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Abstract—We are implementing a new standard for 60 Hz
power measurements based on precision sinusoidal reference volt-
ages from two independent programmable Josephson voltage stan-
dards (PJVS): one for voltage and one for current. The National
Institute of Standards and Technology PJVS systems use series
arrays of Josephson junctions to produce accurate quantum-based
dc voltages. Using stepwise-approximation synthesis, the PJVS
systems produce sinewaves with precisely calculable rms voltage
and spectral content. We present measurements and calculations
that elucidate the sources of error in the rms voltage that are
intrinsic to the digital-synthesis technique and that are due to the
finite rise times and transients that occur when switching between
the discrete voltages. Our goal is to reduce all error sources and
uncertainty contributions from the PJVS synthesized waveforms
to a few parts in 107 so that the overall uncertainty in the ac-power
standard is a few parts in 106.

Index Terms—AC measurements, Josephson arrays, Josephson
devices, Josephson voltage standard.

I. INTRODUCTION

FOLLOWING the development of the series arrays of in-
trinsically shunted Josephson junctions in the mid-1990s

[1]–[3], there has been considerable work demonstrating their
use as programmable Josephson voltage standards (PJVS). In
addition to being essential for producing accurate and stable dc
voltages, they have also been applied to ac metrology through
the generation of waveforms approximated with a staircase
series of constant voltages of equal duration or samples. These
devices are used to produce a variety of arbitrary waveforms
and can be used for high-accuracy ac–dc difference measure-
ments at frequencies up to 1 kHz [4], [5] and fast reversed-dc
comparisons between Josephson sources and thermal voltage
converters [6], [7]. These systems are quite different from the ac
Josephson voltage standard based on high-speed pulse-driven
arrays, which are used primarily at frequencies above 1 kHz
[8], [9]. By applying quantum-based ac synthesis using PJVS
arrays, we hope to improve one of the dominant sources of un-

Manuscript received July 11, 2006; revised October 29, 2006.
C. J. Burroughs, Jr., S. P. Benz, P. D. Dresselhaus, B. C. Waltrip, and

T. L. Nelson are with the National Institute of Standards and Technology,
Boulder, CO 80305 USA (e-mail: burroughs@boulder.nist.gov).

Y. Chong is with the Korea Research Institute of Standards and Science,
Daejeon 305-340, Korea.

J. M. Williams, D. Henderson, and P. Patel are with the National Physical
Laboratory, Teddington, TW11 0LW Middlesex, U.K.

L. Palafox and R. Behr are with the Physikalisch-Technische Laboratory,
38116 Braunschweig, Germany.

Digital Object Identifier 10.1109/TIM.2007.891156

certainty in the 60 Hz power calibration, namely, the accuracy
of the voltage and current sources. This paper also supports
efforts at the National Institute of Standards and Technology
(NIST) to implement quantum-based standards in as many ap-
plications of electrical metrology as possible. In this paper, we
present measurements that demonstrate the feasibility of using
the PJVS as a quantum-based stepwise sinewave generator for
a new ac-power standard.

II. SYSTEM CONFIGURATION

The sinusoidal Josephson voltages in the new 60 Hz power
standard will consist of two independent PJVS circuits, each
with separate amplitude and phase controls. Fig. 1 illustrates
one possible configuration of the system, where VPJVS−V is
a 1.2 Vrms reference sinewave for the voltage channel, and
VPJVS−I is a 0.5 Vrms reference sinewave for the current
channel. A 100× amplifier scales VPJVS−V up to 120 Vrms,
which is applied to the power meter under test (MUT). This
same 120 V signal is then divided down by a factor of 100
by an inductive voltage divider and then compared in real time
with VPJVS−V so that any gain drift in the 100× amplifier can
either be calibrated or actively stabilized by servo feedback.
For the MUT current channel, VPJVS−I is fed to a V − to − I
converter to generate a current on the order of 5 Arms. A
multistage current transformer, with a precisely known burden
impedance, is used to measure this current so that gain drift, in
the V − to − I conversion, can be measured and again either
calibrated out or removed using feedback. The system diagram
in Fig. 1 shows one of the many potential system configurations
and illustrates the role of the Josephson arrays. The focus of
this paper is to demonstrate the waveform-synthesis capability
using programmable Josephson arrays, and we will address the
system engineering issues of the final implementation (includ-
ing precise phase alignment at the MUT inputs and potential
digital-sampling techniques) in future publications.

The Josephson circuits for this NIST application are
double-stacked MoSi2-junction superconductor-normal-metal-
superconductor (SNS) arrays containing 67 408 SNS junctions
connected in series to produce a maximum ±2.5 V output
voltage and divided according to a ternary weighting scheme
[10]. The six least significant bits use a standard ternary
configuration with a resolution of 612 µV (equivalent to the
smallest array of 16 junctions biased at 18.5 GHz drive fre-
quency), which enables the array to generate 8427 different

0018-9456/$25.00 © 2007 IEEE



290 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 56, NO. 2, APRIL 2007

Fig. 1. Schematic of one possible implementation of the power standard with two Josephson reference voltage waveforms and other essential components. The
symbol “D” denotes high-precision phase-sensitive detectors.

quantum-accurate output voltages. The sizes of the seven most
significant bits (MSBs) are not a strict ternary implementation,
but this enables the entire chip to have 2 mA current margins
by not exceeding 8800 junctions in any array segment. Some
MSBs have two, four, or eight junctions removed to improve the
effective resolution to just two junctions (at less than 75% full-
scale) by use of appropriate pairs of MSBs biased in opposition
to each other. The chips are flex-mounted to ensure uniform
microwave-power distribution and long-term cryopackage reli-
ability [11]. The bias electronics we used were designed and
constructed by the British National Physical Laboratory and
have output drivers with a rise time of 5 ns [12].

III. JOSEPHSON SINEWAVE MEASUREMENTS

The advantage of using Josephson voltage sources (instead
of conventional semiconductor waveform synthesizers) for this
60 Hz power standard is that the samples have quantum ac-
curacy. In a sinewave synthesized by use of the stepwise-
approximation method, the harmonic content is reduced by
increasing the number of samples. However, because the volt-
age is not precisely known during transitions between the
quantum-accurate voltages, a large number of transitions de-
crease the fraction of time in the waveform, where the output
voltage is precisely calculable. For this reason, optimizing
the number of transitions requires finding the proper balance
between high spectral purity and maximizing the precision of
the rms voltage by spending sufficient time on each Josephson-
quantized level.

Consider the case where the number of samples per cycle
N equals 512. Fig. 2 shows the magnitude of the harmonics
of up to 1 MHz (both measured and simulated) relative to the
60 Hz fundamental. The more prominent peaks are digitization
harmonics that arise from the finite number of samples used in
the stepwise-generated waveform, and the amplitudes of those
harmonics decrease at higher frequencies, as shown. In our
application, the first eight digitization harmonics are the most
significant, and their effect on the rms voltage is summarized
in Table I. Since we aim to produce a pure 60 Hz tone, we

Fig. 2. Spectral measurement of a 512 sample 60 Hz sinewave generated by
a Josephson array with 2.1 V amplitude zero-to-peak (1.5 Vrms). Measured
harmonics from the Josephson array (black) is in excellent agreement with
the numerical simulations (the gray simulation curve exactly covers the black
measured data).

TABLE I
CALCULATED VALUES OF THE FIRST EIGHT DIGITIZATION HARMONICS

FOR A SYNTHESIZED SINEWAVE AT 60 Hz USING N = 512 SAMPLES.
THE LAST COLUMN (THE ERROR THAT EACH HARMONIC WOULD

INDIVIDUALLY PRODUCE IN THE TOTAL rms VOLTAGE) DECREASES

RAPIDLY FOR INCREASING HARMONIC NUMBER. THESE VALUES

ARE CONSISTENT WITH BOTH THE MEASURED FFT SPECTRA

FROM THE JOSEPHSON ARRAY AT 1.5 Vrms AND ALSO

FFT SIMULATION ANALYSIS OF THE IDEAL 60 Hz
JOSEPHSON WAVEFORM (SHOWN IN FIG. 2)

refer to any harmonic that contributes more than one part in
107 to the rms voltage as an “error.” Notice that there are pairs
of digitization harmonics at 60 Hz · (m · N ± 1) for each inte-
ger multiple m of the number of samples. Another important
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Fig. 3. Spectral content of a 512 sample sinewave at 60 Hz generated by a
Josephson array with 2.1 V amplitude zero-to-peak (1.5 Vrms). The PJVS mea-
sured spectrum (black, lower plot) shows excellent agreement with numerical
simulations (gray). The upper plot shows the spectrum from a semiconductor
AWG measured with the same digitizer and plotted on the same scale.

feature in Fig. 2 is the structure of all the other harmonics at
integer multiples n of 60 Hz (from n = 2 to 16 667 on this
scale). These harmonics represent waveform distortion caused
by the specific voltage levels selected for the stepwise sinewave
approximation. We examine these harmonics more closely in
Fig. 3, where the 500× finer frequency scale shows how well
the measured harmonics from the Josephson array agree with
the calculated fast-Fourier-transform (FFT) harmonics for the
exact voltage levels generated. The calculated values for odd-
numbered harmonics are indicated with gray markers to illus-
trate how well they coincide with the corresponding tones of
the measured spectrum. Since the odd harmonics are −90 dBc
(decibels below the carrier) or less, their combined contribution
to the rms voltage for all frequencies up to 1 MHz is still
much less than one part in 107. Note that sufficient precision of
the simulated voltages is required to accurately calculate these
harmonics. We used nine significant digits in the simulation to
represent the Josephson-output-voltage levels and found that
the use of fewer significant digits (six or seven for example)
introduced rounding errors that produced higher amplitudes
(−80 dBc) for these harmonics.

Since the ideal waveform is perfectly symmetric positive to
negative, the simulated FFT contains zero amplitude for all the
even-numbered harmonics. Notice that in the measured spec-
trum, the even harmonics are approximately 20–30 dB lower
than the adjacent odd tones and −110 dBc or less. These small
and unexpected even harmonics may arise from a number of
potential sources: measurement nonlinearity from the digitizer;
small asymmetries in the PJVS synthesized waveform; or a
combination of both effects. At such low amplitudes, however,
they are insignificant with regard to the total rms voltage. In

fact, until just recently, our best spectrum analyzers had noise
floors above −100 dBc and were insufficient to resolve such
small voltages.

More importantly, the ability to resolve these even harmonics
with the high-resolution digitizer allows us to ensure that the
PJVS circuit is synthesizing accurate waveforms. By observing
the even harmonics while changing the bias parameters (mi-
crowave power and bias-current levels to the subarrays), we
are able to verify that there is an operating range over which
the PJVS output voltage is constant. Once the bias parameters
move outside that range, the even harmonics increase dramat-
ically because one (or more) of the voltage steps is no longer
quantized.

Fig. 3(a) also shows a measured spectrum from a
semiconductor-based commercial arbitrary-waveform genera-
tor (AWG) that was used to synthesize a 60 Hz stepwise-
approximated sinewave with 512 samples. Notice that the AWG
odd harmonics are roughly 20 dB higher than the Josephson
array and the even harmonics are about 40 dB higher. These
harmonics are large enough to produce a significant error in the
rms voltage and illustrate the advantage of quantum-accurate
waveform synthesis in terms of small harmonics near the funda-
mental, where filtering them would be difficult. Semiconductor
sources have been optimized for this purpose [13], [14] and
have better performance than our AWG, but their accuracy
and reproducibility are not intrinsically guaranteed, as are the
waveforms synthesized with PJVS-quantized voltages.

In this N = 512 example, the eight largest digitization har-
monics cause the total rms voltage to be 5.4 µV/V higher than
the fundamental amplitude (i.e., the square root of the sum of
the squares of the 1.5 Vrms fundamental and the eight error
values listed in Table I). This would be a significant measurable
error for instruments with bandwidths greater than 100 kHz.
The effects of these digitization harmonics can be managed
in several ways, including 1) adding a carefully characterized
low-pass filter to the SNS array output that attenuates these
harmonics without appreciably changing the fundamental, thus
taking advantage of the large gap in frequency between 60 Hz
and the first digitization harmonic; 2) modifying the 100×
amplifier and the V − to − I converter in Fig. 1 to perform this
same low-pass operation; and 3) increasing the number of sam-
ples so that the digitization harmonics are at higher frequencies
and lower amplitude and are thus easier or perhaps unnecessary
to filter. The latter approach requires that transitions between
quantum levels be more carefully characterized and/or directly
measured, because the SNS arrays would be spending more
time in transitions and less time on the perfectly quantized
voltages.

IV. FILTER DESIGN

Actual implementation of a power standard utilizing
stepwise-approximated sinewaves will most likely include fil-
ters on both PJVS outputs. The number of poles (and frequen-
cies) in those filters will depend upon how we balance the
errors associated with the number of samples and the fraction
of time the arrays are on quantized-voltage levels. To select the
proper filter cutoff frequency, consider Table II, which shows
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TABLE II
FREQUENCIES AND ERROR CONTRIBUTION OF THE MOST SIGNIFICANT

DIGITIZATION HARMONICS (THE FIRST PAIR) FOR A 60 Hz
SINEWAVE WITH VARIOUS NUMBERS OF SAMPLES

the magnitude of the largest digitization harmonics (i.e., the first
pair: N − 1 and N + 1) and their combined rms voltage error
for different numbers of samples.

At N = 2048 samples, the error from the first pair of
digitization harmonics is only 0.24 µV/V, even without any
filtering. Decreasing N to 512 samples reduces the time of total
transitions by a factor of four (reducing the total uncertainty
due to transitions by the same factor) but requires a filter
with a 3 dB point around 10 kHz to suppress the 5.4 µV/V
total error from the first eight digitization harmonics. For N =
256 and below, the digitization harmonics are large enough
that it would be difficult to filter them without negatively
impacting the uncertainty at the fundamental. Clearly, to ensure
that waveform digitization errors be less than 1 µV/V, we
must choose N ≥ 512, and if we hope to avoid using a filter,
then N ≥ 2048.

V. FINITE RISE TIME

In order to determine the maximum number of samples
for the lowest uncertainty, we must understand precisely how
finite rise time and switching transients impact the rms voltage.
This is clearly a difficult but essential task for determining the
absolute accuracy of the PJVS synthesized waveforms. In order
to gain some insight regarding the impact of finite rise times on
the rms voltage, both with respect to the amplitude of the funda-
mental and the harmonics within the measurement bandwidth,
we calculated the resulting spectra of the 512-sample 1.5 Vrms

waveform with the different effective rise times. For each rise
time, we determined the rms voltage of the fundamental and
also the total rms voltage within various bandwidths. We then
determined the error associated with these harmonics relative
to the amplitude of the fundamental for the fastest 3.2 ns rise
time. The finite rise times were modeled with a linear transition
between samples, which is an approximation that has shown
by others [4], [12] to agree well with measured data in similar
applications. We used 5 120 000 total sample points. Table III
shows the calculated errors of harmonics at integer multiples
of 60 Hz for different bandwidths, including the contribution
of 1) the “smallest” harmonics up to the first two digitization
harmonics; 2) all harmonics up to and including the first two
digitization harmonics; and 3) all harmonics within a 1 MHz
bandwidth. The total harmonic content above 1 MHz was less
than 0.1 µV/V for all rise times; thus, the harmonic content
up to 1 MHz is representative of the total rms voltage of each
waveform.

TABLE III
CALCULATED ERROR IN THE rms VOLTAGE (i.e., DEVIATION FROM THE

IDEAL DIGITIZED SINEWAVE) DUE TO ALL HARMONICS WITHIN THE

SPECIFIED BANDWIDTH FOR DIFFERENT EFFECTIVE RISE TIMES

FOR THE 1.5 Vrms 60 Hz SINEWAVE WITH 512 SAMPLES

GENERATED BY THE PJVS

The first column shows that the magnitude of the funda-
mental hardly changes with slower rise times. Even for the
longest 1.66 µs rise time, which is 5% of the sample duration
for each voltage, the fundamental amplitude decreases less
than 0.02 µV/V. Although the changes to the fundamental
are surprisingly small, significant changes occur to the higher
harmonics. In effect, as the rise times increase, the higher
harmonics decrease so that nearly all the harmonic content
(and rms-voltage contribution) is more concentrated in the
lowest harmonics. This is expected because the longer rise
times cause the waveform to appear more like a continuous
(nondiscretized) sinewave.

From these calculations, it would appear that the 5 ns
rise time of our bias electronics is more than sufficient for
guaranteeing an accurate rms voltage for a 60 Hz waveform.
However, the idealized perfectly linear rise times used in our
aforementioned calculations do not account for all the real
imperfections exhibited in the experimental system, and thus,
we certainly do not expect that rise times above a few hundred
nanoseconds will be practically useful. Further calculations are
required to determine whether other, more complex, nonideal
transitions, such as transients, overshoot, randomly varying
rise times, timing jitter, and other nonideal effects that would
break waveform symmetry, will also have minimal impact on
the fundamental amplitude or the total rms voltage. We expect
similar behavior (but with smaller rms contribution from
harmonics) for waveforms using a larger number of samples.

VI. CONCLUSION

We have discussed one approach to using PJVS circuits to
construct a new standard for 60 Hz power measurements based
on stepwise quantum-based synthesized sinusoidal waveforms.
We have shown that knowledge of the harmonics over the full-
measurement bandwidth is critical for the successful implemen-
tation of the PJVS synthesizer. With optimized filter design
and appropriately synthesized waveforms, this system should
be able to generate reference sinewaves with suitably low
errors due to undesirable harmonics from the digital-to-analog
synthesis. Future work will include additional detailed analysis
of the transitions for waveforms with more than 512 samples
in order to determine how to provide the lowest total uncertainty
at the 60 Hz fundamental.



BURROUGHS et al.: DEVELOPMENT OF A 60 Hz POWER STANDARD USING SNS PJVS 293

REFERENCES

[1] C. A. Hamilton, C. J. Burroughs, and R. L. Kautz, “Josephson D/A con-
verter with fundamental accuracy,” IEEE Trans. Instrum. Meas., vol. 44,
no. 2, pp. 223–225, Apr. 1995.

[2] S. P. Benz, C. A. Hamilton, C. J. Burroughs, T. E. Harvey, and
L. A. Christian, “Stable 1 Volt programmable voltage standard,” Appl.
Phys. Lett., vol. 71, no. 13, pp. 1866–1868, Sep. 1997.

[3] H. Schulze, R. Behr, F. Müller, and J. Niemeyer, “Nb/Al/AlO/Al/
AlO/Al/Nb Josephson junctions for programmable voltage standards,”
Appl. Phys. Lett., vol. 73, no. 7, pp. 996–998, Aug. 1998.

[4] R. Behr, J. M. Williams, P. Patel, T. J. B. M. Janssen, T. Funck, and
M. Klonz, “Synthesis of precision waveforms using a SINIS Josephson
junction array,” IEEE Trans. Instrum. Meas., vol. 54, no. 2, pp. 612–615,
Apr. 2005.

[5] R. Behr, L. Palafox, J. Schurr, J. M. Williams, and J. Welcher, “Quantum
effects as a basis for impedance and power metrology,” in Proc. 6th Int.
Seminar Elect. Metrology, Rio de Janeiro, Brazil, Sep. 2005, pp. 11–12.

[6] C. J. Burroughs, S. P. Benz, C. A. Hamilton, T. E. Harvey, J. R. Kinard,
T. E. Lipe, and H. Sasaki, “Thermoelectric transfer difference of thermal
converters measured with a Josephson source,” IEEE Trans. Instrum.
Meas., vol. 48, no. 2, pp. 282–284, Apr. 1999.

[7] T. Funck, R. Behr, and M. Klonz, “Fast reversed dc measurements on
thermal converters using a SINIS Josephson junction array,” IEEE Trans.
Instrum. Meas., vol. 50, no. 2, pp. 322–325, Apr. 2001.

[8] S. P. Benz and C. A Hamilton, “Application of the Josephson effect
to voltage metrology,” Proc. IEEE, vol. 92, no. 10, pp. 1617–1629,
Oct. 2004.

[9] S. P. Benz, C. J. Burroughs, P. D. Dresselhaus, N. F. Bergren, T. E. Lipe,
J. R. Kinard, and Y. H. Tang, “AC–DC transfer standard measurements
with an ac Josephson voltage standard,” IEEE Trans. Instrum. Meas, 2007.
this issue.

[10] Y. Chong, C. J. Burroughs, P. D. Dresselhaus, N. Hadacek, H. Yamamori,
and S. P. Benz, “Practical high resolution programmable Josephson volt-
age standards using double- and triple-stacked MoSi2 barrier junctions,”
IEEE Trans. Appl. Supercond., vol. 15, no. 2, pp. 461–464, Jun. 2005.

[11] C. J. Burroughs, P. D. Dresselhaus, Y. Chong, and H. Yamamori, “Flexible
cryo-packages for Josephson devices,” IEEE Trans. Appl. Supercond.,
vol. 15, no. 2, pp. 465–468, Jun. 2005.

[12] P. Kleinschmidt, P. D. Patel, J. M. Williams, and T. J. B. M. Janssen, “In-
vestigation of binary Josephson arrays for arbitrary waveform synthesis,”
Proc. Inst. Electr. Eng.—Sci. Meas. Technol., vol. 149, no. 6, pp. 313–316,
Nov. 2002.

[13] N. M. Oldham, O. B. Laug, and B. C. Waltrip, “Digitally synthesized
power calibration source,” IEEE Trans. Instrum. Meas., vol. IM-36, no. 2,
pp. 341–346, Jun. 1987.

[14] N. M. Oldham, S. Azramov-Zamurovic, and M. E. Parker, “Exploring the
low frequency performance of thermal voltage converters using circuit
models and a digitally synthesized source,” IEEE Trans. Instrum. Meas.,
vol. 46, no. 2, pp. 352–355, Apr. 1997.

Charles J. Burroughs, Jr. was born on June 18,
1966. He received the B.S. degree in electrical en-
gineering from the University of Colorado, Boulder,
in 1988.

He worked with the National Institute of Standards
and Technology (NIST), Boulder, first as a student
and, since 1988, as a permanent staff member. At
NIST, he has worked in the area of superconductive
electronics, including the design, fabrication, and
testing of Josephson voltage standards and digital-
to-analog and analog-to-digital converters. He has 45

publications and three patents in the field of superconducting electronics.

Samuel P. Benz (M’01–SM’01) was born in
Dubuque, IA, on December 4, 1962. He majored in
both physics and math at Luther College, Decorah,
IA, where he received the B.A. degree (Summa Cum
Laude) in 1985. He was awarded an R. J. McElroy
Fellowship (1985–1988) to pursue the Ph.D. degree
and received the M.A. and Ph.D. degrees in physics
from Harvard University, Cambridge, MA, in 1987
and 1990, respectively.

In 1990, he began working with the National
Institute of Standards and Technology (NIST),

Gaithersburg, MD, as an NIST/NRC Postdoctoral Fellow and joined the per-
manent staff in January 1992. He has been Project Leader of the Quantum
Voltage Project at NIST since October 1999. He has worked on a broad range
of topics within the field of superconducting electronics, including Josephson-
junction-array oscillators, single-flux quantum logic, ac and dc Josephson
voltage standards, and Josephson waveform synthesis. He has 105 publications
and is the holder of three patents in the field of superconducting electronics.

Dr. Benz is the recipient of the U.S. Department of Commerce Gold Medal
for Distinguished Achievement. He is a member of Phi Beta Kappa and Sigma
Pi Sigma.

Paul D. Dresselhaus was born in Arlington, MA,
on January 5, 1963. He majored in both physics and
electrical engineering at the Massachusetts Institute
of Technology, Cambridge, and received the Ph.D.
degree in applied physics from Yale University, New
Haven, CT, in 1985 and 1991, respectively.

His previous work as a Postdoctoral Assistant at
the State University of New York at Stony Brook fo-
cused on the nanolithographic fabrication and study
of Nb–AlOx–Nb junctions for single electron and
SFQ applications, single-electron transistors and ar-

rays in Al−AlOx tunnel junctions, and the properties of ultrasmall Josephson
junctions. In 1999, he joined the Quantum Voltage Project at the National
Institute of Standards and Technology (NIST), Gaithersburg, MD, where he
has developed novel superconducting circuits and broadband-bias electronics
for precision voltage-waveform synthesis and programmable voltage-standard
systems. For three years at Northrop Grumman, he designed and tested nu-
merous gigahertz-speed superconductive circuits, including code generators
and analog-to-digital converters. He also upgraded the simulation and layout
capabilities of the Northrop Grumman to be among the world’s best.

B. C. Waltrip, photograph and biography not available at the time of
publication.

T. L. Nelson, photograph and biography not available at the time of publication.

Yonuk Chong was born in Seoul, Korea, on August
27, 1969. He received the B.A. (summa cum laude),
M.S., and Ph.D. degrees in physics from Seoul Na-
tional University, Seoul, in 1992, 1994, and 1999,
respectively.

During his graduate study, he received a German
Academic Exchange Service (DAAD) scholarship
and was a Visiting Scientist with Forshungszentrum
Juelich, Germany, where he worked on high-Tc su-
perconducting RSFQ circuits. He joined the Quan-
tum Voltage Project at National Institute of Standards

and Technology (NIST), Boulder, CO, in 2002 as a Guest Researcher. For three
years at NIST, he focused on the development of vertically stacked Josephson
junctions for high-performance voltage standards. Since 2005, he has been
working as a Senior Research Scientist with the Korea Research Institute
of Standards and Technology (KRISS), Daejeon, Korea. His work at KRISS
focused on the realization of SI units based on quantum technology, which
includes superconducting electronics, nanodevice fabrication, and cryogenic
precision measurement.

Dr. Chong will serve as a Member of the Executive Board of the Korean
Physical Society for a two-year term, starting in 2007.



294 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 56, NO. 2, APRIL 2007

Jonathan M. Williams was born in the U.K.
in May 1962. He received the degree in physics
from University of Oxford, Oxford, U.K.,
in 1983.

In 1983, he joined the National Physical Labo-
ratory, Teddington, U.K., to work on measurement
standards for optical fiber communications. Since
1988, he has been working on the application of
cryogenic techniques to electrical metrology and
has developed several measurement systems using
cryogenic current comparators for quantized Hall

and room temperature resistor measurement. Recently, he has focused on the
application of Josephson junction arrays to the measurement of alternating
voltages. He is currently the Head for the coordination of the science and
technology over a number of projects, including quantum electrical standards,
traceability to the SI for electrical parameters, mathematical modeling, and
uncertainty evaluation in support of metrology.

Dale Henderson (M’04) was born in the U.K. in
1958. He received the B.Sc. degree in physics from
University of Edinburgh, Edinburgh, U.K., in 1980
and the Ph.D. degree in electronic engineering from
University of London, London, U.K., in 1989, for
his work on the generation and measurement of
ultrashort electrical pulses.

In 1981, he joined the National Physical Lab-
oratory, Teddington, U.K. From 1994 to 2005, he
developed a laser-cooled caesium atomic frequency
standard, specializing in low phase-noise oscillators.

Since 2005, he has been working on the application of Josephson junction
arrays in waveform metrology.

Dr. Henderson is a member of the Institute of Engineering and Technology.

Pravin Patel was born in Mombasa, Kenya, in 1958.
He received an Honours degree in physical elec-
tronics from University of Bradford, Bradford, U.K.,
in 1982.

He then joined the Department of Earth Sciences,
University of Cambridge, Cambridge, U.K., as a
Research Assistant and worked on electron-probe
microanalysis with digital backscatter electron imag-
ing. He then went on to work on secondary ion mass
spectrometry with fast magnetic field switching. In
1986, he joined the marine geophysics group of the

Earth Sciences as a Research Associate to work on the Cambridge Deep Active
Source electromagnetic sounding system for the study of the structure and
the dynamics of midocean ridge systems. In 1997, he joined H Tinsley’s,
Croydon, U.K., as a Senior Design Engineer and worked on submarine cable
test instruments. Since 1998, he has been with the National Physical Laboratory,
Teddington, U.K., where he has helped develop products such as cryogenic
current comparators, programmable bias sources for Josephson junction arrays,
and automated inductive voltage dividers.

Dr. Patel is a member of the Institute of Physics (U.K.), and the Institute of
Engineering and Technology. He is a Charted Physicist.

Luis Palafox (S’89–M’91) was born in Valencia,
Spain, in 1966. He received the Licenciatura degree
in physics from University of Valencia in 1989,
the M.Sc. degree in electronic system design from
Cranfield University, Cranfield, U.K., and the Ph.D.
degree for research on semiconductor radiation
detectors from Max-Planck-Institute for Nuclear
Physics, Heidelberg, Germany, in 1997.

After working for four years in automotive elec-
tronics, he was with the National Physical Labo-
ratory, Teddington, U.K., between 2001 and 2004,

where he designed the NPL bit stream generator and worked on pulse-
driven Josephson arrays. In February 2005, he joined Physikalisch-Technische
Bundesanstalt (PTB), Braunschweig, Germany, where he is currently working
on linking ac Josephson voltage standards with the PTB primary power
standard.

Ralf Behr was born in Stade, Germany, on January
25, 1963. He received the M.S. and Ph.D. degrees
in physics from University of Hamburg, Hamburg,
Germany, in 1990 and 1996, respectively, where he
worked on the vortex dynamics in high-temperature
superconductors.

In 1996, he joined the Physikalisch-Technische
Bundesanstalt (PTB), Braunschweig, Germany,
where he is engaged in the development and
application of programmable Josephson voltage
standards. Since 2003, he has been the Head for the

research work of the Josephson effect voltage team.
Dr. Behr is a member of the Deutsche Physikalische Gesellschaft (DPG).


