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INTRODUCTION
THE use of tightly coupled inductive ratio arms

rather than resistive ratio arms in a 4-arm bridge

for the comparison of impedances was suggested
by Blumlein® in 1928, and the use of a 3-winding trans-
former in such a bridge circuit was described by Starr®
in 1932. Other bridges using Blumlein’s principle have
been described by several workers® in the past 30 years.
Historically, it is of interest to note that conjugate
bridges making use of 3-winding transformers were de-
scribed by Elsas* in 1888 for resistance comparison and
by Trowbridge® in 1905 for capacitance and inductance
comparisons.

Thus the basic_principle of operation and the general
arrangement of transformer bridges have been known
for many years. However, the possibilities of such
bridges for the precise comparison of very low value
capacitors had never been [ully exploited before the

* Manuscript received by the PGI, August 14, 1958.

t National Standards Lab., Chippendale, N.S.W., Australia.

f General Radio Co., Concord, Mass.

§ National Bureau of Standards, Washington, D. C.

! British Patent No. 323037.
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Labs. Rec:, vol. 24, pp. 433-438; December, 1946.

H. A. M. Clark and P. B. Vanderlyn, “A. C. bridges with induc-
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1949.
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work of Thompson and his group at the National
Standards Laboratory of Australia. By combining the
best techniques for constructing ratio transformers,
completely shielded 3-terminal capacitors and detec-
tors of high sensitivity, together with a cylindrical cross
capacitor as a calculable standard, there is now promise
of being able to assign values to capacitance standards
comparable with, or perhaps even better than, the ac-
curacy assigned to our present standards of electro-
motive force and resistance.

The present paper describes a transformer bridge con-
structed at the National Bureau of Standards for meas-
uring the direct capacitance of 3-terminal capacitors
ranging in values up to 1 uf and having a least count of
1 upf. Although the transformers and network com-
ponents described below were designed specifically for
operation at 1 ke, the operation is by no means limited
to this frequency. Voltage output of the ratio trans-
formers constitutes the most serious limitation at lower
frequencies, but it is reasonable to suppose that, with
relatively minor modifications, satisfactory operation
should be possible over the audio-frequency range to at
least 10 ke.

While some of the present bridge components differ
substantially from their counterparts at NSL, it should
be understood that no more is involved generally than
modifications and in some cases improvements of de-
signs already proven by Thompson and his group
in Sydney.

There has been little detailed information published
up to now concerning these components, and the present
paper must be considered primarily as a discussion of
the constructional details and performance of the NBS
transformer-ratio bridge.
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BavLance CONDITIONS

The transformer bridge with closely coupled ratio
arms may be considered as an arrangement of two low-
impedance generators supplying EMF’s ol opposite
phase, and of a known ratio, to two completely shielded
3-terminal capacitors as shown schematically in Fig. 1(a).
The capacitances Ci,, Ci, between the enclosing shields
and the line terminals /i, & of capacitors C;, Cy will be
in shunt across one or the other of the two generators,
as shown in Fig. 1{b). The capacitances Cg,, C4, between
shields and detector terminals di, ds of Ci, Cs will be in
shunt across the detector. Hence, when the bridge is
balanced and there is no current through the detector,
the currents through the direct capacitances Cj, C; must
be equal in magnitude, and the balance relation must be

Vi C.
Vi Gyt
If now the impedances Z, Z, are negligible compared to
1 1
wCy, \ wCy, ;
then, to a very close approximation,
5 T O
AT

TRANSFORMER DESIGN AND CONSTRUCTION

By careful design of the transformer, the impedances
Z1, Zy of its ratio arms can be made very small, and the
ratio of the induced voltages ei/e. can be made stable
and precise. In a 3-winding transformer, arranged as in
Fig. 2, the sole function of the primary winding P is to
provide flux in the common core, linking the secondary
windings 51, Sa. The ratio of the terminal voltages V1/ Vs
of the ratio arms under load is affected by the resistances
and leakage reactances of the secondary windings, but
the resistance and leakage reactance associated with the
primary will in no way affect the bridge balance relation.
If the two secondary windings could be so constructed
that a common flux were confined entirely within the
windings, the ratio of their induced voltages would de-
pend only upon their turns ratio, and this ratio would
be stable and exact. If, in addition, the elements of the
two windings Si, S: could be brought into exact co-
incidence, turn by turn, so as to link identical flux at any
loading, the series impedances, producing changes in the
terminal voltages Vi, V2 when loads are applied, would
be only the resistances of the windings.

The loading error of the bridge ratio can be made
small by decreasing the size of the resistances of the
secondary windings and by reducing as far as possible
their effective leakage inductances. It should be ob-
served that the self-capacitance of the secondary wind-
ings of the transformer constitutes a load which is al-
ways present, so that the terminal voltages of the
transformer differ from the induced voltages even on
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Fig. 2—Equivalent circuit of a loaded 3-winding transformer.

open circuit. The amount of this difference and, even
more important, the amount by which the open-circuit
ratio differs from the turns ratio will depend on the
magnitudes and distribution of these self-capacitances,
The transformer design should be such as to keep the
self-capacitances of the secondaries as small as possible,
and ideally these capacitances should be symmetrically
distributed.

In the design and construction of the transformers
used for ratio arms of the bridge, the {eatures favorable
to good performance have been carelully considered.
Very small ratio errors, even for large loads, have been
achieved by special construction, A good approximation
to unity coupling has been obtained by the use of a large
toroidal core of high permeability. Voltages from sources
other than the core flux have been excluded by carefully
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the winding strips, but the width of the other three sides
of the turn can be increased to % inch to reduce the re-
sistance. The turns are constructed {rom this copper
strip by using a C-shaped piece to enclose the top, in-
side, and bottom of the toroid and curved strips fitting
the contour of the outer circumference to space the C's
at intervals of # of the circumference (see Fig. 3). The
strips are connected by soldering with a special clamp-
type resistance heater having graphite jaws thin enough
to fit the small gaps between turns. After assembly the
strips inside the toroid are separated by insulating strips
of 2-mil mica and on the outer circumference by strips
of 6-mil impregnated glass-fiber insulation.

The transformer is enclosed in a Mu-metal can with
the ends of all 20 sections of the secondary, and the co-
axial primary and shield leads, brought outside the can
through slots. The connections of the secondary sections
in series and in parallel are made with additional copper
strip outside the can, where the stray field of the trans-
former should be negligible. An outer brass case covers
the Mu-metal shield and connections and is used to
mount the BPO? connectors through which the trans-
former leads are brought out to the bridge and driving
amplifier.

The characteristics of the transformer can be deter-
mined in the capacitance bridge by the intercomparison
and summation of a group ol closely matched capaci-
tors, as described by Thompson.® The ratio error (for
light loads) was measured using 100-pf (picofarad) ca-
pacitors. The ratio, defined as Viyo/Vi=10(1+a+jf),
has a magnitude correction a=0.3X10~° and a phase
correction 3=2.7X107°% The effective leakage induct-
ance and series resistance of the two secondary wind-
ings have been determined by measuring the ratio
change when known loads are connected across one sec-
tion. The equivalent circuit thus determined at the BPO
connectors to the transformer is shown in Fig, 4.

A second transformer, having a toroidal core of a
somewhat smaller cross section (0.94 in®) and with an
80-turn primary, was built in a similar manner. This
transformer has two equal 80-turn secondaries in 8-turn
sections around the toroid, which are intermingled as
described above. The ratio of this transformer at 1 ke
has a magnitude correction at light loading of 0.1X10¢,
and a phase angle of 0.8 ur. The leakage inductance of
each secondary winding is about 1 ph and its resistance
is 0.030 ohm.

DEsiGN AND CONSTRUCTION OF CAPACITORS

An unknown capacitor supplied by one secondary of
the transformer (see Fig. 1) may be balanced in the
bridge by a capacitance of appropriate magnitude sup-
plied by the other secondary. This is accomplished
through the use of two 3-terminal decade capacitance

7 These coaxial connectors are of British manufacture and may
be described as British Post Office Pattern 8.

8 A. M. Thompson, “The precise measurement of small capaci-
tances,” this issue, pp. 245-253.
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Fig. 4—10/1 transformer characteristics.

boxes covering a range of 12 orders of magnitude [rom
10~ pf to 1 ul.

The range from 1 pf to 1 ul is covered in a 6-decade
box having a special switching system that allows the
selection of any individual capacitor separately for cali-
bration and the additionof the capacitors in parallel to
balance an arbitrary unknown. The switching system
is such that each capacitor is either connected directly
between line and detector, or is grounded at both
terminals. The switch decks controlling line and detector
connections, respectively, are completely shielded from
each other, so that switch and lead capacitances are
connected to the shield system rather than to the other
active electrode of the capacitor [see Fig. 1(b)]. With
this system and with the complete shielding incor-
porated in the design, the residual direct capacitance
with all switches on zero is not observable and is cer-
tainly less than 10—° pf. Each decade consists of ten
equal capacitors, permitting quick intercomparison of

J
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the various units in the decade. The arrangement is also
convenient in measuring the ratios ol transformers used
in the bridge itself, or in other ratio devices.

The upper three decades of the high-range box con-
sist of precision-quality silvered-mica capacitors, cover-
ing the range 0.001 to 1 uf. The lower three decades,
covering the range 1 pl to 10 pf, are air capacitors of a
cylindrical design of McGregor.

The 10-pf unit is typical of the air capacitors and is
shown in cross section in Fig. 5. The center post 4 is
grounded, and the entire assembly is [astened in a hole
in a grounded brass block by means of the flange. The
brass block serves both as a shield and as a heat sink to
minimize the rate of temperature variation in the capac-
itor. Cylinder B is connected by means of a wire
through a hole in the ground post to the detector june-
tion of the bridge. It is mounted on the ground post by
means of two high-density polyethylene washers be-
tween the detector electrode B and the ground post.
These washers are machined about 0.002 inch oversize,
making an interference fit which compresses the washers
and results in a rigid and mechanically stable assembly.
Electrode C is also supported on polyethylene washers
and is connected to a line terminal of the bridge. It
should be noted that no solid insulation appears in the
fieldbetween the electrodes B and € of the direct
capacitance measured. In addition, the electrodes are
goldplated to reduce losses arising from oxide films on
their surfaces. In the absence of both solid dielectric and
surface oxide films, the phase defect of these capacitors
should be stable and quite small,

Fine adjustment of the capacitance between elec-
trodes B and C is accomplished by drilling two holes on
a diameter of electrode C. Field from electrode B passes
through these holes and terminates on the outer shield,
decreasing the direct capacitance between B and C and
slightly increasing the shield capacitance to B. A sleeve
with matching holes fits over electrode C, and rotation
of this sleeve with respect to the electrode opens or
closes the effective aperture through which electrode B
“sees” the cuter shield, thus changing the capacitance
B-C by a small amount depending on the size of the
holes.

The 1-pf unit has essentially the same construction
but is shorter. The means of fine adjustment of its value
is similar. The 100-pl unit makes use of a group of
nested coaxial cylinders of close spacing in order to ob-
tain the larger capacitance within approximately the
same physical volume. Here the fine adjustment is ac-
complished by a sliding skirt, fitted to the shield, which
approaches the outer active electrode and intercepts
field, that would otherwise contribute to the direct ca-
pacitance, at its end. Thus the direct capacitance of
each of the air capacitors is smoothly and continuously
adjustable over a small range, making it possible to
match closely the values of all the units in a decade.
Because of the symmetrical design, small departures
from radial alignment have very little effect on the ca-
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Fig. 5—Section of 10-pf capacitor.

pacitance of the unit, and the capacitors can be taken
apart and reassembled without appreciable change in
their values.

The low-range decade box (10~% pf to 1 pf) differs
from the higher decades in that it uses fixed value capac-
itors connected to a variable voltage. This voltage is
obtained from a tapped inductor, which is connected
across one side of the bridge transformer to divide the
transformer voltage into 10 equal steps. This tapped
inductor is constructed by winding 50 turns of 10-wire
tape of 20 AWG wire on a small Supermalloy core, and
its impedance is high enough to impose negligible load-
ing on the bridge transformer. If a capacitor of a given
value is connected between the first tap of the divider
and the detector junction point, the current which it
injects into the junction will be only 1/10 of the value
it would have been had the capacitor been connected
directly across the transformer secondary. On the nth
tap, its effect on the bridge balance will be n/10 of its
actual value. The low-range (or micropicofarad) ca-
pacitance box consists of six separate capacitors of
values, 1072, 104 1073, 10~%, 107, and 1 pf, switched
independently along the tapped inductor. The entire
range of 6 decades, from 10~% pf to 1 pf, thus consists
of a single tapped inductor, 6 switches, and 6 capacitors.
The arrangement with its shielding is shown in Fig. 6.

The six capacitors have cylindrical electrodes spaced
with polyethylene washers. The 1-pi unit is like the 1-pf
capacitors in the high-range box. All the lower valued
capacitors are of the Zichner diaphragm type, having a
grounded cylindrical shield extending between the two
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Fig. 6—Schematic of low-range decade caparitor.

active electrodes. If this diaphragm were solid, the di-
rect capacitance would be zero since it would intercept
all the field between the electrodes. However two dia-
metrically opposite holes of appropriate size are drilled
in the diaphragm, and the field which penetrates these
holes and continues from the inner to the outer electrode
produces the direct capacitance ol appropriate magni-
tude. Another larger pair of holes, drilled in the outer
electrode, in line with the diaphragm holes, allows some
of the field from the inner electrode, which penetrates
the diaphragm openings, to continue on through the
openings in the outer electrode and terminate on an
outer grounded shield. This decreases the value of the
direct capacitance. Rotation of the outer electrode with
respect to the diaphragm moves the sets of holes with
respect to each other and constitutes the fine adjust-
ment of capacitance for the unit.

The switches for the low-range decades deserve
special mention because of their linear rather than
rotary motion and because of the special moving-
contact brushes that are used. A linear motion was pre-
ferred over the usual rotary motion for these selector
switches to facilitate their manipulation either singly
or in groups. This feature is particularly useful in the
lower decades, as it makes possible a more rapid ap-
proach to the bridge balance. The use of these switches
with an inductive voltage divider requires that special
consideration be given the problem of making and
breaking contact. Clearly, whatever switch is used [or
this application should not be of the shorting type, or
a section of the inductor will be momentarily shorted
during switching; nor should it be of a nonshorting type,
or the detector will be momentarily floating, causing
the indicating device to go off scale and perhaps causing
the preamplifier to overload. The switches can be con-
sidered as nonshorting with an added moving contact
brush adjacent to the main brush, the two being con-
nected by a resistor of appropriate value (see Fig. 6).
In the normal position the auxiliary brush is floating.
When the switch is advanced to another position, the
auxiliary brush touches the adjacent switch stud before
the main contact is broken, and the main brush touches
the new stud before the auxiliary contact is broken.
Thus there is always a connection either direct or
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through the resistor, and the inductor section is at no
time shunted by an impedance less than that of the
resistor.

The capacitors in the units so far described are sealed
to reduce changes in value resulting from variations ol
humidity and atmospheric pressure. Under these cir-
cumstances the principal cause of short-term drift in
their values is variation in ambient temperature, as
their temperature coefficients of capacitance are all
nominally equal to the coefficient of linear expansion
of brass, approximately 20X 10-%/°C.

TEMPERATURE-COMPENSATED CAPACITORS

Standards for maintaining the unit of capacitance
must be independent of environmental conditions, The
first stable capacitors completed at NBS were a set of
four temperature-compensated modifications of the
1-pf design used in the decade boxes. The cvlindrical
structure of this design was lengthened, and grounded
Duralumin? sleeves were inserted between the active
electrodes from either end of the assembly, leaving a
gap in the center that determined the active length of
the capacitor. The remainder ol the brass capacitor
structure had a linear temperature coefficient substan-
tially less than that of the Duralumin. The length of
the sleeves were so chosen that the capacitance was in-
dependent of temperature. The structure of the capaci-
tor is shown in section in Fig. 7.

The completed capacitors have temperature coef-
ficients in the neighborhood of 1 ppm (part per million)
per °C. They are quite sensitive to temperature gradi-
ents and must be well isolated from rapid temperature
changes to exhibit this low coefficient. In the Anal as-
sembly these capacitors are mounted in a massive brass
container with -inch walls and sealed in an atmosphere
of dry nitrogen. This container is surrounded with heat-
insulating material and is mounted in a box. During the
first month after their completion, the values of three
of these capacitors did not drift relative to each other by
as much as 1 ppm. The behavior of the [ourth unit has
been somewhat less satisfactory. It has changed by
nearly 3 ppm during the same period.

Stable capacitors with low temperature coefficients
covering the range from 10 to 10* pf are being built but
have not yet been completed.

CoNDUCTANCE-BALANCE CONTROL

At a single frequency any physically realizable capac-
itor may be represented by the parallel combination
ol pure capacitance and pure resistance, The current
through it, in response to an impressed voltage, may
then be treated as the resultant of a major component
which leads the voltage by /2 radians and a minor
component in phase with the voltage. Even [or air-
dielectric capacitors the in-phase component of current

? Duralumin is a class of copper-bearing aluminum alloys. A

typical analysis is Cu—4.5 per cent, Mn—0.8 per cent, Mg—0.4 per
cent, Si—0.8 per cent.




1958 McGregor, et al.: New Apparatus at the NBS for Absolute Capacitance Measurement

WIRE T0 INNER ELECTRODE

GENTER P05T4\ r

ANA
(A~—— OUTER ELECTRODE

DURALUMIN SLEEVES

INKER ELECTRODE

Fig. 7—Section of temperature compensated 1-pf capacitor.

may be only four or five orders of magnitude smaller
than the quadrature component, and it is necessary
therefore that any device for the precise comparison ot
capacitors be provided with a means of compensating
their loss components of current.

The balance condition for the bridge network is satis-
fied when the current from one capacitor to the detector

- junction is equal in magnitude and phase to that from

the detector junction to the other capacitor. Hence an
unbalance which results from lack of equality between
the in-phase components of these currents may be cor-
rected by injecting an in-phase current of proper sign and
magnitude at the detector junction. This is accom-
plished as shown in Fig. 8.

The reactance of the parallel combination of C; and
C, is so small relative to R that the current 7, is very
nearly in phase with the voltage e;. It is brought exactly
in phase by means of a small trimming capacitor C,
connected from the midpoint of R to ground. The mag-
nitude of 7; is determined by the voltage applied to R,
the value of R, and the relative values of C;and Cs, which
act as a current divider.*?

The decade voltage divider is a tapped inductor with
four separate windings connected to linear switches of
the type described in the preceding section. This is
shown in Fig. 9. High accuracy of voltage division is

10 The value of C, is so small relative to the sum of C; and C: that
its effect is negligible on the magnitude of the current injected at the
detector branch point. It should be noted that the use of a 0.0889-uf
capacitor as the final step of the capacitance current divider results
in a multiplying factor on the highest range which departs by 10 per
cent from its nominal value, In a later construction a 0.1-pf capacitor
has been used and the values of R modified so that the nominal ratio
of 10 is preserved for all multiplying factors.
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Fig. 8 —Basic conductance balance control circuit.
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Fig. 9—Details of conductance balance control circuit.

obtained by winding all turns on the same high
permeability core. The Supermalloy 1-mil tape-wound
core has a section of 0.25 in® and an outside diameter of
2.5 inches. AWG no. 26 copper wire was used for all
windings.

If the conductance balance control were to provide a
measure of the loss characteristics of capacitors ex-
pressed in the common unit of conductance, the micro-
mho, small changes in the phase trimming capacitor C,
would suffice to adapt the unit for use with various fre-
quencies. However, it is often convenient to express
the loss characteristic of a capacitor in “equivalent ca-
pacitance” units. As the conductance and “equivalent
capacitance” are related by the equation Ceq=G/w, a
change in frequency changes the relative magnitudes of
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formula for the given length. A second bridge balance
can be made using 6 as the detector bar, 1 and 3 in paral-
lel as the line bars, and the remaining bars, 2, 4, 5, 7, 8,
together with the end sections of 6 grounded. In this in-
stance the capacitances of 1-6 and 3-6 add in parallel.

The difference between the balance readings taken
with 2 and 6 alternatively used as detector bars is a
measure of any lack of symmetry in the assembly, The
mean of the values is very closely equal to the value
computed for the capacitance.’® A close approximation
to symmetry is accomplished by using bars of equal and
uniform diameter and by separating them with equal
insulating spacers near their ends. The spacers are ar-
ranged in the end sections of the assembly so that there
is no solid dielectric in the electric field of the calculable
central portion. The entire assembly rests on a granite
surface plate and is enclosed in a steel housing. This
container can be evacuated to a pressure below 0.1 mm
Hg, eliminating the need for an air correction to the
computed value of capacitance.

A sample set of measurements on the computable
capacitor is given in Table I. The individual obser-
vations are stated in terms of an arbitrary unit, the
mean of the four temperature-compensated capacitors.
The value of the cross capacitance is computed in pf,
from the measured lengths of the two 10-inch gauge bars.
The difference between this computed capacitance and
the measured value gives the departure of the arbitrary
unit from the absolute unit of capacitance. The uncer-
tainty of this value is believed to be less than 3 ppm.

CONCLUSION

A transformer-ratio bridge for the precise comparison
of 3-terminal capacitors has been described. The con-
struction of a cylindrical cross capacitor as a computable
standard has also been described. This absolute stand-
ard of capacitance is of such a nature as to make full use
of the sensitivity and precision available in the bridge.
It is expected that the combination of the bridge and

'8 For example, if the difference in readings amounts to 0.1 per
cent, it can be shown that the mean value of the capacitors differs
from the computed value by less than 0.1 ppm; more precisely

Cl+ Cg__ Ine2¢Cy — Ce)’

2C, 8 Co

where Cj, G; are the measured values and ( is the computed value of
the capacitor.

261
TABLE 1

SampPLE DatA ON CoMPUTABLE Cross CAPACITOR

MEeaN Cross CaraciTANCE, CORRECTED To 20°C, REFERRED
10 MEAN OF TEMPERATURE-COMPENSATED CAPACITORS

Date 14-Inch Assembly 4-Inch Assembly

7-11-58 | 1.3897864 Arbitrary Units

7-11-58 1.3897860

7-11-58 1.3897855

7-11-58 1.3897855

7-14-58 1.3897859

7-14-58 1.3897866

7-14-58 1.3897862

1.3897860 (Average)
7-15-58 0.3973392
7-15-58 0.3973395
7-16-58 0.3973400
7-16-58 0.3973400
7-16-58 0.3973391
7-16-58 0.3973399
7-16-58 0.3973402
0.3973397 (Average)

7-17-58 1.3897864

7-17-58 1.3897863

7-21-58 1.3897866

7-21-58 1.3897862

7-23-58 1.3897856

7-23-58 1.3897864

7-25-58 1.3897875

1.3897864 (Average)

Difference between 14-inch and 4-inch assemblies —0.9924465.
Computed cross capacitance at 20°C=0.9924127 pf.

True mean of temperature compensated capacitors
=1(1-0.0000338) pf.

the computable standard will make possible assignment
of more accurate values to capacitors in the range below
10¢ pf than has been possible in the past at the National
Bureau of Standards.
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