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 1. Introduction
The aim of this work is to provide a practical guideline for implementing measurement systems
employing digital techniques in step-up and step-down procedures involving electrical current and
voltage and starting with a Josephson standard as the fundamental reference. The main target
addressed by this guide is clearly represented by researchers technicians working in National
Metrological Institutes (NMIs), considering in particular the needs for steering toward digital techniques
in European NMIs.

The discussion starts with an overview of the state-of-the-art of scaling techniques, analysed as a
common starting point for building a new quantum traceable and digital-ready European traceability
chain. How to move from a measurement system based on traditional scaling methodologies toward
digital-based solutions is the topic of the second section, where a main part is devoted to issues
related to the digitizer selection. The field of digital scaling is still open and various solutions have
been proposed in the literature; a discussion on the various possibilities for implementing a practical
solution considering these proposals is presented in the subsequent section, then a solution based on
integration of analog scaling techniques with digitizers is suggested as the most viable option. In the
last section, some specific uncertainty contributions that arise from switching to digital are presented
and analysed in detail in relation with the analog to digital conversion architectures.

Brand and model names may be used in the following for identification purposes. Such use is intended
to represent a generic class of instruments, and implies neither endorsement by the authors nor
assurance that the equipment is the best available.

 2. Scaling techniques currently in use
Scaling methods are widely used in NMIs to cover the wide ranges of calibration services offered.
Implementing a new digital based scaling method starting from already used techniques has several
advantages, like: better integration of previous know-how; smoother process; reuse of instrumentation;
cost savings.

An overview of the scaling techniques, both upward and downward, currently used by the DIG-AC
project participating institutes was presented in [1] and provides information to completely describe the
state of art in Europe. Overall, nine NMI&DIs, including the main institutes in Europe, contributed to
this analysis that presents a synthetic overview of the techniques adopted in the laboratories of: FER,
INRIM, CEM, Metrosert, PTB Tubitak, IPQ, NPL. The methods used in these NMI&DIs to scale ac
voltage and currents over the whole range of calibration values were summarized in this report.

To summarize the outcome, noticeably, with just a few laboratories starting research on digitally-based
methods, in all institutes involved only techniques based on classical thermal standards are used on a
regular basis for ac measurements of voltage and currents and over all ranges. Exceptions exist when
lower accuracy calibrations are considered. The methods developed for scaling are then always built
around the thermal converter, to extend its operating range. To that aim, solutions used by different
institutes may vary.

Exploiting the capability of a commercial multi-range commercial semiconductor thermal converter
(Fluke 792A) is a viable option, provided a suitable calibration service is available, as does GUM with
PTB. Otherwise, the exploitation of converters with increasing but partly overlapping ranges, makes it
possible to implement a voltage step-up procedure, as done for instance by PTB, CEM, IPQ, NPL and
INRIM. However, resistive techniques are the most widely used for voltage scaling: with resistive
dividers in step-down setups as performed, e.g. by FER, Metrosert, CEM and NPL; with range
extenders in step-up procedures, as in the case of: PTB, Tubitak, GUM, IPQ, INRIM. Solutions based
on active circuits and dedicated amplifiers are adopted in a few cases. With regard to ranges, the
lowest value is typically down to a millivolt, but it can be as high as hundreds of millivolt for some
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institutes. Greater uniformity is observed in high values, always upper bounded to one kilovolt.
Uncertainties vary significantly with value and signal frequency: best results reported, close to 1 kHz
and 1 V, are some µV/V (CEM,NPL) and below 1 µV/V (INRIM); at the lower and upper boundaries
and frequencies above 100 kHz, figures in excess of 100 µV/V are typical (Tubitak, PTB).

For current scaling, thermal converters are generally used in voltage mode, with two possibilities to
implement current-voltage conversion: shunts used, for instance, by FER, PTB, Metrosert; or
transconductance amplifiers, adopted, e.g., by NRIM and CEM. In current calibrations the lowest
frequency value of 10 Hz is the same in all laboratories whereas the highest frequency is generally 10
kHz (FER, GUM, Metrosert), but can be as high as 100 kHz in some cases (NPL, IPQ). Measurement
range extends from about 10 µA up to 20 A typically, with the exception of CEM that reports 100 A and
PTB that goes up to 160 A. Uncertainties vary from about 20 µA/A, close to 10 mA and with
frequencies around 1 kHz, up to several hundred µA/A at the upper range values.

 3. Moving toward digital based scaling methods
The very successful results of the application of a purely digital solution, namely the extremely high
intrinsic linearity of AD converters, to scaling dc quantities suggest, quite naturally, the possibility of its
extension to the ac regime. But technical limitations change the landscape in ac, where the
performances of ADCs degrade as frequency increases, according to the law: “more speed means
less resolution” [2]. This general rule holds true for all conversion technologies and in particular for the
two most widely used in metrological labs: integrating and sigma-delta. Besides these main classes,
one has to choose among the several options for the core element of the system: the digitizer.

Selecting digital scaling range

A fundamental issue in programming digital based scaling setups is the definition of the proper range
of values over which scaling is required or useful or advisable, based on customers’ needs,
economical and technical issues. In that regard, it is preferable to subdivide voltage and current,
since they necessarily involve different measurement methods, then consider for both upscaling and
downscaling methods, to highlight specific issues with measurements at small and high values of the
range. Balancing all terms, like technical complexities and values typically required for calibrations, it
seems advisable to consider the range form 10 mV to 100 V as the best compromise for a digital
scaling in voltage calibrations. This subdivision is somewhat less defined with currents, due to the
“shift” of the typical reference point down to a very low value within the range, leaving little room for the
downscaling interval. However, an analysis to evaluate the relevant parameters as done for voltage
gives for current the 10 mA to 1 A range as the preferred solution, in implementing digital based
scaling for most NMI calibration needs.

Selecting the digitizer

A detailed report is available, published as DIG-AC deliverable, to discuss how to select the digitizer
that best suits the needs of a digital traceability chain [3]. Considering the previous selection of voltage
ranges it is shown there that the operating range for such a digitizer is required to be 100 mV to
1 Vrms. With regard to frequency, taking into account that ac voltage in LF field is defined to be in the
range of 1 mV – 1000 V at a single frequency in the band of 10 Hz – 1 MHz one can derive a suitable
bandwidth of the digitizer to be from dc to 1 MHz.

Resolution, sample rate, memory size and software compatibility are design parameters that may be
used by the manufacturer to specify the product. On the other hand, input range, input impedance,
dynamic range and frequency response are critical when digitisers are used to measure ac voltage.
These specifications are expressed by various parameters which should be tested in order to
determine how digitiser is suitable for ac measurements.

Most common specifications used to define digitisers for voltage measurements are listed here:
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● Input Range/Impedance/Common Mode Rejection Ratio (CMRR)
● Dynamic Range/Resolution
● Frequency Response/Bandwidth/Sample Rate
● Accuracy/Uncertainty
● Synchronization/Trigger Capabilities
● Internal Memory Size
● Software Compatibility/Drivers

On the other hand, several tests are defined in normative documents [4],[5], that allow to characterize
all aspects of a digitizer, if required by special needs, when typical specifications are not sufficient.
Test parameters that may be relevant for the applications discussed here include:

● Static Offset
● Static Gain
● Static Gain Drift (Temperature)
● Integral non-linearity (INL)
● Differential non-linearity (DNL)
● Static Gain Stability
● Input Impedance
● Signal-to-noise ratio with distortion/ Effective number of bits SINAD/ENOB
● Total Harmonic Distortion (THD)
● Spurious Free Dynamic Range (SFDR)
● Bandwidth
● Dynamic gain, Flatness
● Dynamic gain, Level dependence
● Dynamic gain, Stability
● CMRR
● Crosstalk (for 2-ch digitisers):
● Phase (for 2-ch digitisers)

Very specific requirements are set on the digitizer by the peculiarities of signals at the output of
quantum voltage standards. Quantum voltage standards are intrinsic standards, based on the
Josephson Effect, that generate voltages linked to fundamental constants. Recent types of quantum
standards can be used for ac measurements. They are: Programmable Josephson Voltage Standard
(PJVS) and pulse driven, also known as Josephson Arbitrary Waveform Synthesizer (JAWS).

PJVS are based using binary-divided arrays of damped Josephson junctions which can produce
bias-selectable stable dc voltages, or step-wise ac waveforms. As the steps of the generated
waveform are intrinsic, quantum voltages, PJVS is an ideal digital-to-analogue converter (DAC) [6].
Accuracy of rms value and frequency range of PJVS is limited due to the transition time between
steps, as well due to the transients. Recently developed PJVSs can produce dc voltages up to 10 V
amplitude, and 7 V rms ac step-wise ac waveforms used up to several kilohertz by differential
sampling[7], and possibly up to 100 kHz by sub-sampling [8]. PJVS is very suitable for dc static tests
of the digitisers like gain, INL, DNL, and for dynamic tests using fast settling features of PJVS [9]-[12].

In JAWS, rf excitation of the array is performed by periodic streams of pulses instead of sine-waves
[13]. The time integral of each junction’s voltage pulse is quantized in units of h/2e. So, the arrays
behave as perfect pulse quantisers and can generate arbitrary voltage waveforms that are accurate
and predictable. Recently developed JAWS can produce rms voltages up to 3 V for the frequencies up
to 1 MHz. As JAWS can produce complex signals it is very suitable for dynamic tests and frequency
response of the digitisers up to 1 MHz [15]. In addition JAWS can be used for testing static parameters
of the digitisers with statistical method (histogram) [15]. Furthermore, it still can be used as dc
reference for calibration of the static parameters of the digitisers.
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Obviously, to make it worthwhile to calibrate a digitizer against a quantum standard, the converter
must be the highest quality available.

To summarize, from the previous analysis, one can derive the following selection of candidates for
analog-to-digital conversion in a digital quantum traceable ac metrological measurement system.
Based on conversion architecture, we can classify them into 3 groups:

● Best for low frequency applications - Keysigth 3458A, Keithley 7510
● Best resolution-bandwidth - National Instruments 5922, Tasler LTT24, Applicos WFD20/22,

Zurich Inst. MF-DIG
● Bandwidth/resolution tradeoff - Astronix PXIe-1803, Applicos WFD16, VXInstruments

PXDe721x, Spectrum MX.4963

 4. Configurations for digital based scaling systems
The idea of using direct digital techniques has been very successfully applied in the dc regime already
several years ago. The method is based on the possibility, shown in [16], of taking advantage of some
particular Digital Volt Meters (DVM’s) characteristics like short term stability, resolution and linearity
and use them as high accuracy standards, to replace the traditional ones like resistance bridges and
resistive dividers in many applications as dc voltage reference comparison, resistance comparison and
step-up, as well as evaluation of attenuation/amplification ratios.

A preliminary survey among DIG-AC project participants, showed that a rather small part of
calibrations are based on sampling and almost none on digital techniques for voltage/current scaling.
This is in general a quite surprising outcome, considering the central role of digital instrumentation in
measurements, yet the idea supporting DIG-AC, namely that research in electrical quantum standards
should focus on the development of digital-ready techniques is further motivated by this result.
Besides this, it is clear that integration of analog and digital techniques can be considered the best
way to cover the relevant calibration ranges. In setting up a new digital-based scaling then laboratories
still have several options to consider. We’ll describe some possibilities presented in the literature that
are suited for the purpose.

The results published by PTB researchers for scaling in power calibrations [17] are particularly
interesting since they involve the two quantities discussed here: voltage and current. In this setup,
these are both obtained from accurate DACs; for voltage, scaling is done by means of an amplifier,
whose output amplitude is traceable being measured by a DVM, followed by a high accuracy
transformer rising final amplitude to 120 V; similarly for current, conversion is made by means of a
transconductance amplifier, followed by a precision current transformer yielding 5 A at the output. The
uncertainties obtained with this system are of the order of a few parts in 10-6 for both voltage and
current.

Otherwise, a remarkably ambitious target was set for quantum-traceable voltage scaling in QuADC
project [18]. The plan was to scale quantum waveforms up to 1 kV using voltage dividers or amplifiers,
making it possible to connect the divider output directly with a Josephson based digitizing system (to
be developed as part of the project). Traceability of higher voltage waveforms the Josephson volt was
foreseen, with uncertainties ranging from 5 µV/V at 1kV (50 Hz) to 25 µV/V at 120 V (100 kHz). A new
prototype divider using the split guard technique has been constructed and a buffer amplifier was
developed at CMI to support voltage dividers operation by minimizing loading effects. The target was
not fully attained, however, also due to the complexity of the quantum part of the setup for sampling
and digitizing voltage signals using a real-time feedback loop that involves a Josephson array.

An interesting example of DVM and traditional dividers integration is provided by a method developed
at Metrosert Error: Reference source not found where the DVM and the divider are considered as a
“black box” and calibrated together, with the divider connected directly to the DVM inputs to improve
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repeatability. With this method, both step-up and step-down scaling are feasible, and ac voltage
calibrations attaining 50 ppm accuracies up to 5 kHz frequencies were demonstrated.

The approach tackled in [19] allows to calibrate currents with traceability to a quantum standard by
means of a shunt resistor, with stable results up to 1 kHz. The shunt can be taken as scaling element
here; by means of three different resistors the ranges: 20 mA, 200 mA and 2 A can be covered and the
output of commercial calibrators that generate currents up to the typical value of 2.2 A can be
calibrated.

From the previous analysis of methods available for scaling, it seems clear that the most viable and
straightforward way to implement a digital-based scaling setup for ac signals is to adopt traditional
analog, scaling techniques and integrate with digitizers operating in the highest accuracy ranges. As
reported in [1] these are primarily:  thermal-converter based and voltage-divider based.

Selection of dividers for wide-range scaling the digitizer

High quality voltage scaling devices, which are wide band, linear time invariant, insensitive to
environment conditions and have low level dependence, are necessary to scale up quantum waveform
measurement accuracy. Traceability and ratio measurement uncertainty is another issue that should
be taken into account while evaluating the dividers.

The lowest uncertainty is obtained in DC Voltage metrology where resistive voltage dividers are used
to scale up and down. Such dividers are almost insensitive to environment conditions while the divider
architecture is the main constraint for the accuracy of the ratio. Generally two terminal dividers
consisting one terminal for input and one terminal for output take traceability from another divider or
another measuring and/or sourcing standard, so such dividers cannot be a primary standard. The
exception is a divider based on Hamon] resistance which also has two terminals but is based on
adjusting the input resistors to be equal to 10 or 100 times of output resistor where just two ratios are
available.

The dividers called absolute dividers consist of equal successive resistance sections connected
serially and have corresponding terminals. Divider ratio is based on adjusting/measuring successive
resistance sections compared to output resistance. Dividers of this architecture do not take any
traceability from other device and are primary voltage scaling devices for DC voltage metrology. Their
calibration uncertainty is 0.2 µV/V range if power coefficients are omitted. Kelvin Varley type dividers
consist of cascaded absolute dividers that are originally designed for comparisons of voltage
standards. They have poor performance at high voltages as their calibration is made at low voltages
and power coefficient cannot be neglected. Primary dividers used for DC Voltage scaling have very
large output resistance, more than 10 kΩ. The AC-DC difference of the divider is measured and it is
large even at frequencies below 50 Hz more over is not flat, so these dividers are not suitable for use
in AC voltage or waveform scaling measurements.

The current AC voltage scale is based on Thermal Transfer Techniques (TTT) and DC voltage
calibration described in details in. Range resistors connected serially to TVC have low AC-DC
difference. Combining these resistors with cage AC-DC current shunts, which also have low AC-DC
difference, is another opportunity to construct a ratio device for waveform measurements. Such a
divider is two terminal device, its DC ratio is nominally far away from primary devices so direct
comparison to a reference divider is not sensible. Its DC voltage ratio measurement uncertainty is
about 1.5 µV/V and its AC-DC Difference measurement uncertainty may change from 5.0 µV/V to 6.5
µV/V in the frequency range 10 Hz-100 kHz. After all AC ratio measurement uncertainty of such
divider varies from 5.2 µV/V – 6.6 µV/V. The problem of this divider is its sensitivity to environment
conditions. A divider consisting of a range resistor and a shunt with ratio 131.92 V/V is tested in a
temperature chamber and the temperature of the environment is set 18 oC , 23 oC and 28 oC
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respectively. Temperature coefficient of ratio is measured to be about 47 ppm/oC. This coefficient is too
large the divider to be used in laboratory environment where temperature varies +/- 1oC.

Two terminal dividers are used extensively in electrical power metrology. These dividers have low
phase shift and low AC-DC difference that makes possible to achieve low calibration uncertainty at AC
Voltage. Their output is fixed and their ratios are nominally different from primary ratio devices so
direct comparison to a reference DC divider is not possible. Its DC voltage ratio measurement
uncertainty is nearly 1.5 µV/V and its AC-DC difference measurement uncertainty will change from 5.0
µV/V to 6.5 µV/V in the 10 Hz-100 kHz frequency range. Also their sensitivity to environment
conditions is expected to be low.

Inductive Voltage Dividers (IVD) are suitable to be used as ratio devices for AC Voltage metrology.
These dividers consist of equal successive inductance sections connected serially. Because of their
architecture these dividers do not take traceability from any other standard. The core inside IVD has a
saturation coefficient which is dependent to the core material. Taking into account saturation
coefficient (0.35 V/Hz) the maximum voltage level at power frequencies is around 20 V. Recently
dividers that go up to 1000 V at 40 Hz-1 kHz range are presented. The errors of these dividers are
often declared in ppm of input giving very low figures, but when calculated relative to the output
voltage the ratio uncertainty is about 1 µV/V @ 40 Hz – 7 µV/V @ 1 kHz and still can compete with
ratio uncertainty obtained by TTTs. Another question is how these dividers behave under
multi-harmonic waveforms. Their classical calibration is based on locking the system to a single
frequency. At the moment, IVD response to harmonics is being investigated in TÜBİTAK UME by
applying harmonically related 5 tones with amplitude and phase relation as in previous Q-Wave
comparison.

Recently, new types of divider with architecture similar to absolute divider are being investigated.
Divider with ratio 5 V/V (50 V / 10 V) and improved AC-DC difference up to 1 kHz (<3ppm) is
manufactured by TÜBİTAK UME. Its DC ratio is measured with 0.2 µV/V uncertainty and power
coefficient (level dependence) is measured to be less than 0.5 µV/V at DC. It has been observed that
variation of temperature or humidity (of 10 oC and 40 % rH) does not influence noticeable change in
divider performance up to 10 kHz. Dividers with the same architecture and resistive elements and with
ratios 10 V/V (100 V/ 10V) and 100 V/V (400 V / 4 V) are manufactured. Measurements with AC
measurement Standard show that AC-DC difference is flat and less than 10 ppm up to 1 kHz and 100
Hz respectively for the dividers with ratios 10 V/V and 100 V/V.

A two terminal divider with nominal ratio 101 V/V (190 V / 1.88 V) is also manufactured. The divider
architecture is similar to those presented in. Measurement results indicate that AC-DC difference is flat
and less than 10 ppm up to 10 kHz.

Integration of Digital Voltmeters and dividers for scaling

In order to study application of two digital voltmeters in the sampling mode for the voltage ratio
measurement, a setup consisting of two sampling multimeters 8588A and a set of precision resistive
voltage dividers was composed. For measurements in a step-up procedure the dividers can be
designed with the output voltages of two adjacent dividers to be within 50 % of the full scale of the
input range of the digitizer. In audio and higher frequencies, the resistive voltage dividers with the low
phase angle errors are commonly used Error: Reference source not found. In the current study, the
voltage dividers from the sampling wattmeter measurement setup were applied. As for the phase
displacement characterization, the divider and the digitizer are calibrated as a single voltage channel
and the connections between the digitizers and the dividers are kept as short as possible to improve
the repeatability of the measurements. The correction due to linearity of the multimeters can be
characterized by applying the same input voltages to the inputs of the multimeters. In the case of using
the external voltage dividers, their parameters like the power and the voltage level dependences can
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be separately characterized and included in the measurement uncertainty analysis. The step-up
procedure for determination of the voltage ratio is shown in Figure 1.

Fig. 1 -  Step-up procedure for determination of voltage ratio

The measurement starts from 12 V level by calibrating the sampling multimeter DMM1 with the voltage
divider RVD1 against the ac-dc transfer standard Fluke 792A, see Figure 2.

After that, the ac-dc transfer standard was replaced by the next voltage divider RVD2 with the nominal
input voltage of 24 V connected to the sampling multimeter DMM2. In the next steps, the voltage
dividers were connected to the multimeters DMM1 and DMM2 to reach the voltage level of 220 V,
where each pair of the divider and the multimeter is considered as a separate voltage channel. The
ac-dc transfer at the RVD5 level was performed to check the accuracy of the scaling-up procedure.
The schematic diagram and the photograph of the measurement setup applied for comparisons of two
voltage channels are shown in Figure 3.

Fig. 2 -  Schematic diagram and photograph of the measurement setup used for calibration of the first voltage
divider RVD1

connected to the DMM1 and in control measurement with RVD5.
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Fig. 3 -  Schematic diagram and photograph of the measurement setup used for comparison of voltage channels
The ratio of the i-th voltage channel consisting of a DMM and a voltage divider can be described by:

(1)𝑟
𝑖
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where
- input voltage applied to the i-th voltage channel,𝑈
𝑖

- output voltage of a DMM, j = 1, 2.𝑈𝑗

The i-th ratio ri can be expressed by a product of a number of the ratios multiplied by the ratio r1:
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Using (1) and (2), the voltage level of 220 V U220_scale obtained by the scaling up process can be related
to the starting point of the procedure:
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where
U´ and U´´ - output voltages of the multimeters 1 and 2 connected to a divider ri,
FS – full-scale output of the voltage divider (0.8 V),
U12_ACDC – voltage level of 12 V calibrated against the ac-dc transfer standard.
The correction k due to the linearity of the multimeters was measured by applying the same input
voltages to the inputs of the multimeters:

(5)𝑘 =
𝑈´´

1.0𝐹𝑆

𝑈´´
0.5𝐹𝑆

𝑈´
0.5𝐹𝑆

𝑈´
1.0𝐹𝑆

The results for the voltage level of 220 V obtained from the voltage of 12 V by four ratio measurements
in the scaling up procedure were compared to the 220 V level calibrated directly against the acdc
transfer standard, see Figure 4. The measurement results are within ±5 μV/V up to 5 kHz well within
the measurement uncertainty of (50...60) μV/V.

The major uncertainty components are due to the ac-dc transfer at the levels of 12 V and 220 V, the
voltage coefficients of the dividers, the linearity of the multimeters. The voltage dependences of the
dividers were taken into account as the uncertainty components, considering that the repeatability in
the voltage coefficients measurements should be further improved.

Fig. 4 - Deviation in the voltage level obtained by the scaling up procedure against
the same voltage level calibrated directly by the ac-dc transfer standard

In the scaling down process, the voltage divider RVD3 with the ratio r = 70 was calibrated against the
ac-dc transfer standard at the input voltage level of 8 V with the output of the voltage divider measured
by the calibrated multimeter 8588A in the digitizing mode at the 100 mV range. After that, the same
range of the multimeter was calibrated at the 10 mV level by applying 0.8 V in parallel with the ac dc
transfer standard.

The measurement results were confirmed by the interlaboratory comparison between Metrosert and
PTB where the multimeter 8588A served as a transfer standard, see Figure 5.
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Fig. 5 - Voltage differences at the voltage value of 10 mV between Metrosert and PTB

A digital counterpart of thermal converters

In the digital based current step up method proposed the same current is provided to two
combinations of shunt-digitiser connected in series. Each shunt and digitiser are connected, in turn, in
parallel; the shunt-digitizer under test and the standard shunt-digitiser. An example of the setup is
shown in Fig. 6 where each digitiser samples the output voltage of the shunts independently and
simultaneously.

Fig. 6 - Setup of the digital current step up

Comparing the output of the digitisers and knowing the correction of the standard shunt-digitiser, the
correction of the shunt-digitizer under test can be calculated. If this process is repeated with shunts for
higher currents, a complete digital traceability chain can be established.

Some experimental results for a current step-up in five steps from 20 mA up to 1A, and nine
frequencies from 10 Hz up to 10 kHz are going to be presented here. The equipment includes two
digitisers Keysight 3458A and a current source Fluke 5720A in voltage mode (Fig. 7). Further
information regarding noise reduction, shielding and guarding can be found in [25].
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Fig. 7 - Frequency response normalized with 10 Hz response for the 20 mA to 50 mA step up

For the first step-up (20 mA to 50 mA), Fig. 7 represents the shunt-digitiser frequency responses. The
values in µA/A have been represented as a relative deviation from the values at 10 Hz. Responses
represented here include, therefore, the contribution of both, shunts and digitisers.

Fig. 7 shows that the normalized frequency response has a moderately constant value up to 1 kHz.
For higher frequencies, the differences are much bigger. This frequency response is mainly due to the
input impedance of the digitizer [29]. Also, at higher frequencies the aperture time must be lower
meaning lower accuracy and higher noise on the measurements.In order to validate the new digital
traceability chain, the shunt ac-dc difference obtained by thermal and digital methods is compared.
Note that in the digital-based step-up of shunts proposed, dc measurements are not required,
however, these are taken here to compare them with thermal method measurements.

The first step consists in removing the digitizer influence. To this end, two sets of measurements are
needed: one with the configuration shown in Fig. 6 and another swapping the digitisers. The next
procedure is followed:

1. The same ac current is applied to the standard shunt-digitiser and shunt-digitiser under test.
The output of both digitisers is recorded.

2. The same dc current is applied to the standard shunt-digitiser and shunt-digitiser under test.
The output of both digitisers is recorded again.

3. ac-dc differences for each digitiser are calculated (δs and δt, where sub index s refers to the
standard equipment and t to the equipment under test).

The process is repeated swapping the digitisers, so new ac-dc differences for each digitiser (δ’s and
δ’t) are calculated.

In these circumstances it can be shown that the subtraction of the difference ac-dc between the shunt
under test and the standard shunt can be obtained from the following expression, where the𝑠

𝑡
− 𝑠

𝑠( )
digitiser influence has been removed.

𝑠
𝑡
− 𝑠

𝑠
=

δ
𝑠
+δ'

𝑠( )− δ
𝑡
+δ'

𝑡( )
2

This value will be compared to the one obtained by thermal converter characterization from historical
data. Values from both, classical and digital approaches, are shown in Table 1 together with the
differences of both techniques. Blank spaces indicate no historical results available.
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Thermal converters step up
/(µA/A)𝑠

𝑡
− 𝑠

𝑠( ) Digital step up /(µA/A)𝑠
𝑡
− 𝑠

𝑠( ) Techniques difference (µA/A)

Step up/
A

𝑓
𝐻𝑧

20
50

50
100

100
200

200
500

500
1 A

20
50

50
100

100
200

200
500

500
1 A

20
50

50
100

100
200

200
500

500
1 A

10 -2.2 -1.8 -2.0 -2.4 -1.7 -0.3 0.6 0.5 1.2 1.7 1.9 2.4 2.5 3.7 3.4
20 -0.6 -0.7 -0.1 -0.9 0.0 -0.2 0.6 0.7 1.4 0.5 0.4 1.4 0.8 2.3 0.5
40 -0.6 0.0 -0.5 0.0 -0.5 0.5 1.1 1.4 1.0 0.0 0.5 1.6 1.5
60 0.0 -0.1 0.0 -1.3 -0.2 0.0 0.5 0.9 1.4 -0.2 0.1 0.5 2.2

100 0.1 -0.1 -0.1 0.3 0.2 0.4 0.7 1.1 0.5 0.1 0.5 0.9 0.8
400 0.8 0.2 0.2 0.2 -0.8 0.9 2.0 0.3 0.3 -1.6 0.8 1.8 0.1

1 000 0.0 0.2 0.0 -0.1 0.0 -1.9 -0.6 -0.8 0.5 0.4 -1.9 -0.9 -0.8 0.6 0.5
5 000 0.7 0.9 0.1 -1.4 -20.2 4.9 5.7 -2.1 5.7 -20.9 4.1 5.7 -0.6

10 000 -0.7 1.4 -0.1 -1.3 -0.6 -69.4 12.7 17.1 -4.2 12.5 -68.7 11.3 17.2 -2.9 13.1

Table 1 - Ac-dc difference between shunts for the equivalent historical results of a thermal-converters-based
realization of ac current, the digital step up measured  in this paper and the differences between both techniques

For the thermal converter step-up approach, Table 1 shows very small ac-dc differences, as expected.

In the case of the digital step up, ac-dc difference between shunts are also very low for the whole
current range when the frequency is lower than 1 kHz. Regarding 5 kHz and 10 kHz, some differences
are also very low, however, this does not occur for all the step ups.

Regarding frequencies up to 1 kHz for all step-ups, the data from the difference of both techniques
shows small differences. This means that, knowing the digitiser error from a quantum calibration,
comparable results to thermal converter can be achieved with the benefit of not performing dc
measurements and taking dynamic measurements.

These promising results would allow laboratories to establish a digital traceability chain for ac current,
permitting high accuracy dissemination for complex waveforms that vary with time or have a decent
amount of harmonic content. At the same time this digital chain would simplify and reduce the amount
of time needed for calibrations.
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 5. Uncertainty issues in digital scaling methods
Input impedance

The typical impedance of a signal source can be below the ohm range, but the situation can be very
different if a voltage signal is derived from the output of a divider. In such case, the impedance at input
node can be as high as 100 Ω and even higher. This represents an issue, if the input impedance of the
sampler is taken into account.

First, the finite input resistance of the sampling device acts as a load on the divider, effectively
modifying the divider ratio. This contribution is strongly dependent on the specific sampler adopted: in
integrating-type DVMs (e.g. Keysight 3458) the very high input impedance in the operating range of
interest makes this contribution negligible, while in sigma-delta based instruments values are typically
around 1 MΩ as in National Instruments PXI-5922. Considering the output resistance of the divider to
be 100 Ω, the change in the ratio is of the order of 10-4, thus cannot be neglected. The correction for
loading of the ratio value cannot be calculated yet, since the input resistance of the sampling device is
not defined by a device with standard-grade stability, its value cannot be guaranteed over time and
with varying operating conditions, e.g. with changes in temperature.

Fig. 8 - Deviation from nominal value of the ratio for a 10:1 voltage divider with 100 Ω output resistance
when loaded by a 1 MΩ resistor over a 1% change of the load resistor x-axis: resistance/MΩ, y-axis: ppm

deviation

A recent paper [21] addressing the issue of the temperature influence of various operating parameters
of a Keysight 3458A reports variations of parameters on the order of percent for a temperature
variation of few Kelvin. If such input resistance changes in the order of percent, the ratio of a divider
with 100 Ω output impedance is affected at the ppm level, a non negligible amount, if quantum
standard accuracy level is targeted.

Digitisers limitations with PJVS staircase signals

Two main high resolution ADC technologies are available and typically in use in NMIs primary voltage
laboratories for the measurement of sampled signals: integrating and, more recently, sigma-delta.
Integrating, dual slope, ADCs have been adopted since long for high accuracy Digital Volt Meters
(DVM) that are capable of resolutions up to 28 bit, that is a value still unsurpassed by other
technologies, but suffer from limited bandwidth causing problems when frequencies in excess of a few
kilohertz are measured. The adoption of sigma-delta ADC tackles this issue, being a technology
capable of a very high sampling frequency together with high resolution [3]. However, known
limitations of sigma-delta ADCs in processing input signals with discontinuities must be considered
with the stepped output of a PJVS and addressed for proper performances.
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Fig. 9 – Step response of a Keysight 3458 multimeter at different aperture times.
It can be seen the effect of aperture time on step response

To test performances of digitizers of both types, one can apply a square wave sourced by an arbitrary
waveform generator. The generator, connected e.g. to a Keysight 3458 multimeter operated in high
resolution digitizing DCV mode, with apertures: 0.5 and 1.4 μs. The results, plotted in figure 9, clearly
show an exponential decay response with a total duration of about 20 μs, perfectly matching the
specifications provided by the manufacturer, reporting a 20 μs settling time to obtain an error below
0.01% of the step height in measurement. Owing to the 100 kS/s sampling rate (the maximum
available), the number of points where the response is steeper is just a few, making it difficult to
evaluate the time response with accuracy. It is however clear that aperture time affects the time
constant appreciably. The effect on frequency response can be seen as well in the noise of the
acquired samples in Fig. 10.

Fig. 10  – Samples of a constant input measured with an Keysight 3458  multimeter at different
aperture times. It can be seen the effect of aperture time on noise

The significant increment in the measurement noise observed shows that a suitable value of the
aperture has to be found by a trade-off between speed and signal to noise ratio. Regarding speed, it
should be noted that decay error is a relevant uncertainty contribution and the error considered in the
DVM specifications is not sufficient for application to a Josephson voltage standard. Considering that
amplitudes up to 100 mV are present at the sampler input [7], such error amounts to 10 μV; to reduce
tenfold this value, 25 μs are necessary, thus 30 μs is a reasonable estimate of the minimum duration
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for a voltage step to provide proper accuracy. Assuming a staircase signal generated by a PJVS with
20 steps per period, this constraint translates into a 1.5 kHz maximum frequency.

Several alternative technologies suitable for the application to the ac voltage standard are currently
available, yet sigma-delta ADCs are typically considered as the most viable alternative to integrating
converters for several reasons. They provide both high sample rate and bandwidth, along with high
resolution [24] there are instruments available in the market that provide analog to digital conversion
based on sigma delta technology with an input front-end for impedance adapting, range scaling, etc.,
as well as a convenient computer interface for the acquisition of the digital stream and operating
parameters setup. A significant drawback of sigma-delta ADCs, however, lies in the much higher
complexity of their structure that makes the determination of the quantization noise and effective
resolution different from typical conversion technologies. Additionally, owing to the internal digital filter
processing, they are very idiosyncratic towards abrupt changes in the input signal, a feature well
known in general applications, where it becomes a problem in multiplexed signal circuits [23], as well
as in metrological literature, due to the voltage steps in signals at PJVSs output Error: Reference
source not found. The motivations for this behavior are several and involve both technical and
mathematical issues that are beyond the scope of this document. A possible solution was proposed in
[22], to compensate for the frequency dependence, with significant improvements. In any case, the
correction has no effect on the problems related to the step response of the converter. In circuit
design, the adoption of low-latency sigma delta ADCs is proposed for such problems [23], but
instruments based on sigma-delta converters chips are missing information on this subject neither
report the chip used, so it is in general, not possible to determine, from manufacturer’s specifications,
the best sampler for this task.

The problem is widely discussed in programmable Josephson standard literature, where it is observed
as oscillations in the digital output values, before and after the step transition. The widely adopted
approach is based on the empirical determination of the samples with detectable ringing near the
transition. Once the number of affected samples is known, they can be easily removed from readings
in calibrations. Throwing away data for about 7 μs, is sufficient to observe a value consistent with
theoretical calculations and stable, i.e. not changing if data are removed for longer durations.

Compared with an integrating converter, the time required by a sigma-delta ADC seems better,
however in the latter a rule for the calculation of the time response in simple form is missing, making it
difficult to define a general law for processing data.

Such behavior is intrinsically related to the filtering in all sigma-delta ADCs, and can be easily
observed with instruments of this kind by applying a step signal at the input. Fig. 11 shows the results
of such a test with a 24 sigma-delta data acquisition module (National Instruments NI 9239,
CompactDAQ).
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Fig. 11  – Values of samples read at 50 kS/s with a National Instruments NI 9239,
CompactDAQ, 24 bit sigma-delta data acquisition module with a 100 Hz

2 V peak-to-peak square wave applied at the input

The ringing seen at every transition has an overshoot that amounts to approximately 20 % of the step
amplitude and decays to an apparently negligible value after about 500 μs (Fig. 12). It should be
noted, however, that the digital output timing is determined by the data rate (50 kS/s in this case), thus
both time and frequency response must be properly rescaled according to the value set for the data
rate.

Fig. 12  –  Plot of the oscillations near the step transition in Fig 11

A suitable choice to assess consistently the duration of the decay would be to define it corresponding
to a value such that the oscillations become lower than the least significant bit of the converter. This
obviously implies that the higher the accuracy of the converter, the longer the wait time before reliable
data will be required.

Phase accuracy in dividers and shunts

This section summarizes the work performed on characterisation of the phase displacement of
dividers and shunts in systems with two digital voltmeters. In measurement standards of electrical
power based on a sampling wattmeter, voltage dividers and current shunts are usually employed to
convert the input quantities to the voltage level of around of 1 V. To reduce the loading effect caused
by the input impedance, a transducer and a digitizer can be calibrated as a single channel. . If the
phase angle error of a transducer is sought, then the measurement result should be calculated for no
loading conditions by correcting for the input impedance of a digitizer.

In phase characterization of the voltage dividers, the scaling-up procedure is very similar to
determination of the voltage ratio shown in Figure 2, except the ac-dc transfer standard is not required
and the procedure starts from the phase difference measurements between two digitizers. The
schematic diagram and the photograph of the setup used in the scaling-up procedure are shown in
figure 3.

The precision voltage dividers are constructed from foil resistors, capacitive voltage guards and
capacitors in parallel with the resistors. The phase response of the dividers changes with the voltage
level and with the heat dissipation in the resistive elements [26].

As the voltage levels during the step-up process vary from 50 % to 100 % of the nominal ratings of the
dividers, the power and voltage dependences of the voltage dividers should be considered.

The power dependence of a voltage divider can be determined from a warm-up measurement [26].
The divider under test (DUT) is connected to the previously warmed-up reference divider. For the
particular design considered above, in the audio frequency range the highest observed power
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dependence is shown in Fig. 13. At frequencies up to 10 kHz, the power dependence is below a few
microradians and it can be taken as an uncertainty component in the step-up procedure.

Fig. 13  –  Phase deviation due to power dependence for the 120 V voltage divider

The voltage level dependence of the DUT can be determined against a reference voltage divider with
the known voltage level dependence. For this purpose, the voltage dividers with no capacitive
components were constructed as described in [26], [27]. To reduce dielectric losses in resistors, a foil
resistor without the isolation cover was used. The level dependence was measured by rapid switching
between voltage levels, much faster than the thermal stabilisation of the divider. The voltage level
dependence measurements at 10 kHz for the 120 V divider are shown in Fig. 14. In Table 1, the
corrections due to voltage dependence to the step-up procedure are given.

Voltage divider

f, Hz 1.6V 5V 12 V 24 V 56 V 120 V 240 V 560 V 1000 V

53 -0.7 -1.6 -1.3 -1.6 -1.6 0.5 -2.1 -4.7 -3.5

1000 0.1 -0.9 -0.5 -0.6 -0.8 3.8 -22.4 -14.4 -38.8

5000 0.7 -0.2 -0.3 -0.5 -0.7 20.9 -87.7 -62.4 -197.0
10000 -3.1 0.0 0.4 -0.5 -0.6 41.8 -171.2 -119.2 -380.8

Table 2. Corrections due to voltage level dependence for step-up procedure in μrad

Fig. 14  –  Voltage level dependence measurements for the 120 V divider at 10 kHz
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The phase angle error of a current shunt can be estimated from its circuit model, see Fig. 15(a). If a
current shunt is connected to a digitizer the circuit model becomes as shown in Fig. 15(b) [28]. The
impedance components of the models can be measured by an LCR meter and a capacitance bridge.
The measurement uncertainties of the calculated phase angle errors can be estimated by the Monte
Carlo method.

(a) (b)
Fig. 15 – Circuit diagram of a standalone shunt (a) and a shunt connected to a digitizer (b)

To check the calculated phase angle errors, two current shunts with nominal values of 10 Ω and 20 Ω
were constructed and measured in a system consisting of two digitizers, see Fig. 16. The difference of
the calculated phase angle errors (time constants) of two shunts in a good agreement with the
measurement results, see Fig. 17.

(a) (b)

Fig. 16 –  Schematic diagram (a) and photograph (b) of the measurement setup for phase difference
measurement
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Fig. 17 –  Time constant differences of two shunts, deviation of measured results from the modelled values

The step-up procedure starts from the comparison of an unknown current shunt to the reference shunt
connected in accordance with the diagram shown in Figure 16(a). The step-up procedure continues to
the next nominal values, with the output voltages of the shunts being within 50 % of the full scale of
the input range of the digitizer in each step, see Fig. 18.

Fig. 18 –  Step-up procedure in the phase angle measurement

If the phase angle error of a standalone current shunt is sought, then the measurement result should
be calculated for no loading conditions by correcting for the input impedance of a digitizer. For
digitizers with the high input impedance the loading correction is negligible as compared to the
measurement uncertainty for the shunts with impedances below 1 Ω. For example, the calculated
phase errors (time constants) for the 10 Ω reference shunt with and without a multimeter 3458A
serving as a load are shown in Fig. 19.
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Fig. 19 –  Calculated time constants for the reference shunt with and without a load

Stability of digitizers vs. time, temperature and frequency

Since most instruments operate under dynamic conditions, where signals vary with time, their
calibration should be performed in such dynamic conditions.

The digitiser response vs. frequency up to 1 kHz was studied for two Keysight 3458A (DMM1 and
DMM2) [29]. As frequency limits aperture times (Ta) this variable was also considered in the analysis.
Figure 20 shows the relative difference from dc for these two multimeters.

Fig. 20 –  Frequency response of two different digitisers Keysight 3458A for different aperture times (Ta)

When µs the response of both digitisers is quite different. Within DMM1 responses, these𝑇
𝑎
< 100

are also very different from each other. When µs frequency response is similar for both𝑇
𝑎
> 100

digitisers. This behaviour is a consequence of the ADC switch between 10 kΩ and 50 kΩ inputs at 100
µs. Results show that it is necessary to use µs when possible. If not, the characterisation of𝑇

𝑎
> 100

the digitiser is mandatory to avoid large errors in the measurements.

For the stability of digitiser vs. temperature, two digitisers Keysight 3458A (DMM1 and DMM2) have
been employed working in DCV sampling mode using an AC input signal. Both DMM were placed
inside a climatic chamber [31].

0.8 V 1 kHz ac signal was provided by a Fluke 5720 multifunction calibrator. Measurements were
carried out twice (temperature increasing from 20 ºC to 26 ºC and temperature decreasing from 26 ºC
to 20 ºC). More details are depicted in Fig. 21.
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Fig. 21 – Details of the temperature coefficient evaluation setup

DMM gain error for different aperture times (Ta) is defined as:δ𝑔( )

δ𝑔 𝑇
𝑎( ) = 𝑉

𝑀
−𝑉

𝑅

𝑉
𝑅

106

Where is the average of the acquired samples and is the AC source reference voltage. is𝑉
𝑀

𝑉
𝑅

δ𝑔 𝑇
𝑎( )

plotted for different temperatures in Fig. 22: for DMM1 on the left and for DMM2 on the right.

Fig. 22 – Gain error curves for the set-point temperatures for DMM1 (left) and DMM2 (right)

After data processing, an estimation of temperature coefficients for each DMM has been done for each
aperture time. Table 3 presents mean temperature coefficients for DMM1 together with standard
deviations. DMM1-up represents an increasing temperature test and DMM1 a down-decreasing
temperature test.

Ta/µs DMM1-up DMM1-down Mean Std
10 -2.39 -2.81 -2.60 0.21
20 -3.22 -3.49 -3.35 0.14
40 -3.50 -3.84 -3.67 0.17
90 -3.76 -4.07 -3.91 0.16

140 0.33 0.06 0.20 0.13
200 0.42 0.27 0.42 0.08
300 0.36 0.31 0.33 0.02

Table 3 – Temperature coefficients for DMM1 in µV/V °C

From Fig. 22, two different temperature coefficients arise, depending on the aperture times
considered. For the high accuracy stage ( µs) the temperature influence is negligible,𝑇

𝑎
> 100

whereas in the high speed stage ( µs) temperature influence is important and should be𝑇
𝑎
< 100

considered in the metrological grade DMM characterization.
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Differences in both DMM are not negligible when µs. Therefore, every DMM should be𝑇
𝑎
< 100

characterized when these aperture times are used.

This behaviour is a consequence of the ADC switch between 10 kΩ and 50 kΩ inputs at 100 µs.

A similar behaviour to that found employing a DC voltage reference [32] has been achieved and
similar temperature coefficients are obtained.
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 6. Conclusions
It is now generally accepted that Electrical Metrology will face in the future the expanding needs of a
digital world. A survey carried out among the participants of DIG-AC European project, showed that a
rather small part of ac calibrations are based on sampling and almost none on digital techniques for
voltage/current scaling. Nevertheless, research on this topic has been quite active in recent years and
some interesting results have been published involving scaling of both voltage and current based on
digital methods.

The adoption of intrinsically digital techniques for scaling the electrical standards of voltage and
current has proven very successful for dc signals, raising interest in their application also to the ac
and, more generally, to time-dependent regimes.

Digital techniques for upscaling and downscaling the operating range of an ac quantum standard were
considered and a suitable interval of operating values was defined, depending on the signal frequency.
From the analysis of the solutions adopted, the integration of high accuracy ADCs available in modern
precision DVM along with traditional, divider-based, methods offers the best solution to exploit digital
techniques for scaling quantum standards.

This guide summarizes the knowledge advancements attained within the DIG-AC project in the field of
scaling ac electrical signals to extend digital techniques over the relevant ranges of calibrations and
traceability to quantum standards of ac signals. The results reported here provide a fundamental tool
to coordinate the future developments for a digital-ready and quantum accurate European metrological
network. The report fulfills Objective 3 (A2.3.7) of the  DIG-AC project.
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