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An Evaluation of Two Methods for Comparing
Josephson Voltage Standards of Two Laboratories

Yi-hua Tang, Stuart L. Kupferman, and Melquiades T. Salazar

Abstract—The 10 V Josephson voltage standard (JVS) systems
of the National Institute of Standards and Technology (NIST) and
the Sandia National Laboratories (SNL) were compared by two
different methods used simultaneously. The first method uses the
well-established technique of the NIST’s Measurement Assurance
Program (MAP) in which Zener-diode electronic voltage standards
(often called Zener voltage standards) are used as traveling stan-
dards. The second method, reported here for the first time, used
a recently developed portable JVS as the traveling standard. This
method provides a thorough verification of a JVS system including
all the components of hardware and software as they are used nor-
mally to calibrate a secondary voltage standard. The uncertainty
of the second method was more than an order of magnitude smaller
and provided a way to evaluate the uncertainty associated with the
predictability of Zeners when used as traveling standards.

Index Terms—Josephson voltage standard (JVS), measurement
assurance program (MAP), transfer standard, traveling standard,
uncertainty, Zener voltage standards.

I. INTRODUCTION

WE describe an interlaboratory comparison that was
designed to compare 10-V Josephson Voltage Standard

(JVS) systems using two methods. The first was the con-
ventional method that used four Zener voltage standards as
traveling standards. (In this paper, we follow definitions 6.8
and 6.9 of the International Vocabulary of Basic and General
terms in Metrology [1]: a transfer standard is an intermediary
standard used to compare standards; a traveling standard is one
intended for transport between different locations). We refer to
this as the MAP method. Most comparisons of JVS systems
in North America have been carried out by this method. The
second method used the recently developed Sandia National
Laboratories (SNL) portable JVS as the traveling standard to
compare the fixed laboratory JVS systems of the SNL (SNL
lab JVS) and the National Institute of Standards and Tech-
nology (NIST), (NIST lab JVS). The transfer standards used
to compare the laboratory JVS systems to the portable JVS
system were the same four Zeners used as traveling standards

Manuscript received June 5, 2003; revised April 7, 2004. This work was sup-
ported in part by the National Institute of Standards and Technology (NIST)
Electricity Division, Electronics and Electrical Engineering Laboratory, Tech-
nology Administration, U.S. Department of Commerce, and in part by the Pri-
mary Standards Laboratory, Sandia National Laboratories, a multiprogram lab-
oratory operated by Sandia Corporation, a Lockheed Martin Company, for the
United States Department of Energy under Contract DE-AC04-94AL85000.

Y. Tang is with the National Institute of Standards and Technology, Gaithers-
burg, MD 20899 USA.

S. L. Kupferman and M. T. Salazar are with the Sandia National Laboratories,
Albuquerque, NM 87185 USA.

Digital Object Identifier 10.1109/TIM.2004.840236

in the comparison carried out nearly simultaneously by the
measurement assurance program (MAP) method.

A majority of JVS comparisons in North America are carried
out by using a set of transport Zener voltage standards. It has
been reported that Zener standards are affected by environmental
conditions, such as relative humidity, barometric pressure, and
temperature [2]–[4]. These effects on the transport Zener stan-
dards can be predetermined and the corresponding corrections
can be applied. Corrections for pressure and temperature ef-
fects are now routinely applied in JVS comparisons. Humidity
dependence has been observed on some, but not all, Zeners,
and corrections to Zeners at 1.018 V for humidity change have
been reported in an international comparison [5]. Due to the
hysteretic behavior of the humidity effect and the long time scale
of the response, the correction is difficult to apply and often has
considerable uncertainty. However, in laboratories with good
humidity control and comparable set points of humidity, the
effect is usually small. Some other Zener characteristics, such as
nonideal transportability and nonlinear drift during the shipping
and comparison, can also affect the results of the comparison.
Nonideal transportability is often the largest component of un-
certainty. Most of the JVS comparisons using transport Zener
standards have a relative uncertainty of a few parts in . The
Type B uncertainty of a carefully maintained Josephson voltage
standard, including contribution from the equipment used in
the system, is normally a few parts in . JVS comparisons are
intended to detect subtle measurement errors, but when using
Zener traveling standards, it is not trivial to detect measurement
errors of the order of a few parts in that may be caused by
faultyequipment, components, ormeasurement procedures. This
is the motivation for the development of an alternative method
of JVS comparison capable of achieving reduced uncertainty.

The two JVS systems compared by the two methods are the
laboratory systems at NIST in Gaithersburg, MD, and at SNL
in Albuquerque, NM. Both methods were successfully applied
over a period of about five weeks. The same Zeners used as trav-
eling standards in the MAP were also used during this period as
transfer standards for in-house comparisons of the SNL portable
JVS to the NIST and to the SNL laboratory systems, which
were part of the comparison using the portable JVS system as a
traveling standard. The following comparisons were carried out,
listed in chronological order and illustrated in Fig. 1.

A) MAP between NIST and SNL lab systems using Zeners
as traveling standards.

B) MAP, run the same time as 1, between NIST lab system
and SNL portable system using Zeners as traveling stan-
dards.
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Fig. 1. Comparisons performed among NIST lab JVS, SNL portable JVS, and
SNL lab JVS via Zeners as traveling standards or transfer standards. Numbers
1, 2, and 3 represent the sequence of measurements in the comparison.

C) SNL portable system was used as traveling standard to
compare NIST and SNL lab systems. The two compo-
nents of this comparison were:
C1) compare SNL portable and NIST lab systems

at NIST using the above mentioned Zeners as
transfer standards.

C2) compare SNL portable and SNL lab systems at
SNL using the above mentioned Zeners as transfer
standards.

Portable JVS systems have been used for several years to
transfer the volt to calibration laboratories in the National Aero-
nautics and Space Administration (NASA) and Department of
Energy (DOE) laboratory complexes [6]. In this experiment, we
were interested in comparing the JVS systems as used in their
normal working configurations for calibrating secondary Zener
voltage standards at 10 V. In this mode of operation, the sys-
tems are all computer controlled and are used with automated
scanners.

II. EXPERIMENTAL DESCRIPTION

The Bureau International des Poids et Mesures (BIPM) has
been performing JVS comparisons by shipping its JVS system
to many national metrology institutes (NMIs) around the world
[7]. The successful development of a more portable and easier to
operate JVS system makes the JVS interlaboratory comparison
simpler than conventional JVS comparisons and much more ac-
curate than the conventional Zener MAP. The laboratory JVS
systems at both NIST and SNL are conventional 10-V systems.
The uncertainties of the portable JVS, the NIST, and
the SNL laboratory JVS systems for 10-V measurements have
been evaluated as 5, 7, and 10 nV, respectively. The low value of
uncertainty of the portable JVS is due to the exceptionally low
electrical leakage current of its cryoprobe.

In preparation for comparisons using the portable JVS,
a low thermal electromotive force (EMF) switch box was
designed and built for switching between the two JVS systems
and selecting the different transfer Zener standards without
introducing excessive uncertainty due to contact thermal EMF

and other thermal voltages. The difference between the short
measurements by switching the JVS systems is less than 5 nV.
The variation and repeatability of short measurements among
all channels and polarities is less than 10 nV. The settling
time for transient thermal voltages to diminish to negligible
level is approximately 10 to 15 s when switching channels or
polarities.

The protocol for a comparison sequence at NIST was as fol-
lows: for Zener Z1 the measurement sequence was NIST (Z1 ),
SNL (Z1 ), SNL (Z1 ), and NIST (Z1 ). As is usual in mea-
suring with a JVS system, the leads connecting the JVS to the
Zener standard are reversed at the Zener standard after each
measurement to minimize offsets due to thermal voltages in
the leads. The Z1 and Z1 symbols in the protocol indicate
normal and reversed-lead connections, respectively. For the next
measurement sequence, which could utilize the same, or a dif-
ferent Zener, the position of the NIST and SNL JVSs in the se-
quence was interchanged. This protocol was selected to mini-
mize the effect of Zener drift during the comparison sequence.
It was used in the comparison at SNL as well. The time for a
comparison sequence was 15 to 20 min and produced two pair
of plus and minus measurements, one pair for each system. The
absolute values of each pair of plus and minus measurements
were averaged to eliminate the effect of constant thermal EMFs.
These averages were then subtracted resulting in one voltage
difference between the two systems. For these comparisons, the
environmental conditions for the Zener standards were essen-
tially identical for the portable and laboratory JVS systems.
Since no significant changes in pressure, temperature, and hu-
midity would occur in such short time, no corrections for these
environmental effects were required. In each laboratory, a total
of 32 complete comparison sequences were measured with the
two JVS systems over a period of three days resulting in a total
of 32 voltage differences at each laboratory. In this part of the
experiment, the portable JVS was used as the traveling standard
between the two laboratories while the Zeners were used as a
short-term transfer standard within each laboratory, thus, elim-
inating any significant effects of the nonideal behavior of the
Zeners when they are transported. Use of the portable JVS as
the traveling standard resulted in a very significant reduction in
the uncertainty of the comparison, more than an order of magni-
tude when compared to the MAPs performed for this evaluation
with the same set of Zener references used as traveling stan-
dards, with a NIST protocol [8].

III. RESULTS AND DISCUSSION

The 32 voltage differences between the SNL portable JVS
and NIST lab JVS measured at NIST and the 32 voltage dif-
ferences between the SNL portable JVS and SNL lab JVS mea-
sured at SNL are plotted separately in Fig. 2(a) and (b). Fig. 3(a)
and (b) shows the histograms of these measurements. These fig-
ures show that the distribution of difference measurements is
consistent over time and independent of the Zener standard used
and is approximately normal. The results of the MAPs and JVS
comparisons are shown in Table I. All voltages are expressed in
nanovolts. The columns indicate, respectively, the instruments
whose voltages were compared and the method used, the dates
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(a)

(b)

Fig. 2. (a) Differences between SNL portable JVS and NIST lab JVS
measured at NIST. (b) Differences between SNL portable JVS and SNL lab
JVS measured at SNL.

(a)

(b)

Fig. 3. (a) Histogram of the difference between SNL portable JVS and NIST
lab JVS measured at NIST. (b) Histogram of the difference between SNL
portable JVS and SNL lab JVS measured at SNL.

of measurement, the voltage differences and their Type A un-
certainties at 95% confidence, and the number of effective de-
grees of freedom associated with each experiment. Type A and
Type B uncertainties and the calculation of effective degrees of
freedom, which were done using the Welch–Satterthwaite ap-
proximation, are discussed in [9]. The bottom row shows the
voltage difference between the SNL and NIST laboratory sys-
tems and its uncertainty Uc, as calculated from the results in the
two rows above where

SNL lab NIST lab SNL port NIST lab

SNL port SNL lab (1)

SNL lab NIST lab SNL port NIST lab

SNL port SNL lab

(2)

Table I shows that the uncertainty of the difference between the
volt represented by the NIST and SNL laboratory systems is a
factor of 13 less when the transfer is made using the portable
JVS system than when the Zener voltage standards are used in
a conventional MAP. A comparison of data rows two and three
indicates that the uncertainty of the difference between the volt
represented by the SNL portable system and the NIST labora-
tory system is a factor of 21 less when the two systems are com-
pared in the same laboratory using Zeners as transfer standards
than when the same Zeners are used as traveling standards to
conduct a MAP between the two systems in their home labora-
tories. In all cases, the voltage differences between the systems
being compared using the portable JVS as a traveling standard
and the Zeners as in laboratory transfer standards are signifi-
cantly less than the uncertainties of the comparisons. The rep-
resentations of the volt realized by the three JVS systems are
statistically equivalent, as would be expected.

The larger uncertainties observed in the MAPs using trav-
eling Zener voltage standards are due to the nonideal behavior
of these standards. Table II shows the uncertainty components
in the MAP between the SNL portable JVS system and NIST
JVS system. All quantities are expressed in nV. The largest con-
tribution to the combined uncertainty is Type B transport uncer-
tainty. It was evaluated from the relatively small but significant
random shifts in the values of the Zener standards when they are
shipped. This quantity is estimated by treating the voltage dif-
ference determined by each Zener standard as one realization
of a MAP experiment. The transport Type B deviation shown
is the standard deviation of the four voltage differences divided
by the square root of the number of standards used in the MAP;
in this case, four, i.e., the standard deviation of the mean, of the
differences.

Fig. 4 shows a comparison of the Zener MAP results and the
transfer between the SNL portable JVS and NIST JVS using the
same set of Zeners as in-laboratory transfer standards. The solid
symbols represent the differences between SNL portable JVS
measurements and predicted values based on the NIST opening
and closing measurements at the time when the SNL portable
JVS measurements were actually made. The scatter of the data
points reflects the Type A uncertainty of SNL portable JVS mea-
surements. The total uncertainty of the Zener MAP also includes
the Type A uncertainty of the NIST JVS, Type B uncertainty of
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TABLE I
RESULTS OF MAPs AND JVS COMPARISONS

TABLE II
UNCERTAINTY COMPONENTS (IN nV) OF MAP BETWEEN SNL PORTABLE JVS

AND NIST LAB JVS

Fig. 4. Result of differences between SNL JVS and NIST JVS using the MAP
method with Zeners as the traveling standards (solid) and using the portable JVS
as the traveling standard and the same Zeners as the transfer standards (empty).

each JVS system, uncertainty due to the corrections for Zener
pressure effect, and transport uncertainty. The data clearly show
that the voltage differences for the different Zeners are signifi-
cantly greater than the scatter of the voltage differences for each
Zener. The empty symbols are the difference between the SNL
portable JVS and NIST JVS using the same set of Zeners as
transfer standards. Because the individual measurements were
made at the NIST lab in a short time period without transporting
the Zeners from one location to another, all environmental ef-
fects due to pressure, temperature, relative humidity, and due
to the transport effects of the transfer Zener standards are neg-
ligible in comparison to Zener variability in the measurement
process.

TABLE III
SUMMARY OF ZENER TRANSFER BETWEEN SNL PORTABLE JVS

AND NIST LAB JVS

The expanded uncertainty of the comparison between the
SNL portable JVS and the NIST JVS through Zener transfer
is expressed as the standard deviation of the mean multiplied
by Student t factor in Table III. The contribution of Type B
uncertainty from both JVS systems is included in this term
[10]. This can be seen from the following simple model:

True (3)

True (4)

where equals the combined value measured on a Zener
by the NIST Lab system during a measurement sequence and

equals the combined value measured on the same stan-
dard using the SNL portable system. True and True are the
actual values of the Zener during the respective sequences
which will be functions of time, and and are the errors at-
tributable to the respective JVS systems for the measurement
sequences. The difference value is given by

Diff True True (5)

The variance of Diff is, assuming independence of terms, given
by

Var Diff Var True Var True (6)

where we expect that Var True Var True so that

Var Diff Var True (7)
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(a)

(b)

Fig. 5. (a) Lag plot of differences between SNL portable JVS and NIST lab
JVS made by transfer Zener standards. (b) Lag plot of differences between SNL
portable JVS and SNL lab JVS made by transfer Zener standards.

Here, Var True is the variability contributed by the Zener and
and are the variabilities contributed by the two JVS sys-

tems which are estimated by their zero offset uncertainties.
It has been pointed out [11] that due to 1/f processes, a

sequence of measured values from the same Zener may be
correlated in time. Since the values can then not be consid-
ered independent, it is not justified to treat them as if they
were random. In this case, use of the sample standard devi-
ation of the mean to estimate the uncertainty of a sequence
of such measurements is not appropriate. Table III lists the
results of Zener transfer between SNL portable JVS and NIST
lab JVS. Since we have used the standard deviation of the
mean of the differences to estimate the uncertainties shown in
Table III, it is important to investigate whether or not succes-
sive differences are independent. We intuitively expect that the
difference values measured with four Zeners are less likely to
be correlated than a sequence of measurements from a single
Zener. The differencing effectively removes the mean value of
a Zener as well as its linear drift component for the time period
that the measurement sequence is carried out. Therefore, the
differencing also reduces the correlation in the data. Fig. 5(a)

plots a lag diagram of th difference versus th differ-
ence for four Zener voltage standards, respectively, between
the SNL portable JVS and the NIST lab JVS using a Zener
transfer made in the NIST laboratory. Similarly, Fig. 5(b) is
the lag diagram for the SNL portable JVS and the SNL lab
JVS using a Zener transfer made at SNL. By plotting each
observation against the preceding one, correlation of the mea-
surements can be revealed. The points in Fig. 5 are rather ran-
domly distributed indicating that the measurements are largely
uncorrelated. Also, for each set of differences, a runs test [12]
was performed to test the null hypothesis that the differences
are random. The null hypothesis of randomness was not re-
jected at a significance level of 0.05. Stated in another way,
there is no indication at the 95% level of confidence that the
difference values are not random. On the basis of this result,
we believe that the use of the usual sample standard deviation
of the mean of the differences for estimating the uncertainties
in Table III is justified.

IV. CONCLUSION

We have used a portable JVS system and Zener voltage
standards as transport standards to make interlaboratory com-
parisons. Because of the convenient transportability of the
portable JVS system, we were able to make an in situ JVS
interlaboratory comparison between NIST and SNL. Unlike
the array-to-array direct comparison which checks Josephson
array performance, this method provides a thorough verifi-
cation of a JVS system including all the components of the
system, such as the switches, DVM, and software as they are
used normally, to calibrate a secondary voltage standard. The
advantage of using a portable JVS system is to reduce the
uncertainty, improving the accuracy of the comparison. We
have achieved factors of 13 and 21 reduction in uncertainty
by using the SNL portable JVS system compared to the un-
certainty using a conventional Zener MAP procedure. This
is important for the rapid, efficient, and accurate dissemina-
tion of the unit of voltage between standards laboratories. The
improvement is largely due to the elimination of uncertainty
associated with the environmental and transportability effects
on the Zener standards. Using a portable JVS system for in-
terlaboratory JVS comparison also improves the efficiency by
shortening the time to two or three days compared to several
weeks for a conventional MAP procedure.
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