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A modificat ion of t he conventional t ransformer ratio-arm eapacitan ce bridge was made 
to measure the values of t hree-lead capacitors havin g one of t he plates grounded. Wit h 
this ground point it is n ecessary to use triaxial cable with soli d shields. A troublesome capa ci
tance co upling between t he primary and seconda ry shields of t he transform er was neutra lized 
by means which st ill enable one to attain t he extremely h igh precision and accura cy charac
t eristic of t his type of bridge. The modified bridge was developed initia lly for highly ac
curate determinations of t he locations of the grounded mercury menisci of t he National Bu
rea u of Standa rds precision manometer. Other applications are readily t hought of and one 
interes ting example is p resented. 

1. Introduction 2. Transformer Ratio-Arm Capacitance 
Bridge 

In the last decade, one of the important de velop
ments in the field of metrology is the recognition of 
the valu e of transformer ratio-ann bridges usin g 3-
lead capacitors . [1,2,3,4].1 This sys tem can :rneas
me capacitance without, including parasitic lead 
efl:ects, and is capable of such accumcy for a comput
able 1 pF cap acitor, [6,7], that i t is used to check the 
U.S . standards of the electrical units. Not only is 
the bridge system essentially simple, but i t has a 
special elegan ce in the ability to produce voltages in 
ratios which are very precisely t he turns ratios of t he 
transformer secondary windin gs. Thus a decade 
system or any other ratio of integral numbers within 
the limits of a pr~ctical number of turns may readily 
he es tablished. 

When conditions permit, both plates of the capaci
tors aTe isolated and the bridge is grounded at the 
jun ction of th e ratio-arm secondary windings. How
ever , under a variety of conditions it is at least 
ve ry in convenien t , if not impossible, to prevent one 
of the plates of the capacitor from being grounded. 
In parti cular, many opportunities ftrise fol' compu ting 
very c.; mall d istances or changes of distances from 
capaci tance measurements, where the object under 
obscn T1ltioil is grounded. 

T his paper presen ts t he modifications for changin g 
the ground connect ion from th e cen ter-tap of the 
ratio-ftrms of the bridge to the capacitance plates 
on t he other side of t he detector. This involves a 
more elaborate, doubl e-shielding arrangement , and 
a means of overcoming a capacitance coupling in 
the transformer . 

I Figures in brackets indicate the literature references at the end of this paper. 
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Figure 1 is a simplified schematic of the m odified 
bridge, without t he primary windings. There are 
two segments of the secondftl'Y windings [01' t he ratio 
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FIGU RE 1. Bridge schematic. 



arms and the active elements of two three-lead 
capacitors, 0 1 and O2 , for the other arms. A high 
impedance detector , D , is connected from the center 
tap of the secondary windings to the grounded mid
point of t he two capacitors. An inner shield, indi
cated in figure 1 by the dashed line, connects with 
the center-tap of the secondary windings and en
closes the secondary windings and the capacitors. 
The capacitances, C3 and 0 4 , between this shield 
and the transformer leads, are shunts which load 
both the leads and the ratio-anns, but are not 
detected as part of the measured capacitance. These 
capacitances are kept small external to the trans
former and of approximately equal value so that the 
voltage drop in the lead of either secondary ratio 
arm, because of this additional loading, is less than 
1 part in 107 , and is partially compensated as well 
by a similar shunting capacitanc~ on the lead of 
the other ratio arm. An outer shIeld connected to 
the grounded midpoint between the two capacitors 
is necessarv to reduce noise pickup by the system. 
As shown Tn figure 1, the capacitances, 0 5 and 0 6, 

between this ground shield and the inner shield, 
shunt the detector and directly affect its sensitivity. 
To minimize this detector shunting capacitance, the 
O'round shield is kept at as large a distance as possible 
from the inner shield. 

The special construction of the transformer gives 
two voltages at El and Ez, opposite in phase and of 
a fixed voltage ratio within a part pel' million of the 
turns ratio. This is accomplished by the use of 
tightly coupled secondary turns wound on a large 
toroidal core of high permeability tape. The two 
secondary windings are identical copper helices, 
constructed so as to have large cross section and 
low resistance and interleaved to sample very nearly 
the same fiux along the core. The low resistance 
and leakage inductance of each secondary winding 
assure adequate voltage constancy at EJ and E2 when 
0 3 does not vary from 0 4 by more than 1000 pF. 

The properties of 3-lead capacitors [5,6] made it 
possible to define pr.ecise~y small changes of. capa?i
tance (1 X 10- 5 pF) 111 tIllS system. The bndge CIr
cuit shown in figure 1, eliminates the detection of 
par~sitic capacitance, so that additional capacitors 
can be switched into the circuit in parallel with a 
reproducible and calculable effect. 

Most components of the bridge were placed in a 
laro'e metal enclosure at ground potential. Triaxial 
cable or a double shiclding arrangement was neces
sary for each bridge element, such as a measuring 
probe , outside of the shielded enclosure. The use of 
a solid inner shield was found to be necessary to 
eliminate errors caused by the detection of parasitic 
capacitance. 

3. Transformer Design and Construction 

The specific design of the transformer with 
secondary windings in the ratio of 1 to 1, is based on a 
suggestion by R. p. Outkosky.2 An additional tap 
gives a second ratlO of 4 to 3. 

2 E lectricity Division, National Bureau of Standards. 

The transformer is operated at a frequency of 1000 
Hz with 40 V on the primary, which gives approxi
mately 12 V across the secondary windings in series. 

The primary winding consists of 132 turns of 
A WG No. 15 copper wire, closely and evenly spaced 
around the core of the transformer. To be sure of 
uniformity of spacing, a second K ylon form milled 
with grooves to receive the primary winding, was 
made to fit around the K ylon case of the core. 
One end of the primary was soldered to a smaller, 
more fiexible wire which was placed around the 
outer circumference of the core in the direction 
opposite to the advance of the windings in order 
to compensate for the single turn effect caused by 
the advance of the main windings around the core. 
The core of the transformer is a toroid of 0.002 in. 
thick Supermalloy 3 tape with an outer Nylon case 
4.5 in. o.d., 3 in. i.d., and 1.5 in. high. 

The bridge arrangement necessitates the use of 
two electrostatic shields between the primary and 
secondary windings. (See fig. 2. ) These shields 
are part of the inner and ground shields referred 
to in the discussion of the bridge. Part of the ground I 

shield encloses the primary windings and part of 
the inner shield encloses the secondary windings. 
That part of the ground shield enclosing the primary 
windings is in the shape of a toroidal cup of ){s 
in. thick copper. A top cover to complete the 
shield is screwed to the outer circumference. A 
small gap in the shield, centered on the inside, 
prevents a shorted turn around the core of the 
transformer. A threaded r ing, TR, attached to 
the shield on the top side of the gap can be moved 
up or down by rotation to change the " effective" 
gap position. Melamine sheet of 0.015 in. thickness 
is used as insulation between the primary windings 
and this shield . The need for the adjustable gap 
position will be explainecl later. 

Each of the two secondary windings was con
structed of 20 pieces of 0.025 in. thick copper sheet, 
machined in circular form, 5.5 in. o.d. and 3.5 in. 
i.d. The pieces were cut on a radius , properly 
oriented on a jig, and butt silver soldered to one 
another to form a helix. Two approximately iden
tical secondary windings of 20 turns apiece were 
then, in effect, screwed together and insulated from 
one another by the insertion of 0.0075 in. thick 
Tefion sheets. Small flexible wires were used to 
make the connections from the windings to the 
BNC terminals mounted on the (enclosing) inner shield. 

That part of the inner shield enclosing the second- , 
ary windings was assembled from 14 different cop
per pieces. They were accurately machined so they 
would fit tightly together with a steplike gap at the 
center of one side and located to be at about the 
same level as the gap of the primary shield. Four 
machined Nylon spacers were used to insulate the 
inner shield from the ground shield and to hold it in 
a stable position. The form and placement of the 
inner shield allowed comparatively little surface area 
close to the ground shield and thus the detector 
shunting capacitance was minimized. 

3 Arnold Engineering Company, Marengo, III. 
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FlGUHE 2. Transforrn er i llustration. 

4. Bridge Unbalance Due to Shield 
Arrangement 

Since both shi eld s Jl lfl,ke one t um through t he core 
of the transformer, tbe detector , connected across 
t he shields, is influenced by t he induced voltages on 
t he shields. In t he design being discussed t he 
voltage across th e gap of each shield is approxin1.ately 
0.8 percent of the primary voltage. A ~urrent 
p ath is provided through the detector by capaCltances 
-between the secondary shield and t he primary shield 
()r ground. This can be .explained furthCl: by 
reference to figures 2 and 3, whICh represent a sectIOnal 
view showing the core, the primary shield and the 
seco ndary shield of the t ransformer and t he equiva
l ent electrical circuit. The windings are not shown 
and for t be following discussion are not consider ed 
except to assume t hat t he primary is providing 
filL': to the core. 'When a positive voltage is induced 
at A (seco ndary) and C (primary), a negative voltage 
e)..'ist s at B (secondary) and D (primary) . The gap 
in each shield limits the current circulating wit hin 
t he shield . Because of equal voltage between A 
and C and betlveen B and D , only those capacitances 
b etween A and D and between B and C are im
por tan t . A difference in t he v.alue of these capaCl-
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tances creatcs a net current through the detector. 
A provision to reduce the current flow to zero by 
adjustment of these capacitances was made by 
t he construction of a threaded ring attached to 
t he inner wall of t he primary shield . 

T he location of both gaps at the center of the core 
provides symmetry and reduces the effect of capaci
tance to th e sUTroundings. 

5. Capacitance and Conductance Balance 

In almost all a-c bridges, means must be provided 
to balance out the resistive component of the system 
as well as the capacitive componen t in order to 
obtain a true null . This is accomplished by swi tch
ing into one arm of the bridge or the other a conduc
tive balance con trol (see fig. 4) to balance the excess 
resistive component in the adj acen t arm of the 
bridge. The constru ction of a network to ob tain a 
small voltage in phase wi th t he vol tage E, is de
scribed by Thompson [6] and others. An adap tation 
of this circui t has been made with only t he compo
nen ts needed for operation at 1 kHz. A decade
switched , tapped inductor connected across one 
secondary winding or the other acts as a voltage 
divider . The line from the tapped inductor is COll-
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nected to a "T" network consisting of a resistance 
with a midpoint connection and several capacitors. 
The values of Rand 0 1, O2, and 0 3 are selected to 
produce a small voltage of correct magnitude and 
phase at the input to the detector. In effect the 
reactance of the combination of CI C2 in parallel is 
small compared to R and the voltage at m due to this 
network is nearly in phase with voltage, E. It is 
made almost, if not exactly equal in phase by the 
small capacitance at C3• 

6 . Shielded Switch 

To switch capacitors into or out of the bridge 
either singly or in combination, a modification to 
provide the proper shielding was made of a standard 
Leeds and Northrup 12-position silver contact rotary 
switch. 

Figure 5 shows the terminals around the cir
cumference of the switch laid out in the plane of the 

paper for ease of illustration. The heavy dark line, 
around the switch represents the inner shield, 
enclosing the entire switch. 

The two portions of the shield represented by the 
horizontal lines were machined from brass to replace 
the original sections of the switch. Connections from 
the various switch terminals were made to BNC 
receptacles mounted through the shield. The com
mon terminals RI and R 2 were connected to one of 
the ratio arms, and common terminal L was con
nected to the other ratio arm. Only 6 positions 
were used and certain brushes which connect some 
of the single terminals to a common terminal were 
relocated 180 deg from the normal position. 
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Each position of the switch allows the connection 
of one or two of five different capacitance elements 
into one arm of the bridge at the same time connect
ing one or two of the remaining capacitance ele
ments into the other arm. Any elements not being 
used are connected to the shield so that their 
presence will not influence the balance point by 
parasitic capacitance. The lower portion of the 
switch is an arrangement to short out the input to 
the detector while going from one switch position to 
another. 

7. Operation of Bridge 

The ratio of the secondary voltages of the trans
former used in the configuration described by Thomp
son is equal to the turns ratio within 1 or 2 parts in 
107• The modified bridge configuration loses this 
desirable feature because of the voltage produced on 
the secondary shield. 
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Equality of the secondary voltages is tested by 
switching the ground point to the center tap of the 
secondalY windings, so that the detectible effect of 
the shield capacitances is elim inated. For equal 
ratio arm voltages two nominally equal and highly 
stable standard capacitors 4 are then placed in the 
arms of the bridge. The capacitance value of one 
is decreased to be eq ual wi thi nI X 10- 5 pF of the 
value of the other by r emoval of a small area of the 
plate of the capaci tor. A check of both the equali ty 
of the ratio arms and the equality of the capacitors 
is made by interchanging the capacitors in the arms. 

The two equal standard capaci tors are then used 
in the two equal arms of the modified arrangement 
and the movable inner ring of the primary shield is 
adjusted until null is again observed. . 

The complete detection system of the brIdge and 
ot,her components is illustrated in the block diagram 
of figLU'e 6. If desired, the output signal of the phase 
detector can be used for automatic control purposes. 

Performance of the particular system described, 
over a period of several months, indicates that the 
standard capacitors have remained equal in value 
(within 1 X 10- 5 pF), and the shield cross capacitances 
have not changed sufficiently to introduce a signifi
cant error. 

4 rr'he values of the standard capacitors wore m ade to be 8.205 pF. rrh csc 
capacitors werc made [rOln disks of high qu al ity fu sed sil ica with a gold film 
eva porated onto polished surfaces to produce the plates and guard. 
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8. Determination of Probe or Cell 
Capacitance Constant 

In applications involving use of this bridge to deter
mine the change of position of a grounded object, it is 
necessary to know the relation for the capacitance 
between the capacitance probe and the object. One 
may measure the mechanical dimensions of the capac
itance detecting plate, shield ring, and reference 
object, and calculate capacitance versus the distance 
of separation of the reference object from the probe. 
Accuracy of the result is limited to the exactness of 
the capacitance equation available for the configura
tion used and the accuracy by which the mechanical 
dimensions of the probe can be measured. Exact 
equations are not available for the capacitance of 
some probe configurations . In these cases, a graphi
cal relaxation method [8] of determining the potential 
field and thereby the capacitance can be used. 

9. Applications 
One application of the modified bridge is its use 

in a precision mercury manometer . In normal op
eration the upper cell (see fig. 7) of the manometer 
is in o~e arm of the bridge and the lower cell is in 
the oth er. A 3-lead adjustable trimmer capacitor 
is in parallel with the lower cell . At "zero level" 
with both cells evacuated, the plate-to-mercury 
capacitance is not exactly the same in th e two cells 
because of small differences in level of the plates, 
and differences in the mechanical configuration of 
the plate-guard assembly. This is compensated for 
by the trimmer. Subsequently the upper cell is 
wrun o' to the top of a column of gage blocks. When 
the Pr'essure is such as to reestablish bridge null , 
the difference between separation of th e upper cell 
mercury meniscus from its plate and th e separation 
of the lower cell mercury meniscus from i ts plate 



is the same as zero le \Te1. Therefore the height of 
the colwnn of mercury supported by the pressW'e 
in the lower cell is equal to the additional length of 
gage blocks placed between the upper cell and the 
base. Since the separation of the mercury from the 
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FIGURE 7. lJ!I ercw'Y meniscus an l capacitance unit oj ma
nometer. 

plate is probably not exactly the same in the two 
cells, an error may result if the amount of the separa
tion changes. The mercury level is adjusted so that 
the capacitance in the upper cell corresponds to 
about 800 /-L separation and the lower cell separation 
at bridge null is not more than 1 /-L different. So 
long as the separation in the upper cell does not 
vary more than 2 /J. , the bridge null corresponds to 
the same pressure within 5 m/-L. The total error in 
the pressure contributed by the detection system is 
in the millimicron range. 

A second application for the modified bridge is 
illustrated by the determination of the inside diam
eter of a long metal tube, nominally 0.8 mm. It is 
desired that the uncertainty in the inside diameter 
not exceed 6 x 10- 5 cm. As shown in figure 8, a 
small probe, 0.75 mm in diametet" and 1 mm long, 
properly insulated and centered by air flow, is 
moved along the length of the tube to sense the 
capacitance with relation to the position of the probe. 
Other probes of 2 and 3 mm length and of the same 
diameter are used , so that capacitance "end effects" 
can be eliminated. It is especially convenient that 
the measured tube can be grounded , because the 
tube itself then serves as a sbield for the rest of the 
system. 

--- 0 .032 i n. i .d. Pla t inum Tube 

~ Invar Capacitance Probe 

~ - Ket-F Spacer 

/- Guard 

FIGURE 8. Small capacitance probe. 
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