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Abstract—We describe a new approach to Johnson noise ther-
mometry (JNT) that exploits recent advances in Josephson voltage
standards and digital signal processing techniques. Currently,
high-precision thermometry using Johnson noise is limited by
the nonideal performance of electronic measurement systems. By
using the perfectly quantized voltage pulses from a series array of
Josephson junctions, any arbitrary broadband waveform can be
synthesized and used as a calculable noise source for calibrating
the cross-correlation electronics used in JNT systems. With our
prototype JNT system, we have found agreement to two parts in
103 with a 1 uncertainty of 1 10 3 between the voltage noise
of a 100–
 resistor in a triple-point Ga cell ( 90 = 302.916 K)
and a pseudo-noise waveform with the same average power that is
synthesized by a quantized voltage noise source. We estimate the
temperature of the resistor to be 302.5 K 0.3 K (1 uncertainty
based on the uncertainty from the cross-correlation). With better
characterization of our JNT system, we expect to achieve relative
accuracies of parts in 105 for arbitrary temperatures in the range
between 270 and 1000 K.

Index Terms—Correlation, digital–analog conversion, fre-
quency control, Josephson array, noise, quantization, signal
synthesis, standard, superconducting microwave devices, su-
perconductor-normal-superconductor, synthesizer, temperature
measurement, voltage.

I. INTRODUCTION

I N Johnson noise thermometry, temperature is typically
determined by measuring the mean-square Johnson noise

voltage across a calibrated resistance . The Johnson
noise voltage is given by the Nyquist formula [1]

(1)

where is the bandwidth of the measurement andis the
Boltzman constant.

Despite the simple thermodynamic relation between the mea-
sured signal and temperature, the accuracies achieved to date
with the best JNT systems are not as good as that of currently
used gas-based thermometry techniques (50 ppm,). In pre-
vious JNT system designs, the accuracy (50–100 ppm) has been
limited by the nonideal performance of the electronic measure-
ment system. In the most successful JNT systems [2], [3], a
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switched-input digital correlator is used to compare the voltage
of a resistor held at an unknown temperature with that of a re-
sistor held at a known, calibrated temperature. In order to reduce
systematic errors, the noise power to the correlator electronics
is kept constant by keeping the product constant in the mea-
surements.

We are developing a JNT measurement system [4] that also
uses a switched input digital correlator, but in addition uses a
quantized voltage noise source (QVNS) as the reference signal
source. Details of the QVNS system are described elsewhere in
these proceedings [5]. Use of a QVNS as a synthesized reference
has several advantages, such as reduced measurement time, si-
multaneous matching of noise power and impedance to that of
the temperature sensing resistance, and increased measurement
bandwidth [4].

II. EXPERIMENTAL SETUP

A block diagram of the JNT system appears in Fig. 1. Each
arm of the digital correlator has an analog gain of10 to
amplify the small Johnson-noise voltage signals. Switched in-
puts allow the QVNS to be substituted for the passive resistor
to calibrate the gain and frequency response of the electronic
system. The QVNS generates a constant power spectral den-
sity that can be precisely calculated and set to any desired value
to match the voltage noise of a known resistor at any arbitrary
temperature. At any given time, the switches are configured so
that both amplifier chains are measuring the same signal source.
Both noise sources use five-wire interfaces that are schemati-
cally shown in Figs. 2 and 3. The QVNS has additional input
connections for 10 Gb/s pulses in which the digital code rep-
resents the pseudo-noise voltage waveform that is created with
a delta-sigma modulator [4]. There are 50-resistors on each
of the four voltage leads to match the output impedance of the
QVNS to the impedance of the 100-resistive sensors. Because
there is a different 100- resistance for each pair of leads, the
Johnson noise from this resistance is not correlated and conse-
quently does not appear in the cross correlation spectrum as a
potential offset error.

A schematic of the preamplifier appears in Fig. 4. The in-
puts to the differential FET pair are ac coupled and use a ferrite
bead inductor to block rf frequencies. The anti-alias filter, as
shown in the block diagram (Fig. 1), is a four-pole Bessel filter
with a cutoff frequency at 2 MHz. Amplified and filtered sig-
nals are digitized at 50 MHz by a 14-bit analog-to-digital con-
verter. Field-programmable gate arrays (FPGAs) at the output of
the digitizers then digitally filter the signal with a low-pass fre-
quency of 100 kHz. The digitally filtered data are transmitted via
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Fig. 1. Block diagram of the Johnson noise thermometry system. For both the resistor and the quantized (Josephson) voltage noise source, we use a five-wire (two
signal pairs, A and B, and a common line, C) connection to the preamplifiers. The entire electronic system is battery-powered except for the computer.Connections
to the computers are made with optical fibers.

Fig. 2. Schematic of the five wire connection to a 100-
 resistance.

Fig. 3. Schematic of the QVNS. Xs represent Josephson junctions. The input
capacitors are inner and outer dc blocks with cutoff frequencies from 10 to 250
MHz.

Fig. 4. Schematic of the preamplifier. An optional input filter is used to filter
rf noise and remove dc offsets. The input inductor represents a ferrite bead
impedance.

a 50 Mb/s optical link into a custom PCI card installed in a com-
puter. Each channel transmits approximately 2.083 million sam-
ples/s, which is the effective sampling frequency of the signal.
In the current system, a dual-CPU computer is used to calcu-
late two 2 point fast Fourier transforms (FFTs) in real-time
(less than one second). The cross-correlation and auto-correla-
tion power spectra are then calculated, accumulated, and stored
for later analysis.

III. RESULTS

A measurement spectrum with the correlation electronics
using a QVNS-synthesized waveform appears in Fig. 5. We
show three power spectra of a QVNS-generated single sine
wave tone at approximately 3.2 kHz (second harmonic of the

Fig. 5. Power spectra on a log-log scale of a QVNS synthesized sine wave. The
upper two curves are noise spectra for each of the amplifier chains. The lower
curve is the cross-correlated power spectrum. Black dots decorate the harmonics
of the repetition frequency of the digital code.

repetition frequency of the digital code [5]). Each spectra is
averaged over 50 traces with the vertical axis in arbitrary units
(digitizer bins). The upper two spectra are the auto-correlated
spectra of each amplifier channel and overlap closely. The spec-
trum with the lowest noise floor is the cross-correlated power
spectrum. The baseline noise of the cross-correlated spectrum
continues to decrease as more spectra are accumulated. The
frequency bins are spaced at1.0 Hz. The QVNS was dc-cou-
pled to the preamplifier (no input filters). The low-frequency
knee at 100 Hz in the spectra is from the ac-coupling of the
output stage of the preamplifier. The rolloff at 100 kHz is from
the digital filters in the FPGAs. An important feature in these
data is the set of points in the cross-correlation spectrum that
are marked with solid circles. The circles indicate harmonics
of the 1.6-kHz pattern repetition frequency of the pseudo-noise
waveform synthesized by the QVNS. The presence of signals at
harmonics of the fundamental is undesirable and would lead to
systematic errors in the use of the QVNS as a calculable noise
source. Further experimentation revealed that the amplitude
of the additional harmonic power was inversely related to the
desired amplitude of the tone being generated. This result is
consistent with insufficient low pass filtering of the output
of the QVNS for quantization harmonics above 10 MHz that
mix down in the FET amplifiers. When input filters were
inserted before the preamplifiers, the power at harmonics of the
fundamental was significantly reduced. Fig. 6 shows the spectra
from the QVNS when eight tones are synthesized. These data
were taken by averaging 1000 spectra with input filters in the
preamplifier stages. The hump at low frequencies is from the
Johnson noise of the 22-Mresistor in the input filter not being



552 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 52, NO. 2, APRIL 2003

Fig. 6. Power spectra of a QVNS synthesized waveform of eight tones. The
upper two curves are noise spectra for each of the amplifier chains. The lower
curve is the cross-correlated power spectrum. Black dots decorate the harmonics
of the repetition frequency of the digital code.

Fig. 7. Cross-correlation spectra of a QVNS pseudo-noise waveform and a
100-
 resistor at the Ga triple-point. Each point represents a� 1-Hz frequency
bin. The electromagnetic interference (EMI) in this measurement is indicated
by arrows.

filtered by the input ac-coupling capacitor at low frequencies.
Clearly, the signals at harmonics of the repetition frequency
have been significantly reduced.

We have used the QVNS in two different temperature mea-
surement modes, absolute and relative. In the absolute measure-
ment mode, the power spectral density of the QVNS signal is
calculated from first principles and directly compared to the
noise power from the resistor. Using (1), a thermodynamic tem-
perature measurement of the resistor can thus be made without
a fixed-point reference. In the relative measurement mode, the
Johnson noise power at both a known temperature and an un-
known temperature is balanced with two different QVNS syn-
thesized noise powers. The ratio of the unknown to known tem-
perature is then given by the ratio of the QVNS power spec-
tral densities. This second method should be less sensitive to
systematic errors. In this relative mode, we have achieved rela-
tive accuracy of a few hundred ppm and is described elsewhere
[6]. In this paper, we present preliminary results while using the
QVNS in the absolute mode.

Fig. 7 shows the cross-correlated spectrum from a 100-re-
sistor at the triple point of gallium ( K) and the
spectrum of QVNS generated tones from 1.6 kHz to 2 MHz. The
vertical axis is in arbitrary units (digitizer bins). The expected
FFT and synthesis of this particular pattern is described in de-
tail in [4]. Because of memory limitations in the digital code
generator, it is not possible to generate tones at a significantly

Fig. 8. Ratio of the cross-correlation spectra from the 100-
 resistor at the
Ga triple-point to the QVNS as a function of the tone frequencies in the QVNS
waveform.

higher density (closer frequency spacing) and lower amplitude
to more closely match the noise voltage of the resistor. To match
power spectral densities, the amplitude of the QVNS at each har-
monic is chosen so that the mean-squared voltage of each QVNS
tone matches the resistor power spectral density integrated over
a bandwidth equal to the 1.6-kHz repetition frequency around
each tone. The rms amplitude of each QVNS tone is 51.55 nV.
Consequently, the tones from the QVNS appear higher than the
white noise ( 1.293 nV Hz) of the resistor. An interesting
artifact above the roll-off of the 100-kHz digital filters in this
QVNS spectra is that the synthesized tones above 1 MHz are
aliased into the spectrum below1 MHz.

In the absolute temperature measurement mode, the temper-
ature of the sensor is given by

(2)

where is the cross correlation measurement of the resistor
noise, is the measurement of the QVNS power, and

is the calculated power spectral density of the syn-
thesized QVNS waveform. Fig. 8 shows the ratio of the power
spectral density of the QVNS to that of a 100-resistor at the Ga
triple-point, plotted as a function of the QVNS tone frequencies.
The data for this figure took a total of 10 min to acquire. Be-
cause the amplitude of the QVNS tones where chosen to match
the noise power spectral density of a 100-resistor at the Ga
triple point, we expect the ratio to be close to unity for all fre-
quencies. By averaging the ratio for frequencies in the 100 kHz
passband of the digital filter we can infer that the temperature
of the resistor is K K (1 , based on the un-
certainty from the cross-correlation). Possible sources of sys-
tematic error include transmission line differences between the
QVNS cables and the resistor cables, nonohmic contacts in the
circuit measuring the QVNS signals, mixing of QVNS-gener-
ated tones above 10 MHz, and poor rf grounding of the code
generator input to the QVNS. It is also necessary to more care-
fully bound the errors arising from the digital signal processing,
due to aliasing, windowing, quantization errors, and computing
FFTs of nonperiodic QVNS signals (e.g., period of the funda-
mental is not a divisor of the number of time samples taken
per spectrum). Another potential source of error is that the gain
of the electronics system as a function of frequency may be
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changing more rapidly in frequency than the spacing of the
QVNS tones.

IV. CONCLUSION

In summary, we are developing a new type of Johnson noise
thermometer that uses a quantized voltage noise source as a cali-
bration reference for the readout electronics. We have measured
the noise spectra of both a sense resistor and a Josephson array
waveform synthesizer using recently constructed cross-correla-
tion electronics. Preliminary data indicate that the frequency re-
sponse of the electronics as measured by the QVNS tones is
different from that of the resistor noise leading to a systematic
error in the temperature measurement on the order of two parts
in 1000. Further work is being done to understand the poten-
tial systematic errors in the “absolute” mode of operation for
our QVNS-based JNT system. With improvements, such as de-
veloping an arbitrary bit stream generator with more memory
to generate waveforms more closely matched to resistor noise
spectra, in the future we expect to measure temperatures with
relative accuracies of one part in 10for temperatures between
270 K and 1000 K.

ACKNOWLEDGMENT

The authors would like to thank F. Walls of Total Frequency,
Boulder, CO, and formerly of NIST Time and Frequency Di-
vision, for helpful discussions, G. Strouse of the NIST Process
Measurements Division for characterization of the Ga TP cell,
and N. Bergren of the NIST Electromagnetic Technology Divi-
sion for assistance in setting up facilities for our measurements.

REFERENCES

[1] H. Nyquist, “Thermal agitation of electric charge in conductors,”Phys.
Rev., vol. 32, pp. 110–113, 1928.

[2] H. Brixy et al., Temperature, Its Measurement and Control in Science
and Industry, J. Schooleyet al., Ed. New York: American Institute of
Physics, 1992, vol. 6, pp. 993–996.

[3] D. R. Whiteet al., Metrologia, vol. 33, pp. 325–335, 1996.
[4] S. P. Benz, J. M. Martinis, S. W. Nam, W. L. Tew, and D. R. White, “A

new approach to Johnson noise thermometry using a Josephson quan-
tized voltage source,” inProc. TEMPMEKO, B. Fellmuth, J. Seidel, and
G. Scholz, Eds., Berlin, Germany, 2002, pp. 37–44.

[5] S. P. Benz, J. M. Martinis, P. D. Dresselhaus, and S. Nam,An AC
Josephson Source for Johnson Noise Thermometry.

[6] S. Nam, S. P. Benz, J. M. Martinis, W. L. Tew, and D. R. White, “A
ratiometric method for Johnson noise thermometry using a Josephson
quantized noise source,”Temp., Meas. Contr. Sci. Industry, vol. 7, to be
published.

Sae Woo Namreceived the degrees in physics and
electrical engineering from the Massachusetts Insti-
tute of Technology, Cambridge, in 1991, and the M.S.
and Ph.D. degrees in physics from Stanford Univer-
sity, Stanford, CA, in 1998. His dissertation research
focused on the development of large cryogenic de-
tectors for direct detection of dark matter particles
using superconducting transition-edge sensors for the
Cryogenic Dark Matter Search (CDMS) Experiment.

As part of the CDMS experiment, he designed the
TES readout electronics for 168 independent chan-

nels. Also at Stanford University, he was involved with the first demonstration
of using TES sensors to directly detect optical photons as well as the first use of
a TES optical photon sensor to look at an astronomical object.

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

He joined the permanent staff at the National Insti-
tute of Standards and Technology (NIST), Boulder,

CO, in January 1992 after having been chosen as a NIST/NRC Postdoctoral
Fellow in 1990. He has been Project Leader of the Josephson Array Technology
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 stan-
dards, and precision arbitrary voltage waveform generators. He has 87 publica-
tions and three patents in the field of superconducting electronics.

Dr. Benz is a member of Phi Beta Kappa and Sigma Pi Sigma

Paul D. Dresselhauswas born on January 5, 1963, in
Arlington, MA. He received the M.S. degree in both
physics and electrical engineering from the Massa-
chusetts Institute of Technology, Cambridge, and the
Ph.D. degree in applied physics from Yale University,
New Haven, CT, in 1985 and 1991, respectively.

In 1999, he joined the Josephson Array Tech-
nology Project at the National Institute of Standards
and Technology (NIST), Boulder, CO, 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 numerous gigahertz speed
superconductive circuits, including code generators and analog-to-digital
converters. He also upgraded the simulation and layout capabilities at Northrop
Grumman to be among the world’s best. His previous work as a Post-Doctoral
Assistant at the State University of New York, Stony Brook, focused on
the nanolithographic fabrication and study of Nb–AlO–Nb junctions for
single electron and SFQ applications, single electron transistors and arrays
in Al–AlO tunnel junctions, and the properties of ultra-small Josephson
junctions.

Wes Tewwas born in Glen Cove, NY, in 1957. He re-
ceived the B.S. degree in physics from Antioch Uni-
versity, Yellow Springs, OH, in 1980, and the Ph.D
degree in physics from the University of Colorado,
Boulder, in 1989.

From 1980 to 1981, he was a Sensor Engineer
at YSI, Inc., Yellow Springs. In 1989, he joined
the Electricity Division of the National Institute
Standards and Technology (NIST), Gaithersburg,
MD, to work on dc current sources and the Watt
balance. In 1992, he was a Guest Scientist in the

mass section at the BIPM, Sevres, France. In 1993, he joined the Process
Measurements Division, NIST, where he now works on low temperature
thermometry and fixed points.

Dr. Tew is a member of the American Physical Society, the Instrumentation,
Systems and Automation Society, and the American Society for Testing and
Materials.

D. Rod White (M’95) received the M.Sc. (1st Class
hons.) degree in physics the from the University of
Waikato, Hamilton, New Zealand, in 1980.

He is currently the Team Leader of the Tempera-
ture Section of the Measurement Standards Labora-
tory, Lower Hutt, New Zealand. His interests include
Johnson noise thermometry, calibration of resistance
bridges, low noise electronic design, sampling theory,
as well as other aspects of temperature measurement.



554 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 52, NO. 2, APRIL 2003

John M. Martinis received the B.S. and Ph.D. de-
grees in physics from the University of California,
Berkeley, in 1980 and 1987, respectively. His thesis
research focused on macroscopic quantum tunneling
in Josephson Junctions.

After completing a post-doctoral position at the
Commissariat Énergie Atomique, Saclay, France,
he joined the Electromagnetic Technology Division,
National Institute of Standards and Technology
(NIST), Boulder, CO. Here, he has been involved
in understanding the basic physics of the Coulomb

Blockade and is working to use this phenomenon to make a new fundamental
electrical standard based on counting electrons. While at NIST, he also
invented series-array SQUID amplifiers. In 1993, he started an effort building
high-resolution x-ray microcalorimeters based on superconducting sensors
and series-array SQUIDs. This effort has now grown to include applications
in x-ray microanalysis and astrophysics and optical and infrared astronomy.
More recently, he has started a project to build a new fundamental standard
of temperature based on noise thermometry. In 2001, he began an effort to
build a quantum computer based on large-area Josephson junctions. He is also
working on a project to use a microcalorimeter optical photon counter with
high quantum efficiency for quantum communications.

Dr. Martinis is a Fellow of the American Physical Society and a Fellow of
NIST.


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


