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ilbstract

The 10 kilohm measurement system at the National Institute of Standards and Technology has
been improved. The guarded resistance bridge is based on the Warshawsky bridge model and is
self-balancing through the use of a precision feedback system. A unique guarded switch was
designed to automatically switch each resistor into the test arm of the bridge. The graphical user
interface program allows the system to be fully automated from control to calculations, so there
are no transcription errors and the system is self-contained. Additionally, scaling from 1 ohm to
10 kilohm has been automated through use of a cryogenic current comparator system.

Introduction

Measurements of 10 kQ special alloy resistance standards at the National Institute of Standards
and Technology (NIST) constitute a significant part of the resistance calibration workload since
many independent standards laboratories maintain their units of resistance at 10 ill. This high
workload for 10 ill calibrations warranted automating and improving this system. The 10 ill
calibration system was fully automated and improved in 1997, as described in this paper.

Bridge and Feedback

The previous bridge system utilized a modified Kelvin bridge(J)that was balanced manually by
an operator, allowing the possibility of inconsistency between operators. The present bridge is
based on the Warshawsky bridge model(2)and features a self-balancing feedback system which
yields more consistent, unbiased results.

t Electricity Division, Electronics and Electrical Engineering laboratory, Technology Administration, U.S.
Department of Commerce. Official contribution of the U.S. Government; not subject to copyright in the United
States.
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The Warshawsky bridge eliminates first-order errors caused by lead resistances by adding
auxiliary resistor pairs at each junction of the bridge. To further improve the perfonnance of this
system, measurements are taken in the polarity sequ.ence(+) (-) (+), with the number of readings
in the negative polarity twice the number of readings in the positive polarity (i.e. 1(+),2(-), 1(+».
The results of these measurements are then averaged. This cancels the effects of linearly drifting
thennoelectric voltages.

The main bridge circuit is shown in Fig. 1. Not shown is the active guard network, which helps
maintain the appropriate potentials in the shields at the junctions. This reduces errors caused by
leakage currents at those points. Also not shown is the programmable switch, which is
connected at points 1,2, 3, and 4.

The main components of this bridge are the ratio anns A and B, the dummy resistor R, and the
unknown resistor X. The corresponding auxiliary resistors are labeled a, b, r, and x, respectively.
This bridge is discussed further in reference (3). Unknown resistors are compared using the
substitution method. In this technique, known standards and unknown resistors are indirectly
compared by substitution in the test ann (X ann) of the bridge. The values of the unknown
resistors are then mathematically computed based on the known value of the NIST standard.
This procedure reduces the errors attributed to non-linearity, leakage currents, and lead and
contact resistances.

To DVM

Figure 1. NIST 10 kQ resistance bridge based on the Warshawsky bridge model.

The self-balancing feedback network used in conjunction with this bridge was specifically
designed and optimized for use with this bridge. An operational amplifier supplies a feedback
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current to a 0.01 Q resistor, driving the detector, D, to a null condition. The current through this
0.01 Q resistor is measured by a digital voltmeter (DVM) connected across a 1 ill resistor.

The sensitivity of the feedback network is detennined by introducing known offsets in the ratio
arms (A and B) of the bridge. Shunting resistor d or f across resistor c or e, respectively,
accomplishesthis. Theresultis a bridgeratiooffsetof 1 ·10-5or-1 · 10-6,respectively.

Programmable Switch

Another major improvement is the guarded, coaxial switch that was also specifically designed for
this system. Previously, resistors were manually switched in and out of the test arm of the
bridge, as described in (1). The automatic switch, along with the fact that the bridge is self-
balancing, enables the system to be run overnight, when environmental conditions are most
stable.

Figure 2. Photograph of the programmable switch.

The switch is fully programmable via an RS-232 serial connection. It features 18 independent
and fully guarded 4-tenninal channels. Each channel is selected and connected by means of a
mobile z-arm connector panel consisting of four socket connectors and a guide rod. rrhe coaxial
British Post Office (BPO) connectors feature silver-plated conductors and
polytetrafluoroethylene (PTFE) insulation. Each BPO connector pair has low contact resistance
and low thennoelectric voItages(4).
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GUI Program

A control and analysis program, written in Visual Basice-',is key to enabling the system to be run
consistently and out of nonnal working hours. With automated control of the system comes the
benefit of uniform and repetitive measurements. This eliminates the potential for operator bias
and yields more consistent measurements.

The graphical user interface (Gill) makes the system easy to operate and provides important
infonnation about the status of the measurements as the system is running. For example,
ambient laboratory conditions are monitored throughout the measurement run and displayed on
the screen, alerting the user to possible troubles. These conditions include room and oil bath
temperatures, the relative humidity, and barometric pressure.

Figure 3. Main form of the graphical user interface program.

An additional feature of the GUI program is that it deposits the raw measurement data into a
spreadsheet so that calculations can be made easily and the transcription errors that were possible
with the manual system do not occur. As mentioned above, the substitution method is used, in
which the unit Under test is compared indirectly to NIST standard resistors with known values.
This is accomplished by measuring both unknown resistors and NIST standards in turn in the
same position in the bridge. By mathematically comparing the raw data, the differences between
the unknown and standard resistors can then be detennined. Once the calculations are

· @Microsoft, Inc. This identification does not imply recommendation or endorsement by the National1nstitute of
Standards and Technology.
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completed, the results are archived in individual files for each resistor. This allows for tracking
the perfonnance of both NIST and customer standard resistors with respect to time.

CCC Scaling

Another significant improvement in 10kQ resistance measurements at NIST is the development
of a cryogenic current comparator (CCC) for use with the automated bridge system. Compared
to the practice of scaling with Hamon transfer standards, scaling with the CCC offers higher ratio
accuracies and sensitivities(S).This will make it possible to significantly lower the uncertainties
associated with resistance scaling trom the 1 0 level, which is based on the quantized Hall
resistance, to the 10 kQ level.

Scaling with the CCC is accomplished by stepping up trom 1 Q to 100 0, and then from 100 Q
to 10 kQ, each of which is a 100:1 ratio. The CCC system includes eight current windings of
400, 200, 100, 100, 4, 2, 1, and 1 turn, allowing for four 100:1 ratios. There is redundancy in the
system to verify ratios and because, for the 100Q to 10 kQ scaling, more windings are necessary
to amplify the small currents used.

Preliminary measurements show that the CCC scaling process agrees with the Hamon scaling
process to within 0.02 · 10-6. The uncertainty of the CCC scaling process is estimated to be
approximately 0.005 · 10-6,compared with the Hamon scaling process uncertainty of 0.02 · 10-6.
This demonstrates an improvement of a factor of four in the scaling process.

Conclusion

With the improvements cited here, the 10 ill measurement system at NIST has improved in
speed, accuracy, precision, and repeatability. It is easier to use and the calibration process is
more streamlined, with all measurements and calculations incorporated into one program.

A revised uncertainty budget has not been completed to account for these improvements.
However, it is expected that a significant reduction in the uncertainties for 10kn resistance
measurements at NIST will be demonstrated at that time.
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