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An A-C Resistance Thermometer Bridge
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A 400 Hz bridge designed specifically for measuring the resistances of platinum thermometers
is described. When used in conjunction with a conventional 25 ohm thermometer, the instrument
can resolve a resistance change of 2 micro-ohms or less, or about 20 microdegrees. It is believed to
be in error by no more than 3 micro-ohms throughout the useful temperature range of a conventional
thermometer. The instrument features an automatic phase angle balance, and extensive use is made
of multistage transformers and operational amplifiers,
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1. Introduction

A number of new resistance thermometer bridges have
been described in the last several years [1, 2, 3, 4].' The
incentive behind this rash of activity has been to take
advantage of recent advances in bridge networks and
null detectors, in order to provide a measurement accuracy
closer to the limit set by thermal agitation noise in the
thermometer than had been possible using the older tech-
nology. Most of the new resistance thermometer bridges,
including the design described here, utilize alternating
current rather than direct current, because of the resultant
freedom from errors due to changing thermal emf’s, and
because of the availability of low noise a-c amplifiers. At
the present time, inexpensive amplifiers with optimum
noise figures smaller than one dB are only available for
frequencies higher than a few hundred hertz. For this
reason in part, the thermometer bridge described here
was designed to operate at 400 Hz.

Factors which were considered in the choice of the
measuring frequency for the bridge were, in addition to
amplifier noise, the existence of the technology involving
precision decade inductive dividers and multistage trans-
formers, and the technology involving operational ampli-
fiers. Both technologies can be used to full advantage at
400 Hz. Some problems might be expected due to the
unavoidable frequency dependence of the resistance
thermometer, but our measurements indicated that the
resistance at the triple point of water of the particular
thermometer used in our experiments did not change by
more than 1 part per million (ppm) from dc to 400 Hz.
The frequency dependence of the thermometer is in any

1 Figures in brackets indicate the literature references at the end of this paper.
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case unimportant if it is both calibrated and used at
the same frequency. It may, however, be necessary to
select a standard frequency for use in resistance ther-
momeltry.

Early in the design of a resistance thermometer bridge
it is necessary to choose a specific configuration for the
leads and terminals to be used with the thermometer. The
most reliable and most precisely defined lead arrangement
available at this time is the so-called four-terminal-pair
system [5], in which each of the four leads of the stand-
ard is provided with a coaxial shield.

We have elected to retain the usual four-terminal lead
configuration, but modify our thermometers to accept a
pair of coaxial cables. One cable constitutes the “current”
terminals of the thermometer, and the other constitutes
the “potential” terminals. This decision greatly simplifies
the design of the bridge, and is acceptable in this case
because the principal uncertainty introduced thereby is
only in the phase angle of the resistor, which is of no
importance in resistance thermometry.

A disadvantage of the two-pair system is that the
cable admittances appear in parallel with the thermometer,
but tests have shown that the shunt conductance of 15
meters of RG 58/U cable changes the apparent resistance
at 400 Hz of a conventional 25 Q thermometer by less
than two parts in 108. The cable capacitance causes a
substantial phase angle under these conditions, but this
can be readily handled.

A key part of the circuit described below is a three-
stage transformer. A three-stage transformer is similar to
the well known two-stage transformer [6, 7], but contains
three high-permeability cores rather than two. The con-
struction of a three-stage transformer begins with a
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Elementary bridge circuit.

Ficure 1.

winding called the first stage winding on a single core.
In a circuit diagram it is helpful to label this core “in-
side.” The second core is then placed next to the com-
pleted first stage, and another winding called the second
stage winding is wound around both cores. This assembly
is a two-stage transformer. Following this, the third core
is placed next to the two-stage transformer and the final
winding, called the third stage winding, is wound around
all three cores. The relative positions of the cores and
windings can be duplicated on the circuit diagram starting
with the labeled inside core. This provides a visual picture
of the construction of the transformer, from which its
operation can be easily inferred. A three-stage transformer
is an obvious extension of a two-stage transformer, and
its behavior can be calculated using the methods described
in the publications cited above.

2. Bridge Circuitry

The general plan of the bridge is given in figure 1,
which shows the resistance thermometer R; in series with
a standard resistor Ry and a current generator. A pre-
cision adjustable transformer 77 of very high input
impedance is connected to the potential leads of the two
resistors via a three winding detector transformer, 7.
If the input impedance of 7, is sufficiently high, the
detector will register a null when R,=pR;, where p is
the ratio of T';.

In order to maintain a high accuracy in the presence
of lead and winding impedances which may be as large
as several ohms, without the necessity for separately
balancing these impedances, the input impedance of Ty
must be at least 10% Q. The easiest way to achieve this is
by constructing 7; as a two-stage transformer. The first
stage of Ty could then be excited by connecting it directly
in parallel with the generator supplying current to R;
and Ry, provided that the total number of turns were
continuously adjusted to equal N(1+p) by ganged
switching. This method of excitation was rejected be-
cause we wanted to be able to use the bridge not only
with R;=100 Q and a standard 25 Q resistance ther-
mometer, but also with R;=0.1 Q and a special 0.025 Q
thermometer designed for measurements at the gold point.
In the latter case, the very large potential drops in the
current leads of the resistors would have resulted in an
incorrect excitation of the first stage of T'.
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Ficure 2. Excitation of a two-stage transformer with a voltage
follower.
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Ficure 3. Excitation of a three-stage transformer with two voltage

followers.
The technique used for compensating the interwinding capacitance of the third
stage is also shown.

INSIDE

Figure 2 shows how an operational amplifier connected
as a voltage follower can be used to automatically supply
the correct excitation to the first stage of a two-stage
transformer, and yield a high input impedance as viewed
at the second stage. This circuit is inherently highly
stable, and is much less prone to oscillate than alternative
circuits based on the permeability multiplier developed
by D. L. H. Gibbings [8]. The actual circuit used for Ty
contains two voltage followers and a three-stage trans-
former as shown in figure 3. Additional windings were
put on the second stage as shown to provide a means of
compensating the interwinding capacitances of the third
or outer stage. Small resistors (not shown) were added in
series with the compensating capacitors to suppress high
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Ficure 4. Complete circuit of the a-c resistance thermometer bridge.
The numbers associated with each transformer winding indicate the number of turns.

frequency oscillations. The third stage was constructed
with polytetrafluoroethylene insulated wire to minimize
the shunt conductance between the windings.

Only the first decade of 7 was specially constructed,

the lower seven decades being obtained from a commercial
inductive divider T3, which bridges adjacent taps on 7.
The equivalent shunt resistance of 7’5 is about 10¢ Q, and
its effect on the input impedance seen across a fixed
winding on the third stage of T is independent of p.

17

The conductance labeled G in figure 3 is selected to
eliminate the potential lead current that would otherwise
result. A resistor of about 10% Q was required.

The detector system used with the bridge contains a
matching transformer, an amplifier with an optimum
source impedance of 6 X 10 Q and a noise figure of
0.2 dB, and two phase-sensitive detectors followed by
low pass filters. The first phase-sensitive detector is ad-
justed so that it responds to a resistive unbalance in the



bridge. Its output is passed through a filter with a 1 s
time constant, and displayed on a panel voltmeter and an
optional external recorder. The second phase-sensitive
detector responds to a phase angle unbalance. Its filtered
output is used to control the level of a quadrature voltage
added in series with the detector transformer, 7', to
provide an automatic phase angle balance.

The quadrature balance voltage was obtained by am-
plifying the output of the voltage follower driving the
second stage of 7';, and applying this voltage to a bridge
involving a pair of varactor diodes. The d-c output of
the second phase-sensitive detector determines the biases
on the two varactor diodes, and hence controls the short
circuit current at the varactor bridge detector junction.
This current is 90° out of phase with the input voltage,
since the varactor diodes behave like capacitors. An op-
erational amplifier connected as a current to voltage
converter then produces an output voltage proportional
to this a-c current, and the voltage is inserted in series
with Ts. A very similar automatic phase balance system
using a balanced mutual inductor rather than varactor
diodes has been developed by A. M. Thompson [4].

The behavior of the feedback loop sketched above is
somewhat difficult to calculate, since the effective loop
gain depends not only upon the gains of a series of a-c
and d-c amplifiers, but also upon the excitation current
applied to the resistance bridge. The bandwidth of the
feedback loop is limited principally by the low pass filter
following the second phase-sensitive detector, but also by
the finite bandwidth of the tuned matching transformer
preceding the detector amplifier. In order to avoid low
frequency instabilities due to excessive phase shifts, the
Q of the matching transformer must be kept small.

The complete circuit of the resistance thermometer
bridge is shown in figure 4. In addition to the features
described above, it includes a constant current generator
with switch-selectable output currents to excite the bridge,
so that the measuring current is independent of the tem-
perature of the thermometer. Provisions are also made
for changing the ratio of the current transformer driving
the bridge and the ratio of the detector matching trans-
former to accommodate either a 25 Q or a 0.025 Q resist-
ance thermometer. A liberal use of mu-metal shielding was
required, not only to avoid interactions between various
parts of the bridge, but also to prevent saturation of the
detector by harmonics of the 60 Hz power supply.

3. Performance

When R; is a 100 Q standard, a change of one step in
the last decade of the bridge corresponds to a resistance
change of 1 pQ, or about 10 pdeg when R; is a conven-
tional 25 Q platinum thermometer. With a measuring
current of 1 mA, a bridge unbalance of 2 pQ can be
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resolved throughout the useful temperature range of the
thermometer. Tests have been made which indicate that
the bridge reading is in error by no more than 3 uQ
over the entire range of 0 to 100 Q, provided that the -
RG 58/U thermometer cables are no longer than 15 m.

When R, is a 0.1 Q standard and R; is a 0.025 Q
platinum thermometer, and with a measuring current of
0.028 A, the bridge will resolve a temperature change
of 100 pdeg. This relatively large uncertainty greatly
exceeds that which would be produced by thermal agita-
tion noise in the thermometer, and is caused principally
by thermal agitation noise in the winding resistance of
the commercial inductive divider, 7'3. For the time being,
a resolution of 100 pdeg is adequate for the measure- .
ments to be made at the gold point.

The accurate calibration of the bridge was greatly
simplified through the use of a special two-stage inductive
divider constructed and made available by Wilbur C.
Sze of the NBS Electricity Division, High Voltage Section.
The reliability of the bridge was verified through an
exhaustive series of measurements made by John L. Riddle
and William R. Bigge of the NBS Heat Division, Tem-
perature Section. The special 0.1 Q standard resistor for
use with a thermometer designed for operation at the
gold point was constructed of a gold-chromium alloy by
James L. Thomas while serving as a consultant to the
NBS Electricity Division. The 0.025 Q platinum ther-
mometer is currently under development by L. A. Guild-
ner and R. L. Anderson of the NBS Heat Division,
Temperature Section, who provided much of the stimulus
for the work reported here.
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