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A B S T R A C T

We report on the realization and preliminary validation of a quantum-based sampling power standard, based
on a 1 V Programmable Josephson Voltage Standard (PJVS). The PJVS has been integrated into an existing
sampling power standard along with a new synchronous multiplexer. Measurement scenarios for voltage and
power measurements have been implemented and internally validated. Results of the measurement comparison
against the Italian primary electrical power standard at 53Hz agree well within the respective uncertainties,
and did not exceed 15 μW∕VA from 120V to 240V and 5A and any power factor. Likewise, measurements of
alternating voltage up to a few kilohertz show good agreement when compared against AC/DC voltage transfer
method. The article illustrates the quantum power standard and its main constituents, measurement scenario,
comparison results and discussion, along with a preliminary estimation of the uncertainty budget.
. Introduction

The redefinition of the International System of Units (SI), which
ame into force in May 2019, marked a significant paradigm shift in the
cience of measurements, where dependencies from particular artifact-
ased standards and experimental realizations are now substituted with
undamental constants of nature. In particular, quantum-based stan-
ards play a crucial role in the revised SI for the practical realization
f the units. For example, electrical power measurements could be
inked to the fundamental constants of nature starting from DC power
efinition and Ohm’s law, 𝑈 = 𝐼 ⋅ 𝑅, as follow

= 𝑈 ⋅ 𝐼 ≡ 𝐼2 ⋅ 𝑅 ≡ 𝑈2

𝑅
, (1)

he 𝐼 , 𝑈 and 𝑅 quantities appearing in Eq. (1) were traced back in
erms of fundamental constants by using

• the quantum current standard using the single-electron tunneling
effect (SET):

𝐼QS = 𝑒 × 𝑓𝑆𝐸𝑇 , (2)

• the quantum voltage standard using the Josephson effect (JE):

𝑈J = 𝑛 ℎ
2𝑒

𝑓𝐽 , (3)

• the quantum resistance standard using the quantum Hall effect
(QHE):

𝑅H = ℎ
𝑖𝑒2

, (4)

∗ Corresponding author.
E-mail address: b.trinchera@inrim.it (B. Trinchera).

where: 𝑒 is the unit of electric charge, ℎ the Planck constant, 𝑛 the
product between the Shapiro step order and the number of Joseph-
son junctions, 𝑖 is the plateau index, 𝑓𝐽 is the irradiating microwave
frequency and 𝑓𝑆𝐸𝑇 is the frequency controlling individually the tun-
neling of each electron. Both 𝑓𝑆𝐸𝑇 and 𝑓𝐽 are traceable to the atomic
frequency standard with negligible uncertainty (as low as 1 × 10−10).

By combining the DC electrical quantum standards according to
Eq. (1) and substituting 𝐼 by 𝐼QS, 𝑈 by 𝑈J and 𝑅 by 𝑅H, it is straight-
forward to get a set of equivalent mathematical expressions, reported
in Table 1, which link electrical DC power to constants of nature, in
particular to the product between Planck constant (ℎ) and either one
frequency squared or two distinct frequencies.

DC voltage and resistance reproductions by means of quantum
standards were already exploited since 1990 to link the DC voltage and
resistance measurements to the fundamental constants of nature. From
a practical point of view, the combination of JVS and QHRS offers an
interesting proof of concept and a straightforward route for establishing
quantum traceability for DC power measurements in the framework of
the revised SI. However, due to the current technological constrains,
the pursuit of such a combination has not been addressed yet. Further-
more, accredited laboratories, in response to practical needs, require
reliable power and energy measurements with lower uncertainties in
alternating regime.

The use of quantum voltage standards, with particular emphasis
on primary AC voltage metrology, began, more or less, over the
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Table 1
Possible combination of electrical quantum effects linking electrical DC power unit to
the constant of nature.

Quantum toolbox for electricity Quantum standards combination

DC current
(𝐼QS)

DC voltage
(𝑈J)

DC resistance
(𝑅H)

DC power standard
(𝑃QS)

𝑒 ⋅ 𝑓SET (ℎ∕2𝑒) ⋅ 𝑓J – (JE & SET)
𝑃QS = 𝐼QS ⋅ 𝑈J = (ℎ∕2) ⋅ 𝑓J𝑓SET

𝑒 ⋅ 𝑓SET – ℎ∕𝑒2 (SET & QHE)
𝑃QS = 𝐼2

QS ⋅ 𝑅H = ℎ ⋅ 𝑓 2
SET

– (ℎ∕2𝑒) ⋅ 𝑓J ℎ∕𝑒2 (JE & QHE)
𝑃QS = 𝑈 2

J ∕𝑅H = (ℎ∕4) ⋅ 𝑓 2
J

last decade. There has been growing interest in using Programmable
Josephson Voltage Standards (PJVS) to characterize high-precision
analog-to-digital converters (ADCs) and digital sampling multimeters
(DSMs) [1–3], mainly used in power measurements, and to establish
measuring methods [4–8] to link AC voltage measurements to the new
SI, in order to improve the accuracy and speed up the measurement
process compared to conventional AC/DC transfer methods.

Non-quantum power standards, based on synchronized high pre-
cision digitizing multimeters equipped with suitable voltage and cur-
rent transducers, have been developed and routinely used by National
Metrology Institutes (NMIs) [9–16] and industrial laboratories for prac-
tical power measurements with relative uncertainty far below 8 μW∕VA
(coverage factor, 𝑘 = 1) at power-line frequency and any power factor.

A different traceability route using a single electrical quantum
standard, i.e., the JVS, and the sampling strategy has been described
in [17–21]. Inspired by these developments, the same strategy has been
revised and further improved in the framework of the EMPIR project
19RPT01 - Quantum Power [22]. The main goal of the project was
to design, develop and set up at least two quantum power standards
(QPSs) by integrating existing PJVS into classical sampling power
standards.

The practical realization of the quantum sampling electrical power
standard has been accompanied by the development of a synchronous
quantum power multiplexer (SQuP),1 open source software [7], as
well as measurement methods and algorithms suitable for providing
real-time electrical power measurements, benefiting from permanent
integration of the AC PJVS.

The paper is organized as follows: First, the main constituents of
the quantum power standard are described. Second, the measurement
scenarios implemented at the present stage of the development and ex-
perimental results carried out during the testing of QPS constituents are
reported. Third, most recent achievements concerning the experimental
results carried out with the QPS for the calibration of high-precision AC
calibrators, characterization of ADCs and power meters at power line
frequency are illustrated. Thereafter, a preliminary validation of the
QPS measurement results against the AC electrical national standards
for voltage and power is exhibited. Finally, the paper is discussed and
concluded.

2. Quantum sampling power standard

The quantum power standard (QPS) has been designed and built
using the modular concept, which allows for the swapping and re-
configuring of its main constituents according to the measurement
scenarios.

Figs. 1 and 2 respectively report a simplified block diagram of the
QPS setup and a photo of its implementation at INRiM.

1 During the life time of the project, partners agree to call the synchronous
ower multiplexer ‘‘Synchronous Quantum Power Multiplexer (SQuP)’’, since
t was purposely designed to be used with the PJVS. In the rest of the paper,
he SQuP acronym will be used to identify the synchronous power multiplexer.
2

2.1. AC programmable Josephson voltage standard

The programmable Josephson voltage standard (PJVS) is a
metrology-grade experimental setup, suitable to synthesize quantum-
accurate direct-current (DC) voltages, whose quantum-accuracy is a
direct consequence of the inverse AC Josephson effect. PJVSs are
widely exploited as primary DC voltage standards [23,24], and have
been further proven capable of generating stepwise-approximated sine
waves. Moreover, when combined with appropriate sampling tech-
niques, they enable the calibration of commercial AC equipment with
a measurement uncertainty of parts in 107 up to a few kilohertz.

In the present development, the main purpose of the AC-PJVS
is the real-time calibration of offset and gain of commercial high-
precision ADCs or DSMs, using stepwise-approximated sine waves with
frequencies up to few kHz.

A novel AC-PJVS setup has been designed and built up at IN-
RiM in the framework of the project [22] using a commercial SNS
(superconductor–normal–superconductor) array containing 8192
Josephson junctions (JJs). The JJs are divided into 14 binary segments
in 64 parallel microwave stripline branches [25]. The number of JJs
per stripline is 128 and the JJs between each two successive dc contacts
are 1, 1, 2, 4, 8, 16, 32,. . . , 4096. Each segment of the array is current-
biased independently using a software-controlled voltage source. For
a SNS array containing 8192 JJs, the maximum output voltage at the
RF frequency 𝑓 = 70.000000038324 GHz, which is generated by a
commercial RF synthesizer, when biased to the first Shapiro step is 𝑈 =
1.1857786427 V. The weight of the low significant bit that correspond
to the PJVS voltage resolution is 𝑈LSB = 𝑓 ⋅ (ℎ∕2𝑒) = 144.738369 μV.

The bias electronics used to switch on/off the single binary segments
as been realized at INRiM starting from single commercial electronic
oards. It has been further improved and updated with a new control
oftware compared to the previous version described in [26]. Two
ommercial boards with up to 8 individually 16-bit digital-to-analog
onverters (DACs) are synchronized to a common update clock and
rigger signals. The analog frequency of the stepwise-approximated
inewaves (𝑓PJVS

a ) can be finely adjusted by tuning the frequency of

he update clock, 𝑓Clk , according to the expression, 𝑓PJVS
a =

𝑓Clk
NPJVS

,
where NPJVS represents the number of quantum-accurate DC voltage
teps within a period.

The clock and trigger signals are provided by an additional high-
peed DAC-based synthesizer, phase-locked to the 10MHz distributed
eference signal coming from the INRiM atomic clock. All DACs boards
re fitted in a separate optically-isolated PXI chassis controlled by
dedicated PC. In general, up to 16 independent bias outputs are

vailable, 13 of which are used to set the voltages across the array
egments to (−𝑉n, 0, +𝑉n), where 𝑉n is the voltage of the 𝑛th channel of

the bias electronics suitable to drive the 𝑛th array segment to the zero
and first Shapiro steps.

The remaining outputs can be programmed for synthesis of suitable
isofrequential sinusoidal and rectangular waveforms useful for syn-
chronizing external equipment, such as AC generators, phantom power
sources (PPSs) or multifunction calibrators to the PJVS bias source.
Further details on the construction and characterization of the AC-PJVS
are reported in [26].

2.2. Synchronous power multiplexer

The synchronous power multiplexer (SQuP) has been designed in
the framework of the project [27] and some fully working implementa-
tions have been independently built by the project partners. In general,
for the realization of a single SQuP unit, up to six independent slave
boards are required in the configuration 2-to-1 (2-inputs to 1-output).

The outputs of two single 2-to-1 slave boards have been connected
in parallel to form a single 4-to-1 slave board. The slave boards are
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Fig. 1. Simplified schematic diagram of the QPS implemented at INRiM. PPS — Phantom power source (Fluke 6100A Calibrator); SQuP — Synchronous multiplexer; CT —
Current transducer; VT — Voltage transducer; PJVS — Programmable Josephson voltage standard (Photograph of the PJVS reproduced with permission of Physikalisch-Technische
Bundesanstalt (PTB)).

Fig. 2. Photo of the compact QPS experimental setup.
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Fig. 3. (a) Set of the multiplexer boards. (b) photo of the SQuP developed at INRIM
composed by three 4-to-1 slave boards.

equipped with PhotoMos solid-state relays (SSR)2 which, compared
to other solid-state relays, introduce lower errors and noise in the
measurement system and present better DC characteristic and large
dynamic range. In order to avoid short circuits between sources during
the normal operation of the SQuP, the strategy break-before-make has
been implemented, i.e., before setting the correct configuration, all
switches are first opened and then, after a secure delay to prevent
possible short circuits, closing only those interested.

The SQuP is remotely controlled using a master board based on
an Arduino microcontroller connected to the PC by means of a USB
interface. The switching sequence contains the on/off state of the single
relays and is prepared via software in a matrix form. It is transferred
from the PC to the master board. The on/off aperture time of the
relays is controlled by a switching event, which can be generated
internally using the internal SQuP clock or by applying an external
synchronization signal to its trigger input. To avoid ground loops the
trigger input has been optically isolated. Fig. 3 shows the full SQuP
version built at INRiM.

2.3. Modular sampling standard

The sampling power standard identified for the integration of both
PJVS and SQuP is part of the high frequency (HF) power and power
quality modular macro-setup developed at INRiM in the framework
of the project 15RPT04-TracePQM [28], which is based on wideband
high-precision analog-to-digital converters (ADCs).

The low frequency (LF) part of the same modular macro-setup
was developed for high-precision power measurement at power line
frequencies and employs two synchronized digital sampling multime-
ters, e.g., DMM3458A, and voltage and current transducers. It has
been validated in the framework of INRiM’s participation during the
EURAMET.EM-K5.2018 international comparison [29], where a rela-
tive measurement uncertainty (𝑘 = 1) within 8 μW∕VA at any power

2 The PhotoMos-SSR are Vishay relays, where the output switch is a combi-
nation of a photodiode array with MOSFET switches. They can be configured
for AC/DC or DC only operation. The on-resistance is about 0.25Ω and turn
on/off time is below 800 μs.
4

factor and applied voltage and current 120V to 240V and 5A, re-
spectively, was demonstrated [15]. To achieve such a measurement
uncertainty, an improved traceability chain has been implemented,
where all the single constituents of the modular sampling power setup
have been calibrated against DC and AC electrical national standards.

A further step towards improving uncertainty in power measure-
ments consists of shortening the current traceability chain, switching
from conventional and time consuming AC/DC transfer methods to
quantum-based methods, by integrating AC-PJVS for real-time gain
and linearity calibration of high-precision digitizers, as reported in the
present work, and using AC-PJVS for the calibration of voltage and
current transducers, under almost real operating conditions.

3. QPS measurement scenarios

One of the main features of the QPS concerns the introduction of
a new measurement strategy based on the multiplexing of quantum
and analog sine waves. Such a strategy enables simultaneous mea-
surement and quantum-accurate calibration of low-voltage sine waves
coming from voltage and current transducers. Moreover, it can be easily
adapted for different purposes in electrical power measurement sce-
narios ranging from single-phase to three-phase power measurements
using a single PJVS and a reduced number of ADCs. A proof of concept
on the multiplexing strategies for quantum power measurement was
described in [30].

The two main measurement scenarios implemented for testing and
validating the QPS developed at INRiM are summarized below and a
photograph of the overall experimental setup is shown in Fig. 4.

3.1. AC voltage measurements

As shown in Fig. 1, the QPS can be straightforwardly reconfigured
via software for precise measurement of root-mean-square (rms) value
of sinusoidal waves. In this sense, it allows the calibration of com-
mercial calibrators and AC sources using a single SQuP slave board,
connecting its inputs and output as follows:

• CH1SQuP input to the AC-PJVS output;
• CH2SQuP input to the output of the device under test (DUT),

e.g. AC calibrator/source;
• SQuP output to the ADC input.

The proposed method differs from the differential sampling ap-
proach [5–8,20,21], because it does not require robust synchronization
and frequency matching between the AC source and the AC-PJVS.
However, in our experimental setup, we deal with the configuration
in which the AC source is phase-locked to the AC-PJVS.

The synchronization has been performed by using a dedicated out-
put channel of the AC-PJVS bias electronics, opportunely programmed
to generate an isofrequential AC signal to the PJVS. Such a signal
has been galvanically decoupled by using an isolation transformer and
then applied to the phase lock-in input of the AC calibrator. The AC
calibrator output signal is thereby frequency and phase synchronized
to the Josephson staircase-approximated sine waves. The update clock
of the AC-PJVS bias electronic and the sampling clock of the ADC
are derived from the same 10MHz reference signal, thereby coherent
sampling can be exploited on the serialized waveform pattern at the
SQuP output. The experimental results are reported in Section 4.3.

3.2. Single-phase power measurements at mains frequency

Fig. 1 reports the general schematic diagram for single-phase power
measurements. The configuration uses a single SQuP slave board (2
channels for 𝑈 (𝑡) and 𝐼(𝑡) signals and 1 channel for the 𝑈PJVS(𝑡) ref-
erence signal) and a single ADC. This configuration is suitable for
electrical power measurements using only 33% of the recorded stream,
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Fig. 4. Photo of the experimental setup implemented during the measurement campaign performed at INRiM (November 2023–January 2024) aimed for testing and validating
the QPS used for calibration purposes of high performance multifunction calibrators (Fluke 5730A) and primary power transfer standards (Radian RD-22 Dytronic, accuracy class
0.005%).
Table 2
Connections matrix for arming the inputs and the outputs of the SQuP single slave
boards with the signals coming from AC-PJVS, 𝑈𝑃𝐽𝑉 𝑆 (𝑡), and voltage, 𝑈 (𝑡), and current,
𝐼(𝑡), transducers. 𝛥(𝑡1) = 𝛥(𝑡2) = 𝛥(𝑡3) correspond to the switch-on time of each SQuP
channel and are computed starting from the frequency of the analog signal and the
number of periods. The output of each SQuP slave board is connected to a dedicated
high-speed and resolution commercial digitizer.

SQuP slave boards Input 1
𝛥(𝑡1)

Input 2
𝛥(𝑡2)

Input 3
𝛥(𝑡3)

Output

Board 1 CH1
𝑈PJVS(𝑡)

CH2
𝑈 (𝑡)

CH3
𝑈 (𝑡)

to ADC1

Board 2 CH2
𝑈 (𝑡)

CH3
𝑈PJVS(𝑡)

CH1
𝐼(𝑡)

to ADC2

Board 3 CH3
𝐼(𝑡)

CH1
𝐼(𝑡)

CH2
𝑈PJVS(𝑡)

to ADC3

as described in [30]. The synchronization of external phantom power
sources to the QPS could be done as in the previous scenario.

Extension to a second single-phase power measurement scenario
using approximately 99% of voltage and current recorded waveforms
has been implemented and extensively tested only recently using three
SQuP slave boards, three ADCs boards and a single AC-PJVS. Table 2
shows the connections matrix of SQuP input and output signals.

A general overview of the connection scheme related to low-voltage
part for single-phase power measurement scenario using all SQuP slave
boards is depicted in Fig. 5. For ease of understanding, the voltage and
current coaxial transducers are not shown.

Fig. 6 reports an example of the low-voltage side of the waveform
stream at the output of each SQuP slave board digitized simultaneously.
Each single stream of Fig. 6 is composed by an alternating sequence
of two periods, NP = 2, at frequency of 𝑓a = 53Hz, so the switch-on
state for each SQuP channels is about 𝛥(𝑡) = 𝑓a ⋅ NP ≈ 37.7ms, which
corresponds to an external trigger frequency of about, 𝑓SQuP

Trig = 26.5Hz.
All timing parameters are set via software and almost all mea-

surements have been carried out by fixing the number of periods to
about NP = 20, taking into account that approximately two periods
are discarded at the beginning and at the end of each single frame
of the stream. The measurement strategy implemented is based on
5

Fig. 5. Connection scheme for single-phase power measurements using three SQuP
slave boards, three high speed ADCs ans one AC-PJVS. 𝑈VT(𝑡) represents the low
voltage port of the voltage transducer (VT), which could be either a coaxial resistive
voltage divider (RVD) or an inductive based voltage transducer, 𝑈CT(𝑡) represents the
low voltage port of the current-to-voltage transducer, which could be either a current
shunt or an inductive-based current transducer; 𝑈PJVS represents the quantum based
reference staircase sine-wave generated with the AC programmable Josephson voltage
standard.
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Fig. 6. Demonstration of the waveform stream at the output of the SQuP slaves. Each stream is composed of three frames containing approximately two periods of PJVS sine
waves, 𝑈PJVS, sinusoidal voltage signal, 𝑈 (𝑡), and sinusoidal current signal, 𝐼(𝑡). All timing parameters are set and computed via software starting from the frequency of the analog
ignals, digitizer sampling frequency, and the number of periods within each frame.
t
b

b

ata collection first and data processing immediately after. A single
easurement stream could be composed of several alternating frames

n series, so a large number of periods within each frame requires more
ime for data processing.

. Experimental results and discussion

Experimental tests concerning the operation of the QPS as a whole,
ith particular emphasis to the characterization of its constituents and
easurement scenarios described in Section 3, have been successfully
erformed. The measurement results are reported in the following
ubsections.

.1. SQuP gain and phase characterization

Dedicated tests have been carried out to characterize the QPS
onstituents and in particular the SQuP slave boards. Since the SQuP
erforms the mixing of different analogue and quantum AC sine waves
nto a unique signal stream, its amplitude gain and phase delay er-
ors related to each single channel become relevant and important to
eep into consideration when high precision AC voltage measurements
pproaching the sub-ppm level are required.

The SQuP has been characterized in terms of amplitude gain and
hase errors related to the single channels of the first slave board using
wo different measurement setups. The first setup is dedicated to the
easurement of the amplitude gain error of SQuP single channels. It

s based on the use of the AC-PJVS and a high precision DMM3458A.
he measurement method consists in manually switching a DMM3458
etween the input and output of each SQuP channel, while the channel
tate changes from OFF to ON.

By neglecting the short term stability due to the DMM gain variation
etween two consecutive measurements, the relative amplitude gain
rror of each SQuP channel is computed as follows:

G
CH =

𝑈ON
CH − 𝑈OFF

CH
𝑈PJVS

⋅ 1 × 106, (5)

where: 𝑈ON
CH is the voltage measured at the output of the SQuP slave

boards when the state of channel under test is ON, 𝑈𝑂𝐹𝐹
𝐶𝐻 is the voltage

measured at input of the channel when its state is OFF, and 𝑈 is the
6

PJVS
Fig. 7. SQuP gain and phase delay errors of the first SQuP slave. Measurements were
carried out at 53Hz and 800mV.

theoretical rms value of the staircase Josephson sinusoidal waveform
applied at the channel under test.

For the determination of the phase delay error of the SQuP channels
a second experimental setup based on a digital phase comparator has
been used [31]. The AC test signal has been generated with a Fluke
5730A calibrator.

The characterization has been focused only the channels of the
first SQuP slave board and the results are reported in Fig. 7. Error
bars corresponds to Type A uncertainty, which is the most dominant
component.

Further tests have been carried out on the other salve boards and the
results found are similar. The test demonstrated that the relative gain
and phase errors of the SQuP are less than 0.3 μV∕V and 0.2 μrad and
herefore their contribution to voltage or power measurements could
e considered negligible at the mains frequency.

The cross-talk between the adjacent channels of the SQuP slave
oards has been measured to be approximately −130 dB from 47Hz to

65Hz.
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Fig. 8. Example on the effectiveness of the ADC calibration strategy implemented in the
PS setup. Empty symbols (red circles, blue triangles and black diamonds) represent the
ffset and gain error of each ADCs measured using stepwise-approximated Josephson
inusoidal waveform after removing the transients. Filled symbols represent the residual
bsolute offset and gain errors measured again using staircase-approximated Josephson
ine waves after having corrected each ADC. The dash-dotted lines are guides to the
yes.

.2. Gain and offset calibration of high-precision digitizers

Accurate gain and offset calibration of high precision digitizers is
relevant aspect for the measurement of the electrical quantities with

he QPS. The effectiveness of the calibration strategy using the SQuP
nd the QPS has been proven and demonstrated experimentally and the
esults obtained are shown Fig. 8. The data shown in Fig. 8 refer to the
bsolute error, 𝑒𝑎, computed as the difference between the measured
ampled voltage values and the theoretical values of each DC-step of
JVS sine wave. First, the PJVS sine wave is digitized by each ADC,
hen the calibration parameters such as gain and offset are extracted
sing a linear fit from the measured data. Secondly, the gain and offset
arameters are used as correction factors, and the PJVS sine waves
ave been sampled again, and the absolute error recomputed. The
verall ADC residual gain error remains below 0.2 μVV−1 for all ADCs,
emonstrating that the identified calibration strategy is suitable for
educing the contribution of uncertainty in power measurements due to
igitizer calibration well below 1 μV∕V. The measurements have been
erformed at 800mV rms and 53Hz.

.3. Characterization of high-precision AC calibrator

A first demonstration concerning the measurement scenario em-
loyed by the QPS setup related to the calibration of a state-of-the-art
C calibrator3 has been carried out in the frequency range from 50Hz

o 2.5 kHz and at 800mV rms. The measurement results have been
ompared against a second measurement method based on the use
f conventional AC/DC multirange electronic transfer standard. All
easurements performed with the QPS have been carried out using
20-step stepwise-approximated sine wave. The sampling frequency

f the high resolution digitizer4 was set to 5 MS/s and its vertical
esolution is about 20 bits.

3 The calibrator was a high performance multifunction Fluke 5730A.
4 The digitizer used in this work is NI PXI-5922 fitted in a high-bandwidth

XIe-1082 chassis equipped with a PXI embedded controller with Real-Time
S.
Brand names are used for identification purpose. Such identification does

ot imply recommendation nor does it imply that the equipment identified in
7

his article is necessarily the best available for the purpose.
Fig. 9. Comparison results between QPS (blue-diamond) and conventional AC/DC
transfer standard (red-circular) using an AC calibrator as transfer standard. Error bars
indicate the expanded uncertainty (𝑘 = 2) as declared by INRiM’s CMC (Calibration and
Measurement Capabilities) associated to the calibration of AC calibrator using AC/DC
transfer standard. Type A uncertainty relative to the measurements performed with the
QPS remains below 0.3 μVV−1 and the evaluation of further uncertainty components is
nder assessment. The dotted lines are guides to the eyes.

The relative error of the AC calibrator using QPS and AC/DC
ransfer methods has been computed as follow

QPS,AC∕DC
rel. =

𝑈QPS,AC∕DC
M − 𝑈N

𝑈N
⋅ 1 × 106, (6)

here 𝑈QPS
M and 𝑈AC∕DC

M are the rms values of the AC calibrator
easured with two different methods, i.e., with QPS and conventional
C/DC transfer standard, 𝑈N is the nominal value.

Fig. 9 reports the relative error of the AC calibrator, 𝜖rel., measured
ith both methods. The measurements were completed within two-
eeks with a short break between them. The maximum discrepancy
etween the methods is approximately 10 μV∕V at frequencies below
00Hz, which may be due to the different measurement configura-
ions of both methods. Further investigations focused on searching for
ossible systematic errors and ground loop effects are still in progress.

To summarize, this measurement campaign has been undertaken
o demonstrate that the frequency extension of QPS, in its current
mplementation, paves the way for its use also for power measurements
eyond the mains frequency and in the presence of distorted signals.
he identified calibration strategy simplifies and speeds up the overall
haracterization process of high-precision digitizers, widely used for
ower and power quality measurements.

.4. Comparison of QPS against INRiM’s primary power standard

A first validation of the QPS has been carried out internally at
NRiM. A measurement campaign aimed at the investigation of the
hole QPS implementation in the configuration with three slave boards
as been undertaken using state-of-the-art power transfer standard with
rue DC to AC transfer accuracy ±0.005%.5 It has been provided by
he National Metrology Institute of Germany, PTB, and circulated in

simple circular comparison scheme, among the participants who
ompleted the QPS setup in their institutes (CMI, JV and INRiM) within
he lifetime of the project. Each participant measured the calibration
rror of the traveling standard using their own QPS setups. The results
f the comparison are still under evaluation.

5 The transfer power standard is a Radian model RD-22.
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Here, we report the INRiM measurement results. The calibration
error of the traveling standard, when measuring the active power, has
been carried out at rated voltages 120V to 240V, current 5A and power
factors (𝜆 = 1, 0.5 lead, 0.5 lag, 0 lead, 0 lag). The measurements have
been performed using two different experimental setups:

(1) INRiM measurement system for primary power standard (MSPPS).
The measurements have been performed in December 2023 and
compared with a group of measurements carried out previously
on the same traveling standard (RD-22) by INRiM [15], from Jan-
uary 2020 to February 2020, in the framework of the
EURAMET.EM-K5.2018 key comparison.

(2) The quantum power standard (QPS) was handled in two different
modes: (i) fully-automatic, using the open-source software devel-
oped during the project (QPSW) [32], and (ii) semi-automatic,
using an improved version of the INRiM’s open tool traceable
power quality analyzer (QTPQA) [33].

The main differences between the two QPS modes of operation
consist of how the synchronous multiplexer is configured and used
during the power measurements. In the fully-automatic mode, SQuP
is configured and handled by the open tool software, QPSW, in a true
multiplexing mode, where the ADCs are always calibrated, as shown in
Fig. 6. In the semi-automatic mode, SQuP is handled manually by its
own QuMPX software [32]. The QPTQA software first performs ADC
calibration using the AC-PJVS. Immediately afterward, it measures the
signals coming from the respective voltage and current transducers
without multiplexing them. In this mode ADC calibration is left to the
needs of the end user.

The experience gained in managing both QPS modes of operation
has had a significant impact on the entire measurement setup. On one
hand, the semi-automatic mode of QPS operation presents some rele-
vant features such as 100% digitizing of waveforms, continuous power
monitoring, less noise and reduced hardware resources, i.e., only two
SQuP slave boards and one or two ADC boards are required. Moreover,
in the testing phase of the entire measurement setup, it allowed the
identification of systematic measurement errors due to signal leakage,
ground loops, interference between AC-PJVS and the ac sine waves,
and the calibration strategy for voltage and current transducers. In
particular, the conventional calibration strategy employed for voltage
and current transducers has been reviewed and adapted to the QPS
setup, but this topic deserves special treatment, which goes beyond the
scope of this paper and is still being refined.

The relative difference between the active power measurements
performed with the traveling standard (RD-22) and the INRiM power
standard references is computed as

𝛥 =
𝑃DUT − 𝑃S

𝑆
, (7)

where 𝑃DUT is the active power measurements of RD-22, 𝑃S is the active
power measurements of INRiM reference, 𝑆 = 𝑈 ⋅ 𝐼 is the nominal
apparent power.

The relative difference of the DUT was measured using a direct
insertion connection similar to that described in [15] and shown in
Fig. 4. The voltage input ports of both wattmeters are connected in
parallel with the output of the phantom power calibrator and the
current input ports are connected in series with the output current port
of the same calibrator.

Fig. 10 reports the relative difference, 𝛥, of the measurements of
the active power performed on the traveling standard at 120V to
240V, 5A and different power factors. The differences in active power
measurements between the different methods employed at INRIM to
measure the error of the traveling standard are almost all within the
best expanded measurement uncertainties (𝑘 = 2, coverage factor) of
the primary power standard (MSPPS) and quantum power standard
(QPS).

The measurement uncertainty reported in Fig. 10 has been com-
puted as reported in [15]. One of the main achievement of the present
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Fig. 10. Relative difference, 𝛥, of the active power measurements performed between
the traveling standard (DUT) and INRiM’s sampling power standards: MSPPS primary
sampling standard; QPSSW automatic and QPSQTPQA semi-automatic quantum power
standard implementations. Half-filled black diamonds and red circles, measurements
performed in 2020 and December 2023 with the MSPS; half-filled blue and olive
triangles, measurements performed in 2024 with the QPS in both modes. Uncertainty
bars correspond to a 95% coverage factor.

work concerns the reduction of the uncertainty contribution in power
measurements due to digitizers from 2 μV∕V, as reported in [15], to
better than 0.5 μV∕V, using the PJVS setup.

The uncertainty budget of the QPS is still under evaluation. A first
rough evaluation shows that the uncertainty contribution in power
measurements due to voltage, current and phase measurements, taking
into account the insertion of voltage and current transducers, at rated
voltage 240V and rated current 5A, respectively, can be summarized
as follow:

• Relative uncertainty for AC voltage measurement, using coaxial
resistive voltage divider with nominal ratio 𝑅RVD = 1 ∶ 301,
𝑢(𝑈 ) = 3.0 μV∕V;

• Relative uncertainty for AC current measurement, using coaxial
current shunt with nominal resistance 𝑅CS = 0.16Ω, 𝑢(𝐼) =
3.0 μA∕A;

• Phase angle measurement uncertainty, 𝑢(𝜑) = 2.2 μrad,
• Combined relative standard uncertainty for active power mea-

surements, 𝑢(𝑃 ),

𝑢(𝑃 ) =
√

𝑢2(𝑈 ) + 𝑢2(𝐼) + 𝑢2(𝜑) = 4.8 μW∕VA, (8)

The expanded uncertainty, 𝑈 , for active power measurements at
any power factor using the QPS, to a first approximation, is within
𝑈 = 2 ⋅ 𝑢(𝑃 ) ≈ 10 μW∕VA.

It should be noted that the dependence on the resistance of the
cables used in the cryoprobe and the room temperature connections
was not considered in the preliminary estimation of the uncertainty
budged reported. A first rough estimate indicates that this resistance,
considering also the resistance of the SQuP, is approximately 1.7Ω,6
which compared to the 1MΩ digitizer input impedance leads to a
further uncertainty contribution of few parts in 1×106. This uncertainty

6 Two center conductors of low-resistance coaxial cables, model CC-SC-25,
each measuring 70 cm in length, were installed in the cryoprobe and their
resistance is approximately 0.4Ω. Taking into consideration the remaining
cables length at room temperature, approximately 1m, and the switch-on
resistance of the multiplexer, which is approximately 0.25Ω, the overall
resistance from PJVS output to the ADC input is about 1.7Ω.
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contribution could be mitigated by utilizing digital sampling multi-
meters or by implementing custom high impedance buffers. However,
further margins of improvement seem realistic, provided that the cali-
bration strategy of voltage and current transducers is improved to make
them immune from the loading effect of the input impedance of the
digitizers.

5. Conclusion

A novel quantum sampling modular setup suitable for practical
electrical measurements based on an AC programmable Josephson
voltage standard (AC-PJVS) and a synchronous multiplexer (SQuP) has
been built and extensively characterized.

Dedicated tests suited for precise characterization of all SQuP chan-
nels show that amplitude gain error and phase delay introduced by
the channels are below 0.3 μV∕V and 0.2 μrad, whereas Type A relative
uncertainty is within 0.3 μV∕V and 0.3 μrad, respectively. So, as a first
approximation, their contribution during voltage measurements can be
neglected.

The calibration strategy employed for real-time characterization of
high precision digitizers, according to the QPS operation principle, has
been tested proving that the parameters of interests, such as offset
and gain, can be calibrated with quantum accuracy and the overall
residual error remains below 0.2 μV∕V over the tested frequency range,
i.e., from 40Hz to 2.5 kHz. Overall, the uncertainty contribution on
power measurements at mains frequency due to the digitizers, has been
proven to be less than 0.5 μW∕VA.

Two different measurement scenarios have been set up and tested,
one for AC voltage measurements up to a few kHz and the other for
power measurements at typical mains frequency. The measurements
carried out with the QPS have been compared with measurements
performed against the AC voltage maintained standard, using a voltage
calibrator as AC transfer standard. The differences found agree well
with respect to the declared uncertainties. For voltage measurements,
differences were lower than 10 μV∕V below 400Hz and reduced by a
factor of two up to 2.5 kHz. Likewise, the comparative power measure-
ments at 53Hz and at any power factor using the QPS and the INRiM
MSPPS show discrepancies within 15 μW∕VA, which are in good agree-
ment within the expanded uncertainty declared for the MSPPS [15],
which do not exceed 16 μW∕VA.

In conclusion, the obtained results are in good agreement with the
QPS design expectations and are sufficient for the intended purpose.
Furthermore, new experiments will be undertaken to test the capability
of the QPS for measuring power under sinusoidal condition up to few
kHz and in presence of distorted waveforms.

6. Future prospects

The obtained results pave the way for the extension of the QPS in
the field of power measurements at higher frequencies, calibration of
power quality analyzers, and characterization of synchronized voltage
measurements required by grid operators

Continuing in this direction, it is also worth to mention that in
the framework of the national project PRIN 2022 PNRR P20228WW42
QuantAGRID-Next quantum-based traceability and new accuracy descrip-
tion for synchronized multifrequency phasor measurements in modern distri-
bution grids - INRiM is conducting research activities aimed at extending
the capabilities of the QPS setup for accurate measurement of synchro-
nized multifrequency phasor measurements. This research activity will
also be supported by the new incoming EMP project (2024–2027) WAC-
Wideband quantum AC traceability, which aims to extend the quantum
traceability of AC waveforms and harmonics up to 100 kHz using low
frequency AC-PJVS and suitable high-frequency sampling techniques.
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