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Digital Sampling Techniques for AC Josephson Standards at NRC — Canada
Waldemar G. Kuerten Ihlenfeld

The paper describes research and development (R&D) work being conducted at NRC on the field
of AC Metrology aiming at establishing a Josephson based system to provide traceability to the SI
to measurements of low frequency ac quantities via digital sampling techniques. Latest
achievements suggest that measurement uncertainties bearing parts in 10’ or much less for
frequencies up to 1 kHz are attainable. The ongoing R&D efforts tackle also challenges related to
extending the application of NRC Josephson systems to frequencies towards the MHz range using

special digital sampling techniques aided by custom designed instrumentation.
Josephson Voltage Standards - JVS

The quantum Josephson Effect was discovered fifty-eight years ago [1] and represented a
breakthrough in physics, electronics and ultimately instrumentation, since it can be viewed as a
perfect frequency to voltage converter. Interestingly, it became available for ac metrology only
rather recently [2, 3] after diligent R&D efforts from national metrology institutes (NMIs) of
developed countries. Today, Josephson standards embody the SI unit volt and allow a very accurate
characterization of time-varying (ac) signals, a realm formerly dominated by thermal converters.

This capability is of great scientific and economic importance for any industrial country.

There are two types of Josephson voltage standards: the PJVS (programmable Josephson voltage
standard) and the JAWS (Josephson arbitrary waveform standard). The first works like a
conventional digital-to-analog (DAC) converter generating quantum accurate step-approximated
voltage waveforms. Each synthesized voltage plateau is an exact multiple of /f/(2¢), where 4 stands
for the Planck constant, e the elemental charge and f the microwave frequency irradiating the
Josephson junctions, all stacked in thousands in a chip operating at very low temperatures (at
~ 4 K). With the 2019 redefinition of the SI base units, the Josephson constant Kj known as 2e/h
has the exact value of 483,597 GHz/V. The JAWS, also known as the pulse-driven Josephson
arbitrary waveform synthesizer [4], operates like a sigma-delta DAC, where a multitude of
quantum accurate pulses are fast generated and filtered to produce a continuous waveform of
known spectral content. While a PJVS was designed to cover low frequencies from dc to nearly
about 5 kHz and up to 10 V, a JAWS (Fig. 1) covers a wider frequency range up to hundreds of
kHz [4] but still has lower output voltage capability.



Fig. 1 — The NRC Josephson arbitrary waveform standard/synthesizer (JAWS) was fabricated by the
National Institute for Science and Technology (NIST, USA). The Dewar in the center contains the chip
with the Josephson junctions under cryogenic temperatures.

AC Voltage Measurements with Josephson Voltage Standards

JVSs are exquisitely delicate and sensitive devices displaying feeble current generation capacity.
Therefore, voltage measurements must be made under low load conditions (i.e., high impedance)
in order to avoid drawing excessive current, what could drive the junctions out of their quantum or
superconducting state, and in consequence impair or invalidate altogether any measurement

attempt.

JVS’ signals are measured either directly or differentially as depicted in Fig. 2. For best results,
both the JVS and device under test (DUT) represented by source V ac must have the same amplitude
and signal frequency (derived from an accurate time-base, as from a Cesium clock for the JVS). A
single digitizer or ADC can be used. As shown in Fig. 2a, direct measurements imply that the
digitizer samples alternately the JVS and in sequence the DUT. Signals shall be in phase (i.e.,
phase-aligned), so that samples from the JVS and Vac can be compared with each other. Direct
voltage measurements do calibrate the sampling ADC first with the JVS, allowing samples of the
DUT to be corrected for the ADC’s gain. ADC’s gain must obviously remain constant over a short

time interval (usually a few seconds, depending on the length of the set of samples acquired).
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Fig. 2 — a) shows direct and b) differential voltage measurements of an ac signal Vac with a JVS using a

digitizer represented by an analog-to-digital converter (ADC). Differential voltage measurements tend to
be more accurate and stable since ADC’s errors have second order effects on measurements.

Differential measurements (Fig. 2b) [5] are more accurate and precise, demanding the signals to be
phase aligned (i.e., phase difference approaching zero) within a certain phase threshold (usually of
some hundreds of micro-radians or less) in order to keep the differential voltage between the JVS
and Vac small enough to allow neglecting ADC errors during the sampling process. Differential
measurements may discriminate signal differences up to the nano-volt range, provided DUT’s
amplitude remains constant (within such limits) for the measurement time duration. Since both
ADC input leads are at nearly the same potential above ground, the ADC’s guard must be driven
with a unity-gain amplifier to preclude capacitive loading of both the JVS and DUT as shown.
Sampled data from the two configuration measurements can be treated both in the time- or
frequency domain (e.g., using discrete Fourier transform — DFT). NRC has attained good

agreement between the two measurement configurations of around 6 nV/V for signals at 96 Hz.

The NRC sampling system for JVS uses digital feedback to phase align signals within phase
thresholds (tolerances) of sub-micro or even nano-radian. This process is fully automated [6] and
requires no operator’s intervention. It uses direct-digital-synthesis of phenomenal frequency
resolution to make feeble frequency changes in the time-base of digital sources (as DUTSs),
allowing them to be phase-shifted with respect to the JVS’ signal. This process is controlled by a
digital regulator employing adaptive digital filtering algorithms in software [6]. When a PJVS is
used, Kalman filters may be engaged to improve estimation of voltage plateaus. Recently, a further

refined version of a synchronizer and multiplexer with superb frequency resolution (of parts in

3



10"'° [Hz/Hz]) and broader measurement capabilities (also applicable to JAWS) entered operation

[7]. The system will be the work horse for future JVS investigations [8] and routine calibrations.

Despite the apparent simplicity of the voltage measurement configurations in Fig. 2, new approach
is needed when dealing with ac signals in the microvolt level or lower. There are still many ongoing

investigations to solve some challenges as pointed out next:

Lead-Effects: Signals are brought from the chip containing the Josephson junctions at cryogenic
temperatures over nearly 1.5 m out to the ambient temperature (Fig. 1). The chip probe containing
wires and microwave waveguide represents a complex arrangement with irregular geometry
including a series of distributed non-linear elements (stray inductances, capacitances, conductance
and dielectric losses). Wiring resistances, for example, are dependent on the liquid Helium (cooler)
level, making any mathematical modeling (in the sense of “finding an equivalent transmission line
model”), a very difficult endeavor. Heuristic models are still approximations and need to be refined

even further by mathematical modeling, especially for frequencies above 1 kHz.

Loading-Effects: Any sampler (ADC) and its cablings represent a load with its own non-linear and
frequency dependent input impedance and stray capacitances. We are presently using a commercial
28-bit integrating ADC (model Keysight 3458A) as digitizer and will develop our own digitizer
with higher sampling rates to allow oversampling to be done. It will aid in investigations with
reduced noise and better resolution at higher signal frequencies (greater than 1 kHz) to allow the
improvement of system’s model, which is the underpinning of a deeper assessment of measurement

uncertainties.

Besides oversampling, we envisage the use of the coherent sub-sampling technique as proposed in
[9] to expand the capabilities of a JVS sampling system. This technique [9, 10] has proven to be
effective in allowing the comparison of signals with different frequencies to be done. There is
theoretically only one condition that must be met: The signal to be calibrated must have a
fundamental frequency fn as expressed by fu = fo (n'N + 1) Hz and of equal amplitude as the
reference signal with fundamental frequency f, Hz. In the equation, # stands for any positive integer
multiple (from O to infinity, arbitrarily chosen by the operator or user) and N for the number of
samples per period of the fundamental f; to be taken at a sampling rate of fo- N Hz. When the two
signals are phase aligned, the samples of both the reference and of the higher frequency signal

coincide. This remarkable property of sine waves, based on trigonometry, allows the extension of
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Fig. 3 — When two sine waveforms of different frequencies, f, (represented by Vyvs of a JVS) and f; (Vac
of a DUT) respectively, are phase aligned and sampled during a time interval 7s at a rate f,-NV, which
encompasses exactly (n + 1/N) periods of the f, signal, then the simple relation between f, and £, holds as
shown in the insert. In addition, samples of the £, signal {0,1,2,3.4...} taken at intervals 7s = 1/(fo'N)
coincide with those of the f, signal {0°,1°,2°,3°,4°...} as if the f; signal was sampled at a much higher
sampling rate, namely, fo' /N but spaced in time.

frequency range of the system using low frequency signals to be attained as Fig. 3 demonstrates.
For example, in the case #n is equal to 100, and a JVS is generating a reference signal of f, = 64 Hz,
then a DUT’s signal of f, = 102.464 kHz can also be sampled by the ADC at a lower sampling rate
with N = 16 samples per period. The samples of the fu signal coincide with those of the JVS at
frequency fo. Its simplicity is tantalizing but hides technological challenges as pointed out next:
With respect to direct voltage measurements (Fig. 2a): 1) the ADC loading is higher at the DUT
than at the JVS. This demands an accurate model of the digitizer and the leads and cabling from
the JVS and DUT in order to assess loading effects. 2) The ADC, like any other electronic device,
has a frequency dependent gain-response and slew- rate limitations, which can be stressed for high
frequency signals, what may cause sampling errors. 3) When using an integrating ADC, the
integration (or aperture) time must be chosen to be small enough (i.e., much smaller than 1//,) to
properly sample both the high frequency signal and the low frequency signal, what reduces
measurement resolution in general. Furthermore, its aperture (73) and frequency (f) dependent gain,

5



expressed by a sine-cardinalis function sinc[z7,f], may introduce additional sensitivity with
frequency and be the source of additional measurement errors. 4) The DUT must be of very high
purity and low-noise, since higher order harmonics and noise fold back into the range between dc
and fo-N /2 (the first Nyquist zone). 5) The DUT’s time-jitter must be small to cause negligible
effects, as it can be estimated mathematically. 6) The DUT must synthesize the f, signal with high
accuracy in frequency, otherwise it will slowly slip out of phase alignment with respect to the JVS
fo signal (this becomes mostly prominent during differential voltage measurements) and do cause

errors during sampling.

Regarding differential voltage measurements (Fig. 2b), the challenges enumerated for direct
measurements still hold and additional ones apply: 7) The maximum voltage across digitizer’s
inputs is the sum of magnitudes of the £, and f; signals, i.e., the chosen digitizer’s measurement
range may represent a limitation, what jeopardizes resolution. 8) Current flows through the ADC’s
input impedance and stray capacitances towards the JVS. This can be tolerated provided the current
magnitude is small and don’t bring the Josephson junctions out of the superconducting state. 9) A
superposition of signals with two different frequencies make frequency errors (ADC gain and
internal filters) difficult to separate. This technique is still under investigation, and the results seem

promising [10].

All these challenges are being tackled at the moment, including the development of fast electronics

to compensate for loading effects in the case the models become too much complex to be assessed.
Digital ac sources of high amplitude and phase stability

Josephson systems with its quantum accuracy impose stringent requirements on the quality and
stability (in amplitude and phase) of signals produced by DUTs. Presently, no commercial
calibrator or ac source in the market can satisty those requirements. Therefore, a new digital ac
source was developed at NRC [11] with the aim at partially fulfilling (at least for short times, e.g.
as over 1 hour) such requirements. Some of its characteristics are: 1) Stability of amplitude and
phase of only some parts in 107 per hour (attainable by the present state of the art in electronics),
2) low harmonic distortion (typically smaller than -100 dB), 3) high accuracy of signal frequency
generation (typically of some parts in 107* Hz/Hz or even better). 4) Frequency range from around
100 uHz to 20 kHz. 5) It is of light weight, robust and has an output current capability of around

0.25 A. Any external dc reference from 0.1 V to 10 V can be used, allowing a variable full scale
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Fig. 4 — The diagram of the NRC precision ac source. Digital parts are represented by blocks in dark blue
comprising a clock conditioner and internal 10 MHz time-base delivering a reference clock for a DDS of
48-bit, for generating a 12 MHz master clock for an ARM-Cortex M7 processor. The M7 processor
generates the code for ac signal synthesis in the DAC, a zero-crossing signal ‘ZC OUT’, the sampling
frequency ‘Fs OUT’ and a reduced divided by a programmable integer m output signal ‘Fs/m OUT’ for
sampling purposes as shown. Digital and analog parts are isolated by optical isolators (ISO). The
microcontroller serves as the interface for a PC via an USB port and controls other parts of the system. The
dc-path is shown in light blue blocks. The 20-bit resolution DAC generates a variable dc voltage for
controlling the amplitude of the ac signal at the output. The ac path is represented in dark orange and is
controlled by the M7 processor. Second harmonic distortion is adjustable to negligible values by controlling
the offset of the chopped dc reference for the DAC, which is buffered by an audio amplifier like the dc
reference voltage as shown.

with 20 bit amplitude resolution to be attained. Fig. 4 shows the schematics of the source and

explains its operation.

Due to its outstanding characteristics, it will extensively be used in calibrations with Josephson
standards and digital impedance bridges, since it allows phase adjustments up to the nano-radian
range to be done, yielding perfectly phase alignment of signals (a need with Josephson systems)

and phase balancing of a new digital impedance bridge under development at NRC.

Fig. 5 shows the plot of Allan standard deviations for amplitude measurements at the ac source
output via digital sampling with a commercial digital voltmeter (Keysight 3458A) for a 1 kHz
signal of 10 V amplitude. Note that with a moderate number of averages t of nearly ten, the

attainable standard deviations of measurement are of the order of 0.1 uV/V (or 1 part in 10" V/V).
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Fig. 5 — Allan standard deviations of the output signal of the NRC source #B (shown in the insert) at 1 kHz
and 10 V peak from measurements using a commercial sampling digital voltmeter (Keysight 3458A). Each
point in the figure corresponds to a measurement time of five seconds, i.e., the number of averages denoted
by 1 corresponds to a multiple of five seconds. Note that the graphic contains noise contributions of the
voltmeter, which were not subtracted from measurements. Noise is essentially white up to a t of around
15.

For frequencies up to 100 Hz, the attainable Allan standard deviations are typically three times
smaller. The insert in Fig. 5 illustrates the front of one of the NRC ac sources used for the

measurements.

Future work on digital signal synthesis will be concentrated on frequencies above 20 kHz for the

synthesis of stable ultra-pure waveforms aided by digital signal processors.
Conclusions and Outlook

The paper presented ongoing R&D work in the field of AC Metrology and provided an overview
on some challenges being addressed. We expect in the near future to attain uncertainties of
measurement of some parts in 10" V/V up to 1 kHz and extend the application of the NRC
Josephson systems far into the mega-Hertz frequency range. New hardware was added to the

system, and future developments will allow extracting even better accuracies of the NRC Josephson
8



standards. Future tasks shall concentrate on mathematical modeling and hardware development
with fast programmable logic devices and digital signal processors. Besides using adaptive
filtering, we also aim at adding software components of artificial intelligence in our digital system

for control and data analysis.

References

[1] B.D. Josephson, “Possible new effects in superconductive tunnelling,” Phys. Lett., vol. 1, no. 7, pp. 251-253, July
1962.

[2] C. J. Burroughs, P. D. Dresselhaus, A. Riifenacht, D. Olaya, M. M. Elsbury, Y. Tang, and S. P. Benz, “NIST
10 V programmable Josephson voltage standard system,” IEEE Trans. Instrum. Meas., vol. 60, no. 7, pp. 2482—
2488, Jul. 2011.

[3] C. J. Burroughs, A. Riifenacht, P. D. Dresselhaus, S. P. Benz, and M. M. Elsbury, “A 10 Volt turnkey
programmable Josephson voltage standard for dc and stepwised-approximated waveforms,” Measure, vol. 4, no.
3, pp. 70-75, Sep. 2009.

[4] N. E. Flowers-Jacobs et al., “2 V pulse-driven Josephson arbitrary waveform synthesizer,” Conference on
Precision Electromagnetic Measurements (CPEM 2016), Ottawa, Canada 2016, pp. 1-2.

[5] A. Riifenacht, C. J. Burroughs, P. D. Dresselhaus, and S. P. Benz, “Differential sampling measurement ofa 7 V
rms sine wave with a programmable Josephson voltage standard,” IEEE Trans. Instrum. Meas., vol. 62, no. 6, pp.
1587-1592, Jun. 2013.

[6] W. G. K. Ihlenfeld and R. P. Landim, “An automated Josephson-based AC-voltage calibration system,” /IEEE
Trans. Instrum. Meas., vol. 64, no. 6, pp. 1779-1784, Jun. 2015.

[7] W. G. K. Ihlenfeld and G. Granger, “The NRC sampling systems for Josephson standards, Conference on
Precision Electromagnetic Measurements (CPEM 2020), Denver, USA, 2020.

[8] G. Granger and W. G. K. Thlenfeld, “Digital sampling of quantum accurate ac and dc waveforms,” Conference on
Precision Electromagnetic Measurements (CPEM 2020), Denver, USA, 2020.

[9] W. G. Kiirten Ihlenfeld and R. P. Landim, “Investigations on extending the frequency range of PJVS based AC
voltage calibrations by coherent subsampling,” Conf. Dig. CPEM 2016, Ottawa, Canada, 2016.

[10] R. Behr, A. Katkov, J. Lee, S. Bauer, O. Kieler, and L. Palafox, “Frequency range extension of the ac quantum
voltmeter,” Conf. Dig. CPEM 2018, Paris, France, 2018.

[11] W. G. K. Thlenfeld, “Stable AC-DC source for Josephson and impedance measurement systems,” Conference on
Precision Electromagnetic Measurements (CPEM 2020), Denver, USA, 2020.

Biography

Waldemar G. Kiirten Ihlenfeld received the MSc. and Ph. D. degree (with magna cum laude) in electrical
engineering from the Braunschweig Technical University - Germany, in 1995 and 1997, respectively. From
Oct. 1999 to Aug. 2013 he was with the Physikalisch-Technische Bundesanstalt (PTB), Braunschweig,
Germany, as a research group leader engaged in research and development of precision electronic circuits for
ac power measurements, mathematical modeling of sampling systems, digital signal processing, and in
investigations on electro-thermal modeling of semiconductor devices. He worked from Sep. 2013 to Feb.
2018 as a consultant and senior researcher at the Brazilian National Metrology Institute INMETRO). In Feb.
2018 he joined the National Research Council Canada in Ottawa as a senior researcher doing investigation
work in the field of digital signal processing, radio frequency and microwaves.




