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Abstract

This Good Practice Guide is intended for both National and Industrial Metrology Laboratories who wish
to invest in the development of a quantum standard for alternating voltage based on the Josephson
effect. Dynamic electrical measurements are critical in many applications where the RMS (root mean
square) value of an electrical signal does not provide the required information and the signal needs to
be sampled and processed. At present, NMIs and calibration laboratories provide traceability with high
accuracy using thermal converters, but this is limited to AC magnitudes deduced from RMS values.
Therefore, the most accurate commercial calibration equipment is also limited to RMS values. Several
research projects have developed AC quantum standards to provide traceability for dynamic
measurements within some European NMIs. It is now necessary to establish the traceability chain for
dynamic electrical measurements to a wider group of NMIs and calibration laboratories. The text in this
Good Practice Guide is supported by a comprehensive list of references to material already published
in scientific literature.
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Foreword

This Good Practice Guide was prepared by the authors withing the 17RPT03 DIG-AC EMPIR project
and can be accessed on the project website: https://digac.gum.gov.pl/.

The project 17RPT03 DIG-AC has received funding from the EMPIR programme co-financed by the
Participating States and from the European Union's Horizon 2020 research and innovation programme.

This Good Practice Guider ef | ect s only the authorés view and EURAMN
that may be made of the information it contains.

Identification of commercial equipment in this Good Practice Guide does not imply an endorsement by
authors or that it is the best available for the purpose. It is given for the accuracy, recognizability and
purposefulness for readers.

You are free to share, copy and redistribute the Good Practice Guide. You must give appropriate credit.
If you notice any errors or mistakes, please notify any of the authors.
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1. INTRODUCTION

Josephson junction arrays have been in use as a primary standard for voltage metrology for over 30
years. A number of review articles have been written which summarise the main aspects of the design
of junction arrays and their associated measurement systems to form a practical quantum standard of
voltage. The development of non-hysteretic junctions paved the way for quantum metrology of dynamic
voltages using either programmable arrays of Josephson junctions arranged in a binary sequence or
linear arrays of Josephson junctions with a pulse train bias. This Good Practice Guide gives a detailed
description of the components and systems required to realise a practical AC quantum voltage standard.
It refers extensively to material already available in scientific literature and complements this with
practical details and illustrations.

The Table of Contents shows the Sections of this Good Practice Guide. The references are given
separately at the end of each Section.

Version 2, September 2022 Page 9 of 112
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2. REQUIREMENTS FOR DIGITIZER SELECTION AND THE BEST
QUANTUM-BASED SYSTEM VERIFICATION APPROACH FOR
TESTI NG DKGKTKZERS

2.1. AC Voltage, Basic Requirements

AC Voltage in LF field is defined to be in the range of 1 mV to 1000 V at a single frequency in the band
of 10 Hz to 1 MHz. Best specification of the state-of-the-art electronic instruments (thermal converters
not considered) widely used for AC voltage measurements are 24 pV/V (Fluke 5790A), and 43 pv/V
(Fluke 5720A). To provide traceability for this range using a digitizer, it is necessary to have basic
specifications as:

Range*: 100 mV to 1 Vims @ DC to 1 MHz
Uncertainty: 025 uV/V @ 1V, 1 kHz

*For higher voltages (up to 1000 V), digitizer will be combined with suitable dividers developed in the
scope of QUADC and other projects. For measurements at low voltages (1 mV to 100 mV) digitizer alone
or combined with special amplifiers can be used.

2.2. Parameters used in the selection of digitizers for voltage measurements

Basic parameters required to specify digitizers used for voltage measurements are listed below.

Input Range

Input range, or vertical range, is the peak-to-peak voltage span that a digitizer can measure at the input
connector. The simplest interface is to have a single input with a fixed input range matching the ADC of
the digitizer. Single fixed input range shifts design work from the digitizer manufacturer (general purpose
design) to the end user who needs to care for correct amplification/attenuation by himself (metrology
purpose design).

Input Impedance

Input Impedance is defined as the effective resistance and capacitance seen at the input to the digitizer.
In general, the higher the input impedance of the digitizer, the less the digitizer will disturb (load) the
signal (device) being measured.

Dynamic Range/Resolution

The dynamic range is defined as the ratio between the largest and smallest values that a digitizer can
reliably measure. Resolution determines the dynamic range of the digitizer. However, all real digitizers
introduce some noise and distortion reducing the ideal number of quantized levels. Effective number of
bits (ENOB) is a quality measure of the dynamic performance of a digitizer. ENOB specifies the
resolution of an ideal ADC that would have the same resolution as the digitizer being specified.

Frequency Response/Bandwidth

Bandwidth describes the highest frequency sine wave that can be digitized with attenuation to 70.7 %
of its original amplitude, also known as the -3 dB point. For sine waves, a bandwidth of greater four to
five times the maximum frequency is generally adequate.

Sample Rate

Sample rate is the rate at which the analog-to-digital converter (ADC) in the digitizer is clocked to digitize
the incoming signal. According to the Nyquist theorem, to avoid aliasing, the sample rate of a digitizer
needs to be at least twice as fast as the highest frequency component in the signal being measured. To
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Accuracy / Uncertainty

Accuracy is the total error with which the digitizer can convert a known voltage, including the effects of
guantization error, gain error, offset error, and nonlinearities. Accuracy of digitizers is often specified in
time domain and includes static parameters as Gain, Offset, INL and DNL.

Synchronization/Trigger Capabilities

Triggers synchronize data acquisition with external events. Effective use of a digitizer requires great
flexibility in device triggering. If digitizer contains more than one channel or multiple single-channel
digitizers are used, they should be able to share common triggers and a common clock.

Internal Memory Size

Memory size is important in determining the amount of time a digitizer can sample an analog waveform
without interruption. Memory, sample rate and acquisition time of a digitizer are related as:

Acquisition Memory = Time Span x Required Sample Rate.

Other way to increase uninterrupted acquisition is to use digitizers with fast bus technology like PCI
Express and PXI Express which are able to sustain multi-GSal/s rates.

Larger memory lets sample at a high rate for a longer period of time to capture more points. More points
in signal processing enable averaging which results in lower noise and improved resolution.

Software Compatibility/Drivers

Digitizers should include driver software that supports user operating system and programming
language, especially LabVIEW, LabWindows, Matlab and other common software used in metrology
applications.

Common Mode Rejection Ability (CMRR)

Common-Mode Rejection Ratio (CMRR) is a measure of the capability of an instrument to reject a signal
that is common to both input leads; CMMR / dB = 20 log (Differential Gain / Common Mode Gain). It
decreases as frequency of the signal increases. Higher CMRRs are preferable.

In Table 2.1 optimum parameters for a digitizer to be used for AC voltage measurements (as given
above) are summarized.

Table 2.1. Summary of the parameters and their values for a digitizer to be used for AC voltage measurement.

Parameter Value
Input Range 1 Vims
Input Impedance 01 wm
Resolution 020 Bits
Bandwidth 5 MHz
Sample Rate 15 MSal/s
Accuracy (Uncertainty) 0.0025 %
Trigger/Clock Ext Trigger, Ext Clock
Internal Memory 01 MB
CMRR 0100 dB
Software LabVIEW, LabWindows
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2.3. List of available digitizers

List of currently available (and known) digitizers are given in Table 2.2, with information about the
resolution, sample rate and available platform.

Table 2.2. List of available digitizers.

Manufacturer Model Resolution Sample rate Platform
Keysight (Agilent/HP) 3458A 28-Bit (DCV) 150 kSa/s (DCV) Standalone
National Instruments 5922 24-Bit (Max) 15 MSa/s (Max) PXI

Applicos WFD22 22-Bit 1 MSa/s ATX
Zurich Instruments MF-DIG 16-24-Bit 60 MSa/s Standalone*

Adlink PX1-9527 24-Bit 432 kSals PXI
Keithley DMM7510 18-Bit 1 MSa/s Standalone

Spectrum GmbH MX.4963 16-Bit 50 MSa/s PXI

Astronix Test PXle-1803 16-Bit 180 MSals PXle

Systems
VX Instruments PXD(e)721x 16-Bit 100 MSa/s PXle

*Option to ZI Lock-in Amplifier

2.4. List of the test parameters of digitizers for voltage

Most common specifications used to define digitisers for voltage measurements are as follows:

=

Input Range

Sample Rate

=A =4 =4 4 -4 A -8 A

=

Input Impedance
Dynamic Range/Resolution
Frequency Response/Bandwidth

Accuracy / Uncertainty
Synchronization/Trigger Capabilities
Internal Memory Size

Software Compatibility/Drivers
Common Mode Rejection Ability (CMRR)

Resolution, sample rate, memory size and software compatibility are rather design parameters used by
manufacturer to specify 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 to determine how digitiser is suitable for
AC measurements. In Table 2.3. specifications and parameters related to are listed. Parameters
describing step response of the digitisers are omitted.

Version 2, September 2022
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Table 2.3. Parameters which should be tested to determine how digitiser is suitable for AC measurements.

Parameter Test Test System
1 Static Offset
1 Static Gain ;
PJVS (Static
Input Range i Static Gain Drift (Temperature) ( )
1 Integral non-linearity (INL) JAWS (Histogram)
1 Differential non-linearity (DNL)
1 Static Gain Stability
| | d Impedance
nDUt mpedance T[ |an|t Impedance Ana|yzer
I Signal-to-noise ratio with
distortion/ Effective number of bits
Dynamic Range SINAD/ENOB JAWS
1 Total Harmonic Distortion (THD)
9 Spurious Free Dynamic Range
(SFDR)
1 Bandwidth
1 Dynamic gain, Flatness JAWS
Frequency Response 1 Dynamic gain, Level dependence .
1 Dynamic gain, Stability PJVS (OL00 kHz)
 CMRR
1 Crosstalk (for 2-ch digitizers):
Synchronization/Trigger
Capabilities 1 Phase (for 2-ch digitizers) JAWS

2.5. Test methods for digitizers parameters

Reference [1] extensively describes methods for the testing of the digitiser parameters. Similar
methodology is presented in [2] aiming testing of ADCs which are critical part of each digitiser. In Table
2.4 parameters list, related tests and their citing in [1] and [2] are presented.

Table 2.4. Parameters list, tests and citing in [1] and [2].

Parameter Test Method
[1], 6.1, p. 83
Static Offset
[2], 7.4.1p. 44
[1], 6.1, p. 83
Static Gain
[2], 7.4.1p. 44
Input Range Static Gain Drift (Temperature) Perform static gain test at different

environmental temperatures

[1],7.1.2, p. 85
Integral non-linearity (INL)

[2], 8.2.1 p. 46

[1], 7.3.2, p. 86
Differential non-linearity (DNL)

[2], 8.4.1p. 47
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Static Gain Stability

Repeat static gain test during a
specific period*

Impedance

Input Impedance

[1], Chapter 5.1, p. 81
[2], Chapter 7.2.1 p. 44

Dynamic Range

SINAD/ENOB

[1], Chapter 8.1, p. 105
[2], Chapter 9.2, p. 65

Total Harmonic Distortion (THD)

[1], Chapter 7.7, p. 91
[2], Chapter 8.8, p. 51

Spurious Free Dynamic Range
(SFDR)

[1], Chapter 8.8, p. 112
[2], Chapter 8.8.2, p. 56

Frequency Response

Bandwidth

[1], Chapter 10.1, p. 127
[2], Chapter 11.1, p. 76

Dynamic gain, Flatness

[1], Chapter 10.2, p. 127
[2], Chapter 11.2, p. 78

Dynamic Level

dependence

gain,

[1], Chapter 10.3, p. 128
[2], Chapter 11.3, p. 78

Dynamic gain, Stability

Repeat dynamic gain test during a
specific period*

CMRR

[1], Chapter 15.2, p. 140
[2], Chapter 14.4.2, p. 96

Crosstalk (for 2-ch digitizers):

[1], Chapter 11.1, p. 133

Synchronization/Trigger
Capabilities

2.6.

Digitizer evaluation

Overview of digitizer evaluation is given in Table 2.5. The meanings of used abbreviations are following:

Input Imp.

Res. Resolution

B Bandwidth

SR Sample Rate

IM Internal Memory
Trig.  Trigger

Input Impedance

Note: For all models the software NI LabVIEW is applicable.
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Table 2.5. Evaluation of digitizers.

Input Input Trig. /
Model Res. B SR IM Other
Range Imp. Clock
Adlink Selectable: Ext Trig.
50 W1 MW | 24 Bit | 130 kHz | 432 kS8l 2048'S | PXI, 2 ch
PXI-9527 | +(0.3t0 40) V (24Bit) | pxI Clock
Applicos Selectable: Ext Trig.
1 MW 22 Bit 1 MHz 1 MSa/s 32 MSa ATX
WFD22 +(0.4to 10) V Ext Clock
Applicos Selectable: Ext Trig.
1 MW 20 Bit | 2 MHz 2 MSals 4 MSa ATX
WFD20 +(0.5t08) V Ext Clock
Applicos Selectable: _ Ext Trig.
50 W1 MW | 16 Bit | 100 MHz | 180 MSal/s 8 MSa ATX
WFD16 +(0.5t0 8) V Ext Clock
Astronix Selectable: Ext Trig.
50W1MW | 16 Bit | 175 MHz | 180 MSa/s 64 MSa | PXle, 2 ch
PXle-1803 | +(0.5to0 30) V Ext Clock
Keithley Selectable: Ext Trig.
10GW10MW 18 Bit | 600 kHz 1 MSals 8 MSa | Standalone
DMM7510 [+(0.1to 1000) V Ext Clock
Keysight Selectable: Ext Trig.
10GW 28 Bit | 150 kHz 1 MSa/s 48 kSa | Standalone
3458A +(0.17 1000) V Ext Clock(m)
NI Selectable: Ext Trig. 64
50W1MW | 24 Bit | 6 MHz 15 MSa/s PXI, 2 ch
5922 +(2,10) V Ext Clock | MSa/ch
NI NI
300V 1MW 24 Bit | 25kHz 50 kSa/s -- - .
9225 CompactRio
Spectrum Selectable: Ext Trig. 64 Standalone,
50W1MW | 16 Bit | 30 MHz | 50 MSa/s
MX.4963 | +(0.2to 10) V Ext Clock | MSa/ch 4 ch
Tasler Selectable: Ext Trig. 32 Standalone,
50W1MW | 24 Bit | 1.7 MHz 4 MSa/s
LTT24 | +(0.3t0 50) V Ext Clock | MSa/ch 4 ch
VX Selectable: Ext Trig.
Instruments 50W1MW | 16 Bit | 100 MHz | 100 MSa/s 2MSa | PXle, 2ch
PXD(€)721x +(0.25to0 60) V PXI Clock
Zurich Instr. | Selectable: Ext Trig. 25 Standalone
50W1MW | 24 Bit 7 MHz 60 MSa/s )
MF-DIG | +(0.001to 3) V Ext Clock | MSa/ch 2ch

Useful notes for selection of the digitizers:

Resolution 1 Sample rate
Two most important specifications of the digitizer are resolution and sample rate. While resolution
determines the precision of the amplitude measurements, sample rate determines the bandwidth. These
two parameters are not independent, increasing the resolution causes decreasing the bandwidth. In the
case both specifications cannot be satisfied, depending on the application trade-offs can be made.
Digitizers for measurement of low distorted AC voltage can be adjusted to sample at a rate only slightly
higher than twice the frequency of the signal. On the other hand, for measurement of the distorted
signals (harmonics) sample rate should be set to twice of the largest frequency component of the

interest.
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Accuracy i Resolution

Resolution and Accuracy are terms that are often interchanged when the performance of a digitizer is
discussed. Resolution does not imply but only indicates what the theoretical accuracy can be.

The accuracy of the digitizer determines how close the actual digital output is to the theoretically
expected digital output for a given analog input. In other words, how close a digitizer comes to meeting
its theoretical resolution. If specified by manufacturer accuracy of a digitizer is often defined in time
domain, where specifications are static (DC). Despite these figures still can be used at low frequencies
(up to several kilohertz, depending on the bandwidth of the digitizer), accuracy at higher frequencies
should be related to dynamic parameters.

Resolution i Dynamic range

High-resolution digitizer is preferred when small signals are measured. As an example, with a vertical
range of 1 V, the 8 bit digitizer cannot ideally resolve voltage differences smaller than 3.92 mV; while a
16 bit digitizer, with 65656 discrete levels, can ideally resolve voltage differences as small as 15 pV.
Digitizers intended to be used in the scope of this project should have minimum 10:1 dynamic ratio. If
such a digitizer with full scale of 1V is used to measure Fluke 5720A calibrator whose AC voltage
specification at 100 mV @ 1 kHz is 135 uV/V, targeted error is 135 x 10 x 100 mV = 13.5 pV. In that
case digitizer needs to resolve 13.5 pV out of 1 V, which would require 17 bit ENOB. This probably will
not be enough if digitizer does not also have the good noise floor.

Measurement Conditions i Dynamic range

It is very important to match the amplitude of the test signal to digitizer range. For example, if 1.4 V is
applied to a 3V & 16 bit digitizer, loss in ENOB will be 1 bit. For the best accuracy, amplitude of the
reference system should be equal or higher than digitizer range. The similar situation is when digitizer
is going to be used with auxiliary equipment like shunts, dividers or external amplifiers; for best accuracy
the range in which the auxiliary equipment will be used should match the digitizer range.

ADC Architecture

Digitizers based on integrating analog-to-digital converters (IADC) provide high resolution with good

noise rejection. The main disadvantage is they are slow and can be used at low frequencies (up to

hundreds Hz), making them ideal for LF power applications. On the other hand, Delta-Si g ma ( E) t y p e
ADCs provides high resolution with relatively wide bandwidth. It is possible to combine different types

of digitizers to cover frequency band of interest.

Isolation and CMRR

Common mode rejection of the digitizer gets important when used to measure outputs of shunts or
voltage dividers. When high CMRR is required digitizer with differential inputs or platform powered with
battery is recommended.

2.7. Recommendation of the digitizers for evaluation

According to the parameters of the digitizers specified by their manufacturers, we can classify them into
3 groups:

’ E National Instruments 5922, Tasler LTT24, Applicos WFD20/22, Zurich Inst. MF-DIG. This
group has the best resolution i bandwidth performances and seems to be most suitable for
evaluation during the project.

2. Astronix PXle-1803, Applicos WFD16, VX Instruments PXD(e)721x, Spectrum MX.4963 This
group has fair resolution and large bandwidth. Those digitizers whose bandwidth can be
traded for resolution may be interesting for evaluation.

3. Keysight 3458A, Keithley 7510. These digitizers are ideal for low frequency applications.
Although extensively studied for almost three decades (3458A) it is desirable to have it
included for evaluation during the project.
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2.8. Using Quantum Voltage Standards in digitiser testing

Quantum voltage standards are intrinsic standards, based on Josephson Effect, and generate voltages
that are defined only by fundamental constants (namely e and h). They have been used and constantly
improved over the last 40 years, and greatly increased the accuracy of the electrical measurements.
Early Josephson standards, also named conventional, are suitable only for DC voltage measurements
due to hysteretic behaviour of their junctions. However, recent improvements of the arrays led to the
new types of quantum standards which can be used for AC measurements, as well: Programmable
Josephson Voltage Standard (PJVS) and pulse driven, also known as Josephson Arbitrary Waveform
Synthesizer (JAWS).

Programmable Josephson Voltage Standard

PJVS are based on using binary-divided arrays of damped Josephson junctions which can produce
stable DC voltages, or stepwise AC waveforms. As the steps of the generated waveform are intrinsic,
guantum voltages, PJVS is an ideal digital-to-analogue converter (DAC) [3]. Accuracy of rms value and
frequency range of PJVS is limited due to the transition time between steps, as well due to the transients.
Recent developed PJVSs can produce DC voltages up to 10 V amplitude, and 7 Vims AC stepwise AC
waveforms used up to several kilohertz by differential sampling [4], and possibly up to 100 kHz by sub-
sampling [5].

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 [6-10].
Josephson Arbitrary Waveform Synthesizer (JAWS)

In JAWS, RF excitation of the array is performed by periodic streams of pulses instead of sinewaves

[10,. The time integral of each | unc th/ReoSoahe arrays behavey e

as perfect pulse quantisers and can generate arbitrary voltage waveforms that are accurate and
predictable. Recent 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). Furthermore, it still can be used as DC reference for
calibration of the static parameters of the digitisers. State of the art of PJVS and JAWS are summarized
in Table 2.6.

Table 2.6. State of the art of PJVS and JAWS.

Parameter Programmable Josephson Voltage Josephson Arbitrary Waveform
Standard (PJVS) Synthesizer (JAWS)
1 Vms (PTB)
Voltage Range +10V, 7 Vims 3 Vims (NIST)
Frequency DC to 100 kHz* DC to 1 MHz
DC: £10V, V /10¥V= 1x1010
AC: oV/ V'@ WwId & . _
Accuracy ® 1 KkHz. 1 min Best; 12 nV/V @ 250 Hz
Limit of calibrator, otherwise 1x10-8
SFDR - 120 dBc
Synchronization Yes Yes
. . 91 Arbitrary signals
Advantages g 23:2212'?0?'3%2:22;; samolin 1 Very high signal purity
Ping 9 Suitable as Synthesizer
Drawbacks 1 ACms not calculable

* Differential sampling up to 10 kHz and sub-sampling up to 100 kHz
** Fluke 5720A ACV calibration
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Table 2.7 provides a cross-section of the parameters of the digitiser and the quantum voltage standards
suitable for their testing. Rows marked with yellow colour show parameters which need to be measured
due to the calculation of uncertainty. Rows marked with green colour show parameters which need to
be measured for the determination of corrections that will be applied on the measured values.

Table 2.7. Overview of the digitizer parameters and possibilities of quantum voltage standards to be used for
their measurements; other explanations are given in the text above.

Parameter PJVS JAWS
Static Offset 0 0 (2
Static Gain 0 0 (2
Static Gain Drift (Temperature) 0 0 (2)
Integral non-linearity (INL) 0 0 (2
Differential non-linearity (DNL) 0 0 (2
Static Gain Stability 0 0 (2
SINAD/ENOB 0 @) 0
Total Harmonic Distortion (THD) 0 ) o}
Spurious Free Dynamic Range (SFDR) 0 (1) 0
Bandwidth o® 0
Dynamic gain, Flatness 0 ) 0
Dynamic gain, Level dependence 0 ) o]
Dynamic gain, Stability 0 @) 0
CMRR o® 0
Crosstalk (for 2-ch digitisers) o) 0

(1) upto 100 kHz using sub-sampling technique
(2) either in DC mode or using statistical method

2.9. Conclusion

Table 2.7 gives the information about the parameters of the digitiser and the quantum voltage
standards suitable for their testing. Important rows are marked with yellow colour, meaning that
these parameters need to be measured due to the calculation of uncertainty, while rows marked with
green colour pointed parameters which need to be measured for the determination of corrections that
will be applied on the measured values. Both these groups of parameters are important and have priority
in the plans for verification. However, it does not mean that other parameters cannot be measured, as
appropriate, or are of interest for testing, comparison of results, or gathering experience.

Based also on the (i) recommendation given in section 8 of the deliverable D1, (ii) existing equipment
available to the partners nowadays, and (iii) that new digitiser Fluke 8588A came just recently on the
market and possibly would be important for NMIs, DIs and calibration laboratories, the conclusion of the
partners is that the following 3 digitisers would be of the highest interest to be validate in WP4. These
are:

1. National Instruments 5922
2. Keysight (Agilent, HP) 3458A
3. Fluke 8588A
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However, it does not mean that other digitisers cannot be tested and validated, as appropriate, or are
of interest for testing, comparison of results, or gathering experience.
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3. SCALING GUIDELINES FOR TRACEABLE DYNAMIC SGNALS

3.1. 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 r e s e a r tebhaigquéssworking in National
Metrological Institutes (NMIs), considering in particular the needs for steering toward digital techniques
in European NMls.

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 switching to digital are presented and analysed in detail in
relation with the analog to digital conversion architectures.

Brand and model hames 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.

3.2. 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 form 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, and NPL. The methods used in these NMI&DIs to scale AC
voltage and currents over the whole of 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
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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 millivolts for some 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
uV/V (CEM, NPL) and below 1 pV/V (INRIM); at the lower and upper boundaries and frequencies above
100 kHz, figures in excess of 100 uV/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 pA 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 HA/A, close to 10 mA and with frequencies
around 1 kHz, up to several hundred pA/A at the upper range values.

3.3. 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 incr
resolutiond [ 2] . T h ifosall goaversionaethnologids eand im pdrtidutar far thel tero
most widely used in metrological labs: integrating and sigma-delta. Besides this main classes one has
to choose among the several options for the core element of the system: the digitizer.

3.3.1. 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 o reconosne énd
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 | ess de fthetypiahl referencé poiotuown
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.

3.3.2. 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 Vims.
About frequency, taking into account that AC voltage in LF field is defined to be in the range of 1 mV to
1000 V at a single frequency in the band of 10 Hz to 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 manufacturer to specify 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.
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Most common specifications used to define digitisers for voltage measurements are listed here:

1 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

=A =4 =4 -4 -4 4

On the other side, 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): APhase (for 2-ch digitisers)

=4 =4 =4 =8 4 -4 -4 - -8 - -8 - a8

=

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,
which 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 stepwise 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. Recent developed PJVSs can produce DC voltages up to 10 V amplitude, and 7 V rms
AC stepwise 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 sinewaves [13].

The time integral of each junctionbés voltage pulse is
perfect pulse quantisers and can generate arbitrary voltage waveforms that are accurate and

predictable. Recent 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.

Obviously, to make it worthwhile to calibrate a digitizer against a quantum standard, the converter must
be the highest quality available.
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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:

3 Best for low frequency applications - Keysight 3458A, Keithley 7510

3 Best resolution-bandwidth - National Instruments 5922, Tasler LTT24, Applicos WFD20/22,
Zurich Inst. MF-DIG

3 Bandwidth/resolution trade-off - Astronix PXle-1803, Applicos WFD16, VX Instruments
PXD(e)721x, Spectrum MX.4963hundred PA/A at the upper range values.

3.4. 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 Vo ltislikdshoreterrm stapildyyrvsolstipn acdhireariggand e r i s
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
is 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. Wedl biltiespresented in the lite@mtore thap avesssited 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 is of the order of a few parts in 106 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 pV/V at 1 kV (50 Hz) to 25 pV/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 where t he DVM and the divider are considered as
with the divider connected directly to the DVM inputs to improve repeatability. With this method, both

step-up and step-down scaling are feasible, and AC voltage calibrations attaining 50 pV/V 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.
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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.

3.5. Selection of divider 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 [1]. 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 of 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 [2]. 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 [3].

The dividers called absolute dividers [4] 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 uV/V range if power coefficients are omitted. Kelvin Varley type dividers [5]
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 10k Y . T RC dieence of the divider [6] 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 detail in [7]. Range resistors connected serially to TVC have low AC-DC
difference. Combining these resistors with cage AC-DC current shunts [8], which also have low AC-DC
difference, is another opportunity to construct a ratio device for waveform measurements. Such a divider
is two terminal devices, 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 puVv/V and
its AC-DC Difference measurement uncertainty may change from 5.0 pV/V to 6.5 pV/V in the frequency
range 10 Hz to 100 kHz [9]. After all AC ratio measurement uncertainty of such divider varies from
5.2 uV/V to 6.6 pV/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 °C, 23 °C and 28 °C respectively. Temperature coefficient
of ratio is measured to be about 47 (uUV/V)/°C. This coefficient is too large the divider to be used in
laboratory environment where temperature varies +/- 1°C.

Two terminal dividers are used extensively in electrical power metrology [10]. These dividers have low
phase shift and low AC-DC difference that makes possible to achieve low calibration uncertainty at AC
Voltage.[10] 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 pV/V, and its AC-DC difference measurement uncertainty will change from
5.0 uV/V to 6.5 pV/V in the 10 Hz to 100 kHz frequency range [9]. 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 [11,
12, 13]. These dividers consist of equal successive inductance sections connected serially. Because of
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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 to 1 kHz range are presented [14]. 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 uV/V @ 40 Hz to 7 uV/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. Now, IVD
response to harmonics i s being investigated in T] BKTAK UME by a]
with amplitude and phase relation as in previous Q-Wave comparison [15].

Recently, new types of dividers with architecture similar to absolute divider are being investigated [16,

17, 18]. Divider with ratio 5 V/V (50 V / 10 V) and improved AC-DC difference up to 1 kHz (<3 ppm) [19]

is manufactured by T} BKTAK UME. WiVsunc&t@intyraadtpovwer i s me a
coefficient (level dependence) is measured to be less than 0.5 uV/V at DC. It has been observed that

variation of temperature or humidity (of 10 °C and 40 % rh) does not influence noticeable change in

divider performance up to 10 kHz [19]. Dividers with the same architecture and resistive elements and

with ratios 10 V/V (100 V/ 10 V) 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 [18]. Measurement results indicate that AC-DC difference is
flat and less than 10 ppm up to 10 kHz.

3.6. Integration of digital voltmeters and dividers for scaling

In order 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
of the external voltage dividers, their parameters like the power and the voltage level dependences can
be separately characterized and included in the measurement uncertainty analysis. The step-up
procedure for determination of the voltage ratio is shown in Fig. 3.1.

Scalingup AC-DC transfer

‘ DMM2_RVD2

| omm2_RvDa

Fig. 3.1. Step-up procedure for determination of voltage ratio
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The measurement starts from 12 V level by calibrating of the sampling multimeter DMM1 with the
voltage divider RVD1 against the AC-DC transfer standard Fluke 792A, see Fig. 3.2.

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 Fig. 3.3.

Function
Generator

~
w
(]
>

Voltage

. T divider

Sampling
DMM1

GPIB

Multifunction
Calibrator

Voltmeter

N 7\\' 3
Fig. 3.2. 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.

The ratio of the i-th voltage channel consisting of a DMM and a voltage divider can be described by:
i — (3.1)
where:

"Y- input voltage applied to the i-th voltage channel,
"Y- output voltage of a DMM, j=1, 2.

The i-th ratio ri can be expressed by a product of a number of the ratios — multiplied by the ratio r1:

i B —i (3.2)
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Function
Generator
|
y v
Sampling Voltage Voltage Sampling
DMM1 DMM2

divider 1 T divider2

GPIB

Multifunction
Calibrator

Fig. 3.3. Schematic diagram and photograph of the measurement setup used for comparison of voltage channels

Using (3.1) and (3.2), the voltage level of 220 V U2z scale Obtained by the scaling up process can be
related to the starting point of the procedure:

—

~.
g

Y — =Y _— (3.3)
by
or
. T i1 i 17 - )i
¥ 28 28 28 28 "OF )
Y 1138 ] 28 1138 I 28 QY I k) (34)
where:

U and U - output voltages of the multimeters 1 and 2 connected to a divider
FSi full-scale output of the voltage divider (0.8 V),
Uiz acoci 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:
- il i
Q 8 8 (3.5)

g T g

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 AC-DC
transfer standard, see Fig. 3.4. The measurement results are withinz5¢ V/ V  u lHz wedl within the
measurement uncertainty of (50to 60) e V/ 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
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dividers were taken into account as the uncertainty components considering that the repeatability in the
voltage coefficients measurements should be further improved.

80

60 - ’,'

wd— 1 LU ] I

20

0 A - - UNC

- = -UNC
-20 —=— 220V

Voltage deviation/ (uV/V)
|
|
i
|
|

-40 EEEi il R =~
-60

-80
10 100 1000 10000
Frequency/ Hz
Fig. 3.4. 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 Fig. 3.5.
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Fig. 3.5. Voltage differences at the voltage value of 10 mV between Metrosert and PTB

3.7. 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. 3.6
where each digitiser samples the output voltage of the shunts independently and simultaneously.
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Digitser 1 | i | Digiser2 | |
3458A 3 : 3458A
Standard i Under test
shnt1 | i|  shunt2
20mA } : 50mA

@)

5720A

Fig. 3.6. 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 1 A, 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. 3.7). Further information regarding noise
reduction, shielding and guarding can be found in [25].

Qg —s—w—9oa 5 —— e 5
500 9
-1000 |
-1500 F

-2000 W\

Relative deviation/(uA/A)

-2500 | -e- 20 mA shunt-digitizer
-= 50 mA shunt-digitizer
-3000 * - :
10° 10? 10° 10*
Frequency/Hz

Fig. 3.7. 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. 3.7 represents the shunt-digitiser frequency responses. The
values in pA/A have been represented as a relative deviation from the values at 10 Hz. Responses
represented here includes, therefore, the contribution of both, shunts and digitisers.

Fig. 3.7 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. 3.6 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.
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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 (Us and Ut, 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 (U@ and
@) 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 i [ can be obtained from the following expression, where the
digitiser influence has been removed.

[ (3.6)

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 3.1 together with the
differences of both techniques. Blank spaces indicate no historical results available.

Table 3.1. 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.

Thermaill co?vizﬂj,:;tep up Digital stepup i i /(UA/A) Techniques difference (LA/A)

Step 20 50 | 100 | 200 | 500 20 50 100 | 200 500 20 50 100 | 200 | 500
up /mA
f/Hz 50 | 100 | 200 | 500 | 1000 50 100 | 200 | 500 | 1000 50 100 | 200 | 500 | 1000

10 | 22 | -1.8 | -20 | -24 -1.7 -0.3 0.6 0.5 1.2 1.7 1L 2.4 2.5 3.7 3.4

20| -06 | -0.7 | -0.1 | -0.9 0.0 -0.2 0.6 0.7 14 0.5 0.4 14 0.8 2.3 0.5

40 | -06 | 0.0 | -0.5 | 0.0 -0.5 0.5 11 14 1.0 0.0 0.5 1.6 15
60| 00 | -01 | 00 | -1.3 -0.2 0.0 0.5 0.9 14 -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
1000 | 0.0 0.2 0.0 | -0.1 0.0 -1.9 -06 | -0.8 0.5 0.4 -1.9 -09 | -08 | 0.6 0.5
5000 | 0.7 0.9 01 | -14 -20.2 4.9 5.7 2.1 5.7 -20.9 | 4.1 5.7 -0.6

10000 | -0.7 | 1.4 | -0.1 | -1.3 -0.6 -69.4 | 12.7 | 17.1 | 4.2 125 | -68.7 | 11.3 | 17.2 | -29 | 13.1

For the thermal converter step-up approach, Table 3.1 shows very small AC-DC differences, as
expected.

In the case of the digital step up, AC-DC difference between shunts is 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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3.8. Uncertainty issues in digital scaling methods

3.8.1. Inputimpedance

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 g 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 act 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 Mq as
in National Instruments PXI-5922. Considering the output resistance of the divider to be 100 q, the
change in the ratio is of the order of 104, 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.
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Fig. 3.8. Deviation from nominal value of the ratio for a 10:1 voltage divider with 100q out put r esi st ance

when | oaded by a 1 Mg resistor oaegfsa t#®scwtisngeedMqt hy

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 Kelvins. If such input resistance changes in the order of percent, the ratio of a divider with 100 q
output impedance is affected at the ppm level, a non-negligible amount, if quantum standard accuracy
level is targeted.

3.8.2. Digitisers limitations with PJVS staircase signals

Two main high resolution ADC technologies are available and typically in use in NMls 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 bits, which 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. 3.9. Step response of an 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 from 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 €s and 1.4 £s. The results, plotted in Fig. 3.9, clearly
show an exponential decay response with a total duration of about 20 €s, perfectly matching the
specifications provided by the manufacturer, reporting a 20 €s settling time to obtain an error below
0.01 % of the step height in measurement. Owing to the 100 kSa/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. 3.10.
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Fig. 3.10. 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 amountsto 10 V; t o
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tenfold thisvalue,25¢ s aeeessary, thus 30 e€s is a reasonable est
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 PIJVSs output Error: Reference source not
found. The motivations for this behaviour 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,f r om manuf acturer ds specifications
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 in known, they can be easily removed from readings in

calibrations. Throwing away data for about 7¢ s, is sufficient to observe a
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 behaviour 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. 3.11 shows the results of such
test with a 24 sigma-delta data acquisition module (National Instruments NI 9239, CompactDAQ).

1.200 j ]

0.800 —
0.400

= 0.000
-0.400

-0.800

-1.200

0 4 8 12 16 20
ms
Fig. 3.11. Values of samples read at 50 kSa/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
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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 €s (Fig. 3.12). It should be noted,
however, that the digital output timing is determined by the data rate (50 kSa/s in this case), thus both
time and frequency response must be properly rescaled according to the value set for the data rate.

8.0 8.2 8.4 8.6 8.8 9.0
ms

Fig. 3.12. Plot of the oscillations near the step transition in Fig 3.11

A suitable choice to assess consistently the duration of the decay would be to define it corresponds 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.

3.8.3. 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
guantities 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 Fig. 3.2, 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 Fig.
3.3.

The precision voltage dividers are constructed from foil resistors, capacitive voltage guards and
capacitors in parallel with the resistors. The phase response of the d i v i dhangéds svith 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 dependence is
shown in Fig. 3.13. At frequencies up 10 kHz, the power dependence is below a few microradians, and
it can be taken as an uncertainty component in the step-up procedure.
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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. 3.14. In Table 3.2 the

Phase deviation due to power coefficient/ urad

100,0

10,0

/

1,0

0,1

1000

T
10000
Frequency/ kHz
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1
100000

Fig. 3.13. Phase deviation due to power dependence for the 120 V voltage divider

corrections due to voltage dependence to the step-up procedure are given.

Table 3.2. Corrections due to voltage level dependence for step-u p

procedur e

in

Voltage divider
f, Hz 1.6V 5v 12V 24V 56 V 120V 240V 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

Fig. 3.14. Voltage level dependence measurements for the 120 V divider at 10 kHz
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