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Abstract—The Bureau International des Poids et Measures
(BIPM) carries out a number of comparisons of dc voltage stan-
dards with National Metrology Institutes (NMIs). These take the
form of on-site comparisons of Josephson standards or bilateral
comparisons using traveling standards based on Zener diodes.
This paper describes some of the new procedures used in both
types of comparison and presents some results of five recent BIPM
key comparisons.

Index Terms—Author, please supply index terms. E-mail key-
words@ieee.org for info.

1. INTRODUCTION

HE MUTUAL recognition arrangement among National

Metrology Institutes (NMIs) places particular importance
on key comparisons to demonstrate a NMI’s ability to measure
certain critical quantities. The Consultative Committee on Elec-
tricity and Magnetism has identified comparisons of 1.018 V
and 10 V standards, including Josephson array voltage standards
(JAVS), as key comparisons. These standards, which are some-
times commercial systems, are used as primary voltage stan-
dards in an increasing number of NMIs. To take advantage of
the high accuracy of JAVS, on-site direct comparisons have been
carried out by the Bureau International des Poids et Measures
(BIPM) since 1991.

-Another way that NMIs check the coherence of JAVS stan-
dards is to use Zener diode-based references (Zeners) as trav-
eling standards in international comparisons. Such comparisons
are most demanding of the performance of Zeners. Neverthe-
less. provided that corrections are made for the effects of pres-
sure and temperature on the Zener outputs, it appears possible
to reach the 1 part in 10® level of uncertainty.

The NMIs that do not posses JAVS often rely on Zeners as
traveling standards to assure traceability to Josephson standards
via calibrations and comparisons with other NMIs or with the
BIPM. Over the years, some NMIs have participated in reg-
ular calibrations of their national voltage standard by the BIPM.
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Consequently, they have established accurate values and drift
rates of their standards. They now participate regularly in bilat-
eral comparisons of their voltage standard with the BIPM.

II. ON-SITE JAVS COMPARISON

The most recent BIPM on-site comparison took place in May
1999 at the Slovak Institute of Metrology (SMU). The BIPM
JAVS [1] was compared with the SMU JAVS [2], a commer-
cial 10 V system incorporating a wide-range DVM and operated
with software that allows voltage differences of several milli-
volts between the JAVS output and the instrument being cali-
brated. The time over which an output voltage near 10 V can be
maintained is of the order of a few tens of seconds. This, and
the practical impossibility of biasing on one particular voltage
step and no other, led to using, for the first time, an alterna-
tive procedure in BIPM on-site JAVS comparisons. The SMU
JAVS measured the BIPM JAVS as if it were a standard to be
calibrated. On-site comparisons of Zener calibrations were also
performed.

During the measurements, both arrays were disconnected
from their bias source and floated from ground. In both types
of measurement during the comparison, the SMU system
occasionally produced spurious readings clearly inconsistent,
by up to a few microvolts, with the anticipated values. These
readings were rejected from the calculation of the comparison
results but their origin was not elucidated. In comparisons via
traveling Zeners, such spurious readings could possibly go
undetected if they do not result in Type-A uncertainties larger
than 1.5 parts 10%.

A. Direct Comparison

The SMU’s JAVS was used to measure the BIPM array
voltage as if it were a Zener voltage standard (Fig. 1). The
precision was then limited to that available from the SMU’s
digital nanovoltmeter when measuring voltages of up to about
5 mV. Occasionally during that part of the comparison, the
BIPM array voltage changed abruptly when the BIPM array
jumped from the required step. Such jumps were easily detected
by a DVM connected in parallel with the bias voltage leads of
the BIPM array and the array was rebiased quickly enough to
avoid having to restart the measurement. If the jump resulted
in an incorrect DVM reading because the software could not
distinguish a jump of the BIPM array from a jump of the SMU
array, the DVM reading was eliminated manually. Thus, no
significant error can be attributed to spontaneous jumps in the
output voltage of the BIPM array. In fact, less than 1% of the
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BIPM/SMU 10V Josephson Array Direct Comparison
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Fig. I. Measurements of the BIPM array voltage U'; by the SMU JAVS. The

black diamonds are rejected measurements. The horizontal line is the calculated
BIPM array voltage.

readings had to be eliminated. Nevertheless, on two occasions
on May 13 we observed stable DVM readings differing by 1 pV
or more from the expected values. These results were rejected
and no explanation was found for their occurrence. In addition,
three outlying results, believed to be due to unexplained large
thermal electromotive forces (EMFs), were rejected.

B. Comparison Via Zener Diode Measurements

The procedure was simply to calibrate a Zener with each
JAVS following as closely as possible the established routine
for each laboratory and to compare the results (Fig. 2). A single
measurement series consists of two measurements of the Zener
voltage made using the BIPM JAVS followed by a measurement
made with the SMU JAVS and completed with two more mea-
surements made with the BIPM JAVS. A linear fit to the BIPM
results as a function of time is used to interpolate the BIPM
value to the mean time of the SMU measurement. Nine series
of measurements were made both on May 11 and May 13. On
May 13, two series were rejected because of what appears to be
unexplained large thermal EMFs in the values measured by the
SMU.

C. Uncertainties and Results

Table I lists the sources of uncertainty due to the measuring
devices.

As usual, the results are expressed as the difference between
the values that would be attributed to a 10 V standard by the two
laboratories. The results of the direct comparison on May 12
and 13 are weighted using the reciprocal of the square of the
uncorrelated Type-A standard uncertainty. The weighted mean
and the combined standard uncertainty u, are

Usyvu — Ugipn = +0.014 nVv; tl, = BOLY %,

The results of the comparison via Zener diode measurements
on May 11 and 13 are weighted as above. The weighted mean
and the combined standard uncertainty u,. are

Usmu — Upipm = +0.062 pV; u. = 0.036pV.
III. TRAVELING ZENERS COMPARISONS

The BIPM studied the dependence on ambient temperature
[3] and pressure [4] of its Fluke 732B voltage standards and

BIPM/SMU on-site 10V Zener Comparison
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Fig. 2. Measurements of the Fluke 732B Zener voltage [’z by the BIPM and

the SMU JAVS. Squares are for BIPM measurements and diamonds for SMU
measurements. The black diamonds are rejected measurements. The symbols
(+) are for SMU measurements in positive polarity and (%) for negative
polarity.

TABLE 1
ESTIMATED STANDARD UNCERTAINTY COMPONENTS IN THE ON-SITE
COMPARISON AT THE SMU DUE TO THE MEASUREMENT DEVICES FOR THE
DIRECT COMPARISON AND THE ZENER MEASUREMENTS

Direct comparison | Zener measurements
uncertainty/nV uncertainty/nV
BIPM SMU
Frequency 2 03 2
Leakage resistance 1 0.1 1
Detector 10 0.5 10
Thermal EMFs 0 0.5 17
Total (RSS) 10 0.8 20

determined temperature and pressure coefficients so that cor-
rections may be applied. The effect of pressure is particularly
important in comparisons between laboratories at different alti-
tudes. If uncorrected, it leads to relative errors of several parts
in 107. Well-characterized standards are now available to NMIs
as part of the BIPM programme of bilateral comparisons.

The comparison procedure consists of successive calibrations
of several Zener traveling standards by 1) the BIPM, 2) the na-
tional laboratory and 3) the BIPM. The results are computed the
following way, as described in Table II, in which the following
elements are listed:

1) the predicted value Up g of each Zener, computed
using a linear least squares fit to all of the data from
the NMI and referenced to the mean date of the NMI’s
measurements;

2) the Type-A uncertainty due to the instability of the
Zener, computed as the standard uncertainty of the pre-
dicted value from the linear drift model, or an estimate
of the 1/ f noise voltage level;

3)  the uncertainty component due the measuring equip-
ment of the NMI. This uncertainty is completely cor-
related between the different Zeners used for a com-
parison;

4)-6) the corresponding quantities for the BIPM;

7 the uncertainty due to the combined effects of the un-
certainties of the pressure and temperature coefficients
and to the difference of the mean pressures and tem-
peratures in the participating laboratories; although the
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same equipment is used to measure the coefficients for
all Zeners, the uncertainty is dominated by the Type-A
uncertainty of each Zener, so that the final uncertainty
can be considered as uncorrelated among the different
Zeners used in a comparison;
8) the difference (Upap — Upipm) for each Zener;
9)  the uncorrelated part of the uncertainty;
10) the result of the comparison which is taken to be the
unweighted mean of the differences of calibration of
the different standards if no Zener is considered to be
unusually unstable during the comparison; the uncer-
tainty of the transfer, estimated by two methods:
the a-priori uncertainty, which is the standard devia-
tion of the mean value of the results, from the different
Zeners, counting only the uncorrelated uncertainties of
the individual results;
the a posteriori uncertainty, which is the standard de-
viation of the mean of the different results;
the correlated part of the uncertainty; and
the total uncertainty of the comparison, which is the
root sum square of the correlated part of the uncertainty
and of the larger of 11) and 12).

An equivalent method is used when more than one laboratory
takes part in the comparison, or when the traveling standards are
those of the NML

The results of these comparisons are published as “BIPM Re-
ports” that are available on request at the BIPM. They include
graphical descriptions of the results and tables giving detailed
analyzes of the uncertainties.

11)

1)

13)
14)

A. Zener Comparisons with NMIs Equipped with JAVS

Three recent comparisons were carried out with NMIs
equipped with JAVS. These can be viewed as comparisons
of JAVS, limited by the Zeners’ noise and stability, the un-
certainties in their pressure and temperature coefficients, and
uncertainties in their drift rates. Alternatively, assuming that
the JAVS are in perfect agreement, the comparisons can serve
to evaluate the uncertainties associated with the Zener traveling
standards and check the veracity of the corrections.

1) BIPM/NIST (Gaithersburg, MD)/NIST (Boulder, CO)
Comparison. The National Institute of Standards and
Technology (NIST) (Boulder, CO) agreed to a BIPM
proposal to check the level of agreement obtainable
in a 10 V comparison with a laboratory situated at
a high altitude so that the pressure correction would
approach 3 or 4 parts in 107. By including the NIST
(Gaithersburg, MD) facility, the stability of the traveling
Zeners could be checked while at the same time as-
suring a strong tie with previous and future comparisons
involving the SIM regional metrology organization
(RMO). Three Zeners were shipped by air freight and
measured for two-week periods according to the schedule
BIPM — NISTg — NISTg — NISTg — BIPM carried out
from October to December 1998 [5]. Fig. 3 shows the
measured values obtained for the three standards by the

TABLE 1I
REsuLTS OF THE OFMET/BIPM BILATERAL COMPARISON OF 10 V
STANDARDS USING THREE ZENER TRAVELING STANDARDS: MEAN DATE
AFPRIL 18, 1999. UNCERTAINTIES ARE 1 — 0 ESTIMATES. THE UNCORRELATED
UNCERTAINTY Is W = [R? + T2 4 V?]!'/2, THE EXPECTED TRANSFER
UNCERTAINTY IS X' = [W2 + W2 + W2]'/2 /3 AND THE CORRELATED
UNCERTAINTY IS Y = [S2? 4 U?]'/2

Z6 21 Z8
I |OFMET  (Uy - 10Vyuv| 211 |-1061 |-1556
2 type-A uncertainty/uV| 0.10 0.10 0.10 | R
3 equipment uncertainty/pV 0.006 S
4 | BIPM (Uz—10V)/uV| 235 |-10.54 |-15.42
5 type-A uncertainty/uV| 0.12 0.13 0.10: | T
6 equipment uncertainty/uV 0.10
7 | coetiiens uncenamyiyy| 006 | 006 | 004 |v
8 | (Uz ormer— Uz pem)/nV| 023 | -0.06 | -0.13
9 | uncorrelated uncertainty/uV| 0.17 0.17 0.15 | W
10 <Uormer — Upiem>/V 014 J
11 expected transfer uncertainty/pVv.~ 0.09 X
12 sy of difference for 3 Zeners/uV 0.05
13 correlated uncertainty/pV 0.11 Y
14 comparison total uncertainty/pV 0.14 l

BIPM/NIST(s) 10 VZener Comparison
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Fig. 3. Voltage Uz of the Zeners Z6, Z7 and Z8 versus time with linear
least-squares fits to the measurements in each laboratory. Squares and dot/dash
lines are for BIPM measurements, diamonds and dashed lines for NIST
(Gaithersburg, MD) measurements and circles and solid lines for NIST
(Boulder, CO) measurements.

three laboratories. The first series of measurements at the
BIPM and at the NIST (Gaithersburg, MD) are in close
agreement, as well as the last series of measurements in
these laboratories. A close examination of the voltages
as a function of time reveals that the drift rates of the
three Zener voltages changed rather significantly at a
time near the central date of the comparison. This is an
example of what can happen with traveling standards.
Because of the absence of clear justifications for using
other models, a linear drift model was used to describe
the Zener behavior.

The results of the comparison, presented as the differ-
ence between the value assigned to a 10 V standard by the
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Fig. 4. Voltage Uz of the Zeners Z4 and Z5 versus time with linear
least-squares fits to the measurements in each laboratory. Squares and dashed
lines are for BIPM measurements and circles and solid lines for NML (Ireland.)
measurements.

NIST(Gaithersburg, MD), the NIST(Boulder, CO), and
the BIPM on the reference date 11-16-98, and the com-
bined standard uncertainty u. from each pair of laborato-

ries, are:
Unist(c) — Usipm = +0.26 uV;  uc = 0.14 uV,
Uniste) — Usipm = + 0.22 pV; e = 0.17 pV,
Unistc) — Unist(B) = + 0.04 p1V; ue = 0.13 pV.

2) BIPM/VNIIM Comparison. A 1.018 V comparison with
the Mendeleyev Institute for Metrology (VNIIM) was
carried out from November 1998 to January 1999 for
the purpose of comparing JAVS. Two Zeners were
transported by air as hand baggage and measured at the
VNIIM in a single week [6].

The result of the comparison, presented as above for a
1.018 V standard on the reference date 12-16-98, is
Uvnim — Usipm = 0.00 V5 ue = 0.03 pV.

This is a remarkably close agreement. Our experience
normally leads us to expect transfer uncertainties of the
order of 0.05 pV.

3) BIPM/OFMET Comparison. A 10 V comparison with
the Swiss Federal Office for Metrology (OFMET) was
carried out from March to May 1999 for the purpose
of comparing JAVS. Three Zeners were transported to
the OFMET by automobile and measured there over a
two-week period [7].

The result of the comparison, presented as above for a
10 V standard on the reference date 04-18-99, is

UOFMET = UBIPM =-0.14 ;N; Ue = 0.14 .U,V.

B. Zener Comparisons with NMls that do not Possess JAVS

BIPM/NML Comparison. A 10 V comparison with the Na-
tional Metrology Laboratory, Ireland (NML) was carried
out from May to June 1999. Two Zeners were shipped via
air freight and measured at the NML for two weeks. The
purpose of this comparison was to continue the link (that
has operated on a regular basis since 1989) between our
voltage standards. Fig. 4 shows the measured values ob-
tained by the two laboratories. The values assigned by the

NML to BIPM traveling Zener standards, based on the pre-
dicted behavior of the NML voltage standard, are com-
pared with those measured by the BIPM before and after
the NML measurements [8].

The result of the comparison, presented as above for a
10 V standard on the reference date 06-20-99, is

Unmr — Usipm = +0.29 ¢V, U =L PV,

IV. CONCLUSIONS

The comparisons reported here link, via the BIPM, three
RMOs: 1)SIM; 2) COOMET;3) and EUROMET.

We believe that the problems encountered in operating the
SMU system show that implementations of Josephson array
standards are not intrinsically accurate and that it is necessary
to compare them with other JAVS. This is best done by direct
on-site comparisons, such as those carried out by the BIPM.

The stability of Zeners as traveling standards limits the rel-
ative uncertainty in the comparison of Josephson voltage stan-
dards to a few parts in 10® if the effects of pressure, temper-
ature and linear drift are taken into account. Deviations of the
Zener voltage from the linear drift model impose the greatest
limit on comparison uncertainty and experience shows that the
uncertainty is reduced when the Zeners stay in an NMI for no
more than two weeks. Similar uncertainties should be achiev-
able when using Zeners in the same way to link Josephson stan-
dards to other types of suitably stable voltage standards. When
using Zeners as short-term transfer standards in an on-site com-
parison of two Josephson standards, a relative uncertainty of a
few parts in 10° can be achieved. In contrast, uncertainties of a
few parts in 10'° have been achieved in on-site direct compar-
isons of 10 V JAVS [9].
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