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Abstract — A 10 V DC quantum voltage calibration
system, based on a programmable Josephson volt-
age standard (PJVS) operating in liquid helium, has
been recently set-up and tested at INRiM. The PJVS
system is partly-commercial and is based on a 10
V superconductor-normal metal-superconductor (SNS)
array of 69631 Josephson junctions operated on the
first Shapiro steps. The goal is to establish a new high-
reliability quantum voltage standard for the DC cali-
bration of solid-state voltage sources and digital volt-
meters (DVMs). The paper reports the PJVS system
description and first experimental testings and calibra-
tions, preparatory to the future participation to inter-
national comparisons as final validation of the novel
system.

I. INTRODUCTION

Quantum-based voltage standards exploiting the inverse
AC Josephson effect have been developed since the 1980s
to either reproduce or realize the voltage unit (V) up to the
10V level [1], and today are still under further improve-
ment. Nowadays, turnkey systems based on Josephson
voltage standards (JVSs) with both DC and AC capabili-
ties are commercially-available and widespread within Na-
tional Metrology Institutes (NMIs) and most-advanced cal-
ibration laboratories [2]]. The first 10V JVSs were based
on SIS Josephson junctions (JJs) with insulating barrier
and zero-current overlapping steps, which prevented them
to be rapidly and easily programmed to generate the de-
sired quantum voltage value. Also, quantum operating
margins, i.e. the current-width of Shapiro steps, are gen-
erally lower than 50 pA, thus proper filtering is required
to prevent uncontrolled transitions between the overlap-
ping voltage steps during calibrations. Despite this, SIS-
JVSs are still operational at some NMIs as primary volt-
age standard, though are being gradually replaced by new-
generation Programmable JVSs (PJVSs) [3]. These are
based on SNS JJs with a single-valued current-voltage re-
lation and quantum operating margins easily larger than
1mA. Besides replacing SIS arrays as novel primary DC
voltage standards, PJVS arrays can also be used for rou-
tine DC and AC voltage calibrations up to the kHz range
with voltage resolution equal to the voltage generated by a
single JJ, i.e. about 145 uV at 70 GHz [4].

At Istituto Nazionale di Ricerca Metrologica (INRiM),
we are setting up a 10V DC quantum voltage calibra-
tion system based on a PJVS operating in liquid helium
and driven at frequencies around 70 GHz. This paper
presents the basic commercial 10 V DC PJVS system re-
cently acquired from Supracon ACﬂ and the further inte-
gration made at INRiM to make it fully operational. The
basic PJVS system lacks of some features that are vi-
tal for a complete quantum-based DC voltage measure-
ment system, in particular with regards to the calibration
of DC voltage sources. Hardware and software compo-
nents for covering this missing part have been developed
in-house using existing commercial instrumentation and
home-made equipment. These include a digital nanovolt-
meter, a liquid helium (LHe) dewar, a home-made low-
thermal manually-operated scanner, and a Python software
for measurement acquisition and automated data analysis.
The complete 10 V PJVS system is described below, along
with first measurement characterizations and DC valida-
tion through the calibration of solid-state voltage stan-
dards.

II. PJVS-BASED MEASUREMENT SYSTEM

In the following we report details about the main parts
constituting the quantum voltage measurement system,
which is shown in Fig.[T]

A. 10V PJVS device

PJVS arrays generate quantized voltages (Vpjyvs)
through the current-controlled activation/deactivation of
M sub-arrays, according to Eq.

M
Vesvs = Y Nus(i)n(i) K5 fur (1)
i=1

with Nj;(i) the number of JJs in the i sub-array, n(i)
the selected Shapiro step order of the i sub-array, Ky the
Josephson constant, and f;¢ the frequency of the applied
microwave bias.

The PJVS device is a Supracon almost-binary array [5]]
with 69631 SNS JJs. The N-layer is made of amorphous

Brand names are used for identification purposes and such use im-
plies neither endorsement by INRiM nor assurance that the equipment is
the best available in the market.



Fig. 1. Photograph of the 10 V PJVS-based measurement
system. a) 60 L LHe dewar; b) Supracon cryoprobe im-
mersed into the LHe, PJVS at the lower end and elec-
trical connection box on the top side; c¢) 70 GHz synthe-
sizer and d) power supply unit; e) rack with Supracon 18-
channel bias source and floating power supply; f) Keithley
2182A nanovoltmeter; g) optically-isolated USB hub; h)
low-thermal scanner; i) voltage source under calibration
(Fluke 732B). Laptop not shown.

NbySi|x, trimmed for 70 GHz irradiation [[6]. The PJVS
main parameters are: critical current of 8.0 mA at 4.2 K;
n = 0 step width larger than 2mA; n = =+1 step width
of 1.3 mA, centered at 9mA. The array contains M = 17
sub-arrays of series-connected JJs, each of which can be
independently biased to a given Shapiro step. The array is
structured with an almost-binary segmentation to limit the
number of JJs required to reach the 10V voltage target,
that would be almost doubled with a true-binary segmen-
tation [[7]. The implemented array segmentation also en-
ables to accurately verify the quantum operation with nV
resolution.

B.  Cryogenic equipment

The PJVS chip is installed on the lower end of a cry-
oprobe and is magnetically shielded by a cryoperm can.
The cryoprobe has been designed for operation with a 60 LL
LHe dewar. It is made of a low conductivity stainless steel
tube and internally houses an oversized circular waveg-

uide for microwave transmission, as well as the wirings for
sub-arrays bias and quantum voltage transfer. On the top
side of the cryoprobe, an electrical connection box presents
17 SMB connectors for the sub-arrays biasing, a WR-12
flange for the microwave transmission, a 2-poles port for
the Josephson voltage pick-up, and a 6-poles port for an
additional quantum voltage pick-up and for biasing an in-
tegrated resistive heater mounted close to the PJVS chip,
useful for quick JJ defluxing.

C. Multi-channel bias source

The bias-current to drive each PJVS sub-array is pro-

vided by a 18-channel voltage generator built by Supra-
con AG. The main specifications of this bias source can be
found in Ref. []E[] In our system, 17 out of the available 18
channels are used to drive the 17 sub-arrays.
To guarantee the PJVS array electrical isolation from the
Earth ground, the Supracon system features a floating sup-
ply to power the 18-channels bias source. Moreover, the
power supply is equipped with a second DC power source
at 18V suitable to energize the aforementioned defluxing
heater by simply pushing a dedicated button on the front
panel for few seconds. An USB galvanic isolator and a
USB-optical hub are employed for isolating the PJVS array
from ground as well as minimizing the number of USB-
connections to the laptop.

D. Microwave synthesizer

The required microwave power is provided by a com-
mercial synthesizetﬂ designed for 70 GHz Josephson volt-
age standards. The frequency range is 69.5 GHz to
70.5 GHz with 1kHz resolution, whereas the maximum
power level is about 250 mW, largely enough to drive
common PJVS arrays. Frequency and power are set via
software, and the synthesizer is USB-connected through
the optical hub. The synthesizer comes with an external
power supply unit (PSU), which can be in turn either DC
or AC powered depending on the need. The synthesizer is
equipped with a WR-12 flange for the 70 GHz signal out-
put and a BNC input for the required 10 MHz reference
time-base, which in our setup is provided by the INRiM
Time and Frequency department.

E. Nanovoltmeter / Null-detector

The Supracon basic PJVS system employs a commer-
cial nanovoltmeter to perform the usual array performance
tests, i.e. verification of critical current and quantum mar-
gins (Sec. EI) Also, the same nanovoltmeter can be used
as a null-detector for the calibration of voltage sources
through a multi-step differential measurement strategy. In
our system, a Keithley 2182A is employed for both func-
tions, though a different high-accuracy null-detector, e.g.
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Fig. 2. PJVS array performance tests executed with the
Supracon software. Top: plot of critical current test (no
microwave). Bottom: plot of high-resolution quantum test
with microwave at 69.65 GHz and 58 mW, set via the
Supracon software, showing quantum margins larger than
1 mA.

an analog nanovoltmeter, may be employed for the cali-
bration of voltage sources (Sec. [G) as well as to perform
direct comparisons between Josephson voltage standards
with ultimate accuracy [9]].

FE. Supracon software

The employed electronic instrumentation is properly

software-controlled in order to automate both data acquisi-
tion and real-time analysis as much as possible.. The pur-
chased system comes with a closed-source basic software
to control multi-channel bias source, microwave synthe-
sizer and nanovoltmeter. Supracon software is employed
to check the PJVS array performances, i.e. critical current,
step width and quantum test (see Fig. [2)), to automatically
optimize microwave frequency and power, and to suitably
current-drive the sub-arrays to produce the quantized volt-
age Vpjvs programmed via the user interface.
Supracon software also allows to perform the calibration of
gain and non-linearity of a wide range of commercial dig-
ital voltmeters (DVMs), including the “internal” Keithley
2182A nanovoltmeter and the widespread Keysight 3458 A
digital multimeter. Gain factors of the internal nanovolt-
meter are saved into a configuration file and exploited by
Supracon software to correct the measured value for each
nanovoltmeter range up to 10V. Finally, the acquired
Supracon software comes with a TCP option to enable it
to be externally-controlled with another home-built com-
puter application.

G. INRiM software

Supracon commercializes hardware and software tools
for DC voltage source calibrations as an additional option
to the purchased basic PJVS system. Hence, a software
written in Python has been developed at INRiM to work
together with the basic Supracon software: INRiM soft-
ware extends the full system capabilities with a tool for the
calibration of a voltage source through the implementation
of differential measurement schemes exploiting the same
Keithley 2182 nanovoltmeter employed by the Supracon
software, but it also leaves open the possibility of using a
different null-detector. INRiM software exploits the Supra-
con TCP option to indirectly control the PJVS to gener-
ate the required voltage levels Vpjyg, without the need of
dealing with two separate graphical interfaces at the same
time. Moreover, PJVS quantization can be further verified
during the voltage source calibration by slightly trimming
the PJVS bias currents, typically in steps of £0.1 mA. Fi-
nally, the INRiM software also enables internal nanovolt-
meter gain correction using calibrated gain factors read
from the Supracon software configuration file.

III. CALIBRATION OF A DC VOLTAGE SOURCE
The implemented measurement system is illustrated in

Fig.
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Fig. 3. Graphical representation of the 10 V PJVS system
for the calibration of a DC voltage source through the dif-
ferential measurement scheme.

At the current stage, a manual low-thermal electromotive
forces (EMFs) scanner with both voltage source output po-
larity (+ or -) and nanovoltmeter input position (direct or



indirect) reversal capabilities is employed. In the future, a
remotely-controlled scanner will be integrated in the sys-
tem to fully automate and speed-up the calibration as well
as to reduce possible heating effects related to the manual
operation.
As customary, the calibration of a solid-state voltage stan-
dard requires the offsets cancellation in the measurement
circuit, which are mostly due to thermal EMFs appearing
between the PJVS array in LHe and the room temperature
equipment. In a properly-designed measurement circuit,
thermal offsets lower than 1V are attained by using low
Seebeck coefficient materials, by minimizing the number
of connections and by reducing temperature gradients be-
tween the two equal branches of the closed loop. It is also
worth to mention that the accurate knowledge of the ther-
modynamic temperature is not needed, but rather the over-
all thermal stability during the calibration is required. Be-
sides thermal offsets, attention should also be paid to pos-
sible ground-loops or EMI-coupling effects, which may in-
troduce additional systematic errors which depend on the
null-detector polarity. To compensate for these possible
systematic errors, the difference between PJVS and source
voltages is measured in different circuit configurations us-
ing the low-thermal scanner and the reversal strategy. The
PJVS polarity reversal does not require a physical switch
and is easily accomplished through a dedicated software
function. To avoid the nanovoltmeter overloading due to
the non-simultaneous source and PJVS polarity reversals,
the nanovoltmeter input is shorted prior to each voltage in-
version and restored right after. Finally, in case of signifi-
cant thermal EMFs variations, a proper calibration scheme
can be implemented to cancel the contribution of offsets
linearly changing with time, which consists in repeating
the normal measurement sequence in the opposite way.
Preliminary calibration tests have been carried out to
verify the correct operation of overall measurement sys-
tem and employed procedures. The device under cali-
bration was a Fluke 732B solid-state voltage source, with
1.018 V and 10 V nominal outputs. Microwave frequency
and power were set to the optimal values attained with the
Supracon software, i.e. 69.65 GHz and 56 mW. Two dis-
tinct calibration strategies have been adopted: 1) a 4-steps
sequence with both sources and nanovoltmeter reversals
(+D, +1, -I, -D); ii) a faster 2-steps sequence with only
sources polarity reversal (+D,-D), hence always keeping
the null-detector switch in the direct mode (D). The cal-
ibration results at 10 V and 1.018 V nominal outputs are
shown in Fig.[d] It can be seen that the measurements per-
formed with the different polarity-reversals sequence are
consistent within each other, therefore possible deviations
related to the null-detector polarity are not significant.
Error bars represent the standard deviation of the mean
of five repeated measurements. However, it is widely
recognized that the calibration uncertainty of commercial
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Fig. 4. Difference between source calibrated voltage and
nominal voltage, at 10 V (left axis, blue) and 1.018 V
(right-axis, red). Each voltage output has been calibrated
following two distinct measurement schemes with either
two (+D, -D) or four (+D, +1, -1, -D) reversal steps. Sup-
pression of time-dependent offsets was not necessary. Er-
ror bars represent the standard deviation of the mean of
five repeated measurements.

Zener-diode voltage references is dominated and limited
by their inner flicker noise [[L0], which is likely to under-
estimate the actual random effects when the standard devi-
ation of the mean is considered, especially for long mea-
surement times. To account for the presence of the Zener
flicker noise, a type-A uncertainty contribution not lower
than 100V for the 10 V output is usually assumed [[10].
With regards to type-B uncertainty contributions, these are
associated to: i) null-detector gain and non-linearity; ii)
uncompensated thermal offsets; iii) leakage resistances;
iv) microwave frequency. A preliminary uncertainty bud-
get, including both type-A and type-B sources, is shown in
Tab. [

Uncertainty source Uncertainty (nV)
Type A

Noise (flicker) 150

Type B

Nanovoltmeter 20
Uncompensated offsets 10
Leakage <1
Microwave frequency < 0.1

Combined standard uncertainty (k=1) 151.7

Table 1. Preliminary uncertainty budget of the 10 V nomi-
nal output of the Fluke 732B calibrated with the PJVS sys-
tem.
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IV. CONCLUSION

A 10V PJVS-based DC voltage calibration system has
been recently purchased, integrated and tested at INRiM.
It will serve as basis for the realization of the primary DC
voltage standard linking the Italian voltage unit to the new
quantum-based International System of Units. The opti-
mal performances of the array have been verified. Also,
actual quantization of PJVS-segments has been tested at
the nV-level using the nanovoltmeter as null-detector. First
calibration tests of a solid-state voltage source provide sat-
isfactory results in terms of repeatability and overall un-
certainty. Interlaboratory comparisons are foreseen to pro-
vide a final validation of the implemented quantum voltage
measurement system.
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