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1 National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 0LW, United Kingdom
2 CEM, Spanish Center of Metrology, del Alfar 2, 28760 Tres Cantos, Madrid, Spain
3 Czech Metrological Institute, Okružní 31, 636 00 Brno, Czech Republic
4 GUM, Central Office of Measures, Elektoralna 2, 00-139 Warsaw, Poland
5 INRiM, Strada delle Cacce 91, 10135 Torino, Italy
6 Instituto Português da Qualidade (IPQ), Rua António Gião 2, 2829-513 Caparica, Portugal
7 Justervesenet, Fetveien 99, 2007 Kjeller, Norway
8 AS Metrosert, 12618 Tallinn, Estonia
9 Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
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Abstract
A method for traceability to SI for ac voltage and current based on high performance digitizers
is presented. In contrast to the existing thermal-based methods, the proposed method utilizes
direct traceability to quantum-based waveforms via the use of Josephson voltage systems. This
allows not only a simplification of the traceability chain and reduced measurement times but
also offers the potential for analysis of the ac voltage and current waveform spectral content, a
feature which is not possible using thermal methods. Scaling of current and voltage is achieved
by the use of current shunts and resistive voltage dividers respectively. Target operating ranges
are up to 1A and 100V with a frequency range up to 1 kHz for both. The corresponding target
uncertainty for this traceability route is 1 µVV−1 and 2 µAA−1 up to frequencies of 1 kHz.
The traceability chain is described and various components are characterized to validate their
suitability for this task. It is demonstrated that these uncertainty targets can be met under certain
conditions. The use of multi-tone calibration waveforms is investigated to further reduce
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measurement time. An uncertainty analysis method based on simulation using real component
performance data is demonstrated.

Keywords: Josephson voltage, thermal voltage converter, digitizer, voltage measurement,
quantum Hall resistance

(Some figures may appear in colour only in the online journal)

1. Introduction

The Josephson voltage standard (JVS) and the Quantum Hall
Resistance (QHR) have been used for the dc Volt and res-
istance at National Measurement Institutes (NMIs) for many
decades, using the values adopted by the BIPM in 1990 for
the von Klitzing constant RK−90 and the Josephson constant
KJ−90. With the redefinition of the SI in 2019 [1] all units are
now defined by fixed numerical values of the defining con-
stants. In particular, e (elementary charge) and h (Planck’s
constant) are used for a practical realization of the ampere
based on the Josephson and quantum Hall effects [2]. Typic-
ally an uncertainty of the order of 1 nV can be achieved on a
10V dc measurement (k= 2) [3]. However, the same is not
true of ac voltage where NMIs typically rely on thermal-based
methods for dissemination of the scale (figure 1(a)). A thermal
voltage converter (TVC) is used as an ac–dc transfer standard
[4, 5] and a typical uncertainty on the amplitude of a 1V sinus-
oidal ac voltage waveform of frequency 1 kHz is of the order
of 2 µVV−1 to 4 µVV−1 (k= 2) [3]. The TVC is used to
obtain the dc voltage that results in the same heating as an
applied ac voltage. Traceability to the SI is obtained using a dc
voltage transfer standard (for example a Zener reference stand-
ard) which has been calibrated against a dc JVS to provide the
reference rms voltage value. This thermal method is time con-
suming as it requires averaging each set of measurements over
a time period of the order of 1 h. In contrast to the intrinsic
standards (JVS, QHR), the TVC output is subject to drift over
time. Therefore to utilize TVCs in the traceability chain, his-
toric knowledge of their stability over long periods of time is
required as well as the calculable value of the ac–dc differ-
ence. The thermal method provides only the rms value of the
voltage waveform and therefore cannot provide any spectral
information. An alternative to the use of thermal devices in
the ac voltage and current traceability chain is to transfer the
scale directly to a high-performance digitizer from a JVS [6].
High-performance digitizers, ac Josephson systems and their
combined use with TVCs has been subject to a large body of
research, briefly described below.

JVSs are in widespread use globally both at NMIs and
at top tier research and calibration laboratories (for a gen-
eral review see [7] or [8]). AC Josephson systems have
been developed using either programmable Josephson voltage
standards (PJVSs) [9] or Josephson Arbitrary Waveform Syn-
thesizers (JAWS) [10].

High-performance digitizers in common use in electrical
metrology include the National Instruments NI5922 and the
Keysight 3458A (for a thorough review see [11]). These
digitizers are used in this work and have previously been the

subject of several investigations using TVCs. For example, the
use of a TVC to characterize the NI5922 digitizer is described
in [12–14]. Josephson systems have also been used to calibrate
TVCs. For example, [6, 15] use PJVS and [16] uses JAWS to
calibrate a TVC.

There has been significant interest in the use of JVSs to
characterize the performance of digitizers, particularly for
use in power measurements. Examples include the use of a
PJVS to characterize the NI5922 digitizer [17], the 3458A
[18–22] and the Fluke 8558A [23]. A Primary AC Power
Standard based on a PJVS has been developed [24] and an
ac power standard comparison with PJVS and JAWS has been
undertaken [25]. There is ongoing research into a quantum-
based power standard [26]. JAWS systems have been used to
characterize both the NI5922 [27, 28] and the 3458A [29, 30]
at higher frequencies.

The new method for traceability proposed in this work is
shown in figure 1(b). Thismethod builds on thework described
above and uses JVSs to directly calibrate the digitizer, operat-
ing under certain conditions, using a set of precisely known
voltage waveforms. This provides direct traceability to the
SI. For ac current and voltage measurements, specific current
shunts and voltage dividers are used and TVCs are replaced
by digitizers. For inputs outside the calibrated range of the
digitizer the current shunt or divider is used as a scaling
device to access a wide range of possible input currents and
voltages. We here describe this proposed new traceability
route for current and voltage based directly on Josephson
standards and present measurements on the components of
the system including digitizers and scaling devices. We also
describe the measurement software and algorithms used to
obtain results as well as calculate uncertainties. The motiv-
ation is to reduce measurement times and reduce uncertain-
ties in some parameter ranges. The method is more flex-
ible allowing future spectral characterisation of instruments
using Josephson based systems. There is also the ambition
to construct an agreed European system for digital traceab-
ility using this method [31]. This system is based on a shared
hardware, software and data analysis process across several
NMIs.

This paper consists of three sections. The measurement
setup required for the proposed traceability chain is described
in section 2. It provides details of the requirements for each of
the components of the system, including JVSs, digitizers, ac
current and voltage sources, voltage dividers, current shunts
and sampling and data analysis software. In section 3 the res-
ults of the validation of various system components is given.
In section 4 the software used to calculate uncertainties from
real system parameters is described.
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Figure 1. Traceability route for ac current and voltage at an NMI for (a) existing route and (b) route proposed in this work. In (a) the
Josephson Voltage Standard (JVS) provides calibration of a dc voltage transfer standard (DC Volt TS) which is applied to the thermal
voltage converter transfer standard (AC/DC TS) and measured by a digitizer. This is compared with the output of the ac current/voltage
source under test which is applied to the AC/DC TS via voltage or current scaling devices (if required) and a current to voltage converting
device (current shunt) in the case of current. In this way the output of the ac voltage/current source is traceable to the SI via thermal
methods. In (b) the output of the ac current/voltage source combined with the scaling and converting device is applied directly to the
digitizer. A JVS is used to characterize the dynamic performance of the digitizer providing direct traceability to the SI. Grey shading
denotes items that require characterization. Thick arrows show traceability to the SI via the Josephson effect. DC V, AC V and AC I denote
dc voltage and ac voltage and current waveforms respectively. Items characterized in this work are shown in the dashed box.

2. Measurement setup

We describe the measurement configuration required by an
NMI to deliver the traceability route shown in figure 1(b)12.
In this proposed new route, an industrial user requiring trace-
ability will benefit from the reduced steps in their traceability
chain as shown in figure 2(b) compared to the existing route
shown in figure 2(a). The industrial user requires the NMI
to calibrate their digitizer, voltage divider and current shunt.
Computer software to sample data using the digitizer and ana-
lyse the results is also required. These items are described
below.

2.1. JVSs

The typical operating parameters of the two types of Josephson
system used in this work are shown in table 1. The PJVS can
be utilized at frequencies up to 1 kHz whilst the JAWS can be
used up into the megahertz range.

2.1.1. Programmable JVS. The PJVS systems used in this
work are described in more detail in [9, 32, 33]. PJVS systems
use a Josephson Junction array which utilize a microwave
source (operating at around 20GHz or 70GHz) in conjunc-
tion with a bias source to generate a step-wise waveform. The
microwave source and bias source are both locked to a master
clock. A particular feature of the system described in [9] is the

12 Identification of commercial equipment does not imply an endorsement by
the authors or that it is the only available solution.

ability to use either the direct output of the PJVS (a step-wise
waveform) or to use a quantum-referenced continuous wave-
form produced by a digital to analog converter locked to the
output of the PJVS. This continuous waveform can bematched
to the signal under test (a sine wave) to within the limit of the
smallest voltage output of the array. Although this feature is
not utilized in this work, the feature demands that the PJVS
system must generate the step-wise waveform at the same rate
as the continuouswaveform electronics. The continuouswave-
form electronics operate at a fixed rate of 100 kHz therefore
the sample rate must also be 100 kHz. This places restrictions
on the use of this particular PJVS system to characterize digit-
izers as described in section 3.1.

2.1.2. JAWS. The basic principle of JAWS can be described
as follows: a current pulse, with a time dependent pulse-
repetition frequency fp(t) transfers N flux quanta Φ0 through
M Josephson junctions [10]. The signal voltage V(t) in
pulse-mode operation can be calculated using the Josephson
equation:V(t) = N ·M ·Φ0 · fp(t). According to this equation a
quantized, time-dependent voltage is generated at the junction
series array output leads, because only flux quanta Φ0 = h/2e
are transferred and N and M are integer numbers. Typic-
ally, the modulator frequency corresponds to the character-
istic frequency of the Josephson junctions, about 15GHz,
and provides large oversampling ratios up to frequencies of
1MHz. On-chip filters exploit superconducting inductances
to filter quantization noise at the output used for metrological
purposes [34] which are typically analysed by a commercial
high speed digitizer. A higher-order sigma-delta modulation
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Figure 2. Schematic diagrams showing the traceability route at an industrial user laboratory to calibrate a device under test (DUT) for
example a digitizer or ac source. The DUT is interchanged with the digitizer or ac source used to establish traceability (shown with
double-headed arrows) (a) denotes the existing and (b) the proposed route. The grey items are items that have been characterized by an NMI
against Josephson standards as described in this work.

Table 1. Operation parameters of the Josephson voltage systems
used in this work; PJVS (programmable Josephson voltage
standard) and JAWS (Josephson arbitrary waveform synthesizer
which is based on a pulse-driven Josephson array).

PJVS JAWS

Frequency (Hz) dc to 1 kHz dc to 1 MHz
Voltage (V) ±10 V ±1 Vrms

[35] is used to digitize analog waveforms into a bit pattern
containing +1, 0 and −1. Commercial Pulse Pattern Gener-
ators are used to store these patterns of positive and negative
current pulses that generate the desired waveform across the
M Josephson junctions in the series array. As transfer of a
flux-quanta (Φ0 ≈ 2 µVGHz−1) delivers only a very small
voltage at the typical operating frequency of 15GHz, many
Josephson junctions implemented in a series array are neces-
sary to achieve practicable large output voltages. Recently a
maximum voltage of 4V rms was achieved [36]. In this work
we either operate a single or eight JAWS arrays in series to
achieve higher voltages, namely 100mV or 1V using about
9000 or 60 000 Josephson junctions, respectively [37]. The so-
called ac coupling technique [38] is used to enable the JAWS
arrays to produce floating ac voltages with operating margins
always larger than 0.5mA.

2.2. Digitizers

Key to the success of this new traceability method is the avail-
ability of high performance digitizers that exhibit long term
stable measurement capability. The digitizers considered in
this project are shown in table 2 along with some typical oper-
ating parameters. Both integrating and delta sigma architecture
digitizers are considered. A principle of this work is that the
digitizer is characterized under a particular set of conditions

Table 2. Types of digitizer characterized in this work including
selected typical operation parameters.

Digitizer Type Settings used

National
instruments NI5922

Delta Sigma 2V range,
1MΩ input impedance,
48 tap FIR filter.

Keysight 3458A Integrating 1V range,
10GΩ input impedance,
DCV mode.

Fluke 8588A Integrating,
proprietary

0.1 V and 10 V range,
10MΩ input impedance,
sampling mode.

and then used with the same operating parameters for all meas-
urements while the scaling is performed by a voltage divider
or current shunt as appropriate, as described below.

2.3. AC voltage and current source

An arbitrary reference source of ac voltage and current is
required at the industrial user lab as shown in figure 2(b).
This source should be highly stable (for example see [39, 40]).
However, in our proposed scheme the sources in the trace-
ability chain can be calibrated and monitored against the
quantum-traceable digitizer, significantly relaxing the accur-
acy and stability requirements on the reference sources. To
calibrate a digitizer, the user will set the source to a fixed out-
put and transfer the traceability from the calibrated digitizer
to the digitizer under test by applying the same signal to both
instruments simultaneously. Range scaling can be included as
described in sections 2.4 and 2.5. Conversely, if the device
requiring calibration by the user is a source, it can be directly
applied to the digitizer, or via voltage divider or current shunt
if required, to obtain traceability.

4
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Figure 3. Deviation in the voltage level obtained by the scaling up procedure against the same voltage level of 220V calibrated directly by
the ac–dc transfer standard.

2.4. Voltage dividers

To extend the operating range of the quantum standard over the
muchwider interval of values required for calibration services,
suitable methods for scaling are needed (figure 1(b)). A simple
approachwould be to use the well known analogue techniques,
yet digital solutions are interesting for improving perform-
ances closer to quantum accuracy. Very successful results were
obtained in dc measurements using digital multimeters based
on integrating digitizers. They show extremely linear beha-
viour, with intrinsic accuracy better than 0.1 µVV−1 and even
better stability over time [41]. It is then possible to character-
ize the residual non-linearity of such converters using a JVS,
to verify the specifications and apply further correction. A
digitizer characterized against a JVS can be effectively used
in place of resistive dividers in dc, but this technique cannot
be transferred ’as is’ to ac. Performances of analog to digital
converters (ADCs) degrade as frequency increases, accord-
ing to the rule: ‘more speed means less resolution’ that holds
true for all conversion technologies, including those used in
metrological labs (integrating and sigma-delta). Voltage ratio
calibrations to extend the operating range of an ac quantum
standard therefore cannot be suitably done by applying two
quantum-accurate ac voltages to calibrate the ‘ac linearity’ of
an ADC. Alternatively, the very high performances of internal
dc references currently available in top-level instruments allow
sampling ac signals with a digitizer and measuring ac voltages
over a wide range of values and frequencies, with the only pro-
viso of 1% maximum distortion level of the measured signal
[42]. This solution suffers from the aforementioned limitations
of measurements constrained to rms voltage and will not be
considered. The extreme accuracy of well known analog tech-
niques must also be taken into account in discussing ac voltage

ratio techniques. Inductive dividers were proven long ago [43]
to provide accuracy at the level of few nVV−1. The high per-
formances of inductive dividers is appealing for integration
with quantum standards [44, 45], but the classical techniques
are limited to pure sinusoidal signals over a limited frequency
range, spanning from tens of hertz to a few kilohertz. The
interest in arbitrary waveform metrology based on sampling
methods with quantum traceability suggests the adoption of
wide bandwidth dividers.

The suitable integration of analog and digital techniques
can be considered the best way to cover all calibration
ranges. The approach given here integrates quantum stand-
ards, sampling techniques and analog methods to take advant-
ages of all these techniques. In such a method, the role of
a quantum-calibrated digitizer is to sample and quantize the
signal within its most accurate operating range, as shown in
figure 1(b), with ordinary dividers allowing suitable up/down
scaling over the whole required range. A similar approach was
adopted, for instance, with dc voltage signals in [46]. Research
in this field is ongoing and several solutions were proposed,
that may be chosen according to specific needs or operating
conditions. Two sampling voltmeters and a set of traditional
dividers are integrated in a method developed within [31],
where they are considered and calibrated together, with the
divider connected directly to the voltmeter inputs to improve
repeatability. For the even number of steps in the scaling pro-
cedure the ratio correction due to the linearity of the voltmeters
can be estimated by applying the same voltage to the inputs of
the voltmeters. Both step-up and step-down scaling is feasible
with this method. In figure 3, the results of ac voltage calibra-
tions using scaling up are compared to those calibrated directly
against the ac–dc transfer standard.An uncertainty of the order

5



Meas. Sci. Technol. 34 (2023) 015003 J Ireland et al

of 20µVV−1 up to 1 kHz at 220 V can be achieved which can
be reduced to a few µVV−1 if the scaling procedure is applied
directly to the JVS and the voltage coefficients of the dividers
are characterized more accurately. In designing the divider in
this setup care must be taken to keep low temperature, voltage
and power coefficients. An alternative solution to minimize
loading effects on the voltage divider has been demonstrated
in [47]. It is based on a new prototype divider that uses the
split guard technique along with a buffer amplifier. The tech-
nique enabled the construction of a buffer with input capacit-
ance below 1 pF, output impedance below 11mΩ for frequen-
cies below 100 kHz and overall amplitude and phase transfer
error below 2µVV−1 and 2µrad.

As stated above, inductive voltage dividers (IVDs) are
an alternative reliable tool for realizing metrology class ac
voltage ratios. In this way voltages of up to 120V can be traced
to quantum voltage standards such as JAWS [48]. However,
ratios of conventional dividers must be accurately determined.
Pulse-driven JVSs can be employed for this work as they can
generate any voltage signal with excellent accuracy. It is pos-
sible to form highly accurate ac voltage ratios in a broad fre-
quency range with two synchronized JAWS systems [49]. At
a 1:1 ratio such calibration is very similar to a direct JAWS
versus JAWS comparison [50].

2.5. Current shunts

Since analog-to-digital conversion operates with voltage sig-
nals, for ac current measurements it is necessary to convert
current to voltage, and for that purpose traditional resistive
shunts are used. The shunt is also a scaling element, since
its value can be selected to produce voltages suited to the
digitizer over a wide range of current values. For instance,
use of four different shunts with the nominal rms currents of
1mA, 20mA, 200mA and 2A (and with nominal rms output
voltages of 0.8V, respectively) can cover the output of com-
mercial calibrators that generate currents up to a typical value
of 2.2A. Current shunts up to 100A are also available, mak-
ing even higher scaling possible. With the approach adopted in
[51, 52], it is possible to calibrate ac currents with direct trace-
ability to a quantum voltage standard by means of a shunt res-
istor. The calibration procedure includes the calibration of an
ac shunt by dc reference resistors, traceable to QHR, at dc cur-
rent. In that measurement set-up, the AC-QVM (AC Quantum
Voltmeter [53]) is used as a dc quantum voltage standard for
the resistance comparisons using a 3458A as a null-detector. It
was shown for example that the ratio of two resistances can be
measured with a relative uncertainty of 0.2µΩ Ω−1 for a cur-
rent of 0.9mA. Self-heating of the shunt is one problem which
needs to be addressed as well. The self-heating depends on fol-
lowing: the type of the shunt, on the current level applied and
on the measurement procedure. Therefore, when using shunts
at different current levels, either in a step-up or step-down
procedures it is of great importance to consider self-heating
effects. After the above calibration at dc current, the resist-
ance of the shunt is known, and it can be used for ac cur-
rent measurements by using the AC-QVM, with stable res-
ults up to 1 kHz. For instance, the stability of an ac current

measurement at 62.5Hz using a Fluke A40B-10 mA ac shunt
at 3.3mA can be done within the time interval of two to five
minutes with a relative uncertainty of 0.2–0.3µAA−1 (provid-
ing that the measured source is very stable and synchronized
to AC-QVM). Thus, it was demonstrated that by optimizing
ac current measurements procedures and using AC-QVM, it
is possible to obtain accurate results within short measure-
ment durations with direct traceability to quantum voltage
standards.

2.6. Sampling and data analysis software

While older analog methods were usable without any com-
puter processing, modern digital methods require vast usage
of software, automation and data processing algorithms. Sev-
eral applications have been developed by ADC chips manu-
facturers, measurement devices manufacturers, users or NMIs.
Generally these applications do not deal with uncertainties.

A common situation in the data processing of sampled sig-
nals is the estimation of multiple quantities using the same
record. The user is interested in amplitude and phase of the
main signal component, in a spectrum, and stability of these
quantities during multiple records. For the case of evaluating
the properties of a digitizer, spurious free dynamic ratio, total
harmonic distortion (THD) and effective number of bits are
important quantities. Algorithms exists for all of these quant-
ities, but it is complex task to learn how to use every single
algorithm.

Q-Wave toolbox (QWTB) [54, 55] deals with this situ-
ation. It is an open source software toolbox written in M-
code and is running in Matlab [56] or GNU Octave [57]. It
aims for aggregation of high-quality algorithms required for
data processing of sampled measurements. QWTB consist of
data processing algorithms from different sources, unifying
application interface and graphical user interface. The tool-
box provides the possibility to use different data processing
algorithms with one set of data and removes the need to
reformat data for every particular algorithm. The Toolbox is
also extensible.

The QWTB was designed to help with using general
quantity estimating algorithms. However it was tailored only
for simple data processing and not for actual metrolo-
gical measurements with multiple hardware components and
many sources of errors. Therefore, the TracePQM Wattmeter
(TWM) software [58, 59] was developed. TWM is an open
source, transparent, metrology grade measurement system for
traceable measurement of the voltage, current, power and
power quality parameters. It is designed to allow recording
of the voltage and current waveforms using various digit-
izers and processing the measured waveforms using different
algorithms. TWM defined several hardware setups and names
of quantities used in QWTB. These quantities describe errors
of transducers, connecting cables and digitizers. The core of
TWM relies on the QWTB capabilities. An image of the user
interface of the software is shown in figure 4.

The estimation of algorithm errors was not fully covered in
QWTB nor in the TWM extension. Therefore a QWTB vari-
atorQWTBvarwas developed as extension of QWTB [54]. It is

6
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Figure 4. Example screenshot of the sampling software TWM with spectrum calculated by a QWTB algorithm. The source signal was a
bandwidth limited square wave generated by JAWS.

a system that can easily variate input quantities or their uncer-
tainties, calculate errors of output quantities to the nominal
values, plot dependence of output quantities on the variated
input quantities or their uncertainties, create a lookup table of
uncertainties of output quantities and interpolate the lookup
table for a quick estimation of uncertainties.

3. Results

Various parts of the proposed system for digital traceability
were characterized and a selection of the results are presen-
ted below. In these measurements, Josephson voltage systems
were used to provide precisely known stable inputs in order to
characterize performance. To investigate the suitability of vari-
ous digitizers for use as transfer standards, measurements were
made of both the static (section 3.1) and dynamic (section 3.2)
gain stability as a function of time. The target is to achieve
better than 1 µVV−1 stability in gain over the time between
the calibration of the digitizer against a quantum standard and
its use as a transfer standard. The effect of the temperature
of the digitizers on its static gain stability was also measured
(section 3.1.2) to investigate the performance under different
operating conditions. The combination of digitizers with cur-
rent shunts to provide traceability for current measurements
was investigated in section 3.3. A comparison of the proposed
method against the existing thermal method was performed.

Finally, a novel method using a multi-tone waveform of com-
bined sine waves for a faster calibration method was investig-
ated (section 3.3.2).

3.1. Characterisation of static performance of digitizers

3.1.1. Static gain stability of digitizer. The static gain stabil-
ity of two types of integrating digitizer was measured. Firstly,
the static gain stability of the 1V range of a 28 bit integrating
digitizer (Keysight 3458A) was investigated using a 1V PJVS
system described in [21, 22]. The static gain was measured a
few times per day for several days during each operation of
the system. This observation was repeated at different times
over more than two years. Custom developed software eval-
uates the quantum state (if the PJVS is within its operating
margins) of the measurements as described in [21, 22]. Rapid
and automatic switching ability of the PJVS between quantum
voltages helps the gain measurements to be free from thermal
noise and offset errors as proved in [22]. This also helps obtain
sufficient measurements in a short time to observe statistics
on the gain and non-linearity as shown in the data presented
in [21]. The daily and long term gain stability of the digit-
izer was investigated for metrological purposes as shown in
figure 5. The y axis of figure 5 represents the difference of
static gain of the digitizer which is depicted by m400 ms (the
static gain when the aperture time is equal to 400 ms) from
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Figure 5. Static gain stability of an integrating digitizer as a
function of time.

the ideal gain 1V V−1. Daily drift of the gain of this digitizer
is much less than 0.5 µVV−1 and the drift during an hour is
less than 0.05 µVV−1. The Integral Non-Linearity (INL) was
also measured as described in [21, 22]. The INL was meas-
ured to be less than 0.12µVV−1 even for the 1V range of the
digitizer.

Further measurements of the static gain of the Keysight
3458A were also performed with a different PJVS [9]. This
PJVS system uses custom built electronics that are designed to
operate at 100 kHz. The digitizer was investigated at the sig-
nificantly higher sampling rates to better understand the effect
on its performance. At 100 kHz (the maximum sampling rate
of the DCVmode), the maximum aperture time allowed by the
instrument is 1.4µs. To trigger the digitizer at the maximum
sampling rate, the EXT Trig IN socket must be used. The bias
source provides a trigger signal for each generated point which
was initially used to trigger the digitizer but this did not allow
the aperture to be positioned in time with respect to the start
of each quantized voltage step. Instead, a function generator
was locked to the system master clock (provided by a 10MHz
Rubidium oscillator) and used to mimic the bias source trig-
ger signal with a variable delay. This allowed the aperture to
be aligned with the quantized voltage step. The timing of the
delayed pulse can be verified using Ext Out socket from the
digitizer. The delayed pulse was positioned just before the end
of each 10µs wide step and the timing was visually verified by
examining the Ext Out signal on an oscilloscope. The sampling
frequency of the Ext Out signal from was also verified using a
counter. In conclusion, using the method described above, the
quantized voltages from the PJVS were synchronized to the
Keysight 3458A for sampling at the maximum sample rate of
100 kHz.

In order to measure the static gain, a triangular wave-
form with a frequency of 12.5Hz at 100 kHz sampling rate,
peak amplitude of 1 V and 8000 unique voltage values was
used. The Keysight 3458A data was obtained using the TWM
software [58] with an aperture of 1.4µs. Two parameters
(array bias trim current and trigger delay) were varied between
measurements to assess their effect on the results. The array
bias trim current uniformly adjusts the current driving all seg-
ments of the array and is therefore a measure of array quant-
ization. The trigger delay shifts the position of the aperture
on the step by up to 8µs. The sampled data was analysed by

subtracting themeasured voltages from the calculated voltages
for each point in the waveform, generating the voltage differ-
ence curve. In addition, the static gain of the instrument was
extracted from the data using a linear fit. The voltage differ-
ence results are shown in figure 6 with this gain correction
applied. In figure 6(a) the five measurements show very sim-
ilar results with a noise of ≈200 µVV−1 for all curves. This
is not unexpected with an aperture of 1.4 µs since at a sample
rate of 100 kHz the resolution of the digitizer is significantly
reduced to 16 bits and only 4.5 digits. Both trigger delay and
bias trim do not effect the voltage difference curves, show-
ing that quantized voltages were sampled. These measure-
ment parameters were used to demonstrate the most extreme
high frequency sampling scenario for the DCV function. Addi-
tionally, the error in the static gain (G− 1) had a value of
240 µVV−1 ± 2 µVV−1 for all five curves, which is con-
sistent with the fixed aperture time used for all measurements.

Measurements of static gain were also performed at a
sampling frequency of 50 kHz in order to investigate the effect
of the aperture time on the voltage difference curves. The same
waveform was used but the timing between each generated
point was doubled hence the waveform frequency reduced by
half. The voltage difference curves are shown in figure 6(b).
The voltage difference curves have a similar shape but the
noise was reduced by half or more in comparison to the
100 kHz results shown in figure 6(a). The noise reduced as the
aperture time increased. The digitizer reports the same numer-
ical resolution at both 50 kHz and 100 kHz sample rates but
the lower sample rate allows longer aperture times to be selec-
ted, leading to an improvement in the observed linearity and
noise. The error in the static gain varies between the three
measurements with values of 90.0µVV−1 ± 0.8 µVV−1,
60.0 µVV−1 ± 0.6 µVV−1 and 50.0 µVV−1 ± 0.5 µVV−1

for 3 µs, 4.5 µs and 5.5 µs aperture times respectively. These
results show that the Keysight 3458A can be operated at high
sampling rates but it is important to understand how the meas-
urements will be affected.

Secondly the temporal stability of the static gain of a dif-
ferent integrating digitizer (Fluke 8588A) was investigated.
To estimate gain stability over time, the Allan deviation is a
good measurement method [60]. The digitizer is set to sample
a large amount of data and the Allan deviation is calculated
for different observation periods. The results show the typical
deviation of the gain after a selected time. This is especially
important for measurement setups where digitizer gain is cal-
ibrated and the same digitizer is used to calibrate DUT at some
later time. Allan deviation provides information on how much
the gain can deviate in the time between the gain calibration
and the DUT calibration. This value should be included in the
uncertainty budget of the measurement.

An example of a gain stability estimation is shown in [61].
The digitizer was connected to a stable signal of approxim-
ately 10V generated by PJVS and set to a range of 10V. A
record of 107 samples was obtained and analysed by the over-
lapped Allan deviation (OADEV) function [62]. Such a meas-
urement can be done not only for the gain, but also for the
case of shorted inputs to identify internal noise properties. An
example of such a measurement is shown in figure 7 for the
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Figure 6. The voltage difference curves for a Keysight 3458A at
sampling rates of (a) 100 kHz and (b) 50 kHz, measuring a
triangular waveform of frequency (a) 12.5Hz and (b) 6.25Hz with a
peak amplitude of 1V. Both the bias trim current and trigger delay
were varied. This figure is but B/W in print. Note that the legend
order denotes the position the curves in the two graphs and the
curves are offset for clarity.

range of the device set to 0.1V and for various apertures and
sampling periods. According to the specifications the minimal
value of aperture setting is 0 ns, which means the analog value
is held at 0 ns, the time the trigger occurs. Aperture settings
other than 0 ns use an averaging algorithm (see [63], page 40).
The figure reveals that averaging up to 0.03 s helps to decrease
type A uncertainty. However for apertures 0.2 µs and longer
the drift of the offset starts to be important.

3.1.2. Static gain thermal drift. The temperature influence
on the frequency response of Keysight 3458A digitizers in
DCV sampling mode has been studied in [64] for dc voltage
references and in [65] for ac input signals up to 1 kHz.

Results show a similar behaviour for both dc and ac signals,
with two very well differentiated behaviours of the tem-
perature coefficient when aperture time is higher and lower
than 100µs. This behaviour is a consequence of the ADC
switching between 10 kΩ and 50 kΩ inputs at 100µs. For
high integration times (Ta > 100 µs) the temperature influence
is negligible (0.5 µVV−1 ◦C−1) whereas at low integration
times (Ta < 100 µs) the temperature influence is important
(3 µVV−1 ◦C−1 to 7 µVV−1 ◦C−1), depending on digitizer
and aperture time), and it should be characterized for each
digitizer when the measurement temperature is different from
the digitizer calibration temperature.

3.2. Characterisation of dynamic performance of digitizers

3.2.1. Dynamic gain stability and linearity. The NI5922
digitizer was characterized using a JAWS for both short and
long term dynamic gain stability as well as the linearity of
the response to the input ac waveform. Firstly, a set of JAWS
waveforms with 80mV amplitude (7500 Josephson junctions
operated at 14.1GHz) as described in section 2.1.2 were
applied.Well-quantized sine waves within the frequency range
from 1 kHz to 100 kHz were directly applied to the digitizer.
The digitizer was synchronized and triggered by the JAWS,
and set to the 2V range, 1MΩ input impedance, standard 48-
tap FIR filter. 40 000 sine wave periods were measured using
a sampling rate of 4MSa s−1.

All data were averaged to one period as shown in figure 8.
The measured deviation from the JAWS input sine (red curve
in figure 8) shows a specific ‘pattern’ which remains independ-
ent of frequency and deviations from the nominal value vary
within±7 µVV−1, but can be as large as 13 µVV−1. We note
that the spikes around maximum amplitudes are present after
averaging 40 000 periods i.e. they are not caused by spurious
jumps but are in fact a non-linearity existing in the sampler.We
also investigated the long term gain stability of the digitizer by
running an overnight measurement. The setting of the sampler
was the same as for the previous experiment. The JAWS sine
wave frequency was set to 100 kHz and measured with the
sampler for 15 h. It is expected that the JAWS output does not
change with time [50]. Figure 9 shows the result for such a
measurement. The gain variation with just five seconds integ-
ration time varies within ±15 µVV−1 over the time of the
exercise. A linear gain drift of −0.53 µVV−1 per h is visible.
For a 1 h integration time (blue line in figure 9) deviations
to the linear drift line are typically within 2 µVV−1. This is
consistent with an Allan deviation analysis similar to the one
shown in figure 10. All deviations are substantially within the
specifications of the instrument [66]. Furthermore, the digit-
izer is very well suited for differential measurements in an AC
quantum voltmeter [67]. However, both investigations show
that sampler has a limited linearity and stability. A careful
linearity correction and hourly Josephson-based re-calibration
are required for scaling applications aiming at the µVV−1

level.
The dynamic gain stability can also be estimated using

the Allan Deviation. Such a method was shown in [28]. An
ac signal was generated by JAWS and applied to a National
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Figure 7. Dependence of overlapped Allan deviation on observation time τ for digitizer Fluke 8588A set to range 0.1V with shorted input.
Results for four settings of the multimeter aperture and sampling periods are shown. An aperture time of 0 µs refers to the instrument
minimum aperture setting where the value is held at the time the trigger occurs.

Figure 8. Linearity measurement of an 80 mV sine wave at 1 kHz
(black line, left axis). The red curve shows deviations from this sine
wave, right axis.

Instruments 5922 digitizer. The signal was divided into a
number of sections and processed by amplitude estimating
algorithms. The calculated amplitude was further process by
the OADEV algorithm. Due to highly stable properties of
JAWS, all measured stability can be accredited to the digit-
izer and the amplitude estimating algorithm. Multiple of these
algorithms have been used to demonstrate that the measured
stability was inherent to the digitizer. The results show the sta-
bility of the digitizer for various time periods, this time for an
ac signal of selected frequency or amplitude. Figure 10 shows
such a measurement for signals of frequency 150Hz and amp-
litudes from ≈0.092 V to ≈0.646 V. One can see that for time

Figure 9. Long-term gain stability measurement of the NI5922 for
an 80mV JAWS sine wave at 100 kHz. The red and blue lines
correspond to a 5 s and a 1 h integration time, respectively. The
dashed black line indicates a long-term linear drift of about
−0.53 µVV−1 per hour.

periods longer than ≈10 s the drift is dominant over the ran-
dom noise of the digitizer gain.

3.3. Characterisation of complete system

3.3.1. Characterization of digitizer with current shunt. In the
new digital method for current and voltage traceability (as
shown in figure 1(b)), TVCs are replaced by digitizers. In this
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Figure 10. Dependence of Overlapped Allan deviation on observation time τ for digitizer National Instruments 5922 set to 1V range.
Results for four signals of amplitudes: ≈0.092 V (AF = 0.1), ≈0.277 V (AF = 0.3), ≈0.461 V (AF = 0.5), and ≈0.646 V (AF = 0.7).

Figure 11. Setup of the new digital current step-up. The standard
shunt-digitizer is calibrated against Josephson voltage standard.
Then the digitizers output is compared and the correction required
for the shunt-digitizer under test is calculated. The complete digital
traceability chain is established by repeating the process for higher
currents.

way, a current source provides the same current to two com-
binations of shunt-digitizer; the shunt-digitizer under test and
the standard shunt-digitizer, as shown in figure 11. By com-
parison of the digitizers output and knowing the correction of
the combination standard shunt-digitizer (by characterization
against a JVS), the correction of the shunt-digitizer under test
can be calculated. By repeating this process for higher cur-
rents, a complete digital traceability chain can be established.

This new method and an initial validation is described
in [68]. Two digitizers (both Keysight 3458A) were used to
step-up from 20mA to 1A in five steps. Nine frequencies,
from 10Hz to 10 kHz and dc were considered. The validation

consisted of the comparison of the shunt ac–dc difference
obtained by thermal and digital methods. In this compar-
ison dc measurements were performed because the traditional
TVC approach provides just the ac–dc difference. Neverthe-
less, in a digital-based current step-up, dc measurements are
not necessary. The comparison of both methods can only be
based on the ac–dc difference of the shunts alone. Therefore
the influence of the TVC and digitizers had to be eliminated
from the measurements. In the thermal converter method it is
assumed that the ac–dc difference of the shunt and TVC com-
bination adds arithmetically. The ac–dc difference of the TVC
is known. To eliminate the digitizer influence in the digital
method, two sets of measurement were performed, one with
the setup shown in figure 11 and another swapping digitizers.
The combination of these twomeasurements allowed the elim-
ination of the digitizers influence and the comparison of the
two methods. Results in [68] show that up to 1 kHz the dif-
ference between both techniques is very small (<2 µAA−1 at
1 kHz).

3.3.2. Multi-tone calibration waveforms. A quantum valida-
tion of the digital step-up technique described in section 3.3.1
was performed. Two digitizers (Keysight 3458A) were used
together with two shunts of 20mA and 50mA. Three sig-
nals with three different frequencies (100Hz, 400Hz and
1 kHz) were input and combined allowing the analysis of
dynamic signals. The combinations included the same amp-
litude/same phase, different amplitude/same phase, and same
amplitude/different phase. An example is shown in figure 12,
where three waveforms with the same amplitude and phase are
combined to generate a multi-tone input. The quantum valida-
tion was divided into three phases as indicated in figure 13. In
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Figure 12. Combination of three simple waveforms with different frequencies (100Hz, 400Hz and 1 kHz), of the same amplitude and same
phase. The resulting multi-tone signal is used to validate the digital step-up technique against dynamic signals.

Figure 13. Quantum validation of digital current step-up. In phase A the quantum calibration of shunts is performed. In phase B digitizers
are calibrated against JAWS. In phase C the corrected shunts ratio is compared to shunts ratio from quantum calibration.

phase A, the quantum calibration of the shunts was performed
as explained in section 2.5, resulting in the determination of
shunts resistance with an uncertainty in the sub µVV−1 range.
In phase B, digitizers were characterized against JAWS, calcu-
lating the correction necessary for each singled or combined
signal, frequency and digitizer. Finally, in phase C, the valida-
tion is performed by comparing the shunts ratio after digitizer
output correction using the setup shown in figure 11 and the
ratio from quantum calibration.

Results showed that the ratio difference obtained by
quantum calibration and the step-up method after digitizer
correction is in the order of few µVV−1, validating the new
digital method for traceability of current. This allows high
accuracy dissemination for complex waveforms that vary with
time or have a significant amount of harmonic content and at
the same time provides calibration procedures that are simpler
and shorter. Further details and results will be included in an
article in preparation [69].

4. Uncertainties

Uncertainties of quantities estimated from sampled data are
based on the following uncertainties of input quantities:

(a) type A uncertainty,
(b) type B uncertainties estimated from hardware,
(c) type B uncertainties caused by a data processing.

The first type of uncertainty, type A, is caused by external
or internal sources that cannot be repeated and quantified in
other ways than by statistical means. Type A uncertainty is
estimated by repeating the measurements which can usually
be performed by any available sampling software. The second
and third type of uncertainty, type B, is the prior knowledge.
Any hardware used in the measurement setup increases the
uncertainty of measurement, such as transducers, transmission

12



Meas. Sci. Technol. 34 (2023) 015003 J Ireland et al

Figure 14. TWM correction design for single ended direct connection measurement. Impedance values (Z, Y) and their uncertainties for
transducer, cable and digitizer can be used to calculate correct value and uncertainty of estimated quantities. More complex designs are
available.

cables, digitizers, and signal sources. Calibration data, correc-
tion coefficients and the related uncertainties of measurement
elements have to be known to successfully estimate output
quantities and their uncertainties. Both types of uncertainties
are extensively described in the existing literature [70–72].

The third type of uncertainty, caused by imperfections of
quantity estimating algorithms, are very hard to estimate and
not yet sufficiently described in the literature. A basic descrip-
tion can be found in [73]. Example of algorithms errors can
be found in [74]. Various algorithms return different results
for the same input data due to different underlying calcula-
tion methods. It is very hard to discover the errors of the
algorithm for the actual measurement. One has to know all
errors and sources of uncertainties to obtain the value of
the algorithm error. However there are at least two unknown
source of errors during a calibration of a DUT: the DUT itself
and the algorithm. Therefore simulations are used to estimate
algorithm errors, e.g. [75]. Simulation provides the possibility
to control errors and input uncertainties to find out the error of
the algorithm. Based on the simulation, an uncertainty can be
assigned to the algorithm and used in the real measurements.
Unfortunately, simulation cannot cover all the details of a real
measurement.

The propagation of type B uncertainties is carried out using
using GUM Uncertainty Framework (GUF) [70] or Monte
Carlo Method (MCM) [71, 72]. Yet using both methods is
very complex as the sampling measurement methods use a
large amount of data and implements numerous sources of
uncertainties.

QWTB was developed with the aim of easy uncertainty
propagation, and TWM was developed to use these qualit-
ies for actual sampling measurements. Calibration data of the
measurement setup can be loaded into the TWM system and
the algorithm can use it for evaluation of the output uncer-
tainty. TWM can cover many corrections and uncertainties
for the whole measurement chain from transducer, connecting
cable to digitizer. Figure 14 shows the basic correction design
for a single ended direct connection measurement. Quantit-
ies Zhi and Zlo describe high and low impedance of a resistive
voltage divider or impedance of a shunt. Quantities Zca and

Yca describe impedance and admittance of the transducer out-
put terminals. Quantities Zcb and Ycb describe impedance and
admittance of the cable connecting the transducer to the digit-
izer. M is mutual inductance in the system. Y in is an input
admittance of the digitizer. By assigning the values and their
uncertainties, the values calculated by QWTB algorithms are
corrected for the transducer scaling and transducer loading
effects. Other correction configurations including buffer, dif-
ferential connection or combinations are available, as detailed
comprehensively in [76]. Several algorithms have been exten-
ded to utilize the corrections and uncertainties.

4.1. Example of algorithm validation

Quantum systems are suitable for finding algorithm errors due
to the ability to generate signals with known values. Yet the
DUT can still cause unknown errors and it is difficult to estab-
lish if the source of the error is part of the DUT or the data
estimation algorithm. The following method can be used to
characterize the performance of the algorithm. One can artifi-
cially limit the measured data and examine the performance of
the algorithm. An example of this method is shown in the fol-
lowing example testing the validity of uncertainties estimated
by the algorithm calculating THD.

Algorithm TWM-THD with uncertainty estimation was
validated in [77]. The algorithm is capable of estimating the
uncertainty and using multiple records to estimate the influ-
ence of the noise. Multiple records are used to perform aver-
aging of complex values of DFT (discrete Fourier transform)
outputs, and the averaged spectra are used to estimate noise
level and value of THD. Thus it is not a simple average of THD
values, but an averaging of noise in the complex plane of the
Fourier transformation. The algorithm partly useMCM, there-
fore it is not possible to build an uncertainty budget. Based on
simulations, the performance of the algorithm increases with
increasing averaging and length of the records.

To test validity of the uncertainty estimation, a sine
wave signal of frequency 4.8 kHz and amplitude 25mV has
been generated by the JAWS system. The digitizer sampling
frequency was set to 480 kHz. The digitizer sampling was
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Figure 15. THD value (left) and uncertainty (right) as calculated from record of various lengths and number of averaging. The record
length is expressed as multiple of 40 signal periods. Values of THD and uncertainty are multiplied by 1× 106.

Figure 16. THD value and its uncertainty for increasing record
length and number of averaging. Line graph represents diagonal
cross-section of graphs shown in figure 15.

coherent to the signal source. A waveform of 106 samples
has been recorded. The records have been split into multiple
sections of the same length. The THD was calculated for vari-
ous number of sections (increased complex averaging) and
various number of samples in the sections. Based on the simu-
lation, the value calculated from the highest number of longest
sections is the most probable value. However even for smal-
ler number of sections of shorter length the THD uncertainty
should be correctly estimated by the algorithm.

The resulting THD and its uncertainty is shown in figure 15.
The plots cover the span of averaging from 1 (no averaging)
to average from 40 records, and the record length span is from
Section of 40 signal periods (4000 samples) to section of 1600
signal periods (160 × 103 samples).

The record length is expressed as multiples of 40 signal
periods. The THD value tends towards a value of 4.6 × 10−6

with increasing number of averaging and increasing length of
record. The uncertainty behaves similarly and tends towards
to a value of 0.61× 10−6. For clarity, figure 16 shows only
the value from the diagonal of the previous figure. One can
see all but first two values of calculated THD uncertain-
ties encompass the most probable value for highest number
of sections and longest records showing that the uncertainty

estimation of the algorithm was correct for the majority of the
results.

5. Conclusion

We propose a new method for providing traceability to the
SI for ac voltage and current. This method is based on the
utilization of Josephson voltage systems, both PJVS and
JAWS to characterize high performance digitizers. When used
with voltage dividers and current shunts, these digitizers can
provide a more direct traceability chain having the advantages
of reduced measurement time as well as reduced hardware
requirements. Increased data processing capability is required,
however this can be automated. The use of sampling allows the
spectral content of the waveforms under test to be evaluated
which is not possible in thermal-based methods. The hardware
components required for this proposed new method should be
selected on an individual basis depending on the application
as well as the available facilities and the availability of indi-
vidual components. We described some commonly available
systems and instruments typically found at NMIs and presen-
ted various results of the characterization of these components
(figure 17).

An approach combining traditional scaling methods with
the use of a digitizer operating within its optimum operat-
ing range was adopted to extend the traceability range. In
this way the digitizer, fully characterized against a Josephson
standard, operates in the quantum calibrated range and the
divider section extends the scale of values directly traceable to
the standard. The use of resistive and IVDs for voltage scaling
were investigated as well as the use of current shunts. Resistive
dividers are particularly interesting, owing to their wide band-
width and ease of integrationwith digital instrumentation; they
allow scaling of voltages down to 10mV and up to 220V for
signals with maximum frequency of 5 kHz. The current shunts
allow scaling of currents from 1mA up to 100A, for the fre-
quencies of interest up to 1 kHz (but also well above, up to
100 kHz). It was shown that their dc resistance can be determ-
ined using AC-QVMwith an uncertainty of 0.1µΩΩ−1, while
using the same system at ac enables current measurements
with an uncertainty of 0.3 µAA−1, with the optimised meas-
urement set-up and procedures. Both enables direct traceabil-
ity route to the quantum standards.
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Figure 17. Summary of characterization of components of the proposed traceability chain. The results shown indicate performance under
certain selected operating regimes and represent best achievable performance.

Measurements of the static gain stability of the Keysight
3458A have shown long term stability suitable for use as a
transfer standard. Use of this digitizer to sample at PJVSwave-
form at the maximum sample frequency of 100 kHz has been
demonstrated. The effect of temperature on this instrument has
been found to be significant only below 100 µs aperture time
where correction must be made if using the instrument at a
different temperature. The Fluke 8588A has shown gain sta-
bility that reaches an optimum at around 0.03 s sample time.
The dynamic performance of the NI5922 has revealed a larger
variation in gain, up to 25 µVV−1 for a few minutes integ-
ration time. To make it suitable for use as a transfer standard
two parameter must be mastered. Firstly, the integration time
needs to be increased e.g. to one hour and the gain drift needs
to be compensated by regular Josephson-based calibrations.
Secondly, the non-linearity of the device needs to be measured
and compensated which is challenging but possible.

Traceability for current measurements using a digitizer and
current shunt characterized as a single unit has shown good
agreement with thermal methods. This shows sufficient per-
formance for use in addition to thermal methods at frequencies
up to 1 kHz. Initial study of the use of multi-tone waveforms
shows promising potential for further reducing measurement
time via the application of several frequencies at once with no
loss of accuracy. The use of complex waveforms is very useful
for analysis of dynamic measurements.

Uncertainty analysis methods have been developed to
accommodate the non-ideal performance of system compon-
ents. An example of the use of this method to measure THD
has shown that this analysis method is a valid and useful tool
for determining the measurement time required to achieve
lowest uncertainty, reducing the use of unnecessarily long
measurements which do not reduce the uncertainty past the
limiting value.

In summary, the initial characterization measurements and
investigation of a new digital traceability chain for ac voltage

and current have shown promising results and it is expected
that future work will involve the integration of these digital
methods into NMI traceability chains and will, in the longer
term, replace thermal-based methods.
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Characterization of a precision modular sinewave generator
Meas. Sci. Technol. 31 064002

[40] Nissila J, Šíra M, Lee J, Öztürk T, Arifovic M, de Aguilar J D,
Lapuh R and Behr R 2016 Stable arbitrary waveform
generator as a transfer standard for ADC calibration 2016

16

https://doi.org/10.6028/jres.075C.015
https://doi.org/10.6028/jres.075C.015
https://doi.org/10.1088/0026-1394/29/2/007
https://doi.org/10.1088/0026-1394/29/2/007
https://doi.org/10.1109/TIM.2011.2108554
https://doi.org/10.1109/TIM.2011.2108554
https://doi.org/10.1088/1681-7575/aad41a
https://doi.org/10.1088/1681-7575/aad41a
https://doi.org/10.1088/0957-0233/14/8/305
https://doi.org/10.1088/0957-0233/14/8/305
https://doi.org/10.1049/iet-smt.2010.0168
https://doi.org/10.1049/iet-smt.2010.0168
https://doi.org/10.1063/1.115814
https://doi.org/10.1063/1.115814
https://doi.org/10.1109/I2MTC50364.2021.9459912
https://doi.org/10.1109/TIM.2019.2941260
https://doi.org/10.1109/TIM.2019.2941260
https://doi.org/10.1109/CPEM.2018.8501028
https://doi.org/10.1109/TIM.2013.2245182
https://doi.org/10.1109/TIM.2013.2245182
https://doi.org/10.1109/TIM.2017.2662381
https://doi.org/10.1109/TIM.2017.2662381
https://doi.org/10.1109/TIM.2011.2113950
https://doi.org/10.1109/TIM.2011.2113950
https://doi.org/10.1088/1681-7575/aba040
https://doi.org/10.1088/1681-7575/aba040
https://doi.org/10.1109/TIM.2004.843064
https://doi.org/10.1109/TIM.2004.843064
https://doi.org/10.1088/0957-0233/23/12/124006
https://doi.org/10.1088/0957-0233/23/12/124006
https://doi.org/10.1109/TIM.2019.2941360
https://doi.org/10.1109/TIM.2019.2941360
https://doi.org/10.1088/1681-7575/ac438f
https://doi.org/10.1088/1681-7575/ac438f
https://doi.org/10.1109/TIM.2007.891092
https://doi.org/10.1109/TIM.2007.891092
https://doi.org/10.1109/TIM.2020.3039647
https://doi.org/10.1109/TIM.2020.3039647
https://quantumpower.cmi.cz
https://doi.org/10.1109/TIM.2011.2117330
https://doi.org/10.1109/TIM.2011.2117330
https://doi.org/10.1109/TIM.2018.2888918
https://doi.org/10.1109/TIM.2018.2888918
https://doi.org/10.1109/TIM.2017.2681238
https://doi.org/10.1109/TIM.2017.2681238
https://doi.org/10.1088/1361-6501/aafb27
https://doi.org/10.1088/1361-6501/aafb27
https://digac.gum.gov.pl/
https://doi.org/10.1109/TIM.2019.2941360
https://doi.org/10.1109/TIM.2019.2941360
https://doi.org/10.1088/0026-1394/50/6/612
https://doi.org/10.1088/0026-1394/50/6/612
https://doi.org/10.1109/TASC.2005.863533
https://doi.org/10.1109/TASC.2005.863533
https://doi.org/10.1109/TASC.2009.2019283
https://doi.org/10.1109/TASC.2009.2019283
https://doi.org/10.1109/CPEM49742.2020.9191787
https://doi.org/10.1109/TASC.2014.2366916
https://doi.org/10.1109/TASC.2014.2366916
https://doi.org/10.1109/77.919419
https://doi.org/10.1109/77.919419
https://doi.org/10.1088/1361-6501/ab6f2e
https://doi.org/10.1088/1361-6501/ab6f2e


Meas. Sci. Technol. 34 (2023) 015003 J Ireland et al

Conf. on Precision Electromagnetic Measurements (CPEM
2016) pp 1–2

[41] Sosso A and Roberto C 2000 Calibration of multimeters as
voltage ratio standards 2000 Conf. on Precision
Electromagnetic Measurements (CPEM 2000)
pp 375–6

[42] Swerlein R L 1991 A 10 ppm accurate digital ac measurement
algorithm Proc. NCSL pp 17–36

[43] Hill J and Deacon T 1968 Theory design and measurement of
inductive voltage dividers Proc. Inst. Electr. Eng.
115 727–35

[44] Hsu J C, Chen S F, Kuo C J and Hsiao M 2016 Calibration of
inductive voltage dividers at power frequencies using an
AC-PJVS 2016 Conf. on Precision Electromagnetic
Measurements (CPEM 2016) pp 1–2

[45] Ramm G, Moser H and Braun A 1999 A new scheme for
generating and measuring active, reactive and apparent
power at power frequencies with uncertainties of
2.5× 10−6 IEEE Trans. Instrum. Meas. 48 422–6

[46] Cassiago C, Cerri R, Paglia G L and Sosso A 2004 Application
of DMM linearity to DC volt traceability 2004 Conf. on
Precision Electromagnetic Measurements pp 176–7
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