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Johnson Noise Thermometry Measurements Using a
Quantized Voltage Noise Source for Calibration

Sae Woo Nam, Samuel P. Berzenior Member, IEEEPaul D. Dresselhaus, Wes L. Tew,
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Abstract—We describe a new approach to Johnson noise ther- switched-input digital correlator is used to compare the voltage
mometry (JNT) that exploits recent advances in Josephson voltage of a resistor held at an unknown temperature with that of a re-
standards and digital signal processing techniques. Currently, gisiorheld at a known, calibrated temperature. In order to reduce

high-precision thermometry using Johnson noise is limited by ¢ ti th . to th lat lectroni
the nonideal performance of electronic measurement systems. By _sys eMmatic errors, e NoiSe POWErLo the CoMTEIalor EIECLIONICS

using the perfectly quantized voltage pulses from a series array of i kept constant by keeping t#&l" product constant in the mea-
Josephson junctions, any arbitrary broadband waveform can be surements.

synthesized and used as a calculable noise source for calibrating \We are developing a JNT measurement system [4] that also
the cross-correlation electronics used in JNT systems. With our \,se 5 switched input digital correlator, but in addition uses a
prototype JNT system, we have found agreement to two parts in tized volt . VNS th f - |
10® with a 1o uncertainty of 1 x 10~2 between the voltage noise quantize VO_ age noise source (Q ) as G_’ reterence S|gn_a
of a 1002 resistor in a triple-point Ga cell (Ty, = 302.916 K) source. Details of the QVNS system are described elsewhere in
and a pseudo-noise waveform with the same average power that isthese proceedings [5]. Use of a QVNS as a synthesized reference
synthesized by a quantized voltage noise source. We estimate thenas several advantages, such as reduced measurement time, si-
temperature of the resistor to be 302.5 K& 0.3 K (1o uncertainty — itaneous matching of noise power and impedance to that of

based on the uncertainty from the cross-correlation). With better the t t . it di d i
characterization of our JNT system, we expect to achieve relative 1€ (8MPErature sensing resistance, and increased measuremen

accuracies of parts in 16 for arbitrary temperatures in the range bandwidth [4].
between 270 and 1000 K.

Index Terms—Correlation, digital-analog conversion, fre- Il. EXPERIMENTAL SETUP
quency control, Josephson array, noise, quantization, signal A plock diagram of the JNT system appears in Fig. 1. Each

synthesis, standard, superconducting microwave devices, Su- e .
perconductor-normal-superconductor, synthesizer, temperature arm of the digital correlator has an analog gamr\ofloﬁ to

measurement, voltage. 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

. INTRODUCTION system. The QVNS generates a constant power spectral den-

N Johnson noise thermometry, temperature is typicalfjty that can be precisely calculated and set to any desired value
determined by measuring the mean-square Johnson nd@@atch the voltage noise of a known resistor at any arbitrary
voltage V2 across a calibrated resistanB¢I’). The Johnson temperature. At any given time, the switches are configured so

noise voltage is given by the Nyquist formula [1] that both amplifier chains are measuring the same signal source.
Both noise sources use five-wire interfaces that are schemati-
V_q% = 4ETR(T)Af (1) cally shown in Figs. 2 and 3. The QVNS has additional input

connections for 10 Gb/s pulses in which the digital code rep-
where A f is the bandwidth of the measurement dnis the resents the pseudo-noise voltage waveform that is created with
Boltzman constant. a delta-sigma modulator [4]. There are 80esistors on each

Despite the simple thermodynamic relation between the mé¥-the four voltage leads to match the output impedance of the

sured signal and temperature, the accuracies achieved to a¥é\S to the impedance of the 1@Dresistive sensors. Because
with the best JNT systems are not as good as that of currerifigre is a different 1002 resistance for each pair of leads, the
used gas-based thermometry techniquessQ ppm,). In pre- Johnson noise from this resistance is not correlated and conse-
vious JNT system designs, the accuracy (50-100 ppm) has bgggntly does not appear in the cross correlation spectrum as a
limited by the nonideal performance of the electronic measureotential offset error.
ment system. In the most successful JNT systems [2], [3], @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

Manuscript received June 17, 2002, revised October 25, 2002. shown in the block diagram (Fig. 1), is a four-pole Bessel filter
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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 wiee(sea five-
signal pairs, A and B, and a common line, C) connection to the preamplifiers. The entire electronic system is battery-powered except for th€ oongmitens
to the computers are made with optical fibers.
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Fig. 2. Schematic of the five wire connection to a X0@esistance. P
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— Y YY" —AAA—Shield Fig.5. Power spectraon alog-log scale of a QVNS synthesized sine wave. The
25Q upper two curves are noise spectra for each of the amplifier chains. The lower
50Q 500 curve is the cross-correlated power spectrum. Black dots decorate the harmonics
10GHz — of the repetition frequency of the digital code.
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50Q

Fig. 3. Schematic of the QVNS. Xs represent Josephson junctions. The infﬁpetltlon frequency of the_ digital co_de [5]) I_EaCh fspeCtra _'S
capacitors are inner and outer dc blocks with cutoff frequencies from 10 to 2averaged over 50 traces with the vertical axis in arbitrary units

MHz. (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

Preamp out spectrum. The baseline noise of the cross-correlated spectrum
continues to decrease as more spectra are accumulated. The

-------------------------------- . frequency bins are spaced-atl.0 Hz. The QVNS was dc-cou-

Vce

Ving Vi pled to the preamplifier (no input filters). The low-frequency
2MQ 22MQ knee at 100 Hz in the spectra is from the ac-coupling of the
“““ ,-‘,;,‘,‘l;{;,-‘,;é‘,' " input fiiter output stage of the preamplifier. The rolloff at 100 kHz is from

the digital filters in the FPGAs. An important feature in these
Fig. 4. Schematic of the preamplifier. An optional input filter is used to filteflata is the set of points in the cross-correlation spectrum that
rf noise and remove dc offsets. The input inductor represents a ferrite begte marked with solid circles. The circles indicate harmonics
impedance. of the 1.6-kHz pattern repetition frequency of the pseudo-noise
waveform synthesized by the QVNS. The presence of signals at

a 50 Mbrs optical link into a custom PCl card installed in a COMKarmonics of the fundamental is undesirable and would lead to

puter. Each ch_annel transmits apprc_)ximately 2.083 miIIion. Sa@ﬁystematic errors in the use of the QVNS as a calculable noise
Fletils’ Wh'Cht'S thte effectcljve T%T,ﬂmg freq;Jen.cy of tg? S'gr:%owce. Further experimentation revealed that the amplitude
n the current system, a duak- computer 1S used 10 CalGpe agditional harmonic power was inversely related to the

late two 2" point fast Fourier transforms (FFTS) n real't'medesired amplitude of the tone being generated. This result is
(less than one second). The cross-correlation and auto-corr I(ﬁ%’I

' sistent with insufficient low pass filtering of the output
tion power spectra are then calculated, accumulated, and sto(g? e QVNS for quantization harmonics above 10 MHz that
for later analysis.

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
A measurement spectrum with the correlation electronié®m the QVNS when eight tones are synthesized. These data
using a QVNS-synthesized waveform appears in Fig. 5. Weere taken by averaging 1000 spectra with input filters in the
show three power spectra of a QVNS-generated single simeamplifier stages. The hump at low frequencies is from the
wave tone at approximately 3.2 kHz (second harmonic of tehnson noise of the 22-Mresistor in the input filter not being

Ill. RESULTS
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Fig. 6. Power spectra of a QVNS synthesized waveform of eight tones. Thig). 8. Ratio of the cross-correlation spectra from the Q0fesistor at the
upper two curves are noise spectra for each of the amplifier chains. The lov@ triple-point to the QVNS as a function of the tone frequencies in the QVNS
curve is the cross-correlated power spectrum. Black dots decorate the harmownigeform.
of the repetition frequency of the digital code.
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/v/Hz) of the resistor. An interesting
artifact above the roll-off of the 100-kHz digital filters in this
10“’100 ) (')2 1'04 - 1'06 QVNS spectra is that the synthesized tones above 1 MHz are
Frequency [Hz] aliased into the spectrum below 1 MHz.

_ _ _ In the absolute temperature measurement mode, the temper-

Fig. 7. Cross-correlation spectra of a QVNS pseudo-noise waveform and

10042 resistor at the Ga triple-point. Each point representslaHz frequency ataure of the sensor is given by

1020 e
QVNS tones

_resistor

1015

[arb.u.]

Xy

S

aliasing

bin. The electromagnetic interference (EMI) in this measurement is indicated R QVNS
by arrows. T = Smy Scalculatcd (2)
S%\/NS 4kBR(T)

filtered by the input ac-coupling capacitor at low frequencies.
Clearly, the signals at harmonics of the repetition frequenwwereSﬁ/ is the cross correlation measurement of the resistor
have been significantly reduced. noise, S$YNS is the measurement of the QVNS power, and
We have used the QVNS in two different temperature me&=2/ "> is the calculated power spectral density of the syn-
surement modes, absolute and relative. In the absolute meastivesized QVNS waveform. Fig. 8 shows the ratio of the power
ment mode, the power spectral density of the QVNS signal$pectral density of the QVNS to that of a 10Q-esistor at the Ga
calculated from first principles and directly compared to thiiple-point, plotted as a function of the QVNS tone frequencies.
noise power from the resistor. Using (1), a thermodynamic teffihe data for this figure took a total of 10 min to acquire. Be-
perature measurement of the resistor can thus be made withzause the amplitude of the QVNS tones where chosen to match
a fixed-point reference. In the relative measurement mode, the noise power spectral density of a 1QQesistor at the Ga
Johnson noise power at both a known temperature and an triple point, we expect the ratio to be close to unity for all fre-
known temperature is balanced with two different QVNS symuencies. By averaging the ratio for frequencies in the 100 kHz
thesized noise powers. The ratio of the unknown to known teassband of the digital filter we can infer that the temperature
perature is then given by the ratio of the QVNS power speof the resistor isl" = 302.5 K + 0.3 K (10, based on the un-
tral densities. This second method should be less sensitivecestainty from the cross-correlation). Possible sources of sys-
systematic errors. In this relative mode, we have achieved refematic error include transmission line differences between the
tive accuracy of a few hundred ppm and is described elsewh@¥NS cables and the resistor cables, nonohmic contacts in the
[6]. In this paper, we present preliminary results while using th@rcuit measuring the QVNS signals, mixing of QVNS-gener-
QVNS in the absolute mode. ated tones above 10 MHz, and poor rf grounding of the code
Fig. 7 shows the cross-correlated spectrum from a2@6- generator input to the QVNS. It is also necessary to more care-
sistor at the triple point of galliunlyy = 302.916 K) and the fully bound the errors arising from the digital signal processing,
spectrum of QVNS generated tones from 1.6 kHz to 2 MHz. Thiue to aliasing, windowing, quantization errors, and computing
vertical axis is in arbitrary units (digitizer bins). The expecteBFTs of nonperiodic QVNS signals (e.g., period of the funda-
FFT and synthesis of this particular pattern is described in daental is not a divisor of the number of time samples taken
tail in [4]. Because of memory limitations in the digital codger spectrum). Another potential source of error is that the gain
generator, it is not possible to generate tones at a significarlythe electronics system as a function of frequency may be
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changing more rapidly in frequency than the spacing of tt
QVNS tones.
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