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Development of a Quantum-Voltage-Calibrated  
Noise Thermometer at NIM 
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Abstract.  A quantum-voltage-calibrated Johnson-noise thermometer was developed at NIM, which measures the 
Boltzmann constant k by comparing the thermal noise across a 100 � sense resistor at the temperature of the triple point 
of water with the pseudo-random frequency-comb voltage waveform synthesized with a bipolar-pulse-driven quantum-
voltage-noise source. A measurement with integration period of 10 hours and bandwidth of 640 kHz resulted in a 
relative offset of 0.5�10-6 from the current CODATA value of k, and a type A relative standard uncertainty of 23�10-6. 
Benefiting from closely matched noise powers and transmission-line impedances and small nonlinearities in the cross-
correlation electronics, the derived k shows self-consistent values and standard uncertainties for different measurement 
bandwidths. 
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INTRODUCTION 

There has been much interest in developing 
different methods to measure the Boltzmann constant k 
at an uncertainty level comparable to that of acoustic-
gas-based thermometry, which dominates the current 
CODATA value of k [1-2]. The Johnson noise 
thermometer (JNT) measures the thermodynamic 
temperature T through the Nyquist relation 
<V 2> = 4kTR�f, by measuring the voltage noise 
power <V 2> arising from the thermal fluctuation of 
the electrons in a resistor R over a frequency 
bandwidth �f [3]. Alternatively, by measuring <V 2> 
across R at a known T, the JNT provides the possibility 
to determine k. However, the challenge is that it is 
difficult to measure the thermal noise with small 
statistical uncertainty [4]. 

Recently, NIST reported the measurement of k with 
JNT through comparing the thermal noise spectrum of 
a 100 � resistor at the triple point water (TPW) 
temperature to the calculable pseudo-noise voltage 
waveform synthesized by a quantized voltage noise 
source (QVNS) [5]. Though the measured value of k is 
consistent with the CODATA 2010 value, the 12×10-6 
relative uncertainty of the measurement is one order of 
magnitude higher than the 1.2×10-6 relative uncertainty 
of the acoustic-gas-thermometry measurement [6], and 
the 9.1×10-7 relative uncertainty of the current 
CODATA value [1]. The uncertainty of the NIST 
QVNS-JNT measurement is dominated by (1) the 
aberrations in the power-ratio spectra produced by 

systematic errors (10.4×10-6), and (2) the random 
statistical uncertainty (5×10-6) [5]. Neither the 
systematic errors nor the statistical uncertainty is 
currently believed to represent a fundamental limit on 
this electronic measurement.  

In order to demonstrate the reproducibility of this 

electrical approach to measuring k, and to determine 

the sources of systematic errors to pursue lower 

measurement uncertainty comparable to the acoustic-
gas-based thermometry, it is important to develop 

another QVNS-JNT system and perform independent 

measurements. With a NIST-fabricated Josephson-
junction array chip, we developed a new QVNS-JNT 
system at NIM that is different from the NIST system 
in some aspects. In this paper, we describe the 
construction of the NIM system and report our first 
measurement result that shows improvement in the 
frequency response compared to the previous 
measurement result with the NIST system.  

 

SYSTEM CONSTRUCTION 

Figure 1 shows the schematic of the NIM QVNS-

JNT system. Both the QVNS and the sense resistor (R) 

are equally divided by a center tap that is connected to 

ground to provide differential noise signals. A switch 

circuit switches the QVNS or R to the two nominally 

identical amplification channels. Each amplification 

channel contains a low-noise high-gain differential 

preamplifier (Preamp), a low-pass filter (LPF), a 
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buffer amplifier (Buffer), and an analog-to-digital 

converter (ADC) within which an anti-aliasing filter is 

integrated. The digitized signals are transferred to 

computer via optical fibers and cross-correlated by 

software. All the electronics are sealed in aluminum 

boxes and powered by batteries. In the following 

paragraphs, we describe the signal processing blocks 

in more detail. 
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FIGURE 1.  Schematic of the NIM QVNS-JNT 
system. 
 

The photographs of the sense resistor and the 
thermometer probe are shown in Fig. 2. The custom 
sense resistor R consists of two Ni–Cr-alloy foils on an 
alumina substrate with nominal resistance value of 
50 � for each. Two pairs of gold-coated leads on the 
hermetically sealed package are connected to the two 
ends of the resistor network and a fifth lead is 
connected to the center. The resistor package 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 and vacuum 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 glass cell that maintains the temperature 
of the TPW. The cell is placed in a stainless steel 
dewar filled with ice, instead of a thermal electrical 
cooler, to minimize electromagnetic interference 
(EMI). The resistance of the sensor is measured by a 
DC resistance bridge to be 100.0065 �. 

The QVNS chip was fabricated at NIST in Boulder. 
There are 10 superconductor-normal metal-
superconductor (SNS) Josephson junctions in each of 
two arrays [7]. 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 
critical current of the Josephson junctions is around 
6 mA and the characteristic frequency is about 5 GHz. 
The quantum-voltage-noise waveform is synthesized 
by the bipolar pulse-driven technique. Though the 
operation margin of the Josephson junction array is 
lower than that for the unipolar pulse-driven synthesis 
[7], the advantage is that there is no DC offset for the 
synthesized AC waveform. The frequency of the 
microwave signal that drives the pulse generator is 

9.999 872 GHz, which is split by the pulse generator 
to get the sampling frequency fs = 4.999 936 GHz. The 
bit length of the digital code is selected to be 
M = 4 999 936, so that the repetition frequency of the 
waveform is f1 = fs/M = 1 kHz. The comb-like multi-
tone waveform consists of odd harmonic tones of f1 
from 1 kHz to 999 kHz with tone spacing of 2 kHz. 
The tone amplitude is set to 54.9268 nV to ensure the 
voltage spectral density VQ = 1.2282 nV/Hz1/2 closely 
matches the spectral density of the thermal noise, 
VR = 1.228272 nV/Hz1/2, of the 100.0065 � resistor at 
the TPW. 
 

 
FIGURE 2.  Photographs of the (a) resistor probe, (b) 
copper header of the probe, (c) copper head with the 
sense resistor mounted, (d) sense resistor chip package, 
and (e) schematic of the sense resistor circuit. 
 

Note that four resistors with nominal resistance of 
100 � are fabricated in the superconducting wires on 
the Josephson junction chip to match the resistance of 
the sense noise source. These resistors introduce extra 
uncorrelated noise at 4 K. Additional small chip 
resistors of 1.5 � are inserted between the signal leads 
and the transmission wires for both the QVNS and R 
to more closely match the uncorrelated noise power 
and resistance. 

The switch circuit consists of four latching relays 
mounted on a FR4 printed circuit board (PCB). The 
relays are controlled by a field programmable gate 
array (FPGA) 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 input lead to output lead is 
about 15 mm. The copper ground plane is in the 
bottom layer, in which the area opposite to the signal 
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traces is removed. This is important because the 
smallest possible shunt capacitance helps to minimize 
the effect of dielectric losses [5]. 

The preamplifier plays the most important role in 
the cross-correlation electronics. In our system, the 
preamplifier is of similar design to that in the NIST 
system [8], and has a gain of 70 � 0.5 dB and noise 
floor of 1.2 nV/Hz1/2 in the DC -to-1 MHz bandwidth 
and a common-mode-rejection-ratio of 100 dB at 
100 kHz. Due to a lack of the low-noise JFETs, the 
mirror current source uses a pair of low-noise 
transistors.  

The nonlinearity of the preamplifier was 
demonstrated to significantly affect the performance of 
the QVNS-JNT system. Previous NIST measurements 
used odd multi-tone voltage waveforms with 
increasing density and decreasing amplitude of the 
tones to reduce the effect of nonlinearities [8]. With 
further investigation, it was found that the DC offset of 
the signal before the differential stage of the 
preamplifier was the main source of the distortion [9]. 
In the present preamplifier, an offset compensation 
circuit is included to nulls the DC offset of the signal 
before the differential stage.  

Two-tone waveforms were synthesized by the 
QVNS to measure the distortion arising from the 
remaining nonlinearity. Figure 3 shows the auto- and 
cross-correlation measurements of a synthesized 
waveform with two tones at 300 kHz and 301 kHz 
with 8 �V rms amplitudes. The different distortion 
products are represented with different symbols. The 
third-order inter-modulation (IM) distortion is hidden 
by the cross-correlation noise floor. The amplitudes 
for the second order IM and harmonic distortion tones 
are 0.7 nV and 0.35 nV, respectively. Note that in the 
present measurement, the tone amplitude of the input 
signal is twice of that in Fig. 6 of [8], while the second 
order distortion is lower. By extrapolating the 
amplitude dependence of the distortion on the input 
signals (not shown here), we found that for waveforms 
with a tone amplitude of 54.9268 nV, the second order 
IM distortion is -121.5 dBc, and the others are even 
lower. 

The amplified signal in each channel is filtered by 
the 11-pole LPF with cut-off frequency of 800 kHz, 
which defines the measurement bandwidth, and then is 

amplified by the Buffer with gain of 5.5�, which in 
turn drives the ADC. 

Commercial ADCs with 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 adjusted carefully before the 
measurement so that the phase difference between the 
two acquisitions is less than 10 ps. 
 

 
FIGURE 3. Auto- and cross-correlation power 
spectral density of a QVNS-synthesized two-tone 
waveform. Second-order IM distortion harmonics are 
indicated with different symbols. 
 

The data are then optically transmitted to the 

computer. The software correlator cross-correlates the 

data that are acquired for every 1 s, accumulates these 

data for 100 s and saves the result, and then switches 

the relays to measure the other noise source.  

People might be interested in the differences of the 

present NIM system from the one at NIST. In Table 1, 

we summarize the main differences between the two 

systems, where the points regarding to the NIM system 

have been described in the above paragraphs. One can 

learn more details of the NIST system elsewhere [5, 7-

9].  

 

TABLE 1. The main differences between the NIM and NIST systems. 
 NIM system NIST system 
QVNS pulse bias bipolar (no dc offset voltage) unipolar (small dc offset voltage) 
TPW temperature control ice bath thermo-electric cooler 
switching circuit  1 relay connection from input to output  2 relay connections from input to output 
Amplifier 1.2 nV/Hz1/2 noise floor 0.85 nV/Hz1/2 noise floor 
Filtering 800 kHz LPF and 1 MHz anti-aliasing 650 kHz LPF and 800 kHz LPF 
ADC commercial, 20 bit, 2 MHz sampling custom, 16 bit, 2.08 MHz sampling 
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MEASUREMENT RESULT 

Keeping the environment electrically quiet is 
important to get a reliable measurement result. 
Generally, we run the measurement at night for about 
10 hours. The averaged auto- and cross-correlation 
power spectra of the thermal and electrical noise, 
denoted as <SR> and <SQ> respectively, were summed 
and compared over discrete 2 kHz intervals centered at 
the frequency of the tones of the QVNS synthesized 
waveform. The noise power ratio <SR> / <SQ> is 
expected to be close to unity and show flat frequency 
response. However, because different transmission 
lines are used to transmit the noise signals from the 
sense resistor and QVNS to the amplifiers, different 
transfer functions may occur and result in the deviation 
of the noise-power ratio from unity. It is very 
important to match both the noise power and the 
transmission-line impedance to minimize the deviation 
and, hence, the effects of nonlinearities. In our 
measurement, close matching is achieved by carefully 
trimming the value of the resistors inserted in the sense 
resistor and QVNS transmission lines, as well as the 
length of the lines. 

 

FIGURE 4. (a) Differences of the auto- and cross-
correlated noise-power spectra between the electrical 
and thermal noise, and (b) ratio of the noise-power 
spectra. 
 

Figure 4(a) shows the relative difference of the 
auto- and cross-correlated noise power spectra between 
the QVNS and the sense resistor for a 10 h 
measurement. It can be seen that the two auto-
correlation differences are matched to better than 2 
parts in 103, and show a weak quadratic dependence 
with frequency. The cross-correlation noise is matched 
to better than 1 part in 103. Figure 4(b) presents the 

ratio of the thermal and electrical noise powers. The 
<SR> / <SQ> shows almost flat frequency response and 
very small remaining quadratic behavior.  

The remaining quadratic frequency dependence of 
the noise-power ratio can be corrected by least-squares 
fitting the data with a two-parameter formula a0+a2f2. 
The fitting coefficient a0 and associated standard 
deviation are used to determine k and its relative 
statistical uncertainty. The coefficient a2 characterizes 
the remaining quadratic response.  

The variation with increasing integration period of 
the fitting parameter a0 and its standard deviation � are 
tracked and plotted in Fig. 5, for a fitting bandwidth of 
640 kHz. The difference a0-a0

2010 represents the 
relative offset of k from the 2010 CODATA value and 
a0

2010 = (VR/VQ)2, and the chop number N indicates the 
integration period where one chop corresponds to the 
two consecutive accumulations of both the thermal and 
electrical noise signals for 100 s each. One can see 
from Fig. 5(a) that the relative offset of k fluctuates 
around zero and tends to be flat with increasing chop 
number. In Fig. 5(b), the relative statistical uncertainty 
determined from the standard deviation of a0 decreases 
linearly with increasing chop number on a logarithmic 
scale. Indeed, it closely follows the straight line that 
represents the theoretically expected 1/N1/2 behavior of 
the statistical uncertainty [10]. By averaging all the 
data for the 182 chops, the relative offset of k is found 
to be 0.5�10-6 and the relative statistical uncertainty 
approaches 23�10-6. 
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FIGURE 5. Variations of (a) the fitting parameter a0, 
and (b) its standard deviation � with increasing 
integration period for a fitting bandwidth of 640 kHz. 
The straight line in (b) represents the theoretically 
expected statistical uncertainty [10]. 
 

For the previous QVNS-JNT measurement with the 
NIST system, small spectral aberrations were found for 
the variation of a0 when the data were fitted over 
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different bandwidths. The aberrations are probably 
caused by systematic errors and they dominated the 
measurement uncertainty [5]. To check the present 
measurement, the resulting difference a0-a0

2010 and 
associated statistical measurement uncertainties, from 
fitting the data with different bandwidths starting from 
5 kHz and ending at successively higher frequencies, 
are plotted in Fig. 6. It is important to note that a0 
shows flat behavior as a function of fit bandwidth. The 
values of a0-a0

2010 are consistent with each other within 
the error bars for the standard deviations of the 
different fitting bandwidths. The flat result 
demonstrates the self-consistency of the data, and 
indicates that the systematic error that produced the 
spectral aberrations in the previous measurement with 
the NIST system is greatly reduced. 
 

 
FIGURE 6. Self-consistency of the fitting parameters 
a0 for different fitting bandwidths. 
 

CONCULSION 

A QVNS-JNT system was developed at NIM to 
demonstrate reproducibility and pursue lower 
uncertainty for the electronic measurement of the 
Boltzmann constant. The system consists of closely 
matched QVNS and sense resistor noise sources, a 
custom switch circuit with perfectly symmetric signal 
traces, low-noise high-gain preamplifiers with small 
nonlinearities, and high-speed ADCs with high 
resolution. The quadratic fitting parameters of the 
measured power ratio showed extremely flat 
dependence on the different fitting bandwidth, 
indicating that the systematic errors that produced the 
spectral aberrations in the NIST system are greatly 
reduced. A measurement with an integration period of 
10 hours resulted in a relative offset of 0.5�10-6 from 
the CODATA 2010 value of k, and a type A statistical 
uncertainty of 23�10-6. Further improvements are 
under way to reach the goal of an electronic 

measurement of k at a combined relative uncertainty 
less than 10�10-6.  
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