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W T L . the need for accurate impedance meas-
VOLTMETER . . . ... 8 urements arises, a commercial self-contained

—— Dridge is not available, and its purchase
may not be economically justified. It is gen-
erally possible, however, using standard components that are readily
available in the average laboratory, to set up bridge circuits on the
bench that, at audio frequencies, will realize accuracies approaching
those of commercial bridges over a wide range of impedances. It must be
recognized, however, that some sacrifice of convenience and speed of
measurement will necessarily be involved.
The unavoidable stray capacitances that are associated with such
circuits lead many laboratory workers to view them with considerable
suspicion, particularly for the measurement of high impedances or of

small quadrature components. But, with shielded components, and with
{(Continued on page 2)

PRIORITIES
® SINCE A LARGE PROPORTION of our products is now

being shipped on national defense orders, deliveries are more and
more frequently controlled by the priority rating of the order. When
the equipment that you are purchasing from us is to be used di-
rectly or indirectly in the execution of any defense contract or sub-
contract, be sure to indicate this fact on your purchase order, giving
the prime contract or order number and the preference rating.

This will greatly assist us in making deliveries in accordance
with the need of the material for defense, and will assist you in
getting better deliveries on urgently required material. This infor-
mation is necessary to us in obtaining many of the raw materials
from which the products are manufactured.
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a good bridge transformer, such as the
Type 578 Shielded Transformer, the dis-
position of the stray capacitances can be
definitely controlled. The magnitudes of
these capacitances can then be deter-
mined with considerable accuracy and
allowance made for their effects so that
the accuracy of measurement will de-
pend mainly upon the accuracy of the
standards and of the bridge arms.

On the following pages are described
bench setups of a number of conven-
tional bridge circuits using standard
components, and the disposition and
measurement of the various stray and
are dis-

residual circuit impedances

cussed.

CAPACITANCE BRIDGES

Figure 1 shows a generalized capac-
itance bridge circuit and the complete
equations of balance. This circuit can
represent any one of a number of well-
known capacitance bridge circuits, de-
pending upon the relative magnitudes of
the various impedances shown. For ex-
ample, if capacitances Ca and Cp are
zero, we have the familiar series-
resistance type of capacitance bridge,

wherein the losses in the 2 arm are bal-
anced by the resistance /N in the stand-
ard arm. This circuit is used in the
General Radio Type 740 Capacitance
Test Bridge, with the resistance Ry cal-
ibrated directly in dissipation factor™ at
60 cycles. It is also used in the Tyre
650-A Impedance Bridge. llere again the
N arm resistance is calibrated to read
directly in dissipation factor, in this case
at 1000 cycles.

As another example, if Cy and Cp are
made infinite, the network reduces to the
parallel-resistance type capacitance
bridge in which the standard and un-
known arms are 4 and B. In this circuit
the effective parallel resistance of the
unknown capacitance is balanced by the
resistance, R4,in parallel with the stand-
ard capacitor, Cy.

If Dy and Qp are small compared to
Dp and Qa the network assumes the
form of a Schering bridge, which is char-
acterized by the fact that the dissipation
factor of the I” arm is balanced by par-
allel capacitance in the opposite arm.
This is the circuit used in the Tyre 716

*The ratio of series resistance to series reactance, equal to
RwC for a condenser in series with a resistance. The symbol
D, with appropriate subscripts, will be used throughout for
this quantity.

The ratio of series reactance to series resistance, fre-
quently called storage factor, will be designated as Q. For a
capacitance in parallel with a resistance, we have Q = RwC.

Generalized capacitance bridge circuit, with equations of balance. Note that the ex-
pressions are written in terms of the dissipation and storage factors of the arms, so that frequency

does not enter explicitly.
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Capacitance Bridge, a highly precise
direct-reading bridge for the measure-
ment of capacitance and dissipation
factor.

The fundamental equations of balance
shown hold for all the reduced circuits
mentioned, and, if accurate results are to
be obtained, the complete expressions
must be retained and examined for the
eftect of stray capacitances and other
residual impedances in the bridge arms.

GENERAL CONSIDERATIONS

In the circuit shown in Figure 1 the
generator and detector terminals are
shown merely as two pairs of terminals
brought out from opposite corners of the
bridge. So far as the bridge balance
equations are concerned, it is immaterial
whether generator and detector are con-
nected as shown or are interchanged.
Their location is usually governed by
considerations of sensitivity, the connec-
tions being made in the manner which
yields the maximum output voltage for a
given input voltage and a given unbal-
ance of the bridge.

Inasmuch as high-input-impedance
amplifiers preceding the null detector are
almost universally used in a-c bridge
measurements, the sensitivitly problem is
best discussed on the basis of the use of a
detector of infinite impedance. It can be
shown! that for a given unbalance of the
bridge, the ratio of open-circuit output
voltage to input voltage (with the gen-
erator across a pair of resistive arms) is

.A,,
3 B

e

E; AN\ 2
(r£5)

where 4 and B are the resistance of the
arms across which the generator is con-
nected, and d is the fractional change in
the unknown from the condition of true

&

(1)

balance. If the generator is connecled ...

> EXPERIMENTER

across unlike bridge arms (one resistive,
the other reactive) lcquation (1) be-
comes

A _
E, B
9 = d
(H) Ei 1 - el
=)

where either 4 or B 1s a reactance.

Either the detector may be grounded
and the generator connected to the
bridge through a shielded transformer or
vice versa. When the detectoris grounded,
ils capacitance to ground becomes part
of its own terminal impedance, and does
not affect the bridge balance. The
terminal-to-ground capacitances ol the
generator are replaced by those of the
shielded transformer. Although these
capacitances appear across the bridge
arms,* they are small, localized, and
measurable; and allowance can be imade
for their effects on the measurement.
When the generator is grounded, the
transformer is used between the de-
tector and the bridge.

Two of the points at which the bridge
may be grounded leave both sides of the
unknown above ground potential, while
grounding either of the other two points
grounds one side of the unknown ca-
pacitance. The choice of the point of
grounding will depend somewhat upon
the type of measurement that it is de-
sired to make. For capacitors that are
physically large, and hence subject to
electrostatic pickup and stray capaci-
tance effects, or for unknowns that have
one side normally grounded, it is pref-
erable to ground the bridge at one ol the
unknown terminals. On the other hand,
if both unknown terminals are above
ground it is possible to measure direct
m use of Wagner grounds or guard circuits the

effect of these impedances may be removed from the ineas-
uring circuit. This subject will be treated in some detail in a

laderhistae:s.com
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F1GURE 2.
a series-resistance type of capacitance bridge.
The approximate equations of balance are

GENERAL RADIO @

capacitance between any two terminals
of a three-terminal capacitance.

ixtraneous coupling from the voltage
source™* to the bridge arms, to the un-
known, or to the ungrounded detector
terminals can cause serious errors Iin
direct-reading measurements, and
second-order errors in substitution
measurements. Difliculties this
cause can be largely overcome by using
well shielded oscillators and amplifiers
and connecting them to the bridge with
shielded leads.

In order to obtain maximum sensi-
tivity and ease of balance it is desirable
to use a tuned detector to eliminate har-

from

*The effect of the extraneous voltage introduced into the
bridge circuit by a capacitance or resistance coupling be-
tween the windings of the transformer is particularly inter-
esting and will be discussed in some detail in a later issue.

Connections for a bench layout of

A
Cp = CNE

Dp =Dy + Qa4 — QB

TYPE 6027 L

DETECTOR
TYPE 8i14-A AMPLIFIER
e o

TTYPE 578-A

GENERATOR
TYPE 713-B OSCILLATOR

monics, hum, and residual noise, which
may otherwise obscure the fundamental
balance and make precise balances dif-
ficult or impossible.

THE SERIES-RESISTANCE

BRIDGE
Perhaps the simplest and most
straightforward of the bridges men-

tioned is the series-resistance bridge,
using variable ratio arms to balance the
unknown capacitance against a fixed
standard and a variable resistance in
series with the standard condenser to
balance the losses in the unknown arm.
The arrangement illustrated in I'igure 2,
using TypeE 602 Decade-Resistance
Boxes, a TYpPE 578-A Transformer, and a
TyprE 509 Standard Condenser has been
found very satisfactory for measure-
ments over a wide range of capacitance
and power factor.

With this bridge, accurate results can
be obtained if the wvarious circuit and
circuit-element residuals are measured
and their effects on the capacitive and
resistive balances computed.

CAPACITIVE BALANCE
Circuit Residuals

The capacitance C,, consisting of
inter-shield capacitances of the trans-
former winding and the capacitance or
point (1) to ground, appears across the
N arm and causes an error depending di-
rectly on the ratio of its magnitude to
that of the standard. Across the
known arm P is placed Cpo, which is the
capacitance of point (2) to ground.

The magnitudes of the two capaci-
tances thus placed across the lower arins
of the bridge can be determined quite
accuraltely by balancing the bridge with
C,, connected alternately across the N
and P arms. With the connections shown,
Cp, is measured directly (if the standard

un -
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condenser is large compared to C,);
with the leads from the transformer re-
versed at the bridge, a value for C,,; is
obtained that will be in error by the
amount of capacitance contributed by
the point (1) to ground. With careful
wiring and arrangement of components,
this capacitance will be small. The error
in the measurement of these quantities
probably does not exceed a micromicro-
farad for Cp, and five micromicrofarads
for C,,. Typical values are 100 puf for
C,;, and 10 puf for Cpo. In general, it is
probably more desirable to use the cir-
cuit with C,, across the IN arm. If the
capacitance of the standard is 0.01 nf,
the resulting correction for C,, will be of
the order of 19, subject to an error of
only a few hundredths per cent.

INTERNAL RESIDUALS
IN STANDARDS

Next in order of importance are the
terminal-to-shield capacitances of the
decade-resistance boxes. The TypPE 602
Decade-Resistance Boxes are completely
shielded, with a separate shield terminal
provided on the panel. Figure 3 repre-
sents, to a first approximation, the
shielded decade box and the associated
capacitances. The terminal connected to
the highest resistance decade is desig-
nated as H, while the terminal con-
nected to the lowest resistance decade,
and located nearest to the shield ter-
minal, is designated as L.

The terminal capacitances Cr and Cg
can be measured directly with the
bridge, of which the decade box is a
part. Consider the ratio arm B of Figure
2. It 1s shown with the L terminal and
the shield connected to the junction of
the ratio arms. Hence C. is short-
circuited, and Cg parallels the resistance
Rp and does not affect the capacitance
balance. If the bridge is balanced with

3 EXPERIMENTER
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Ficure 3. Simple equivalent circuit of a T'YPE

602 Decade-Resistance Box with its associated
capacitances. The panel terminal located near-
est to the shield terminal is designated as L.

the P arm open circuited a value for
Cp, will be obtained, as previously. If
the shield is connected to ground, Cy is
thrown across the P arm, in parallel
with Cp,, and the bridge at balance will
indicate the value of Cy + Cp,. The dif-
ference of the two readings is clearly Cy.
By interchanging the L. and H terminals
of the box and following the same pro-
cedure, the value of Cr is obtained.

A series of measurements on a TYPE
602-I. Decade-Resistance Box (a four-
dial box with a maximum resistance of
111,100 ohms) show that, while C. and
Cu both vary with the resistance setting
of the decade, their sum is constant.
Comparison of these data with previous
studies?3 of the TyPE 602 indicates that
the capacitance G, is of the order of 5 uuf,
and at audio frequencies is practically
constant, so that the major portion of
the capacitance shunting Rzis Cr or Cy,
depending upon which terminal of R is
tied to the shield.

Let us examine the standard arm N
of Figure 2. With the connections as
shown the shields of both the decade box
and the standard condenser are grounded,
the capacitance Cp of the decade is
thrown across the standard, and Cy par-
allels the series combination of Ry and
(Cxy + C.). It can be shown, however,
that if Cy is large compared to Cy +

wWwWWw.americanradiohistorv.com
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C., and if the resistance of the arm is not
large compared to the reactance of Cu,
then the arm can be considered as a
capacitance equal to Cy + Cy + Cr in
series with Ry. Now, knowing C,, from
the measurements previously outlined,
and measuring Cp + Cy as described
above (or assuming a nominal value of 15
uuf per decade) we have the capacitance
of the standard arm to an accuracy that
will be limited solely by the accuracy to
which we know the value of the stand-
ard condenser itself.

There remains the effect of the
terminal-to-shield capacitances placed
across the ratio arms. With the shields of
the ratio-arm decade boxes connected to
the junction of 4 and B the capacitance
Cy of each arm is thrown in parallel with
that arm, and the capacitance of the
shield to ground is placed across the de-
tector terminals, where it is harmless. As
may be seen from an inspection of the
complete balance equations of I'igure 1,
capacitance in parallel with a ratio arm
has only a second-order effect on the
capacitance balance, provided that the
resultant Q’s of the ratio arms are small.
At a frequency of 1000 cycles the Q of a
decade box set at 100,000 ohms is less
than 0.01 and can safely be ignored so
far as the capacitance balance is con-
cerned.

GENERAL RADIO

Ficurg 4. View of the
series-resistance
capacitance bridge as-
sembled on a labora-
tory bench. The T'yre
578-A Transformer is
on the shelf above the
bridge.

DISSIPATION-FACTOR
BALANCE

The capacitances across the ratio arms
have an important effect on the dissipa-
tion-factor balance. To a first approxi-
mation the equation governing this com-
ponent of the balance may be written as

(3) Dp = Dv + Qa4 — Qs.
Lt is, of course, desired to compute Dp
from the equation Dp = Dy = RywCy-

To be able to do this with reasonable ac-
curacy it is necessary to keep the dif-
ference Qa4 — Qp small with
to Dp.

At this point it may be well to discuss
the effect of small residual inductances in
the ratio arms. Figure 5 is a representa-
tion of a resistance with inductance in
series, shunted by a capacitance. The Q
ol this circuit can be expressed as

respect

(4) Q = “’—If — RaC
provided that w?LC <K 1. Hence the

series inductance introduces a  term
opposite in sign to thatintroduced by the
shunt capacitance,* and the equations
previously written may still be used by
substituting for Q4 and Qp their values
modified by the presence of the series

*Grover has suggested a bridge utilizing series inductance
in the ratio arms to balance for dissipation factor. Since the
inductive Q is negative in terms of the equations we have
written, resiatance in the P arm is balanced by series in-
ductance in the B arm.

WWW. americanradiohistorv-com
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inductance. For high resistance se ttings
of a decade box??® the inductive Q is
generally completely negligible com-
pared with the Q contributed by the
shunt capacitance. At low settings, how-
ever, the inductance will predominate,
and the error in the dissipation factor
due to that particular arm will change
its sign.

From Equation (3) it is clear that the
accuracy that can be obtained by com-
puting the dissipation factor directly
from the value indicated by the setting
of Ry will be limited by the sum of the
effective residual Q’s and D’s of the net-
work, so that Q4 — Qp + Dy, (where
Dy, is the residual dissipation factor of
the standard arm), will be the error en-
countered. We must allow for the pos-
sibility that all three terms are additive
in the worst case. What then is the order
of magnitude of the error that may be
expected?

A good mica standard in the /N arm
will of itself have a power factor less
than 0.0005, but this may be somewhat
increased by the losses in C,, shunting it.
At one kilocycle the Q of a Tyre 602-]
Decade Box (for instance) will vary
roughly from —0.0008 at 10,000 ohms
to +0.0007 at 10 ohms, so that the dif-
ference Q1 — (5 may range from zero to
0.0015. The maximum error to be ex-
pected, then, in measuring the total dis-
sipation factor of the I’ arm, will be of
the order of 0.0025. I{ the ratio arms are
nearly equal, however, the difference
between their Q’s will be small, and the
maximum value of Q4 — Qp + Dy, may
be as low as 0.001. If Q4 — Q5 be made
equal to Dy, the error will approach
zero. This condition may be approached
by connecting a capacitor of known dis-
sipation factor in the P arm, setting the

REFERENCES

Radio Engineering Handbook, 3rd Edition,
page 179, section 7.

2D. B. Sinclair, "Radio-Frequency Charac-
teristics of Decade Resistors”— General Radio
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Ficure 5. Simple representation of a resistor
having residual inductance and capacitance.

resistance box in the /N arm to the
proper value, and balancing the bridge
by means of a variable condenser across
the 4 or B arm, as may be required. A
known resistance in series with a known
capacitance, or an air condenser of ex-
tremely small dissipation factor, may be
used in the P arm.

This latter procedure must be fol-
lowed through for each setting of Rp
that is to be used and is a relatively long
and tedious procedure that is generally
not justified. If it is followed with care,
however, the only remaining error is
that caused by the variation of the Q
of the 4 arm (something of the order
of 40.0005 at 1000 cycles).

In all cases, if best accuracy is de-
sired, two balances must be made, one
with the unknown disconnected. Allow-
ance for the initial capacitance and dis-
sipation factor of the bridge can easily be
made, as follows:

Cx=C2—C1

_ DyCy — DGy
Cx

If accurate measurements of small
power factors are desired, however, it is
better to use a substitution method with
a good calibrated air condenser in the IV
either in the circuit described
above or in the Schering bridge arrange-

Dx

arm,

ment to be discussed in a later issue.
— Ivan G. EAsTON

Experimenter, Vol. XV, No. 6, December, 1940.

sR. F. Field, “Frequency Characteristics’’—
General Radio FExperimenter, Vol. VI, No. 10,
February, 1932.
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Ficure 1 (above). View of the Type 726-P1
Multiplier with the voltmeter probe plugged in.

Fi1GURE 2 (below). Plot of the error in multi-
plier ratio as a function of frequency. The input
admittance of the multiplier is equivalent (be-
tween 100 kc and 100 Mc) to that of a 4.5 ppuf
condenser of less than 0.59; power factor. The
shaded area shows the wvariation in low-fre-
quency error with different voltmeters.

A MULTIPLIER FOR THE
VACUUM-TUBE VOLTMETER

® THE TYPE 726-P1 MULTIPLIER

was developed after the publication of
our current catalog and, consequently,
many recent purchasers of the Tyre
726-A Vacuum-Tube Voltmeter may not
be aware that a multiplier is available.

This accessory to the vacuum-tube
voltmeter, which was described in the
May, 1940, issue of the FExperimenter,
extends the upper limit of voltage meas-
urement to 1500 volts.

The multiplier is a capacitive voltage
divider with a ratio of 10 : 1, and is in-
tended primarily for use at frequencies
above one megacycle. The frequency
error is shown in Figure 1; the mechanical
features in Figure 2.

Type Code Word Price

726-P1 Multiplier | AaLoup $15.00

Delivery can be made from stock.

PERCENTAGE ERROR

o

FREQUENCY IN Mc

i 10 o0

SERVICE AND MAINTENANCE NOTES

® WE HAVE RECEIVED so many

requests for service and maintenance
notes that it is impossible for us to

acknowledge them individually. The
notes are now in preparation and will be
mailed early in the fall.

GENERAL RADIO COMPANY

30 STATE STREET -

CAMBRIDGE A, MASSACHUSETTS

BRANCH ENGINEERING OFFICES
90 WEST STREET, NEW YORK CITY
1000 NORTH SEWARD STREET, LOS ANGELES, CALIFORNIA
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