lf level.
The multiplier is then changed to 10 and the process re
peated. In this manner a consistency of 0.02% in capaci
tance can be attained. This accuracy can be maintained
when C - C' is greater than 5 J.LJ.Lf by the use of the worm
correction. * Although the worm calibration is not in
tended for use when measurements are made at the UN
KNOWN DmECT terminals, it is valid when C - C'is small

3.33 Method n - External Variable Standard
3.331 With the METHOD switch set at DffiECT,

connect the fixed caplcitance standard to the UNKNOWN
DffiECT terminals together with an external standard
variable air caplcitor and balance the bridge for caIJaci
tance and dissipltion factor. The Type 722-D Precision
Capacitor is suitable for this use*o The standard caIJa
citor in the bridge is used merely as a balancing caplci
tor. It is, however, equivalent to a three-decade caplcitor
plus a variable air capacitor, because of the possibility
of using anyone of the four ratio arms controlled by the

*See General Radio catalog- for data.

RANGE SELECTOR switch. Substitute the unknown
capacitor for the fixed standard capacitor, using the
same leads, and rebalance the bridge, making the capaci
tance balance by means of the external standard variable
air capacitor. The capacitance and dissipation factor
of the unknown are:

Cx Cg + (C' - C)
(12)

Dx = D Cs + (D _ D? c' + Cssex Cx

where C' and C refer to the initial and final capacitances
of the external standard air capacitor respectively, and
Cs and Ds are the capacitance and dissipation factor of
the fixed standard.

3.332 The accuracy of this comparison is deter
mined by the difference in capacitance between standard
and unknown. For capacitances of 1000J.LJ.Lf or less the
error is the same as stated in Method I. For larger
capacitances the error in capacitance is less than occurs
in Method I because the external standard air capacitor,
by means of which the capacitance difference is taken up,
is a small fraction of the total capacitance. In general,
the error is 2 J.LJ.Lf for the direct reading calibration of a
1000-J.LJ.Lf external air condenser,0.8 J.LJ.Lf if the panel
chart is used, and 0.2 J.LJ.Lf if a worm correction is sup
plied. The error is 0.00005 for dissipation factor as
before.

3.333 A set of fixed standard capacitors may be
intercompared in the same manner as with Method I.
These intercomparisons are probably consistent to
0.02% in capacitance and to 0.00005 in dissipltion factor.
The extra complications of Equation (12) for dissipation
factor are such that the modified Method I, which has
equal accuracy, is preferred for routine intercomplrisons.

SECTION 4.0
SPECIAL MEASUREMENTS

4.1 MEASUREMENT OF HIGH RESISTANCE

4.11 A high resistance may be measured by the sub
stitution method described in Section 3.2. The unknown
resistor is connected across the UNKNOWN SUBSTitution
terminals by short bare leads. Its dissipation factor,
series and parallel capacitance, and series and plrallel
resIstance are given by Equation (9).

4.12 If the resistor has no reactive component so that

C = 00 and C = 0xs xp

its series resistance is the same as its parallel resis
tance as given by Equation (9). There will still be a
change of capacitance of the standard capacitor given
by

(14)
1

- w2C
xp

4.14 The largest resistance that can be detected,
corresponding to a change in dissipation factor of 0.00002
is 80 kMQ, with the standard capacitor set at 100 J.LJ.Lf.

where aD has already been multiplied by the frequency
ratio fifo and where the dissipation factor readings D
and D' must be increased by Do = 0.034 before being
multiplied by the frequency ratio fifo.

4.13 A change qf capacitance less than this value,
zero, or of opposite sign implies that the resistor is
inductive. Its series and parallel inductances are

L = __1_
xs w 2Cx

(13)C~D)

1 + DD'
aC

7
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(16)

D _ ~ AD
x - AC 1 + bD

**For best accuracy, replace

MC by MC - 1.1 (J.1.J.1.f)

MC'C by M (C' - Iii) (c - Iii) (J.1.J.1.f)

especially when M = 1 and C is small.

(17)

(18)

Dx
C f

AC fAD
0

AC C - C'

AD D - D'

Rxs
cM

Mw(AC)2

** 1
Rxp = wMC(AD)

where AD has already been multiplied by the frequency
ratio fIfo.

4.322 For large values of dissipation factor of
the unknown capacitor

C - M( ) 1 + b
2

xs - AC 1 + bD

where

also

4.3 PARTIAL SUBSTITUTION METHODS

The lower limitfor the measurement of both
resistance and inductance by the method described
in Sections 4.1 and 4.2 may be made much smaller
by using either of the two methods of Sections 3.32
and 3.33 but only at frequencies near 1 kc where the
larger capacitance ranges are available.

4.31 For Method II, in which an external standard
variable air capacitor is used, Equations (5) to (9) hold
unchanged. The lower limit of resistance is reduced
to 300 fl, with a total capacitance in circuit of 1 J.1.f. Type
509 Standard Capacitors may be used as external fixed
standards.* The lower limit of inductance is still 25 h,
corresponding to a change in capacitance of 1000 J.1.J.1.f,
the range of the external precision capacitor.

4.32 For Method I, in which the bridge is balanced
for capacitance by means of the internal standard air
capacitor, the procedure is modified to the extent that
the fixed balancing capacitance is kept in circuit at all
times. Equations (5) to (9) must be modified by trans
posing C and C' wherever they appear, and multiplying
them by M, the capacitance setting of the RANGE SELEC
TOR switch.

4.321 For small values of dissipation factor of
the unknown capacitor

Cxs ~C)

(15)

TABLE III

fo Resistance Inductance

min max min max

100 c 3 Mfl 800 kMfl 2.5 kh 100 Mh
1 kc 300 kfl 80 kMfl 25 h 1 Mh

10 kc 30 kfl 8 kMfl 250 mh 10 kh
100 kc 3 kfl 800 Mfl 2.5 mh 100 h

4.2 MEASUREMENT OF LARGE INDUCTANCE

4.21 A large inductance may be measured by the
substitution method described in Section 3.2. The un
known inductor is connected across the UNKNOWN SUB
STitution terminals in the same manner as an unknown
capacitor. The change in capacitance AC will in gen
eral be negative, the final reading of the CAPACITANCE
dial with the inductor connected being greater than its
initial reading. Hence the balancing capacitance must
be less than 1150 J.1.J.1.f by at least the amount AC.

4.15 The decrease in resistance of high-valued
resistors, both wire wound and metallized, with increase
in frequency may be studied by this method. This
is the Boella effect, which is caused by distributed
capacitance and its dissipation factor.

The smallest measurable resistance corresponding to
a change of dissipation factor of 0.56, the full range of
the DISSIPATION FACTOR switch and dial, is 300 kfl,
with the standard capacitor set at 1000 J.1.J.1.f. These
limits hold for a frequency of 1 kc. The range in resis
tance varies inversely witll' the frequency, as shown
in Table III.

4.23 The inductance range extendS from 25 h to
1 Mh (1,000,000 h), corresponding to changes in capaci
tance of 1000 J.1.J.1.f and 0.02 J.1.J.1.f respectively at a fre
quency of 1 kc. The range in inductance varies inversely
with the square of the frequency, as shown in Table m.

4.24 The changes in the parallel resistance and
reactance of a choke coil or parallel tuned circuit as
the frequency is carried through resonance may be
studied by this method. The corresponding values of
dissipation factor may be calculated and the distributed
capacitance determined.

4.22 The dissipation factor, series and parallel
resistances, and equivalent series and parallel capaci
tances of the unknown inductor are given by Equations (5)
and (7). Its series and parallel inductances can be
calculated by Equations (14). For large values of disst
pation factor it will be necessary to use Equations (9).
Its storage factor is the reciprocal of its dissipation
factor.

*See General Radio catalog for data.
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C an
wM(AC) 2 1 + b2

(19) introduce sufficient errors so that Equations (20) must
be modified.

** Cxs = MC'C
AC + (DC' - D' C)Do

*See General Radio catalog for data.
**See note, page 8.

The lower limit of resistance is reduced to 300n,
for a total capacitance in circuit of IJLf. The lower limit
of inductance is reduced to 25 mh for a change in capaci
tance of III f. This limit varies 4lversely as the square
of the frequency. Both Type 505 Capacitors and Type 509
Standard Capacitors may be used as the fixed balancing
capacitors.*

where b = D' - ~~aD = D - ;CAD,

where AD has already been multiplied by the frequency
ratio fifo, and where D and D' have been increased by
Do before being multiplied by fifo. Since the METHOD
switch will be in the DIRECT position, Do equals 0.026 ±
5%.

4.4 SERIES SUBSTITUTION METHODS

4.41 Capacitances greater than those that can be
measured by parallel substitution methods may be
measured by connecting them in series with a fixed
balancing capacitor across the UNKNOWN DffiECT
terminals. The balancing capacitor is first measured
alone by the method of Section 3.1. The unknown capa
citor is then connected in series between the balancing
capacitor and the ground terminal. Its series capaci
tance, dissipation factor, and series resistance are

(21)_. DC' - D'C
AC + (DC' - D'C)Do

DC' - D'C
Rxs = wMC'C

Dx

**

Dx
DC' - D'C

AC

(22)

** Rxs
DC' - D'C
wMC'C

DC' - D'C

where D and D' have already been multiplied by the fre
quency ratio fifo.

AC

where Do is the dissipation factor corresponding to
the fixed capacitances across the ratio arms and has
the value 0.026 fifo.

4.42 Small inductances may be measured by this
method. As with capacitances, the inductor is con
nected in the ground lead of the fixed balancing capacitor.
Its series inductance, dissipation factor, series resis
tance, and storage factor are

** ACLxs =
wZMCC'

4.421 The smallest indudance that can be detec
ted at a frequency of 1 kc is 0.5 tLh for a fixed capaci
tance of 1 Ilf, or 500 Ilh for a fixed capacitance of
1000 IlIJ. f, for M = 1 and a change in capacitance of the
standard capacitor of 0.02 Ililf. This limit varies in
versely as the square of the frequency.

4.422 When the dissipation factor reading with
the unknown inductor connected is greater than 0.1,
the fixed capacitances across the ratio arms A and B
introduce sufficient,errors so that Equations (22) must
be modified.

**
AC + (DC' - D'C)Do

Lx
w 2MC'C

Dx
°DC' - D'C

AC + (DC' - D'C)Do
(23)

** Rx
DC' - D'C
wMCC'

Qx
AC + (DC' - D'C)Do

DC'- D'C

9

(20)

Cxp M(AC) 1 + bD
1 + D2

1 + D2
** Rxp = wMC(AD)

DC' - D'C
AC

DC' - D'C
** Rxs = wMC'C

MC'C
** Cxs = AC

where D and D' have already been multiplied by the fre
quency ratio fifo.

4.411 The largest capacitance that can be detected
is 50mf (0.05!) for a fixed capacitance of IlJ.f or 50 IJ.f
for a fixed capacitance of 1000 Illl f for M = 1 and a
change in capacitance of the standard air capacitor of
0.02 Ililf.

4.412 When the dissipation factor reading with
the unknown capacitor connected is greater than 0.1,
the fixed capacitances across the ratio arms A and B
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where Do is the dissipation factor corresponding to the
fixed capacitances across the ratio arms and has the
value 0.026 fifo ~ 5%.

4.43 The ranges for both capacitance and inductance
may be extended by connecting a standard variable air
capacitor in parallel with the fixed balancing capaci
tor as indicated in Section 3.33. Equations (20) to (23)
hold except that C and C' are transpose.d. The limits
for capacitance and inductance at a frequency of 1 kc
are 1 f and 0.025 J.Lh, based on a sensitivity of capaci
tance balance of 1 part per million.

4.5 SERIES RESISTANCE METHOD

4.51 The series resistance of a capacitor having
a capacitance of 1000 J.LJ.Lf or less may be measured by
modifying the substitution method of Section 3.2, as
shown in Figure 3. The resistance balance is made by
means of a decade resistor such as a Type 1432 Decade
Resistance Box*, connected in the ground lead of the
balancing capacitor.

If the initial resistance balance is made by means of the
DISSIPATION FACTOR dial, leaving the decade resistor
set at zero when the unknown capacitor is not connected,
the change in resistance is the setting of this decade
resistor for the second balance. The series capacitance
and series resistance of the unknown capacitor are

Cxs = AC

(24)

may be made by means of the added decade resistor
than by the DISSIPATION FACTOR dial. It is difficult,
however, to make the dissipation factor balance on the
bridge to better than 0.000001 (one millionth).

4.52 An external standard variable air capacitor
may be used by connecting it across the UNKNOWN
DIRECT terminals with the decade resistor in series
in the ground lead. The unknown capacitor is then con
nected in parallel with both. The bridge is balanced
for resistance by means of the DISSIPATION FACTCR
dial with the decade resistor set at zero. The unknown
capacitor is then disconnected, and the change in resis
tance is the setting of the decade resistor for the second
balance. Equations (24) hold for this method also, C I

being the capacitance of the external standard capacitor
when the unknown capacitor is not connected.

4.6 PARALLEL RESISTANCE METHOD

4.61 The parallel capacitance and resistance of
capacitors within the capacitance range of the bridge,
100 J.LJ.Lf to 1.1 J.Lf at 1 kc and 100 to 1050 J.LJ.Lf at other fre
quencies, may be measured directly by making the resis
tance balance on a decade resistor connected across the
UNKNOWN SUBSTitution ter)llinals in parallel with the
internal standard capacitor as shown in Figure 4. The
DISSIPATION FACTOR switch and dial must be set at
zero. The resistance range is determined by that of the
decade resistor.

where the capacitance reading C must be increased by
the parallel capacitance of the decade resistor. This
capacitance varies with the number of decades and the

4.511 Sincethe change inresistancecorresponding
to a change in dissipation factor of 0.00002 is much
greater than 0.10, smaller changes in dissipation factor

,..----0() GEN. 0-----.

(J.LJ.Lf)

(25)
MC - 1.1

R
M

GEN. 0----.....

*See General Radio catalog for data.

r-----O GEN. 0------,

Figure 3. Substitution Series
Resistance Method.

Figure 4. Parallel-Resistance Method. Figure 5. Substitution Parallel
Resistance Method.

10
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settings of these decades between 10 and 40 jJ. jJ. f* .

4.611 For a maximum setting of the decade
resistor of 100 kO, the lower limits of dissipation
factor are 16 for a capacitance of 100 jJ.jJ. f, 1.6 for
1000 /l/lf, and 0.0016 for 1 /If.

4.62 The parallel capacitance and resistance limits
may be extended by the substitution method shown in
Figure 5. A balancing capacitor and resistor in parallel
are connected across the UNKNOWN DIRECT terminals
and a decade resistor of 100 kO maximum resistance
is placed across the UNKNOWN SUBSTitution terminals.
Using a balancing capacitance of 100 M jJ.jJ.f and a bal
ancing resistance of 100 kn, the bridge will balance

M
with the CAPACITANCE dial at about 100 jJ.jJ.f and the
decade resistor set at about 100 kO. The unknown capac
itor is then connected across the UNKNOWN DIRECT
terminals and the bridge rebalanced by increasing the
setting of the standard capacitor and decreasing that
of the decade resistor. The parallel capacitance and
resistance of the unknown capacitor are

*D. B. Sinclair, "Radio Frequency Characteristics of
Decade Resistors", General Radio EXPERIMENTER,
Vol. XV, No.6, December 1940.

(26)

RR'
Rxp = M(aR)

wh~re the change in capacitance aC must include the
change in parallel capacitance of the decade resistor.*
The smallest capacitance setting M of the RANGE
SELECTOR switch which allows a capacitance balance
should be used.

4.621 Thelargest resistance which canbedetected
corresponding to a change in resistance of 1 part in a
million is 100 kMU with the RANGE SELECTOR switch
set for M=l.

High resistances, large inductances, and parallel
tuned circuits may be measured in a similar manner.
An inductance will cause the setting of the standard
capacitor to decrease when it is connected across the
UNKNOWN DIRECT terminals. Either a larger bal
ancing capacitor should be used or the inductor should
be connected across the UNKNOWN SUBSTitution ter
minals. For the latter case the fixed and decade resis
tors should be transposed. Equations (26) still hold
except that usually the RANGE SELECTOR switch is
set for M=l. Inductance is calculated from Equation (14).

SECTION 5.0
OTHER USES

5.1 VOLTAGE LIMITS

5.11 The junctions of the ratio arms and of the
capacitance arms, the latter being grounded, are brought
out to the terminals marked DETECTOR in large capitals
in the upper right corner of the panel. One winding of
the shielded transformer is connected across the ratj«)
arms and the other winding is connected to the terminals
marked GENERATOR in large capitals in the upper left
corner of the panel. This connection of the power supply
produces m::.ximum sensitivity of balance for the meas
urement of small capacitances.

5.12 The voltage that may be applied to the GENER
ATOR terminals is limited by the power dissipation of
the ratio arms. Alll'esistors except those used at 100 c
will dissipate 0.5 watt. For the seven positions of the
RANGE SELECTOR switch the values of the resistors
used, their ratings in watts, volts, and milliamperes are
given in Table IV. The ratings of the A arm resistors
are the same as similar ones in the B arm. The maxi
mum voltages which may be applied across the ratio
arms and across the GENERATOR terminals are the
same except at frequencies below 200 c. Below that
frequency the magnetizing current of the transformer
is the limiting factor. At 60 c the maximum voltage
is 55v. The transformer has the same number of turns
in both of its windings. It is safe to use any generator
with a maximum output of 1 watt.

11

5.13 A much higher voltage can be applied to the
unknown capacitor by connecting the power supply to
the DETECTOR terminals. The limit is determined
either by the maximum voltage of the standard capaci
tor, 700 volts peak, or by the maximum current of the
B arm. The last line of Table IV gives these limits
at frequency fo. At other frequencies these limits vary
inversely with frequency.

5.14 The increased voltage that can be used across
the DETECTOR terminals will tend to offset the lowered
sensitivity of the bridge for this connection. Less power
will be lost in the ratio arms and none in the trans
former. This will shorten the time needed to attain
temperature equilibrium of the bridge after the power
is applied. Although the errors caused by these tempera
tures changes are less than the limits given in Table I,
they are sometimes annoying in substitution methods
because they shift the initial balance.

5.2 FREQUENCY RANGE

5.21 The bridge will operate at all frequencies from
30 cycles to 300 kilocycles with the accuracy limits
given in Table I, provided that the ratio of the frequency f
applied to the bridge to the frequency fo indicated by
the RANGE SELECTOR switch lies between 0.1 and 3.
The capacitance range is unaffected by frequency except
that only for fo = 1 kc does it extend to 1 1J.f. The dis-
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TABLE IV

RANGE

SELECTOR

1
100c

1
1kc

10

1kc
100

1kc
1000

1kc

1

10kc

1

100kc

R
A

k'l 200 20 20 20 20 2 .2

R
B

k'l 200 20 2 .2 .02 2 .2

R
B

w 1 .5 .5 .5 .5 .5 .5

R
B

v 450 100 30 10 3 30 10

R
B

ma 2.2 5 16 50 160 16 50

GENERATOR v 90 200 130 110 103 60 20

DETECTOR v 700 700 250 80 25 250 80

5.3 MEASUREMENT OF DIELECTRICS

5.31 The dielectric constant and dissipation factor
of a solid dielectric are obtained by applying suitable
electrodes to the material and measuring its capacitance
and dissipation factor by the method described in Section
3.2. Satisfactory results are obtained when the material
is in the form of thin slabs. Electrodes may be cut from
thin lead foil and fixed to the slab by a very thin coat of
petrolatum. High conductivity silver paint also provides
good electrodes, especially when the slabs are conditioned
at high humidity because such paint is porous to water
vapor. Electrodes should extend to the edge of the sample.

5.32 The dielectric constant of the material is

capacitors pickup voltages from the electric field, while
the shielded transformer may be affected by the magnetic
field, even though it has a high-permeability case. The
magnetic field usually fluctuates with wide limits so that
even substitution methods are affected. Measurements
under these conditions are rarely reliable to better
than 0.000010 for dissipation factor. It is often advisable
to use a frequency differing sufficiently from the power
supply frequency so that these extraneous voltages can
be removed by suitable filter circuits. Even a slight
difference in frequency which produces a slow beat
between the frequencies is sufficient, because then in
order to balance the bridge it is only necessary to reduce
to zero the amplitude of this beat.

(J,LJ,Lf, em)
11.30tCx

A
K

sipation factor range is directly proportional to fre
quency. Its maximum value is, therefore, .056 for fifo
" 0.1 and 1.68 for fifo ,,3. The smallest detectable dis
sipation factor is similarly affected, being 0.000002 and
0.00006 respectively.

5.22 For substitution measurements the operating
frequency f can be made 10 times the RANGE SELECTOR
frequency fo before the accuracy limits of Table I are
exceeded. This makes possible measurement at a fre
quency of 1Mc. The minimum dissipation factor is
however raised to 0.0002. At this frequency some of
the effects of residual impedances in the standard capaci
tor and the dissipation factor capacitors have begun to
be serious. The series inductance and resistance of
the standard capacitor is the same as for a Type 722-M
Precision Condenser,* 0.06 J,Lh and 0.02'l respectively.
These residuals will produce an error+ of -0.3% in
capacitance and -0.0002 in dissipation factor when meas
uring a capacitance of 1000 J,L J,Lf by the substitution
method of Section 3.2. The inductance in series with
the dissipation factor capacitors is about 0.5 J,Lh, which
will produce an error of -0.8% in the dissipation factor
reading at the level of D == 0.05.

5.23 A dissipation factor of 0.000001 (one millionth)
is essentially the limit of sensitivity of the bridge. It
requires, for accomplishment, complete freedom from
extraneous voltages both in the amplifier and in the
bridge itself. When power is taken from the local power
supply at 60, 50, or 42 cycles, it is very difficult to
prevent the electric and magnetic fields from the wiring
and from motors from inducing considerable voltages in
the bridge. Exposed leads to the balancing and unknown

*See General Radio catalog for data.
TR. F. Field, "Substitution Measurements at Radio Fre
quencies", General Radio EXPERIMENTER, Vol. XIV,
No. 12, May 1940.

K
4.45tCxp

A
(J,LJ,Lf, in)

(27)

12
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where Co is the air capacitance between the two elec
trodes. It is given by

Co '"
A

p,j.Lf (cm)O.0885 T (28)

Co '"
A

p,j.Lf (in)0.2248-,-

where A is the area of the electrodes and t the thickness
of the slab.

Since this method neglects edge and ground capaci
tance, the calculated K may be too large by as much as
10%.

5.33 This error can be substantially reduced by the
use of the following formulae·

terminal capacitances is connected across ratio arm B.
Even the substitution method of Section 3.2 does not
give the correct value for dissipation factor because
the terminal capacitances placed across ratio arm A
are not the same for the two balances of the bridge.

5.411 The term inal capacitance placed across
a ratio arm affects slightly the resistance of that arm,
because of the parallel resistance which represents
its dielectric loss. Hence in the substitution method
an error of perhaps 0.1 j.Lp,f may occur in the capaci
tance Measurement. WhUe such an error is generally
negHgible, It 15 large enough to prevent the measurement
of such small dlr~ct capacitances as the grid-to-plate
capacitance of a screen-grid vacuum tube. The error
is always in the direction to give too small a capacitance.
Its presence is frequently detected by the fact that the
calculated capacitance Is negative. This error can be
greatly reduced by disconnecting the capacltor on the
ground side. This makes the terminal capacitance

where Cp is the corrected capacitance to be used in the
calculation of K, Ce is the edge capacitance in air, Cg is
the capacitance of the high electrode to ground, P is the
perimeter of the sample, and h is the height of the high
electrode above the ground plane.

5.34 The Type 1690-A Dielectric Sample Holder ....
provides a more accurate and much more convenient
method for making these measurements. Its use essen
tially eliminates connection errors as well as errors due
to Ce and Cg . It may be used over the enUre frequency
range of the bridge and in conjunction with other suit
able measurIng circuits, to at least 100 Mc.

5.4 MEASUREMENT OF DffiECT CAPACITANCE

5,41 The dIrect capacltanCe+ between two terminals
may be separated from the capacitance of these terminals
to a surrounding shield by connecting this shield to the
jWlction of the ratio arms and balancing the bridge by
the direct reading method of Section 3.1. The bridge
reads too high In dissipation factor because one of thE'

Figure 6. View of Type 161O-B Capacitance Measuring
Assembly: Type 1210-C Unit R-C Oscillator with Type
1203-B Unit Power Supply, Type 1232-A Tuned Ampli
fier and Null Detector, Type 716~P4R Guard Circuit,
and Type 716-CR Capacitance Bridge.

(29)

p,p,f (in)+ 0.78t0.123 ~
{h

p
Ce '" P (0.121 log10 - 0.114) p,j.Lf (in),

Cp '" Cxp - (Ce + Cg)

where

.See ASTM Specification D-I50.
"I.G. Easton, "A Sample Holder for Solid Dielectric Ma
terials," General Radio EXPERIMENTER, Vol. XXVI,
No.3, August, 1951. See also General Radio catalog and
ASTM Specification D-15O.
~. F. Field, "Determination of the Edge Correction In
the Measurement of Dielectric Constant", Proc. ASTM
Vol. 37; Part II, 1937, pp. 655-660.

13
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Figure 7. Schematic Diagram of the Type 716-P4 Guard Circuit
Connected to the Type 716-C Capacitance Bridge for Direct Method.

a. b.

Figure 8. Dielectric Cell and Shielded Connections. Figure 9. Liquid Dielectric Cells.

5.52 The measuring electrodes are usually referred
to as the guarded and unguarded electrodes. The three
direct capacitances between the three electrodes depend
solely on the geometric configuration of the electrodes
and on the dielectric constant of the intervening dielec
tric. They are independent of the voltages applied to the
three electrodes, except as the voltage gradient in the
dielectric affects the dielectric constant and dissipation
factor. Such an effect of voltage gradient is neglible
in most solid dielectrics, except under conditions of
high humidity. It is very noticeable III some liquids.

NGUARDED
ELECTRODE

G AROED ELECTRODE

UNGUARDED
ELECTRODE

RDED
CTRotE

ARD
ELECTRODE

/?UA
ELE

I I
,JLLLL. jCL.<:la

V

"1'777'/ ~
r I

~

~~~

:;}>--+-._._------- .

5.5 GUARD ELECTRODES

5.51 The use of the guard circuit described in Sec
tion 5.42 makes it possible to eliminate all of the errors
discussed in Section 5.3 in the measurement of dielec
trics. The slab of dielectric is placed in a shielded com
partment insulated from ground and having the electrodes
connected as in Figure 8. The measuring electrodes are
circular and the guard electrode annular.

placed across the A arm for the two balances differ
only by the direct capacitance being measured.

5.42 Guard Circuits: The errors produced by con
necting the shield or third terminal of a three terminal
capacitor to the junction of the ratio arms may be elim
inated by connecting this terminal to a guard circuit,
such as the Type 716-P4 Guard Circuit. Figure 7 shows,
in simplified form, the Type 716-C Bridge connected to
a Type 716-P4 Guard Circuit. The third terminal of the
capacitor under test is connected to the guard point, and
the undesired terminal capacitances are effectively elim
inated from the measurement by balancing the guard
circuit.

For a detailed description of electrode arrangements
the reader is referred to ASTM Specification D-150.
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Hence in most cases the two measuring electrodes and
also generator and detector can be transposed without
affecting the results.

5.53 The effect of voltage gradient is eliminated
when at balance the guarded and guard electrodes are
brought to the same potential. This also removes the
danger of breakdown between these two electrodes,
which would be likely to occur because of their close
spac~. For the Type 716-P4 Guard Circuit the guarded
electrode should be grounded, with the normal connection
of generator and detector, since at balance the guard
point is broughtto ground potential.

5.54 The dielectric cell shown in Figure 8 could be
used for measuring the dielectric constant and dis
sipation factor of a liquid provided it were made tight.
It is usual, however, to make the electrodes cylindrical
and either place guard cylinders at both ends as shown
in Figure 9a, or at only one end as shown in Figure 9b.

The single ended type shown in Figure 9b is preferable
because the liquid does not touch the solid insulation.
This type of construction provides a greater capaci
tance for a given amount of liquid.

5.6 POLARIZING VOLTAGE.

A suggested circuit for the application of polarizing
voltage up to 1000 volts dc to capacitors being meas
ured is shown in Figure 11.

Although the polarizing voltage is introduced at
the DETECTOR terminals, most of the voltage appears
across the unknown capacitor, since its impedance is
much higher than the resistance of the series ratio arm,
RB. The circuit values given in Figure 11 are for a test
frequency of 1000 cps, and should be modified for use at
other frequencies. Parallel capacitors are shown be
cause there is not enough room in a Type 874-X Inser
tion Unit for a O.OI-~lf, lOOO-v capacitor. Recommended
capacitors are Centralab Type TDBC or equivalent.

Figure 11. Circuit for Applying Polarizing
Voltage. (GR Coaxial Components are Type
874-X Insertion Unit, Type 874-T Tee, and

Type 874-R34 Patch Cord.)

DC SUPPLY
O-IOOOV

r-------A~ ......,

,,- 10M. I/ZW~

4-0.005I1f "'-- .J:. .J.
DETECTOR

TERMINALS
716-C

SECTION 6.0

6.1 ELECTRICAL CIRCUIT
6.11 The wiring diagram of the Type 716-C Capaci

tance Bridge is shown in Figure 10. All features of the
design are directed toward making the bridge direct read
ing in capacitance and dissipation factor over the entire
capacitance and frequency range-to the greatest possible
accuracy. The most important features of the design
are the complete shielding of both ratio arms and trans
former, the ability to place the dissipation factor capaci
tors across either ratio arm, and the compensation for
capacitance of the various ratio arms so that the storage
factors RA c.;CA and RBc.;CB of the pairs of ratio arms
are exactly equal and apprOXimately constant for all
settings of the RANGE SELECTOR switch.

6.2 ADJUSTMENTS
6.21 Standard Capacitor: The standard capacitor

C-21 has been adjusted to be direct reading in capaci-

CONSTRUCTION

tance from 100 to 1150 Ililt to an accuracy of 1 Ililf. The
pair of plates at each end of the stator stack control
the internal consistency of this calibration and are
adjusted before the capacitor is mounted in the bridge.
A movable plate mounted on the frame changes the
zero capacitance of the capacitor and is adjusted to
make the bridge read correctly in capacitance. This
compensates for the capacitances of the UNKNOWN
SUBSTitution terminals and the wiring to them and for
the leakage impedances of the shielded transformer.
The capacitance of 1.1 Ililf of the UNKNOWN DIRECT
terminals is not compensated.

6.211 The dissipation factor of this capacitor
varies from 0.00004 at 1000 Ililf to 0.0004 at 100 Illlf,
corresponding to a figure of merit DC of 0.04 Ililf.
These values of dissipation factors are not compensated
by the adjustment described in Section 6.252.

15
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6.22 Dissipation Factor Capacitors: The dissipation
factor scale of the air capacitor C-16 corresponds
exactly to capacitance differences measured from an
arbitrary zero chosen near the minimum capacitance
setting, such that the dissipation factor limits of -0.0015
and 0.06 appear. The decade capacitors C-22 are mica
units similar to Type 380 Decade Capacitor Units, so
chosen that each step is 398 p.p.f, giving a dissipation
factor of 0.05 for each step with an accuracy of ±.1%.

6.221 The decade and air capacitors are con
nected across either the A or B arm of the bridge by
means of the METHOD switch S-2, being placed across
the A arm in the DIRECT position and' acrOss the B
arm in the SUBSTitution position.

6.23 Shielded Transformer: The shields around both
windings are complete and are connected to the winding
to eliminate all terminal capacitances. The leads are
brought out by means of Teflon concentric cable. A third
shield between the two winding shileds is connected to
the transformer case and to the main insulated shield
of the bridge, which in turn is connected to the junction
of the ratio arms. The various shields are insulated from
each other by Teflon tape. The capacitance between these
shields and the bridge winding shield is placed across the
B ratio arm and amounts to about 110 !J.!J.f. It will change
slightly with temperature.

6.231 Inspite of the care taken to obtain complete
shielding of the generator winding from the bridge wind
ing, enough capacitive coupling remains to introduce ap
preciable errors on the 100-kc range. The effect of this
coupling is neutralized by applying a compensating volt
age across the DETECTOR terminals. This voltage .is
obtained by capacitive coupling through the double-stator
capacitor C-20 to the opposite ends of the generator
winding shield whose middle point is grounded and that
has induced in it the voltage of one turn. It is by this
device that the bridge accuracy is maintained up to a fre
quency of 1 Mc.

6.24 Ratio Arms: The ratio arms are all mounted
on a double arm switch S-I, which controls both the
choice of ratio arms and the compensating capacitors.
The switch is made of mica-filled phenolic so that the
parallel resistance representing its dielectric losses
YJill not be an appreciable shunt on the 200 kQ ratio arms
at the lowest operating frequency of 30 c.

6.25 Compensating Capacitors: With the DISSIPA
TION FACTOR switch and dial set at zero, the METHOD
switch set at Drn.ECT, and the RANGE SELECTOR switch
set at any position for which the capacitance multiplier
M = 1, the total capacitance across the A arm is 205/1./1.f
+ 5%. This is made up of roughly 65 !J.p.f from the
dissipation factor capacitors C-16 and C-22, 90 !J.!J.f
from the wiring of all the resistors and capacitors in the
A arm, and 25p.p.f each from the zero adjustment capaci
tor C-17 and whichever of the variable air capacitors C-l

16

to C-7 is in circuit, each being set at about half scale.
This capacitance of 205!J.!J.f is balanced in the B arm by
60 p.!J.f from the wiring of all the resistors and capaci
tors in the B arm, 110 !J.!J.f from the. transformer T-l,
and 35 !J.p.f from mica capacitor C-10. When the range
selector is set on the other capacitance multipliers,
10, 100, 1000, mica capacitors C-11 to C-13 with capaci
tances of 0.0019, 0.021 and 0.21p.f respectively are
added.

6.251 When the METHOD switch is set at SUB
gritution, the zero capacitance of 65 p.!J.f of the dis
sipation factor capacitors C-16 and C-22 is added across
the B arm. This transferred capacitance is balanced
in the A arm by a 100 p.p.f mica capacitor C-19 and a
variable air capacitor C-18 set at approximately 30 !J.p.f.
The total capacitance across both arms is thus increased
to 270 p.p.£.

6.252 The seven air capacitors C-1 to"C-7
associated with the seven positions of the RANGE SE
LECTOR switch are adjusted-by connecting in turn
across the UNKNOWN DffiECT terminals suitable stand
ard capacitors of known capacitance and dissipation
factor, such that a capacitance balance is obtained at
each position for settings of the internal standard capaci
tor of apprOXimately 100 and 1000 !J.p.f. With the DIS
SIPATION FACTOR dial set at the known dissipation
factor decreased by that of the internal standard, the
bridge is balanced for dissipation factor by the compen
sating air capacitors with the internal standard set at
1000 p.p.f and then checked with the standard set at
100 p.p.f. In general these check readings will agree
very closely except at 100 kc. At this frequency the
readings are brought into agreement by adjustment of
the double stator capacitor C-20 connected to the trans
former shield. The METHOD switch is then set at
SUBSTitution, the RANGE SELECTOR switch set for
M =1 and fo =1 kc, and the DISSIPATION FACTOR
dial set at minus the known dissipation factor plus that
of the internal standard. The bridge is then balanced
for dissipation factor by the compensating air capaci
tor C-18 associated with the METHOD switch.

6.253 Changes in the inter-shield capacitances
of the shielded transformer and in the wiring capaci
tances caused by temperature changes will affect equally
the dissipation factor readings on all settings of the
RANGE SELECTOR switch. These changes can be com
pensated by adjustment of air capacitor C -17, using
for measurement any capacitor of known dissipation
factor. If none is available, the dissipation factor of any
capacitor having a capacitance between 100 and 1000 !J.!J.f
can be mmsured by the substitution method of Section 3.2
and then used as a standard.

*Relative humidity inside the bridge should be kept below
40% for some time before, andwhile, making the adjust
ments outlined in paragraph 6.252.



Rl 200k ±0.05% REPR-17-E
R2 20k 510-361

...... R3 20k 510-361
l:Q

R4 20k 510-361r:tl

S R5 20k 510-361

Z R6 2k 510-341-- R7 200 500-30E
rn R9 200k ±0.05% REPR-17-E
~ RIO 20k 510-361
Eo< R11 2k 510-341r!lrn R12 200 500-30E
r:tl R13 20 510-340~

R14 2k 510-341
R15 200 500-30E

Cl 50 COA-2
C2 50 COA-2
C3 50 COA-2

...... C4 50 COA-2
0 C5 50 COA-2
r:tl C6 50 COA-2
S C7 50 COA-2
Z CI0 35 COM-2OB--rn C11 0.0019 lJf 505
~ C12 0.021 ~f 5050
t: C13 0.210 ~f 505
0 C16 500 539-405
~ C17 50 COA-2
-< C18 50 COA-2
0 C19 0.0001 ~f ±1O% COM-2OB

C20 11 846-400
C21 1100 722-402
C22 980-400
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NOTES:

When ordering replacement components, be sure
to include complete description as well as Part Num
ber. (Example: R85, 51k ±1O%. 1/2w. REC-20BF.)

Figure 10. Wiring Diagram for Type 716-C Capacitance Bridge.

COA - Capacitor, air
COM - Capacitor, mica
REPR - Resistor, precision

(B) All resistances are in ohms except as other
wise indicated by k (kilohms).

(C) All capacitances are in micromicrofarads ex
cept as otherwise indicated by ~ (microfarads).

(A) Type prefixes for resistors and capacitors are
as follows:



OPERATING INSTRUCTIONS

TYPE 716-CS1 CAPACITANCE BRIDGE

Supplement to Type 716-C Operating Instructions

Substitution Measurements

Direct Measurements

*Multiply by 0.01 after corrections are added.

De = D + R o Vi wC

CAPACITANCE reading
C'+ C
C'- C
DISSIPATION FACTOR switch plus dial
reading
D - D'

tc

Where C
EC
AC
D

-;- .~ :::/2.:F:--~ f/:-;='-
- ----------- j--------- -------

Mc2-1 0/0:;

Mc
2 7£

where L is the equivalent series lead inductance, Ro
the equivalent series resistance at 1 Mc and f is
expressed in Mc.

Approximate values of Land Ro are 0.19J.1.h and
0.0300 for a pair of parallel No. 16 bare wires 6 inches
long, at three-quarter inch spacing. In addition to these
high frequency lead corrections allowance must also be
made for lead capacitance, as with any two-terminal
bridge.

A simple way to find the C and D corrections (or
to determine Land R) for any set of leads is to measure
a physically small capacitor, of the same value as the
unknown, at the bridge terminals; with and without the
leads, and at the end of the leads.

Apply corrections from charts as shown in the fol
lowing table, after c0rrecting for leads.

C and D values are used, but equations containing cor
rection terms should not be used.

The bridge measures effective capacitance and
dissipation factor at its terminals. When leads are used,
the measured Ce and De values will be greater than the
true C and D of the unknown:

III
t------+----+----t----------+

Chart Enter At Correction Add To

~e Abscissa Ordinate

I C Mc3/ 2 -1 D f
- D*

II Do Mc~ -1 D fo

D M~ D
- _. - -~.~--~. ------- -------

III C Mc
2

-1 0/£ C
IV D Mc~ 0/£

-- -----

IV
1-------

Substitution measurements are more accurate and
require one less correction than direct. The capaci
tance level should be so chosen that the balance with the
unknown connected occurs near 100 J.1.J.1.f, thus minimizing
the corrections that are a function of .rC.

In the Type 716-C Operating Instructions, general
aIuations are valid for the Type 716-CS1 when corrected

GENERAL

*See General Radio Catalog for additional information.

OTHER FREQUENCIES

When the corrections for residual bridge parame
ters given in the accompanying charts are applied, essen
tially the same accuracy as at 1 Mc will be maintained
from 0.1 to 3 Mc and up to 55% D. Above 3 Mc, the re
sults may be less accurate since the charts are con
structed for average residuals.

CORRECTIONS FOR RESIDUAL BRIDGE PARAMETERS

ONE MEGACYCLE USE

The Type 716-CS1 has been adjusted and cali
brated to have the same accuracy at 1 Mc as does the
Type 716-C at lower frequencies. The dissipation factor
ri the standard capacitor and the 1 J.1.J.1.f capacitance of the
DIRECT terminals have been included in the adjust
ments, so the corrections for these terms mentioned
in paragraphs 3.122 and 3.125 of the Type 716-C book
need not be made. The scale correction table on the
panel or a worm correction* may be used for both di
rect and substitution measurements.

The corrections for the effective residual bridge
parameters are given in chart form to simplify their ap
plication. The corrections in Chart I are for the effec
tive series resistance of the precision capacitor. Chart
III is for the effective series inductance of the precision
capacitor. Charts II and IV are for the effective series
inductance of the dissipation factor capacitors.

In all the charts, the ordinates and the lines are in
the same terms as read on the bridge dials (except that in
Charts III and IV the corrections are in percent of C).
Note that D is multiplied by 0.01 after corrections are
added. The abscissae are functions of frequency so
chosen as to yield 45-degree lines. These lines are label
ed at the logarithmic intercepts to aid in interpolation.

Corrections plotted against a function of frequency
in megacycles minus one are negative below and positive
above one megacycle. The bridge has been adjusted and
calibrated so that these corrections are zero at 1 Mc.

Corrections versus frequency squared are positive
at all frequencies. When D or aD is small, these cor
rections are negligible at J Me.
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Wiring Diagram for Type 716-CSl Capacitance Bridge

PARTS LIST

RESISTORS

R-1 = 20 Ohms 510-340
R-2 = 20 Ohms 510-340

CAPACITCRS

C-1 35 IJ.lJ.f Dub 5W
C-2 500 IJ.lJ.f 539-405
C-3 50 IJ.lJ.f COA-2
C-4 50 IJ.lJ.f COA-2
C-5 = 0.0001 IJ.f ±.10% Dub 5W
C-6 11 IJ.lJ.f GR 846-400
C-7 1100 IJ.lJ.f 722-NS17
C-8 380-400
C-9 50 IJ.lJ.f ±.10% Dub 5W

8-1 = Switch SWRW-33

T-1 = Transformer 578-402CS1
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Elementary Schematic Diagram
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WEST CONCORD. MASSACHUSETTS

EMeraon 9-4400

PHILADELPHIA
1 J50 York Rd.; Abington, Penna.
refephone HAncock 4-7419

SERVICES

COMPANY

Bayly Engineering, Ltd.
First Street, Ajax., Ontario
Telephone Toronto EMpire 2-374 J

General Radio Company
Service Deportment
22 Boker Ave., W. Concord, Moss.
Telephone EMerson 9-4400

EAST COAST

General Radio Company
Service Deportment
Broad Ave. at Linden, Ridgefield, N. J.
Telephone N.Y. WOrth 4-2722

N.J. WHitney 3-3'40

General Radio Company
Service Deportment
6605 West North Ave., Oak Pork, 1/1.
Telephone VII/age 8-9400

CLear_.ter 9-8900

REPAIR

MIDWEST

General Radio Company
Service Deportment
, 000 N. Seward St.
Los Angeles 38, Calif.
Telephone HOllywood 9-620 ,

CANADA

WEST COAST

NEW YORK

DIOR

OFFICES

GENERAL

DISTRICT

LOS ANGELES
J000 N. Seword St" los Angeles 38, Calif.
Telephone HOllywood 9-620J

NEW YORK
Brood Ave. at linden, Ridgefield, N. J.
Telephone N.Y. WOrth 4·2722

N.J. WHitney 3-3140

WASHINGTON
8055 13th SI ; Silver Spring, Md.
Telephone JUniper 5- J088

CHICAGO
6605 West North Ave., Oak Pork, 1/1.
Telephone VI/loge 8-9400

CANADA
99 Floral Pkwy., Toronto J5, Onto
Telephone CHerry 6·2171

SAN FRANCISCO
J J86 Los Altos Ave., Los Altos, Colif.

Telephone WHitecliff 8-8233




