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Abstract—A new quantum-voltage-calibrated Johnson noise
thermometer was developed at the National Institute of Metrol-
ogy to demonstrate the electrical approach that determines
Boltzmann’s constant k, by comparing electrical and thermal
noise power. A measurement with an integration period of 19 h and
a bandwidth of 638 kHz results in a relative offset of 1 × 10−6,
from the current Committee on Data for Science and Technol-
ogy value of k, and a type A relative standard uncertainty of
17 × 10−6. Closely matched noise powers and transmission-line
impedances were achieved, and consequently, the quadratic fitting
parameters of the ratio spectrum show flat frequency responses
with respect to the measurement bandwidth. This flat response
produces a dramatically reduced systematic error compared to
that of the National Institute of Standards and Technology mea-
surement of k, in which the relative combined uncertainty was
dominated by this error.

Index Terms—Correlation, Johnson noise, Josephson voltage
standard, noise measurement, temperature measurement.

I. INTRODUCTION

M EASURING Boltzmann’s constant k with comparable
uncertainty by use of methods based on physical prin-

ciples different from each other is required for the redefinition
of k [1]. Although numerous efforts were made to meet this
requirement, the current Committee on Data for Science and
Technology (CODATA) value of k is dominated by the gas-
based thermometry measurements [2]. The lowest uncertainty
of 1.2× 10−6 was achieved by the acoustic-gas thermometry,
which measured the speed of sound in argon and deduced k
from the molar gas constant R [3]. Another gas thermometry
approach that measures the dielectric constant of helium gas
has achieved an uncertainty of k of 7.9× 10−6 [4], [5]. Mea-
surements of the refractive index of helium gas result in a value
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of k with a relative standard uncertainty of 9.1× 10−6 [6].
The Doppler broadening technique measured the structure of
the absorption lines of NH3 and obtained a relative uncertainty
for k of 38× 10−6 [7]. All of the aforementioned experiments
work with some type of gas as the measurement medium.

The Johnson noise thermometer (JNT) measures the thermo-
dynamic temperature T through the Nyquist relation 〈V 2〉 =
4 kTRΔf , by measuring the mean-squared voltage noise
power 〈V 2〉 arising from the thermal fluctuation of the electrons
in a resistor R over a frequency bandwidth Δf [8]–[10].
Alternatively, by measuring 〈V 2〉 across R at a known T , the
JNT provides the possibility of determining k. However, the
challenge is that the noise voltages are extremely small,
∼1.2 nV/Hz1/2, for a 100-Ω resistor at the triple point of water
(TPW). Extremely high-performance electronics and very long
integrating times are required to measure the thermal noise with
small statistical uncertainty [11].

Recently, the National Institute of Standards and Technology
(NIST) has reported the first practical electronic measure-
ment of Boltzmann’s constant with Johnson noise thermom-
etry that compared the thermal noise of a resistor at the
TPW temperature to the pseudo-noise voltage synthesized by
a quantum-voltage-noise source (QVNS) [12]. The result of
k = 1.380651(17)× 10−23 J/K was consistent with the current
CODATA value. The 12.1× 10−6 relative combined uncer-
tainty of this previous measurement was dominated by 1) “sys-
tematic effects that produce aberrations in the ratio spectra”
(10.4× 10−6) and 2) random statistical uncertainty (5.2×
10−6) by combining two data sets, each having 116.6 h of
integration. Neither the systematic error producing the spectral
aberration nor the statistical uncertainty is currently believed
to represent a fundamental limit of this measurement. Further
improvements are necessary to reduce the uncertainty to con-
tribute to the redefinition of k.

In order to demonstrate the reproducibility of this electrical
approach to measuring k and to pursue lower measurement
uncertainties, it is important to perform measurements under
different conditions, and with different QVNS-JNT systems.
The NIST recently presented measurements by doubling the
sense resistor value from 100 to 200 Ω to produce higher noise
power, although which yielded a lower statistical uncertainty
for the same integration period, the fitting results of k showed
aberrations with different fitting bandwidth as in the previous
measurement [13]. In this paper, we describe the newly devel-
oped QVNS-JNT system at the National Institute of Metrology
(NIM) [14], [15] and report the recent measurement result
that shows flat frequency responses for both the noise-power
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Fig. 1. Schematic of the NIM QVNS-JNT system.

Fig. 2. Schematic of the switch circuit.

ratio and the quadratic fitting parameters. The flat frequency
responses indicate the reduction in systematic error in the new
system and demonstrate the potential of a relative uncertainty
of 6× 10−6 for measuring k with the JNT.

II. CONSTRUCTION OF THE NIM QVNS-JNT SYSTEM

Fig. 1 shows the schematic of the NIM QVNS-JNT system.
A switch circuit switches between the QVNS and the sense
resistor R so that one of the noise sources connects to the two
nominally identical amplification channels (see Fig. 2). Each
amplification channel contains a low-noise high-gain differ-
ential preamplifier (Preamp), a single low-pass filter (LPF),
a buffer amplifier (Buff), and an analog-to-digital converter
(ADC). The digitized signals are transferred to computer via
optical fibers and then cross correlated by software to remove
the uncorrelated noise. All the electronics are sealed in alu-
minum boxes and powered by batteries to protect the measure-
ment from possible electromagnetic interference (EMI).

The custom sense resistor consists of two Ni–Cr-alloy foils
on an alumina substrate with a nominal resistance value of 50 Ω
for each. Two pairs of gold-coated leads on the hermetically
sealed package are connected to the two ends of the resistor net-
work, and a fifth lead is connected to the center. The resistance
of the sensor is measured by a dc resistance bridge through four-
wire configuration to be 100.0065 Ω.

The resistor is mounted on a copper header soldered at the
bottom end of a thin-wall stainless steel probe. The probe
is about 60 cm long, filled with Argon gas and hermetically
sealed. Two cables with the same length made of three Teflon-
insulated wires transmit the differential noise signals from the
resistor to the connectors at the top of the probe. The probe is

immersed in a TPW cell. The cell is placed in a stainless steel
Dewar filled with ice.

The QVNS chip was fabricated at NIST in Boulder. There
are ten superconductor–normal metal–superconductor (SNS)
Josephson junctions in each of the two arrays [16]. The critical
current of the Josephson junctions is around 6 mA, and the
characteristic frequency is about 5 GHz. The chip is mounted on
a flexible package in a magnetically shielded probe. The probe
is cooled to 4 K in a 100-L liquid-helium Dewar.

The quantum-voltage-noise waveform is synthesized by the
bipolar pulse-driven technique. Although the operation margin
of the Josephson junction array is lower than that for the
unipolar pulse-driven synthesis [16], the advantage is that there
is no dc offset for the synthesized ac waveform. The frequency
of the microwave signals that drives the pulse generator is
9.999872 GHz, which is split by the pulse generator to get the
sampling frequency fs = 4.999936 GHz. The bit length of the
digital code is selected to be M = 4999 936; thus, the repeti-
tion frequency of the waveform is f1 = fs/M = 1 kHz. The
comblike multitone waveform consists of odd-harmonic tones
of f1 from 1 to 999 kHz with tone spacing of 2 kHz. The tone
amplitude is set to 54.9268 nV to ensure that the voltage spec-
tral density VQVNS−calc = 1.2282 nV/Hz1/2 closely matches
the spectral density of the thermal noise, i.e., VR−calc =
1.228272 nV/Hz1/2, of the 100.0065-Ω resistor at the TPW.

To minimize the nonlinear effects of the preamplifier, it is
required that both the total noise powers and impedances of
the QVNS and R noise sources are closely matched to each
other [17]. Note that four resistors with a nominal resistance
of 100 Ω are fabricated in the transmission wires on the
Josephson junction chip to match the resistance of the sense
resistor noise source. Unfortunately, these resistors introduce
extra uncorrelated noise at 4 K. Additional small chip resistors
with a resistance of 1.5 Ω are inserted between the signal leads
and the transmission wires, for the QVNS and R, to closely
match both the uncorrelated noise power and the resistance.

The switch circuit consists of four latching relays mounted
on an FR4 printed circuit board (PCB). The relays are con-
trolled by a field-programmable gate array to alternate between
the noise sources such that either the QVNS or the resistor is
connected to the two cross-correlation channels. In the PCB,
the signal traces are symmetrically placed in the top layer, and
the total length from the input lead to the output lead is about
15 mm. The copper ground plane is in the bottom layer, in
which the area opposite to the signal traces is removed. This is
important because the smallest possible shunt capacitance helps
to minimize the effect of dielectric losses [12].

The preamplifier in the NIM system is of similar design to
that in the NIST system [18], which has a gain of about 70 dB
and the input voltage noise of about 1.1 nV/Hz1/2 in the 36-Hz
to 1-MHz bandwidth and a common-mode rejection ratio of
100 dB at 100 kHz. An offset compensation circuit is included
to null the dc offset of the signal before the differential stage to
reduce the nonlinear distortion of the preamplifier [19]. Two-
tone measurements show that, for waveforms with frequencies
of 300 and 301 kHz and amplitude of 54.9268 nV, the second-
order intermodulation distortion is −121.5 dBc, and the others
are even lower [15].
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The 11-pole LPF is of a Butterworth response with a cutoff
frequency of 800 kHz, which defines the measurement band-
width. The buffer amplifier has a gain of 11× and an output
resistance of 50 Ω, which in turn drives the ADC.

Commercial ADCs with a high resolution of 20 bits at
2-MHz sampling frequency are used for data acquisition. There
is a 1-MHz anti-aliasing filter integrated within the ADC to
prevent the aliased high-frequency signals from contributing to
the measured noise-power spectra. The ADCs are clocked and
triggered by external clocks provided by commercial function
generators via optical fibers. The phases of the clocks are
carefully adjusted before the measurement so that the two
acquisitions are synchronized.

The data are then optically transmitted to the computer. The
software performs fast Fourier transforms (FFTs) on the data
and cross correlates the data that are acquired for every 1 s,
accumulates these data for 100 s and saves the result as one
chop, and then switches the relays to measure the other noise
source. Note that the thermal noise is a random process with
flat power spectral density. The QVNS generates a periodic
signal with a minimum frequency defined by the codes memory
length. In our experiment, the ADC digitizes an integer number
of periods of the pseudo-noise voltage waveform at 2 MHz for
1 s, which ensures an FFT spectrum with all harmonic tones in
well-defined frequency bins. It is important that no windowing
is necessary for FFTs of both waveforms, so that no error is
introduced.

The 2-MHz sampling frequency and 1-s acquisition period
for every chop result in a 1-MHz bandwidth and a 1-Hz reso-
lution power spectrum. The averaged cross-correlation power
spectra of the thermal and electrical noise are then summed
and compared over discrete 2-kHz intervals centered at the
frequency of the tones of the QVNS-synthesized waveform.
Boltzmann’s constant k can be calculated from

k =

〈
V 2
R

〉
〈
V 2
QVNS

〉
∣∣∣∣∣∣
f=0

V 2
QVNS−calc

V 2
R−calc

k2010 (1)

where k2010 is the current CODATA value of k [2].
There are a number of the differences of the present NIM

system from the one at NIST. 1) The NIST system uses a
unipolar pulse-driven technique to synthesize the quantum-
voltage-noise signal, whereas the NIM system uses a bipolar
pulse drive, which has the advantage of having no dc offset in
the waveform. 2) NIM maintains the TPW cell in an ice bath
to avoid possible EMI from the thermoelectric cooler that is
used in the NIST system. 3) Our switching circuit uses only
one relay to connect each input lead to one output lead, whereas
in the NIST switching circuit, there are two relay connections.
4) Our amplifier is of similar design to that of NIST, except our
preamplifier uses a transistor instead of a junction field-effect
transistor for the mirror current source. 5) Instead of using two
11-pole LPFs to prevent the aliasing signals from contributing
to the measured noise power in the NIST system, there is only
one LPF in the NIM setup. The high-frequency signals are
attenuated by use of the anti-aliasing filter integrated within
the ADC. 6) In the NIM system, the signals are digitized by

Fig. 3. Measured FFT spectra from noise sources of (a) QVNS and (b) sense
resistor R. The gray lines are the auto-correlation spectra for each of the two
amplifier channels, and the black circles represent the cross-correlation spectra
between channels.

commercial ADCs with 20-bit resolution and 2-MHz sampling
frequency. While in the NIST system, 16-bit custom ADCs are
used for sampling at 2.08 MHz. One can learn more details of
the NIST system elsewhere [12], [16], [18], [19].

III. MEASUREMENT RESULTS

In contrast to the digest summary paper [14], this paper
features a measurement with a longer integration period of
about 19 h, over which 342 chops were acquired for the QVNS
and R, respectively. The averaged auto- and cross-correlation
spectra for all of the 342 chops are shown in Fig. 3.

Although there are some EMI signals at frequencies lower
than 1 kHz and some tones at around 900 kHz, no EMI signals
were seen between 1 and 800 kHz. The amplitude of the spectra
and the noise floors of the amplifiers are flat and of almost the
same amplitude in the frequency range of a few kilohertz to a
few hundred kilohertz. The curved behavior of the noise floor in
the low-frequency range is a combined result of the 1/f noise
of the electronics and the 36-Hz high-pass filter integrated in the
amplifier. The amplitude of the spectra visibly decreases above
700 kHz, due to the frequency response of the LPF. To eliminate
the visible effect from the EMI and the nonideal behavior of the
electronics, we defined our measurement bandwidth from 5 to
650 kHz, but not to 800 kHz.

Fig. 4 shows the relative differences of the auto- and cross-
correlated noise-power spectra between the QVNS and the
sense resistor. It can be seen that the two auto-correlation dif-
ferences are matched to better than two parts in 103 within the
650-kHz measurement bandwidth, and the relative difference
shows the quadratic dependence with frequency. The cross-
correlation noise difference spectrum is matched to better than
one part in 103 and shows the flat frequency response. This was
achieved by carefully trimming the length of the transmission
lines that connected the noise sources to the cross-correlation
electronics.

In spite of the closely matched noise powers and impedances,
different transmission lines may still result in different transfer
functions and thus the deviation of the noise-power ratio from
the unity response. Furthermore, there remain errors due to
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Fig. 4. Relative differences of the auto- and cross-correlated noise-power
spectra between the QVNS and R noise sources.

Fig. 5. Frequency response of (a) the power ratio and (b) the residuals of the
two-parameter fit.

the amplifier noise currents. When connected to the R, the
preamplifier noise currents pass through the sense resistor and
are measured by both channels, leading to extra correlated
noise power, which does not exist when connected to the
QVNS. Fortunately, both of these errors are relatively small
and have f2 dependence. The resulting expected quadratic
frequency response of the noise-power ratio can be corrected by
least-squares fitting with a two-parameter formula a0 + a2f

2.
Fig. 5(a) shows the noise-power ratio of our measurement, from
which one can see the weak quadratic dependence of the ratio
on the frequency. Fig. 5(b) shows the residuals of the two-
parameter fitting on the bandwidth from 5 to 643 kHz. The
residuals appear to be reasonably flat. Absence of significant
curvature in the frequency dependence of the residuals indicates
very good linearity of the electronics.

The coefficient a0 and the associated standard deviation from
the fitting are used to determine k and its relative statistical
uncertainty. The coefficient a2 characterizes the remaining
quadratic response. For the current measurement with an in-
tegrating period of 19 h and a fitting bandwidth from 5 to
643 kHz, the relative difference of k from the 2010 CODATA
value is found to be 1× 10−6, and the relative statistical un-
certainty approaches 17× 10−6. In Fig. 6, the variation of the
standard deviation σ of a0 with increasing integration period is
tracked and plotted, which linearly decreases with increasing
chop number on a logarithmic scale. Indeed, it closely fol-

Fig. 6. Variations of the standard deviation σ of a0 with increasing integration
period for a fitting bandwidth from 5 to 643 kHz. The straight line represents
the theoretically expected statistical uncertainty [11].

Fig. 7. Flat frequency responses of the fit parameters, i.e., (a) a0 and (b) a2,
on the fitting bandwidth. The gray boundary lines in (a) represent the ±σ of
a0.

lows the straight line that represents the theoretically expected
1/N1/2 behavior of the statistical uncertainty [20].

IV. REDUCED SYSTEMATIC ERROR

For the previous Boltzmann’s constant measurement with the
NIST QVNS-JNT system, the small spectral aberrations were
found for the variation of a0 when the data were fitted over
different bandwidths. The aberrations were probably caused
by systematic errors, and they dominated the measurement
uncertainty [5]. To check the contribution of the spectral
aberrations in the present measurement, in Fig. 7(a) and (b),
we plot the results of fitting the data with different bandwidths
over different ranges starting from 5 kHz and ending at
successively higher frequencies. The difference a0 − a20100

represents the relative offset of k from the 2010 CODATA
value, and a20100 = (VR/VQ)

2. It is important to note that both
a0 and a2 show flat behavior as a function of fit bandwidth.
The ±σ standard deviation of a0 is also plotted in Fig. 7(a)
to show the boundary that allows the variation of a0 − a20100 .
One can see that the values of a0 − a20100 are consistent with
each other within the error bars for the standard deviations of
the different fitting bandwidths. The flat responses demonstrate
the self-consistency of the data and indicate that the systematic
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error that leads to the spectra aberrations in [12] is greatly
reduced in the present measurement.

V. CONCLUSION

With the new QVNS-JNT system developed at NIM, a
measurement with an integration period of 19 h resulted in a
relative offset of 1× 10−6, from the 2010 CODATA value of k,
and a type A relative standard uncertainty of 17× 10−6. Most
importantly, the quadratic fitting parameters of the power-ratio
spectrum showed extremely flat frequency responses for dif-
ferent fitting bandwidths, indicating that the systematic errors
that produced the spectral aberrations in the NIST system are
greatly reduced.

For the previous measurement with the NIST system, the
combined relative uncertainty of k was dominated by the sys-
tematic effects that produce the spectral aberrations (10.4×
10−6) and the random statistical uncertainty (5.2× 10−6). For
the present measurement, based on the flat frequency response
of a0, we estimate that the contribution of the spectral aber-
rations to the combined relative uncertainty reduces to less
than 1× 10−6. Experiments are ongoing at NIST to understand
the sources of the spectral aberrations [13] and at NIM to
reduce the statistical uncertainty. With further improvements,
we anticipate reaching an electronic measurement of k at a
combined relative uncertainty of 6× 10−6 with both systems.

ACKNOWLEDGMENT

The authors would like to thank P. Dresselhaus and
C. Burroughs for chip fabrication and packaging and D. R.
White, W. L. Tew, K. Yamazawa, and C. Urano for helpful
discussions.

REFERENCES

[1] J. Fischer, S. Gerasimov, K. D. Hill, G. Machin, M. R. Moldover,
L. Pitre, P. Steur, M. Stock, O. Tamura, H. Ugur, D. R. White, I. Yang, and
J. Zhang, “Preparative steps towards the new definition of the Kelvin in
terms of the Boltzmann constant,” Int. J. Thermophys., vol. 28, no. 6,
pp. 1753–1765, Dec. 2007.

[2] P. J. Mohr, B. N. Taylor, and D. B. Newell, “CODATA recommended
values of the fundamental physical constants,” Rev. Mod. Phys., vol. 80,
no. 2, pp. 633–730, Jun. 2008.

[3] L. Pitre, F. Sparasci, D. Truong, A. Guillou, L. Risegari, and
M. E. Himbert, “Determination of the Boltzmann constant using a quasi-
spherical acoustic resonator,” Int. J. Thermophys., vol. 32, no. 9, pp. 1825–
1886, Sep. 2011.

[4] B. Fellmuth, J. Fischer, C. Gaiser, O. Jusko, T. Priruenrom, W. Sabuga,
and T. Zandt, “Determination of the Boltzmann constant by dielectric-
constant gas thermometry,” Metrologia, vol. 48, no. 5, pp. 382–390,
Oct. 2011.

[5] C. Gaiser and B. Fellmuth, “Low-temperature determination of the
Boltzmann constant by dielectric-constant gas thermometry,” Metrologia,
vol. 49, no. 1, pp. L4–L7, Feb. 2012.

[6] J. W. Schmidt, R. M. Gavioso, E. F. May, and M. R. Moldover, “Polar-
izability of helium and gas metrology,” Phys. Rev. Lett., vol. 98, no. 25,
pp. 254504-1–254504-4, Jun. 2007.

[7] K. Djerroud, C. Lemarchand, A. Gauguet, C. Daussy, S. Briaudeau,
B. Darquié, O. Lopez, A. Amy-Klein, C. Chardonnet, and C. J. Bordé,
“Measurement of the Boltzmann constant by the Doppler broadening
technique at a 3.8× 10−5 accuracy level,” C. Rendus Phys., vol. 10,
pp. 883–893, 2009.

[8] J. B. Johnson, “Thermal agitation of electricity in conductors,” Nature,
vol. 119, no. 2984, pp. 50–51, Jan. 1927.

[9] J. B. Johnson, “Thermal agitation of electricity in conductors,” Phys. Rev.,
vol. 32, no. 1, pp. 97–109, Jul. 1928.

[10] H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys.
Rev., vol. 32, no. 1, pp. 110–113, Jul. 1928.

[11] D. R. White, R. Galleano, A. Actis, H. Brixy, M. De Groot, J. Dubbeldam,
A. L. Reesink, F. Edler, H. Sakurai, R. L. Shepard, and J. C. Gallop, “The
status of Johnson noise thermometry,” Metrologia, vol. 33, no. 4, pp. 325–
335, 1996.

[12] S. P. Benz, A. Pollarolo, J. Qu, H. Rogalla, C. Urano, W. L. Tew,
P. D. Dresselhaus, and D. R. White, “An electronic measurement of the
Boltzmann constant,” Metrologia, vol. 48, no. 3, pp. 142–153, Jun. 2011.

[13] A. Pollarolo, T. Jeong, S. P. Benz, and H. Rogalla, “Johnson noise ther-
mometry measurement of the Boltzmann constant with a 200 Ω sense re-
sistor,” in Proc. Dig. Summary 28th Conf. Precision Electromagn. Meas.,
Jul. 2012, pp. 214–215.

[14] J. Qu, S. P. Benz, Y. Fu, J. Q. Zhang, H. Rogalla, and A. Pollarolo,
“Flat frequency response in the electronic measurement of the Boltzmann
constant measurement,” in Proc. Dig. Summary 28th Conf. Precision
Electromagn. Meas., Jul. 2012, pp. 216–217.

[15] J. Qu, S. P. Benz, J. Q. Zhang, H. Rogalla, Y. F. Fu, and A. Pollarolo, “De-
velopment of a quantum-voltage-calibrated noise thermometer at NIM,”
in Proc. AIP Temp. Meas. Control Sci. Ind., Mar. 2012, to be published.

[16] S. P. Benz, P. D. Dresselhaus, and C. J. Burroughs, “Multitone waveform
synthesis with a quantum voltage noise source,” IEEE Trans. Appl. Super-
cond., vol. 21, no. 3, pp. 681–686, Jun. 2011.

[17] D. R. White and S. P. Benz, “Constraints on a synthetic-noise source
for Johnson noise thermometry,” Metrologia, vol. 45, no. 1, pp. 93–101,
Feb. 2008.

[18] J. F. Qu, S. P. Benz, H. Rogalla, and D. R. White, “Reduced nonlinearities
and improved temperature measurements for the NIST Johnson noise
thermometer,” Metrologia, vol. 46, no. 5, pp. 512–524, Oct. 2009.

[19] J. F. Qu, S. P. Benz, A. Pollarolo, and H. Rogalla, “Reduced nonlinearity
effect on the electronic measurement of the Boltzmann constant,” IEEE
Trans. Instrum. Meas., vol. 60, no. 7, pp. 2427–2433, Jul. 2011.

[20] D. R. White, S. P. Benz, J. R. Labenski, S. W. Nam, J. F. Qu, H. Rogalla,
and W. L. Tew, “Measurement time and statistics for a noise thermometer
with a synthetic-noise reference,” Metrologia, vol. 45, no. 4, pp. 395–405,
Aug. 2008.

Jifeng Qu was born in Xi’an, China, on December
16, 1978. He received the B.S. degree in materials
physics and the Ph.D. degree in condensed matter
physics from the University of Science and Tech-
nology of China, Hefei, China, in 2001 and 2006,
respectively.

During April 2007–October 2009, he was a Guest
Researcher on the Johnson Noise Thermometry Pro-
gram with the National Institute of Standards and
Technology, Boulder, CO, investigating electronic
nonlinearities using superconducting quantum-based

voltage sources. In November 2009, he joined the National Institute of Metrol-
ogy, China, where he works on Josephson voltage standards and quantum-
voltage-calibrated Johnson noise thermometry.

Yunfeng Fu was born in Hengyang, China, on
October 10, 1986. He received the B.E. degree in
measurement and control technology and instrument
from the China Jiliang University, Hangzhou, China,
in 2010. He is currently working toward the Master
degree in Measuring and Testing Technologies and
Instruments at the National Institute of Metrology,
Beijing, China.



QU et al.: FLAT FREQUENCY RESPONSE IN THE ELECTRONIC MEASUREMENT OF BOLTZMANN’S CONSTANT 1523

Jianqiang Zhang was born in Weifang, China, on
April 27, 1987. He received the B.E. degree in mea-
suring and control technology and instrumentations
from Harbin Institute of Technology, Weihai, China,
in 2009 and the Master degree in Measurement
Technology and Instruments from the China Jiliang
University, Hangzhou, China, in 2012. From October
2010 to June 2012, he was with the National Institute
of Metrology, Beijing, China, where he worked on
the Johnson Noise Thermometry Program.

Horst Rogalla (M’96) was born in 1947. He stud-
ied physics and mathematics at the Westfälische
Wilhelms-Universität Münster, Münster, Germany,
and received the Ph.D. degree in physics in 1979.

In 1977, he joined the Faculty of Physics, Univer-
sity of Giessen, Giessen, Germany, where he habil-
itated in 1986. Since 1987, he has been a Professor
with the Department of Applied Physics, University
of Twente, Enschede, The Netherlands, and is the
Head of the Low Temperature Division. He is with
the National Institute of Standards and Technology,

Boulder, CO, and also with the Department of Electrical Engineering, Univer-
sity of Colorado, Boulder. He is active in the University institutes, i.e., MESA+
Institute for Nanotechnology, Institute for Energy and Resources (IMPACT),
and the Institute for Biomedical Technology and technical Medicine. His
research interests are in superconducting electronics and materials science,
particularly related to thin-film growth and properties.

Dr. Rogalla is a member of the Dutch, German, and American Physical
Societies, as well as the American and European Materials Research Society.
He heads the European Superconducting Electronics network, i.e., Fluxonics,
and is a member of the board of the European Society for Applied Supercon-
ductivity, after being its President for many years.

Alessio Pollarolo was born in Acqui Terme, Italy, on
September 18, 1979. He received the M.S. degree in
electronic engineering in 2007 from the Politecnico
di Torino, Torino, Italy, where he is currently work-
ing toward the Ph.D. degree in metrology.

From March 2006 to June 2009, he was with
the Electromagnetic Division, Istituto Nazionale di
Ricerca Metrologia (INRiM), Torino, Italy, where
he worked in the Johnson noise thermometry. Since
July 2009, he has been a Guest Researcher with
the National Institute of Standards and Technology,

Boulder, CO, working on the Johnson Noise Thermometry Program.

Samuel P. Benz (M’01–SM’01–F’10) was born in
Dubuque, IA, on December 4, 1962. He received
the B.A. degree (summa cum laude) in physics and
math from Luther College, Decorah, IA, in 1985
and the M.A. and Ph.D. degrees in physics from
Harvard University, Cambridge, MA, in 1987 and
1990, respectively.

In 1990, he joined the National Institute of Stan-
dards and Technology (NIST), Boulder, CO, as
an NIST/NRC Postdoctoral Fellow, and in January
1992, he became a permanent Staff Member. Since

October 1999, he has been the Project Leader of the Quantum Voltage Project
at NIST. 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, Josephson
waveform synthesis, and noise thermometry. He has over 160 publications and
is the holder of three patents in the field of superconducting electronics.

Dr. Benz is a Fellow of the American Physical Society and a member of Phi
Beta Kappa and Sigma Pi Sigma. He has received three U.S. Department of
Commerce Gold Medals for Distinguished Achievement and the 2006 IEEE
Council on Superconductivity Van Duzer Prize. During his Ph.D. studies, he was
awarded an R. J. McElroy Fellowship (1985–1988) to work toward the degree.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


