
Measurement Science and
Technology

            

TOPICAL REVIEW • OPEN ACCESS

Josephson voltage standards as toolkit for
precision metrological applications at PTB
To cite this article: Stephan Bauer et al 2023 Meas. Sci. Technol. 34 032001

 

View the article online for updates and enhancements.

You may also like
Development and metrological
applications of Josephson arrays at PTB
Ralf Behr, Oliver Kieler, Johannes
Kohlmann et al.

-

A method for using Josephson voltage
standards for direct characterization of
high performance digitizers to establish AC
voltage and current traceability to SI
J Ireland, P G Reuvekamp, J M Williams et
al.

-

BIPM direct on-site Josephson voltage
standard comparisons: 20 years of results
Stephane Solve and Michael Stock

-

This content was downloaded from IP address 3.143.24.224 on 16/05/2024 at 07:02

https://doi.org/10.1088/1361-6501/aca5a5
https://iopscience.iop.org/article/10.1088/0957-0233/23/12/124002
https://iopscience.iop.org/article/10.1088/0957-0233/23/12/124002
https://iopscience.iop.org/article/10.1088/1361-6501/ac9542
https://iopscience.iop.org/article/10.1088/1361-6501/ac9542
https://iopscience.iop.org/article/10.1088/1361-6501/ac9542
https://iopscience.iop.org/article/10.1088/1361-6501/ac9542
https://iopscience.iop.org/article/10.1088/0957-0233/23/12/124001
https://iopscience.iop.org/article/10.1088/0957-0233/23/12/124001
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssZfwy1P_2zLF_wx2KGInBonjXL5J59GJi5p8b0l9kHBPCcNQRj_0nhiAxd-ms3QVsaGkR9Qa4RvSOJlEJlOLGs65KBf8RVvj2opKvRojx9Zc6BmPRl_c_QQqqBBV5v8Egh4KY64Uic_pcCCEBUw_A2h7vNn9CyJq0kA9lSiCutfwEsTUsz0aE38NynSBjh9dUxIm4kyGNx8ar8Ho-bbWj7I8jDquvN40chyLaVAiiNAJeeTKBDBF9WJPoX0E0Zjqlz_9XBBE2QctDbrp3yZus_koMVMLJJTdkZq8SxOgOMM0RudzU_oIq7DYuR3cWcw9rBt6D9S0S6eBImsMop2i4_sp8HCB1I&sig=Cg0ArKJSzD3fKYFYyWnw&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/about/events/breath-biopsy-conference-2024/%3Futm_source%3Diop%26utm_medium%3Dad-lg%26utm_campaign%3Dbbcon-bbcon24-reg%26utm_term%3Diop-journal


Measurement Science and Technology

Meas. Sci. Technol. 34 (2023) 032001 (22pp) https://doi.org/10.1088/1361-6501/aca5a5

Topical Review

Josephson voltage standards as toolkit
for precision metrological applications
at PTB

Stephan Bauer, Ralf Behr∗, Jonas Herick, Oliver Kieler,
Marco Kraus, Hao Tian, Yoawaret Pimsut and Luis Palafox

Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany

E-mail: ralf.behr@ptb.de

Received 29 April 2022, revised 18 October 2022
Accepted for publication 24 November 2022
Published 21 December 2022

Abstract
About 60 years after the discovery of the Josephson effect, electrical DC voltage calibrations are
routinely performed worldwide—mostly using automated Josephson voltage standards (JVSs).
Nevertheless, the field of electrical quantum voltage metrology is still propagating towards AC
applications. In the past 10 years the fabrication of highly integrated arrays containing more
than 50 000 or even 300 000 junctions has achieved a very robust level providing highly
functional devices. Such reliable Josephson arrays are the basis for many novel applications
mainly focussing on precision AC measurements for signal frequencies up to 500 kHz. Two
versions of quantum AC standards are being employed. Programmable JVS, based on series
arrays divided into subarrays, reach amplitudes up to 20 V and usually are used as quantum
voltage reference in measurement systems. Pulse driven arrays reach amplitudes up to 1 V or
even 4 V and are typically used as Josephson arbitrary waveform synthesizers. This paper
summarizes the principal contributions from Physikalisch-Technische Bundesanstalt to the
present state of JVS with particular focus on developments for precision metrological
applications and our proof-of-concept demonstrations.

Keywords: DC and AC Josephson voltage standards, Josephson junction series arrays,
junction stacks, power splitter, quantum voltmeter, impedance measurement,
programmable Josephson voltage standards
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1. Introduction

Today, electrical quantum metrology is a very active field
of research and development aiming for reliable and easy to
use electrical quantum standards. The intrinsic high accur-
acy of quantum-based standards, combined with their auto-
mated operation, results in considerable benefits when short
turnaround times for calibrations with the best possible uncer-
tainties are required. Therefore, a large amount of research is
being carried out on quantum current standards based on single
electron pumps, resistance standards based on new materials
for the quantum Hall effect, and Josephson voltage standards
(JVSs) which are propagating towards AC applications. Even
60 years after the discovery of the Josephson effect, quantum
voltage standards are still an active development subject to
extend operating ranges towards higher voltages and frequen-
cies. In addition, more compact and robust setups—ideally
turnkey systems based on cryo-coolers—are being developed
for a wider spread of systems in bringing quantum standards to
calibration laboratories and industry. For voltage, these novel
systems are based on either programmable JVS (PJVS) or
pulse-driven JVSwhich we call Josephson arbitrary waveform
synthesizer (JAWS). In the past ten years, cf (Behr et al 2012),
progress has been achieved in fabricating large Josephson
arrays, benefitting from improvements in fabrication techno-
logies and microwave designs mostly for pulse-driven arrays.
Many new Josephson-based applications were tested, some of
them are developed into routine calibration procedures and
instruments became commercially available.

The basic principle of PJVS is that the combination of a DC
and a high frequency (HF) current f drives N flux quanta Φ0

through the M junctions of an array. The Josephson constant
KJ = 2e/h with the Planck constant h and elementary charge
e is the inverse of the flux quanta Φ0. After the redefinition of
the Système International d’Unités (SI) (BIPM 2019) in May
2019 JVS have become direct realizations of the volt. As a
single flux-quanta transfer delivers only a very small voltage
Φ0 ≈ 2 µV GHz−1 many Josephson junctions (JJs) imple-
mented in a series array are necessary to achieve practicable
large output voltages. For our PJVS and JAWS arrays SNS-
type JJs are used (S…superconductor, N…normal conductor).
SNS junctions provide non-hysteric current–voltage charac-
teristics without and with microwave irradiation. A detailed
description for the fabrication of large PJVS arrays is given in
(Yamamori et al 2006, Mueller et al 2007, 2009, Dresselhaus
et al 2011, Behr et al 2012, Müller et al 2014). PJVS arrays
are divided into segments or subarrays and computer con-
trolled bias sources for the individual segments enable ‘pro-
gramming’ the output voltage across the Josephson array. Syn-
thesis of ACwaveforms with PJVSwas proposed by Hamilton
et al (1995). Possible ways and limitations of AC waveform
synthesis with PJVS were discussed in detail in (Behr et al
2012).

The JAWS operates JJs with current pulses of short dura-
tion, as introduced by (Benz et al 1996). In pulse-mode oper-
ation the Shapiro steps are selected by adjustment of the pulse
amplitude (see figure 1). Large Shapiro steps are generated
for all pulse repetition frequencies below the characteristic

frequency f c of the SNS junctions (Benz et al 1996). Fur-
thermore, a broadband microwave circuit design is an import-
ant precondition for operating the JAWS properly. Depending
on the polarity of the current pulses repeating with frequency
f p(t), the voltage across a series array with M JJs follows
V(t) = ±N· M· Φ0· f p(t) when each pulse transfers N flux
quanta Φ0. The Josephson array is employed as a three-level
(as we use N = +1/0/−1) quantum accurate quantizer in a
sigma-delta digital to analog converter. Typically, the modu-
lator frequency corresponds to the characteristic frequency of
the JJs, about 15 GHz, and provides oversampling ratios larger
than 1 million for signal frequencies of typically 1 kHz usually
applied for high accuracy ac measurements at National Met-
rology Institutes (NMIs). On-chip filters exploit superconduct-
ing inductances to filter quantization noise at the output used
for metrological purposes. Commercial pulse pattern generat-
ors (PPGs) are used to store the pattern of positive and negative
current pulses that generate the desired waveform across theM
JJs in the series array.

In this paper we summarize the main contributions that the
Physikalisch-Technische Bundesanstalt (PTB) has made to the
development and deployment of Josephson arrays in metro-
logy in the past ten years. To underpin that the field of elec-
trical quantum voltage metrology is still propagating towards
AC applications we included new results and analyses in all
sections. The contributions from other research or metrology
groups are covered in additional papers in this special journal
feature. Section 2 provides an update of ongoing develop-
ments in fabrication technology to further increase the out-
put voltage of pulse driven series arrays to reach amplitudes
higher than 1 V (Benz 2015a, 2015b, Kieler et al 2015) or even
4 V (Flowers-Jacobs et al 2019). Present research areas are
stacking of JJs and parallelization by microwave power split-
ters or optical drives. Section 3 the ‘Josephson voltage stand-
ard toolbox and their application fields’ illustrates application
areas and achievable uncertainties. Section 4 concentrates on
JVS that are used as a measurement standard in calibrations.
Josephson systems that are the basis for synthesizer applica-
tions are discussed in section 5. Conclusions and an outlook
follow in section 6.

2. Progress in the fabrication of JJ series arrays

As already mentioned above many NMIs succeeded in fab-
ricating 10 V PJVS arrays (Yamamori et al 2006, Müller
et al 2007, Mueller et al 2009, Dresselhaus et al 2011, Behr
et al 2012, Müller et al 2014). PTB also successfully demon-
strated 20 V PJVS arrays (Müller et al 2013) already in 2013
and concentrated on fabrication of JAWS arrays after having
demonstrated a good fabrication yieldwith suitablemicrowave
design for 10 V PJVS arrays (Müller et al 2014). In this section
we focus on the fabrication technology of JAWS arrays.

2.1. JAWS circuit design

The high-speed pulse-drive of the JJ arrays requires an appro-
priate RF circuit design which ensures both low microwave
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Figure 1. Schematic current–voltage characteristic of SNS junctions without and with pulse irradiation.

Figure 2. SEM images of Josephson junctions: (a) five-JJ stack after two fabrication steps and (b) cross-section of JAWS series array with
five-stacked JJ after complete fabrication.

damping and low pulse dispersion. Therefore, the JJs are
embedded in the center line of a broadband coplanar wave-
guide (CPW). The CPW impedance is tapered from 50 Ω to
37 Ω to compensate for the junction attenuation along the
line and terminated by an on-chip thin film resistor (37 Ω).
Low-pass LCR-filters (Watanabe et al 2006) at the voltage
output and bias current input leads are integrated in thin film
technology. They prevent the transmission of the input pulses
along these lines, which would create distortions in the syn-
thesized waveforms. The standard JAWS chip layout con-
tains two independent JAWS arrays which are typically con-
nected on-chip for summing up the voltage. Further meth-
ods to increase the output voltage are discussed in the next
sections.

2.2. Stacked JJs

The fabrication of the JAWS circuits is performed in the PTB
clean room facility (class ISO 5). SNS JJs with NbxSi1−x as
the normal-metal barrier material are used (Baek et al 2006,
Kieler et al 2013a). Junction properties like critical current Ic
and critical voltage Vc are adjusted nearly independently by
choosing the composition x and the thickness of the barrier d.
Typical JJ parameter are Ic ≈ 3–5 mA and a normal resistance
Rn of about 3 mΩ. However, the JJ operation frequency can be
tuned from about 1 GHz to 150 GHz (and beyond).

An advantage of these SNS-type junctions is that they can
be deposited and patterned in stacks, which offers the benefit to
increase the integration density of the JAWS circuits (Flower-
Jacobs et al 2020). In this way the CPW can be shorter for
the same number of JJs improving pulse dispersion and, in
addition, coupling between the junctions is stronger. A soph-
isticated ‘window type’ process for the fabrication of up to
5-stacked JJ arrays was developed at PTB (Kieler et al 2021).
The thicknesses of resist as well as of the Nb and SiO2 layers
were increased. Additionally, the SiO2 is deposited by plasma-
enhanced chemical vapor (PECVD) and atomic layer depos-
ition (ALD). A thin ALD layer right before the PECVD pro-
cess ensures a perfect edge coverage of the tall junction stacks.
Chemical mechanical polishing of the SiO2 layer was intro-
duced to guarantee a smoother surface before deposition of
the Nb-wiring layers. More details about our process can be
found in (Kieler et al 2015, 2021). Figure 2 shows a side view
of the five-junction stack after two fabrication steps (left) and a
cross-section of a JAWS array with five-stacked JJs after com-
plete fabrication (right). By analyzing the data of about 300
JAWS arrays with a total junction count of more than 2 mil-
lion a high junction yield of 99.99% was derived. This is suf-
ficient for our level of circuit integration density and number
of fabricated wafers.

There is a high impact of realizing this five-stacked junction
technology, as we can synthesize an effective output voltage
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Figure 3. Frequency spectrum of a 1 Vrms sine wave at 500 Hz
synthesized with two chips and 60 000 junctions. Harmonics are
suppressed by −118 dBc. The circles O indicate harmonics which
appear due to the limited linearity of the sampler (Benz et al 2015a).

of 1 V with series operation of 4 arrays integrated on 2 chips.
This is an improvement to our first realization of 1 Vrms with
8 arrays on 4 chips (Kieler et al 2015). A spectrum of a sine
wave generated with 60 000 junctions at 500 Hz is shown in
figure 3. Higher harmonics are suppressed by at least 118 dBc
which is the specification of the digitizer used to measure
the spectrum (NI, Benz et al 2015a). In 2017 (Kieler et al
2017) we were able to operate 16 arrays in series with a total
number of 162 000 junctions to achieve an output voltage of
2.25 V. Finally, an important goal would be to achieve 7 Vrms

with a compact JAWS. Such a system would be the ultimate
Josephson voltage standard. The U.S. National Institute of
Standards and Technology (NIST) already demonstrated suc-
cessfully compact 1 Vrms JAWS and even an output voltage
of 4 Vrms by combining two systems (Flowers-Jacobs et al
2016b, Benz et al 2015a, Benz et al 2015b, Flowers-Jacobs
et al 2019). More compact systems with less RF inputs are
possible with on-chip power dividers which will be discussed
in the next section.

To evaluate the JAWS arrays the chips are mounted on spe-
cial designed carrier boards (typical material Rogers 3006)
and are electrically connected by Al wire bonding. The car-
rier boards contain 50 Ω CPW’s with microwave launcher
used to mount the JAWS chips into cryoprobes. The chips
are shielded by magnetic cryoperm screens and cooled to 4 K
either in liquid helium dewars or pulse-tube cryocoolers. At
PTB, we are usually using high-speed ternary PPGs (Sympuls
BPG30G1) delivering−1/0/+1 pulses with a maximum clock
frequency of 15 GHz and a 512 Mbit pulse code memory. By
means of a higher-order sigma-delta modulation (Kieler et al
2009) the desired waveform is digitized into such a bit pat-
tern and transferred to the PPG memory. For the AC coupling
operation mode (Benz et al 2001) arbitrary waveform gener-
ators deliver the compensation signals to each array while the

1 Identification of commercial equipment does not imply an endorsement by
PTB or that it is the best available for the purpose.

output waveforms are analyzed by a commercial fast digitizer
(NI, Benz et al 2015a).

2.3. On-chip power dividers

To simplify the existing JAWS set-up at PTB and to increase
the amplitude of the synthesized AC voltages generated by one
PPG channel and by using series operation of several JAWS
arrays, on-chip broadband RF power dividers were developed
and successfully integrated with JJ series arrays. The RF
power dividers are passive electrical components, which are
used for power dividing and power combining. They usually
have one input port and several output ports. In our case, these
dividers were used to divide one RF pulse input signal from
PPG into two or four RF pulse signals, so that multiple paral-
lel JJ arrays were operated by less PPG channels and connec-
ted with each other to enable spectrally pure waveforms to be
synthesized.

Recently, two main types of on-chip power dividers with
the equal division were investigated. They are serial-parallel
power dividers and Wilkinson type power dividers. PTB’s
serial-parallel power divider is based on the equivalent cir-
cuit model of (Yamamori and Kohjiro 2016) for the PJVS at
the Japanese National Institute of Advanced Industrial Sci-
ence and Technology. It has been successfully implemented
into the JAWS circuits at PTB (Tian et al 2020, 2021). Instead
of using lumped elements like NIST does (Elsbury et al 2009),
our Wilkinson type power dividers include 1/4 λ resonators
and the coplanar stripline (CPS) bending structure. Among
these Wilkinson power dividers, three variations of designs
were developed: one-stage single-section Wilkinson dividers
(Tian et al 2020), one-stage three-section Wilkinson dividers
and two-stage single-section Wilkinson dividers (Tian et al
2021). 3D models of the power dividers were simulated with
CST Microwave Studio1. In the simulation set-up, the fre-
quency range was set to 0–30 GHz which amply covers our
typical PPG pulse repetition frequency of 15 GHz. The nor-
mal background and magnetic boundaries were used for mod-
eling the on-chip power dividers, because the superconducting
JAWS chip was mounted in a cryoperm shield in the meas-
urement. The parameters and design material in the simula-
tion were quite comparable to the actual fabrication process.
The size of the on-chip power dividers is compact enough to
be placed within a 10 mm × 15 mm chip. The S-parameter
sweep was used to simulate and optimize the designed struc-
ture. Figure 4 presents one of the simulation results of our
designs. The transmission coefficients of the two-stage serial-
parallel power divider are close to the theoretical value of
−6 dB. Its reflection coefficient is better than −20 dB. The
curves of the transmission coefficients are very flat, as there is
no frequency dependent component in this design.

The simulation show that all the designed power dividers
have a broadband performance, which is very suitable
for JAWS applications. The two-stage serial-parallel power
divider is the most broadband and compact of all the designed
power dividers. However, the insulation of the output ports
is not guaranteed. And the phase balance of the output ports
is 180◦. All the Wilkinson type power dividers have a good
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Figure 4. Numerically simulated transmission coefficients (red axis
on the right) and reflection coefficient (blue axis on the left) of the
serial-parallel power divider (Tian et al 2020).

Figure 5. A photograph of the mounted microwave package with an
integrated JAWS chip with two-stage Wilkinson power dividers. The
chip was connected to the PCB carrier through bonding wires.

isolation and there is no phase shift in their outputs. Due to the
CPS bending structure, they are still in a compact shape.

The tapered on-chip inner-outer DC-block capacitor (high
pass filter) were integrated with the outputs of the power
divider as well. Figure 5 shows a photograph of such a JAWS
chip, which contains two identical integrated circuits with on-
chip two-stage power dividers. The on-chip power dividers
were also successfully integrated into the previous described
fabrication process without involving additional process steps.
The chipwas connected to the PCB carrier through bondwires.

Figure 6 shows that an array with one-stage single-section
Wilkinson power divider and 18 000 JJs (6000 triple-stacked
JJs) was operated up to a clock frequency of 14 GHz (return-
to-zero pulses) with 81.4% code amplitude. An AC output

Figure 6. Frequency spectrum of a synthesized 100 Hz sine wave
using a JAWS array with the one-stage single-section Wilkinson
power divider and 18 000 Josephson junctions (V = 300 mV rms,
f clock-PPG = 14 GHz, AΣ∆ = 0.814). The circles O indicate
harmonics which appear due to the limited linearity of the sampler
(Benz et al 2015a).

voltage of 300mV rms per RF channel is synthesized. No higher
harmonics are visible above the noise floor. To further increase
the amplitude of the synthesized AC voltages, both RF chan-
nels were used, and the arrays were connected by a supercon-
ducting wire resulting in 36 000 JJ operated simultaneously.
A synthesized 600 mVrms sine wave was generated by a single
JAWS chip, however, due to crosstalk between the two arrays
harmonics are increased by about 15 dB (Tian 2022). Work is
ongoing to reduce crosstalk between arrays, RF and compens-
ation lines.

So far, it has been experimentally demonstrated that the
designed on-chip power dividers are quite broadband and suc-
cessfully integrated with JAWS circuits. In the future, we plan
to integrate larger series arrays together with on-chip power
dividers to continue increasing the output voltage of a single
chip containing several JAWS arrays.

2.4. Optical driven JAWS

Operation of Josephson arrays with opto-electronically trans-
mitted pulses was already demonstrated in (Williams et al
2004) using 100 Josephson SINIS junctions. As part of a
recent European research project, the operation of commercial
InGaAs photodiodes (PDs) (Albis 2022) at 4 K was demon-
strated together with a robust alignment method for the optical
fiber and the PD (Bardalen et al 2017) as illustrated in figure 7.
Shortly thereafter, pulses were used to drive SNS Josephson
arrays with 3000 junctions (Karlsen et al 2019, Kieler et al
2019, Herick et al 2020). The PD is providing a 100 µm large
lens making the implementation easy. The Si-carrier chip is
glued, and Al wire bonded to a PCB. The JAWS- and PD-chip
are connected by bonding. Detailed optimizations and invest-
igations of the high-speed performance at room-temperature
and 4 K were performed (Bardalen et al 2017, Bardalen 2018)
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Figure 7. Photographs of two photodiodes (PDs) flip chip mounted to a Nb CPW manufactured on a Si chip at PTB (left) and a different
Si-carrier chip mounted with two PDs, each one aligned to a glass tube for holding the ferrule ended glass fiber (right).

Figure 8. Schematic of the optical-driven JAWS for bipolar
waveforms after (Herick et al 2020). Two separate channels are
used, one for each polarity. Electrical PPG pulses are amplified
(A) before for the modulation of the optical signals (laser light) with
Mach–Zehnder Modulators (MZM). The MZM output signals are
sent via fibers to two PDs ▲ which are mounted next to the JJ array
(JJA). The output of the JJA is measured with a spectrum
analyzer (D).

and the optical pulse setup is described in (Karlsen et al
2019).

The aim of the development is to enable a possible low-cost
solution for parallel operation of many JAWS arrays by oper-
ating fast PDs at 4 K close to the JAWS arrays. Furthermore,
operating JJ with PDs does not require the AC coupling tech-
nique. Without all these electrical lines in the cryoprobe and
by using optical fibers instead of semi-rigid cables crosstalk
will be significantly reduced, especially at signal frequencies
above 10 kHz.

Figure 8 shows a simplified optical-driven JAWS setup for
bipolar waveforms (Herick et al 2020). The pulse pattern is
provided by two PPG channels and electrically amplified by
the RF modulator driver (A). The amplified pulses are trans-
ferred electrically to the Mach–Zehnder modulators (MZM)
which modulate the light of two 1310 nm Fabry–Perot lasers
according to the pulse pattern. The optical fiber transfers the
light pulses to the high-speed (28 Gbit s−1) InGaAs PDs
at 4 K.

Figure 9. Spectrum of a 12.5 mVrms sine wave at 10 kHz generated
with the bipolar optical pulse setup shown in figure 8. A JAWS array
with 3000 Josephson junctions was operated at 10 GHz clock
frequency.

Using a one-channel optical pulse-drive, unipolar sine
waves were synthesized with stable operation margins using
a 3000 junctions JAWS array in a signal frequency range
from 60 Hz up to 10 kHz. With clock frequencies up to
15 GHz 6.6 mVrms voltage were generated (Kieler et al
2019). Following to this, a two-channel optical pulse-drive
setup for generation of bipolar waveforms was established
at PTB (figure 8). First spectrally pure bipolar waveforms
were synthesized with the same JAWS array operated at
10 GHz with 100 µA-margins. Figure 9 shows a spectrum
of a 12.5 mVrms sine wave at 10 kHz where higher har-
monics are suppressed by more than 95 dBc (Herick et al
2020).

Many further papers on implementation techniques,
measurement setups, investigations and waveform synthesis
(Ireland et al 2017, 2019, Bardalen et al 2020, Karlsen et al
2020, Nissilä et al 2021, Brevik et al 2022) indicate that
the optical drive is a very active field with high potential for
applications.
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3. The Josephson voltage standard toolbox and
their applications fields

3.1. Systems and application areas

As has been already mentioned two different types of JVS
for AC applications are developed. On the one hand the
pulse-driven Josephson standard (JAWS) and on the other hand
PJVS. The constraints of the RF design in the transmission
lines are less strong with continuous microwave compared to
the constraints imposed by the broadband nature of the pulse
drive. This, in turn, has an impact on the number of JJ that
can be irradiated with the same power and consequently on
the output voltage that can be reached. Due to the much sim-
pler operation with continuous microwaves PJVS with arrays
up to 20 V were developed (Müller et al 2013). Presently,
the highest JAWS voltage of 4 Vrms was reported by NIST
(Flowers-Jacobs et al 2019).With JAWS, AC voltages are syn-
thesized by fast flux quanta transfer on a picosecond time scale
at 15 GHz clock frequency. At much lower frequencies e.g. up
to 1 MHz, spectral pure waveforms can be generated, mak-
ing JAWS a perfect voltage signal synthesizer (figure 10(a)),
whereas a spectrum of a PJVS-generated waveform has many
harmonics. These harmonics are caused by the limited number
of segments in binary divided Josephson arrays (figure 10(b)).
A synthesis of metrological meaningful sine waves is addi-
tionally limited due to unpredictable transients. However, the
relative simplicity of fabricating 10 V PJVS and the combina-
tion with sampling procedures lead to a robust, highly accur-
ate measurement system called ‘AC quantum voltmeter’ (AC-
QVM) (Behr et al 2007).

In the following we will look at metrological applications
which have been tackled by either JAWS or PJVS. The variety
of Josephson systems can be viewed as a toolbox. Each sys-
tem has a specific strength which is an advantage for a certain
application. Figure 11 summarizes such applications in elec-
trical metrology which span a parameter space from DC to up
to 1 MHz in frequency range and from mV to 10 V voltage
regarding signal amplitudes.

Conventional DC JVS based on superconductor-insulator-
superconductor (SIS) arrays are gradually replaced in NMIs
worldwide by PJVS systems which have been proven
robust and reliable. In addition to classical metrological
DC voltage, applications like calibration of Zener ref-
erences and linearity measurements on digital voltmeter,
JVS are increasingly deployed as very stable and traceable
references.

An easy extension turns such PJVS to AC-QVM which are
suitable for AC voltage calibrations up to the kHz range (Lee
et al 2013). Recently, the frequency range of the AC-QVM has
been extended up to 100 kHz (Behr and Palafox 2021). Due to
the reliability of the AC-QVM, systems were commercialized
(Schubert et al 2015) and methods were expanded for calib-
rating DC and AC currents and resistances (Lee et al 2016).

Primarily, due to the lack of JAWS with amplitudes above
10 mV, Josephson impedance bridges were developed based
on PJVS (Lee et al 2010). For similar impedances, PJVS based
bridges should synthesize square waves to limit the influence

Figure 10. Schematic comparison of a JAWS sine wave versus
PJVS stepwise approximated sine wave. The upper curves display
time traces and the lower ones the associated spectra. Higher
harmonics in the spectrum of the stepwise approximated sine wave
appear due to the limited resolution in binary divided Josephson
arrays.

Figure 11. Josephson-based applications cover the frequency range
from DC to 500 kHz and voltage amplitudes from a few mV to
10 V. These applications are discussed in the next sections.

of transients. Higher harmonics cancel almost perfectly, and
very accurate 1:1 and 10:1 ratio calibration of the order of 10−8

are possible by using such PJVS bridges (Hagen et al 2017),
however, they are limited to relative uncertainties of few parts
in 106 for quadraturemeasurements (Palafox et al 2012). Espe-
cially such quadrature calibrations are gaining importance
with the advent of new and user-friendly QHR standards based
on materials such as graphene. Beside all the advantages of a
quantum based and, hence, stable output amplitude with very
low noise, JAWS is an ideal source for Josephson impedance
bridges (Overney et al 2016, Bauer et al 2017) and for calibrat-
ing AC devices like inductive voltage dividers (IVDs) (Herick
et al 2018). Furthermore, JAWS can be utilized for the precise
and spectrally pure generation of waveforms (Benz et al 2000,
Palafox et al 2018), and it is an ideal candidate for Johnson
noise thermometry (Nam et al 2003, Benz et al 2011, Kraus
et al 2021, Drung et al 2022). In addition, also a phase angle
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Figure 12. (a) Schematics for direct JAWS versus PJVS and JAWS versus JAWS comparisons. (b) The pink line▬ shows PTB’s CMCs for
AC-DC transfer (k = 1) as reference. Uncertainties for Josephson AC voltage comparisons also via IVDs and impedance bridges are marked
with dots accordingly JAWS versus JAWS (Kieler et al 2013b, Flowers-Jacobs et al 2016a, Herick et al 2018, Overney et al 2020) ▲
AC-QVM versus JAWS (Jeanneret et al 2011, Behr et al 2015, Rüfenacht et al 2018, Kraus et al 2020) ■ different indirect comparisons via
or with conventional standards (Jeanneret et al 2011, Bauer et al 2021). Open symbols (∆, □) are only valid for type-A uncertainty
(Rüfenacht et al 2016, Kraus et al 2020). The dotted line shows a linear increase with frequency.

standard can be realized in different ways, where two possibil-
ities are already in used and published. The first solution uses a
single JAWS array to generate a fundamental tone and corres-
ponding harmonics with desired phase relationswith respect to
the fundamental (Georgakopoulos et al 2019). Another solu-
tion is to generate signals with a desired phase angle from two
JAWS systems (sine waves of the same frequency) by adding
a well-known delay between both signals (Bauer et al 2020b,
Bauer et al 2023). This is done by a PPGwith two independent
but synchronized memories with a resolution of 250 fs.

Before we give more insight into these applications in the
sections 4 and 5, we need to clarify which uncertainty levels
we could expect from Josephson-based systems at different
frequencies.

3.2. Verification by comparisons

Verification of standards is one of the main tasks in metrology,
and newly developed quantum standards require a detailed
uncertainty review. In many cases such verification turns out
to be difficult as no conventional standards of similar qual-
ity in the sense of accuracy performance are available. For
AC voltage metrology, thermal transfer standards have been
well developed and cover the frequency range from 10 Hz to
10 MHz. In the audio range, relative uncertainties at a level of
parts in 107 are commonly achieved. Towards higher frequen-
cies, the uncertainties are typically increasing very slowly.
During calibration, thermal transfer standards are connected
next to each other and hence do not suffer from long cables
which is the case for JVS.

To verify JAWS and PJVS at a better uncertainty level than
10−7, direct comparisons must be performed. Such compar-
isons are established for DC and many of them were car-
ried out (BIPM KCDB). For AC voltage, direct comparisons

were carried out between two JAWS (Kieler et al 2013b) and
between a JAWS andAC-QVM (Behr et al 2015). Figure 12(a)
shows schematic setups of the JAWS versus PJVS and JAWS
versus JAWS comparisons. Direct Josephson AC voltage com-
parison are more complex compared to DC comparisons.
Beside common problems with ground loops and interfer-
ences, also, e.g. the phase between the standard-generated sig-
nals, cable corrections, effects of on-chip inductances, and the
bandwidth of the null-detector must be considered. To avoid
some of these problems, indirect comparisons have been per-
formed with good results (Jeanneret et al 2011). Figure 12(b)
displays AC voltage comparison with PJVS and JAWS in the
frequency range up to 500 kHz (data points). The dashed
line, as guide to the eye, demonstrates that the uncertainty for
AC Josephson voltage comparisons follow roughly a linear
increase starting with 10−9 (relative uncertainty) at 100 Hz.
The solid pink line represents a typical uncertainty bench-
mark for AC-DC transfer measurements with thermal con-
verters. Below 50 kHz, lower uncertainties are achieved with
Josephson-based AC voltage standards.

The next sections will discuss Josephson comparisons in
more detail.

3.2.1. JAWS versus PJVS (DC). A first DC comparison of a
JAWS and a PJVS was performed by NIST (Rüfenacht et al
2016, 2018). Here we report on a similar comparison that
was carried out at PTB at the 1 V level. About 80 measure-
ments in a +−−+—sequence were performed automatically
within 90 min. 160 +− —data are averaged and displayed in
figure 13(a). Even though four outliers are visible—probably
the 4 s waiting time after reversal of both quantum stand-
ards was chosen slightly too short—the relative agreement of
3 × 10−10 with a type-A uncertainty of 4 × 10−10, evaluated
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Figure 13. (a) Automated 90 min direct comparison of a JAWS and PJVS at 1 V level. (b) QLR for the positive pulse amplitude of array
number 8.

by an Allan deviation analysis, is within expectation. Sys-
tematic errors like leakage, frequency offset, etc were ana-
lyzed and are much smaller than the dominating type-A uncer-
tainty. This conclusion is underpinned by parameter sweeps
demonstrating quantum margins or a quantum locking range
(QLR). An example for a pulse amplitude sweep is shown in
figure 13(b).

3.2.2. JAWS versus PJVS (AC). An indirect comparison
between a PJVS and a JAWS using an ADC as trans-
fer device was performed at 100 mV level and 500 Hz
showed a good agreement with a relative voltage difference
of (−1.8 ± 2.6) × 10−7 (k = 2) (Jeanneret et al 2011). The
first direct PJVS versus JAWS comparison (Behr et al 2015)
was carried to evaluate the uncertainty of PTB’s 1 V JAWS
and, at the same time, the AC-QVM. On the one hand, PTB’s
1 V JAWS consists of a series connection of eight arrays
which are all operated in the so-called AC-coupling mode
(Benz et al 2001). Therefore, the setup requires combining
eight high-frequency pulse codes each one compensated by a
low-frequency current. On the other hand, the AC-QVM was
further developed and has become a commercially available
product (Supracon AG). So far, however, it was only used
to calibrate conventional standards with limited uncertainty
(Rufenacht et al 2009, Kim et al 2010, Williams et al 2011,
Lee et al 2013, Rüfenacht et al 2013).

The very good agreement (0.35 ± 1.2) × 10−8 (k = 1)
of both quantum standards impressively demonstrated two
things. The AC-QVM is suitable for calibrations at the level
of 10−8, an uncertainty improvement of more than one order
in magnitude, and it is possible to combine many pulse-driven
Josephson arrays in a complex setup.

3.2.3. JAWS versus JAWS (AC). Besides JAWS versus
PJVS comparisons, it is also possible to compare two JAWS to
investigate their accuracies mutually. In the past, this has been

performed by connecting two JAWS arrays in series and apply-
ing a 180◦ phase shift between both sinusoidal waveforms and
by measuring the residual, differential voltage with a lock-in
amplifier as null detector. The documented results of the rel-
ative difference of 1.6 parts in 108 at a signal frequency of
3.75 kHz (Kieler et al 2013b, Rüfenacht et al 2016) and of 8
parts in 108 at 1 kHz (Flowers-Jacobs et al 2016a) showed a
very good agreement between the two JAWS. A repetition of
the experiment proposed in (Kieler et al 2013a) at different
signal frequencies also showed an agreement within 0.2 parts
in 107 up to 10 kHz (Kraus et al 2018). Further applications
like IVD calibration (Herick et al 2018) (see section 5.3) and
the development of Josephson impedance bridges based on
JAWS (Bauer et al 2017, Overney et al 2020) (see section 5.4)
as well rely on these properties. Therefore, these experiments
are also recorded in figure 12(b). However, here it is import-
ant to mention that the uncertainties in these experiments are
surely influenced by the specific setups and additional com-
ponents even though, e.g. cable and inductive errors partly can-
cel out in an impedance bridge (Overney 2018).

Above 10 kHz, however, significant deviations were found
that indicate systematic errors in pulse-driven Josephson sys-
tems (Kraus et al 2018). This is in line with past exper-
iments investigating these deviations on different develop-
ment sites (Burroughs et al 2003, Landim et al 2008, Kieler
et al 2008, Filipski et al 2008, van den Brom et al 2016,
Zhao et al 2017). Recent developments introduce new pulse-
bias techniques (Benz and Waltman 2014, Zhou et al 2015,
Brevik et al 2017) to further mitigate high-frequency voltage
errors in the JAWS. The understanding and mitigating of these
errors are major tasks, especially in high-frequency applica-
tions of pulse-driven Josephson arrays, to ensure the accuracy
of the synthesized AC voltage. Therefore, an indirect com-
parison between two JAWS has been carried out for signal
frequencies up to 500 kHz (Kraus et al 2020). Each sys-
tem produces a sinusoidal voltage with a nominal rms amp-
litude of V rms = 10 mV and are alternately connected to an
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Figure 14. Relative deviation over the quantum locking range
(QLR, green dashed lines at ±0.6 mA) of the DUT JAWS at
500 kHz for the bias configurations A, B and C. Ipp,c denotes the
pulse-bias amplitude setting when the DUT is centered on its QLR.
In configuration A, in contrast to configuration B and C, a 3 dB
attenuator is used between the two inner DC blocking capacitors
(iDCB) forming a two-pole instead of a one-pole high-pass filter for
the pulse-bias current. In configuration C the second iDCB is
replaced with an inner-outer DCB (ioDCB) compared to
configuration B. The solid spline curves are used to guide the
reader’s eye. The error bars indicate the type-A uncertainties
(k = 1). Reproduced from (Kraus et al 2020). © IOP Publishing Ltd
All rights reserved.

analog-to-digital converter (ADC), which serves as a trans-
fer standard. One system acts as a reference (REF), which
remains unchanged during measurements and the other as
the device under test (DUT). The deviation of both systems
∆V rms = VDUT − VREF is deduced from the measure amp-
litude spectra. In addition to the influence of the output cabling
on the signal amplitude, which is well known in the literature
and scales in first order quadratically with cable length and
frequency (Zhao et al 2017, Underwood 2018), the influence
of the pulse-bias current was investigated in detail.

The pulse-bias current consists of a low frequency com-
ponent inherent in the HF pulse train. The low-frequency (LF)
current is determined by the desired waveform, resulting in a
current component at the signal frequency (Burroughs et al
2003, Landim et al 2008). Typically, DC blocking capacit-
ors in the microwave setup of the JAWS are used to filter
out this LF current. However, any remaining unfiltered part,
denoted feed through current, is still transmitted to the JJ array
and produces unwanted voltage signals at the signal frequen-
cies. The resulting amplitude error, referred to as the feed
through error, was measured and analyzed for three differ-
ent high pass filtering configurations of the DUT (A, B, C)
by varying the pulse-bias amplitudes Ipp at 500 kHz. The res-
ults are shown in figure 14. Note, that the amplitude error due

to the output cabling is suppressed in the relative deviation
between the two JAWS, as the cable lengths of both systems
are precisely matched. For configuration A in figure 14, we see
that the relative deviation between the DUT and REF JAWS
stays within ±1 µV/V for Ipp—Ipp,c = ±0.6 mA. Varying Ipp
over the QLR does not noticeably affect the relative deviation
between both JAWS, indicating that the feed through error
is sufficiently suppressed. Configuration B and C show clear
dependencies, i.e. the DUT’s signal amplitude is dependent on
the bias-parameters even when operated on its QLR. The cre-
ated model described in detail in (Kraus et al 2020) for the
feed through error fits well with the experimental results and
additional measurements. It is shown that less efficient filter-
ing of the feed through current and/or an outer DCB in con-
junction with parasitic inductances in the low-side of the out-
put cabling result in large high-frequency voltage errors. The
results of these ongoing investigations will improve the under-
standing of dominant high-frequency error mechanisms in the
JAWS, essential for high-frequency applications of the JAWS,
e.g. as a reference noise source in Johnson noise thermometry
(cf section 5.5).

4. JVS as measurement system

Nowadays, Josephson voltage standard measurement systems
are usually based on PJVS. PJVS voltage amplitudes of 20 V
were achieved and due to continuous microwave operation,
these systems are simpler and cheaper than JAWS. Thus,
applications discussed in this chapter are always based on
PJVS. However, a JAWS measurement system was already
introduced (Flowers-Jacobs et al 2020). It is to be expected
that such systems will occur more frequently once JAWS have
achieved higher output voltages.

4.1. The AC quantum voltmeter

The basic functionality of the AC quantum voltmeter was
already described in our last overview paper (Behr et al 2012).
Since then, several NMIs developed improved AC-QVM (Lee
et al 2013, Rüfenacht et al 2013, Amagai et al 2018, Kim et al
2020). Depending on the PJVS array and its bias source—
called PJVS control unit in figure 12—and on the speed of
the sampler, an AC-QVM covers voltages up to 10 V and fre-
quencies up to a few kHz (see figure 15(c)). An AC voltage
is calibrated by generating a waveform based on quantized
voltage steps from a PJVS, synchronized to it and reconstruc-
ted from the measured differences of a sampler and the associ-
ated Josephson voltage steps. Figure 15(a) shows a schematic
of stepwise approximation to a sine wave. The grey shaded
areas indicate timeswhen the difference between the sinewave
(red curve) and Josephson waveform (blue curve) is being
sampled. Due to its very good accuracy (see section 3.2.2) and
the ability to achieve 10−8-resolution within minutes, fully
automated setups are commercially available (Schubert et al
2015). The superior ability to achieve very good uncertain-
ties will lead in long-term to a replacement of thermal transfer
standards as primary standards at NMIs. Thermal converters
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Figure 15. (a) Direct differential and (b) sub-sampling measurement schemes. The sine wave curves under test (red) are calibrated with
Josephson stepwise curves (blue). (c) Results of differential sampling ( ) and sub-sampling (■) up to 100 kHz at 1 V for the voltage
difference Vmeas and the nominal value of a Fluke 5700A calibrator1 Vnom. A NI PXI 59221 was used to measure the voltage differences
with sampling rates of 4 MSa s−1 and 15 MSa s−1. The dashed line marks the uncertainty increase of differential sampling with increasing
frequency. The error bars indicate type-A uncertainties (k = 1). The grey area marks the specification of the 5700 A.

require time-consuming measurements, but they are small,
cheap and can be easily transported. For a complete move
towards sampling techniques, improved AC voltage trans-
fer standards are needed. Recently, improved sources were
developed e.g. (Nissila et al 2016) and (Kučera et al 2020).

Direct differential sampling with the AC quantum volt-
meter is limited in frequency to the kHz-range (figure 15(c))
because of the transients from the PJVS and limitations from
the sampler. To overcome this limitation, a sub-sampling tech-
nique was developed which is described in the next section.

4.1.1. Sub-sampling up to 100 kHz. Figure 15(b) depicts
the sub-sampling scheme following the idea of (Kürten Ihlen-
feld and Landim 2016). During time intervals shown as grey
zones, the voltage difference between the sine wave under
test and Josephson voltage steps of a PJVS are sampled.
Re-combining the HF sine wave (based on Josephson voltage
steps) and measurements is feasible due to perfect synchron-
ization (Bauer et al 2021). Even though much less data are
taken during of each HF period in comparison with differen-
tial sampling, type-A uncertainties <1 µV/V below 50 kHz
and 3.5 µV/V at 100 kHz are possible for five measurement
repetitions with a total measurement time of about 5 min, as
shown in figure 15(c). The red and blue points indicate the
difference in measurements of a Fluke calibrator1 using the
AC-QVM in differential and sub-sampling mode for a con-
ventional calibration by a thermal transfer standard. The grey
zones show the k= 1 uncertainty for a calibrator used as trans-
fer standard. It is obvious that the agreement is much better.
The type-A uncertainty of the red differential sampling data
increases above 10 kHz even when using a high sampling rate
of 15 MSa s−1. The transients in interaction with the finite
impulse response filter of the NI PXI 5922A1 (NI 2018) con-
tinuously reduce the remaining time interval where the Joseph-
son voltage provides a quantized reference. The dashed lines
indicate how the type-A uncertainty increases with frequency
due to this effect. Sub-sampling circumvents this limitation

and a very good agreement between AC quantum voltmeter
and thermal transfer standard is found up to 100 kHz. Fur-
ther details of the sub-sampling technique and an extensive
discussion on type-B uncertainties are given in (Bauer et al
2021).

4.2. Resistance and current calibration (quantum calibrator)

Figure 16(a) shows two schematics how the AC quantum volt-
meter could be extended to a ‘quantum calibrator’ (Lee et al
2016) for calibrating DC and AC currents and resistances,
respectively. Such an extension is enabled by combining the
AC-QVM with the reference resistance standard RA. A cur-
rent source is calibrated easily bymeasuring the voltage across
this known resistance. Using a set of 1 Ω, 10 Ω, 100 Ω und
1 kΩ resistors, DC currents ranging between 20 µA and 1 A
are covered. Type-A (relative) uncertainties are as low as 10−7

were achieved within 60 s, and the calibration results were in
good agreement with conventional methods (Lee et al 2016).
Examples demonstrating how accurate this method also works
for AC has been published (Starkloff et al 2018); e.g. for fre-
quencies from 30 Hz to 1 kHz and for currents from 1 mA to
20 mA, deviations are within ±5 µA A−1, and ±20 µA A−1

when increasing the current to 2 A.
The availability of such a reference resistance standard

makes it also possible to calibrate resistors. The schematic
is shown in figure 16(b). A current source drives a current
through the two resistors in series, the known one RA and
the one to be calibrated RB. Thermal voltages and offsets are
eliminated by current reversals. A multiplexer and the AC-
QVM are used to precisely measure the voltages across the
resistances successively. After an automated and well-timed
series of four voltage measurements (each within 90 s), the
resistance of RB is given as voltage ratio times RA (Lee et al
2016). With 1:10 scaling, four resistances RA with values 1 Ω,
100 Ω, 10 kΩ, and 1 MΩ are sufficient to cover the resistance
range from 1Ω to 10MΩ. Scaling can be performed with little
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Figure 16. (a) and (b) Schematic setups using the quantum voltmeter for current and resistance calibrations, respectively. (c) Comparison of
relative uncertainty levels (k = 2) for resistance calibrations from 1 Ω to 10 MΩ between a commercial resistance bridge and the AC-QVM.

uncertainty reduction and even 1:100 scaling can be used for
crosschecks (Behr et al 2003, Lee et al 2016).

Figure 16(c) compares achievable uncertainties with the
AC-QVM. As stable current source a Fluke calibrator1 oper-
ated in the voltage range was used. Stable resistors from an
oil bath were investigated and—as expected—the achieved
results showed good uncertainties. Be aware that the relat-
ive uncertainties for the quantum calibrator in figure 16(c)
slightly differ from that published in (Lee et al 2016) because
we used resistors in an oil bath instead of common trans-
portable standards and investigated more carefully all uncer-
tainty components. In the 1 kΩ–10 kΩ resistance range, relat-
ive uncertainties below 10−7 (type-A, k = 2) are comparable
to high-performance DC resistance bridges (Guildline 2016)1.
Towards higher resistance values, leakage resistance of the
AC-QVM set-up decreases the uncertainty. At resistance val-
ues below 100Ω voltages diminish, and signal to noise reduces
and uncertainty decreases again.

The AC-QVM ability to quickly switch between DC res-
istance and AC current calibrations was recently exploited
to improve the short-time traceability of current shunts and,
thus, to improve uncertainties of AC current calibrations to the
1 µA A−1 level (k = 1) (Ilic et al 2022).

4.3. DC measurements

As progress is ongoing in many metrological areas, JVS gain
more importance outside common voltage or even electrical
metrology. This is generally the case as soon as measure-
ments being based or involving voltage measurement are aim-
ing for uncertainties better than 1 part in 107. Zener refer-
ences and precision voltmeters can provide five parts in 108

uncertainty but only with a lot of effort. Therefore, Kibble
balance experiments in mass metrology involved JVS since
early time, cf (Robinson and Schlamminger 2016). To ensure
such improved uncertainties, a Josephson voltage standard
was recently also embedded in single electron pump invest-
igations (Stein et al 2015). In these experiments, JVS were
used as quantum voltage measurement devices in a traditional
way with polarity reversals. Presently, PJVS are gaining also
interest as simple stable references. The stabilization of the
output of a current source (Fan et al 2019) is an example which

demonstrates that PJVS are suitable for this purpose. Even
though offset voltages from thermal EMFs were not cancelled
by polarity reversals, a relative stability of three parts in 109

at 5 V level was achieved. Such a stability is out of reach for
Zener references.

5. Josephson synthesizer applications

The applications discussed in this chapter are almost exclus-
ively based on JAWS. Even though PJVS were suggested as
synthesizers when theywere introduced (Hamilton et al 1995),
many applications were and are limited in uncertainty due to
the transients (Behr et al 2012). The remaining synthesizer
application is a PJVS-based impedance bridge for identical,
high value impedances e.g. 10 pF capacitances (Hagen et al
2017).

5.1. Spectrum analysis

The basic principle that uses a JVS as a reference for dif-
ferential measurements (having been employed for DC inter-
comparisons since the introduction of JVSs for DC voltage in
1980s as well as for the quantum voltmeter (Behr et al 2007) to
measure AC signals) can be extended for measuring multiple
harmonics exploiting the programmable spectrum in a JAWS.
Signal generators typically show a few harmonic components
at their output and the setup in figure 17(a) improves the res-
olution for these smaller components by using a low noise and
high bandwidth amplifier. The Josephson-based spectrum ana-
lyzer establishes the different amplitudes by nulling each of
these components. Normally, this requires an iterative process
to adjust the amplitude and phase angles of the larger harmonic
components. The cornerstone of the Josephson-based spec-
trum analyzer is the spectral purity of the JAWS output, and
we established a total harmonic distortion over the first 20 har-
monics of −135 dB or 0.2 µV/V for an amplitude of 100 mV
at 1 kHz using a classical method with a passive double-T
notch filter and an amplifier, as shown in figure 17(b). The
blue curve shows the spectrum at the output of the ampli-
fier. The red curve includes the inverse transfer function of
the double-T filter and the amplifier. The otherwise excellent-
attenuation of the notch filter at the second harmonic,−5.6 dB
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Figure 17. (a) Schematic setup as described in the text. (b) Frequency spectrum for a 100 mV JAWS sinewave at 1 kHz measured with a
double-T notch filter and a low noise amplifier. The blue spectrum corresponds to the output of the amplifier while the red curve has been
corrected for the transfer function of the notch filter and the amplifier.

Figure 18. Single shot frequency spectrum from the Josephson based spectrum analyzer for a second JAWS signal consisting of two sine
waves: 100 mV at 1 kHz plus 100 µV at 1.5 kHz.

as opposed to−10 dB for the conventional double-T configur-
ation, limits the resolution of these measurements. The feas-
ibility of the Josephson-based spectrum analyzer was estab-
lished by using a second JAWS to generate a given spectrum
and nulling its fundamental component (Palafox et al 2018).
A single shot spectrum, acquired over less than 45 s, can reach
noise floors of 0.5 nV, as shown in figure 18. In the measure-
ment shown, we also demonstrated the ‘infinite Q’ of the can-
cellation method in the Josephson based spectrum analyzer.
We generated a 100 mV tone at 1 kHz and 100 µV at 1.5 kHz,
which is not harmonically related, but is not attenuated at all.
Using commercial generators, the uncertainty of the measure-
ment is dominated by their amplitude instability. If the gener-
ator shows instability in the frequency, this also contributes
to the uncertainty of the measurement. For the instrument/
generator investigated in (Palafox et al 2020), this can become
0.5 µV over 2 min.

5.2. µV-synthesizer

In contrast to continuous wave operation, broad Shapiro steps
are still generated in the pulse-mode operation regime when
the pulse repetition rate is far below the characteristic fre-
quency of the JJs. (Benz and Hamilton 1996). We practic-
ally used this feature for the first time to precisely synthesize
very small DC and AC voltages. Such a precision microvolt
synthesizer (Behr et al 2017) finds its application in calibrat-
ing nanovoltmeters (DC) or lock-in amplifiers (AC). The typ-
ical signal voltage range needed for the calibration of a nan-
ovoltmeter is about V = 10 nV to V = 100 µV. We used
a JAWS array with N = 9000 junctions and calculated the
required Σ∆-codes with a constant length of 128 Mbit and a
fixed 5 GHz clock frequency. To generate these small voltages,
no compensation signals (Benz et al 2001) are necessary (cf
figure 12) and the Σ∆-code amplitude AΣ∆ could be as small
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Figure 19. (a) Deviation from linearity for DC voltages in the µV-range measured with two digital nanovoltmeters (NVM) in the 10 mV
range. The cyan-colored area indicates the typical voltage range for a single Josephson junction. (b) Deviation from linearity for 80 Hz AC
voltages measured with a lock-in amplifier in the 50 mV range. The error bars indicate the measurement uncertainty (k = 1).

as 1.5 × 10−7 for a 10 nV DC voltage. Using a ternary PPG
kept the JAWS setup simple, making it easy to reverse voltage
polarity by sending either positive or negative pulse amp-
litudes. The results from the fully automated measurements
are plotted in figure 19(a). All deviations are within ±1 nV in
the above-mentioned voltage range for two digital nanovolt-
meters. The error bars indicate type-A uncertainties (k = 1).

By using a similar procedure, the generation of AC voltages
was possible for the calibration of AC devices which are sens-
itive for small input signals. In (Behr et al 2017) a lock-in amp-
lifier was calibrated in the range from 80 Hz to 100 kHz in a
voltage range from 1 µV to 50 mV. Several features of this
device like linearity, gain dependencies and influence of har-
monic content were investigated. Figure 19(b) shows the devi-
ation from linearity for an 80 Hz sine wave measured with
a lock-in amplifier in the 50 mV range. At mV/V-level rel-
ative deviations are only visible for small amplitudes below
500 µV.

The minimum pulse repetition frequency applied for these
experiments was only 540 Hz, far below the characteristic fre-
quency of f c = 7.6 GHz. Such a low frequency produces a
minimum synthesized voltage of only VJJ = 1.1 pV per JJ.
The minimum possible voltage could be further explored by
using the full available PPG memory of 512 Mbyte, by tun-
ing down the clock frequency and by reducing the Σ∆-code
amplitude. From a practical point of view, such a reduction is
not required but shows the excellent suitability of the JAWS
for this purpose. Uncertainties in the nanovolt level can be
achieved within short measurement times and the fully auto-
mated calibration procedure makes it a useful tool for metro-
logical applications.

5.3. IVD calibration

IVDs represent the actual standard to generate precise and reli-
able AC voltage ratios in metrology. As IVDs are relatively

easy to self-produce and adapt to specific needs, they
are used in a large variety of metrological measurements.
Recently, they are also used to refer voltages of up to
120 V (unachievable with actual quantum voltage standards)
to JAWS (Budovsky et al 2018). However, as these dividers are
conventional technology, they must be calibrated from time to
time to enable maximum accuracy for the measurements they
are used for. Next to conventional techniques as bootstrapping
(Sze 1968) and straddling (Hanke 1989), pulse driven JVS can
be used for calibrating IVDs. Since pulse-driven JVS can gen-
erate any voltage signal with excellent accuracy, it is possible
to realize highly accurate AC voltage ratios in a broad fre-
quency range with two synchronized 100 mV JAWS systems
(Herick et al 2018). In this way, the calibration of the divider is
directly based on a quantum effect, thus benefiting from excel-
lent performance, long term-stability, low noise and high pre-
cision of quantum effects. Note that at a 1:1 ratio, such calibra-
tion is very similar to a direct JAWS versus JAWS comparison,
cf section 3.2.3.

The reference system JAWS1 supplies the input voltage V i

of the IVD to be calibrated (figure 20). To unload JAWS1
and to ensure best performance, the current required by the
IVD is supplied by an additional buffer amplifier. JAWS2 is
used to compensate the output voltage of the IVD at a ratio
Dn. A detection transformerminimizes common-mode voltage
effects while a pre-amplifier amplifies the signal difference
and the sensitivity of the lock-in reading. Synchronization and
phase setting are realized by an additional synthesizer. By rais-
ing the JAWS2 amplitude of a precisely known small amount,
typically 1 µV/V or 100 nV, the sensitivity of the measurement
setup is determined. Furthermore, such a signal is applied to
set and check the phase setting of the lock-in amplifier.

The stability and noise level of the setup is analyzed by
Allan deviation measurements for different configurations.
Figure 21 shows such a measurement at 497 Hz for the
in-phase and quadrature components. The blue and purple
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Figure 20. Schematic illustration of the measurement setup for the
IVD calibration using two independently synchronized JAWS
systems. JAWS1 is driving the IVD to be calibrated while JAWS2
is used to compensate and so measure the output voltage of the IVD
at a ratio Dn. A detection transformer is used to minimize
common-mode voltage effects and an amplifier is used to increase
the combined signal and so the sensitivity of the lock-in amplifier
reading. © 2018 IEEE. Reprinted, with permission, from (Herick
et al 2018).

Figure 21. Allan deviation analysis at 497 Hz for the in-phase and
quadrature components relative to the 100 mVrms JAWS amplitude.
The calibration setup is compared to a direct Josephson comparison
(without buffer and IVD, cf figure 20). After 100 s all curves reach
an uncertainty level of about 2 nV/V.

plots are corresponding to the direct JAWS comparison while
the red and yellow lines are showing the results for the
complete setup as shown in figure 20. The plot shows that
the buffer amplifier starts drifting first, but does not signi-
ficantly limit the type-A uncertainty of the setup which is
in the range of 2 nV/V after a typical measurement time
of 100 s.

The corrections, Kin and Kqn, of the IVD can be determ-
ined by a zero measurement, in which the output voltage at

Figure 22. IVD calibration at 225 Hz for different divider ratios Dn.
Kin and Kqn are the correction for the in-phase and quadrature
component, respectively. The error bars indicate the total calibration
uncertainties (k = 2).

the different taps of the IVD Vn of the IVD is compensated
by voltage generated by JAWS2 and the difference signal is
detected phase sensitive by a lock-in amplifier:

Vn

Vi
= ( Dn +Kin + j ·Kqn ) .

As an example, figure 22 compares corrections, Kin and
Kqn, which were extracted by JAWS at 100 mV level and the
conventional bootstrap method at a voltage level of 1 V. At
these low amplitudes the voltage dependence of the IVD is
negligible. As expected, the in-phase corrections Kin are much
smaller than the quadrature corrections, Kqn. Moreover, both
methods are in good agreement, especially the in-phase calib-
rations agree very well within 1.1 parts in 108 for all divider
ratios.

5.4. Josephson impedance bridges

The exact measurement of impedance plays an important role
in many fields of science and engineering as well as in our
daily life (e.g. capacitive touch screens). The different types
of devices to measure electrical impedances developed over
more than one century towards the two commonly used types
of systems used nowadays. This are on the one hand imped-
ance bridges based on IVD delivering the most precise per-
formance up to now (Schurr et al 2009). On the other hand,
so-called digital impedance bridges achieving uncertainties
which are sufficient for many calibration purposes by giving a
higher flexibility and the opportunity of automation. A special
and highly accurate version of these digital bridges are using
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Figure 23. New Josephson impedance bridge after (Bauer et al
2021). Reproduced from (Bauer et al 2021). CC BY 4.0.

JVS for their potential definition. A detailed overview over the
evolution of impedance bridges can be found in (Overney et al
2016).

The use of a JVS as reference for the potential definition
offers low noise and infinite stability, hence giving low meas-
urement uncertainties. Furthermore, the phase setting between
the two needed voltages is much more flexible in contrast to
the IVD based brides, which gives the ability to measure in the
whole complex plane of impedance. First attempts to use JVS
for impedance metrology were already carried out at PTB in
2010 (Lee et al 2010). Two synchronized PJVS systems with
nominal output amplitudes of 1 V were used to measure the
ratio of two 10 kΩ resistance standards in a two terminal-pair
configuration. The uncertainties achieved by these measure-
ments are in the range of a few parts in 108 for frequencies
between 25 Hz and 10 kHz (Lee et al 2010). This impedance
bridge was also used to make 1:1 and 10:1-measurements with
10 pF and 100 pF capacitance standards and amplitudes of up
to 10 V. The achieved uncertainties are in the range between
0.9 and 81.1 parts in 108 in a frequency range between 500 Hz
and 10 kHz (Hagen et al 2017). Due to the unavoidable tran-
sients and, hence, high harmonic content in a PJVS system
(see figure 10), the uncertainty for a quadrature measurement
(comparing unlike impedances R:1/(ωC)) is limited to some
parts in 106 (Palafox et al 2012).

Accepting a lower amplitude this limitation can be circum-
vented by the usage of the high spectral purity of pulse-driven
Josephson arrays.Moreover, the frequency range can be exten-
ded towards higher frequencies of 50 kHz or above. This type
of a versatile and quantum-based impedance bridge is cur-
rently implemented by two institutes: one by a NIST-METAS
collaboration (Overney et al 2016, 2020) and the other one
by PTB. The latter was also used to link a 10 nF capacitance
standard to the quantum Hall resistor (QHR) made from GaAs
(Bauer et al 2017) and one from graphene (Bauer et al 2021).
Figure 23 shows a schematic overview of the four-terminal
pair impedance bridge combined with a QHR.With this setup,

any type of impedance (ZN) can be linked to the QHR. Those
measurements can be carried out under relaxed experimental
conditions by using a graphene based QHR, as it is intensively
under investigation within the European metrology research
project ‘Graphene Impedance Quantum Standard’ (GIQS)
(GIQS 2022).

Recently the onsite comparison of two digital impedance
bridges combined with a graphene quantum Hall standard has
been published (Marzano et al 2022). One bridge the INRIM-
POLITO digital impedance bridge using a polyphase digital
sinusoidal waveform generator (Marzano et al 2020). The
other one is PTBs Josephson impedance bridge as described
in (Bauer et al 2021). The comparison between both systems
agreedwell within uncertainties which are about 2 parts in 107.
Whereas the contribution of the Josephson impedance bridge
is about 2 parts in 108. During this comparison a so-called tri-
angle measurement was carried out using a ratio measurement
between a resistance standard and a graphene quantum Hall
standard as well as the quadrature measurements between a
10 nF capacitance standard and the two resistance standards.
Every deviation of the result from 1 gives a hint to unaccounted
systematic uncertainties. For the Josephson impedance bridge
this deviation is 2 parts in 108 after subtracting the combined
uncertainty of 1.6 parts in 108 (k = 1) and is currently under
investigation (Marzano et al 2022).

Even though the absolute accuracy needs an improvement
of about one order of magnitude to be on the level of the most
accurate IVD bridges (Schurr et al 2009), the reproducibil-
ity is already in the range of few parts in 109 for frequen-
cies around 1 kHz. For almost all industry needs those systems
are already outperforming but on a metrology level and hence
the representation of the unit farad based on the QHR/imped-
ance improvements are still need and the target of all further
research.

Beside impedancemetrology Josephson impedance bridges
are useful tools also to investigate two electrical quantum
standards the Josephson voltage standard and the quantum
Hall impedance standard. For the JVS the QLR can be meas-
ured with a resolution of few parts in 109. For a quantum Hall
device, the plateau shape can be measured by investigating the
change in detector reading with respect to the magnetic field
when the QHR is measured against a resistance or capacit-
ance standard. The latter is a quadrature measurement which
is easy possible with digital impedance bridges and offers a
lower noise compared to a measurement using a resistance
standard as reference (Bauer et al 2020a, Bauer et al 2021).

5.5. Johnson noise thermometry

Johnson noise thermometers (JNTs) exploit the relation
between the voltage noise across a resistor R (caused by the
thermal motion of charge carriers) and its thermodynamic
temperature (Johnson 1928, Nyquist 1928). The temperature
T is then derived from the power spectral density (PSD) of
the resistor vie the relation ST = 4kBTR, where kB is the
Boltzmann constant. Due to the small voltage noise levels
of about 1.27 nV/√Hz for a 100 Ω sensor resistor at room
temperature, sensitive amplifier electronics and measurement
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Figure 24. Comparison of different noise signals. In (a) the time
signal, normalised to the rms voltage, of white and pseudo-noise
with different tone numbers N and V rms = 0.6 µV is sketched. Both
waveforms with N = 25 and 1000 are shifted in positive y-direction.
The three red lines represent Gaussian fit functions of the respective
amplitude distribution. (b) Shows the voltage noise

√
SV of the

signals from (a). The red line shows the thermal noise level for
R = 100 Ω and T = 273.16 K.

techniques are required to perform temperature measurements
at µK/K-level (Coakley and Qu 2017, Flowers-Jacobs et al
2017, Qu et al 2017, 2019).

To date, the most accurate noise thermometer is based on
the switching correlator design in combination with a quantum
voltage noise source (QVNS), which is based on pulse-driven
JJ arrays and generates a calculable reference pseudo noise
(Flowers-Jacobs et al 2017, Qu et al 2017). In this QVNS
thermometer, two identical amplifier channels measure the
resistor’s voltage noise simultaneously in cross-correlation.
Every 100 s the electronics switches to the reference noise
of the QVNS operating at the same noise level to overcome
the limitations caused by instabilities and nonlinearities of the
measurement electronics. This process is repeated over several
hours, and the temperature is then derived from the ratio of the
sensor and the reference pseudo noise. Since the voltage noise
of the sensor is relatively low, the maximum number of JJ in
the QVNS can be reduced to about 20 or even less (Nam et al
2003, Benz et al 2011).

The QVNS typically generates a voltage noise consist-
ing of N equal-amplitude random phase harmonics (typically
N ⩾ 1000) of a single sinusoid and frequency f p. If the phases
relation between all tones is appropriate, the synthesized sig-
nal resembles the behavior of white noise in the time domain
(White and Benz 2008), which is sketched in figure 24(a). In
the frequency domain however, the power is concentrated only
in the tone frequency bins unlike ‘true’ white noise where the
PSD is constant over the bandwidth studied. As a result, inter-
modulation distortions (IMD) caused by nonlinearities in the
JNT electronics may affect the pseudo-noise and the thermal
noise of the sensor differently, thus distorting the temperature

measurement. Therefore, the choice of the pseudo waveform
pattern must be made carefully. It has been shown that if the
tone amplitudes are small enough (or, in other words, the tone
density is maximized at a given noise level and the pseudo-
noise consists only of odd harmonic tones), differences due to
nonlinearity effects between white and pseudo-noise become
negligible (Qu et al 2015).

At PTB, the concept for the JNT measurement electronics
and its calibration is approached differently. For this purpose,
a novel system, the dual-mode auto-calibrating resistance ther-
mometer (DART) has been developed, which combines res-
istance and Johnson noise thermometry in one instrument (cf
(Drung and Kraus 2021) for more details). The highly linear
and stable signal path amplification of the DART in combina-
tion with a sophisticatedmeasurement procedure and data ana-
lysis allows the temperature to be determined directly from
the measured PSD of the sensor resistor without the need for
permanent comparison with a QVNS reference noise during
temperature measurements. Infrequent calibrations of the sys-
tem against electrical quantum standards are sufficient to oper-
ate the thermometer over extended periods and wide temperat-
ure ranges. In the following, we present the reader with some
very important milestones regarding the calibration concept of
the DART as well as gain linearity investigations of a DART
prototype.

Unlike the AC coupled amplifiers typically used in the
QVNS thermometer, the DART employs a DC coupled amp-
lifier to deduce the temperature also via the measured sensor’s
resistance (Drung and Kraus 2021). For this reason, the calib-
ration of the thermometer must not only be carried out in the
AC rangewith use ofmultitonewaveforms, but also inDC, and
a corresponding calibration concept for the DART has been
developed in recent years. Figure 25(a) shows an example of
the JAWS signal required to calibrate the DART (Drung et al
2022). During the calibration the DC gain is deduced from the
mean values of the positive and negative voltage plateau of
the square wave. The calibration requires higher voltage levels
compared to the typical output voltages of a QVNS. There-
fore, typically more JJ (up to 9000) are required like in the typ-
ical JAWS. The frequency-dependent AC gain is then deduced
from the tone amplitudes of the superimposed synthetic noise
(Kraus et al 2021, Drung et al 2022).

The spectrum of the synthetic noise is displayed in
figure 25(b). We use a so-called low-distortion multitone
waveform consisting of a small number of tones with tone
phases of either 0 or π and with slightly increasing tone spa-
cing, minimizing the effect of IMD on the tone amplitudes dur-
ing the calibration. Quite specifically, for special sets of tone
frequencies, neither harmonics nor third-order IMD coincide
with any of the N tones. Hence, the effect of odd higher-order
IMD products is also significantly suppressed. This has been
discussed and demonstrated in detail in (Kraus et al 2021) by
comparing the calibration results obtained with low-distortion
and odd-harmonic multitones of equal tone number.

An example calibration of the AC gain for a prototype
DART signal path, consisting of an amplifier and an ADC is
shown in figure 26. Here, the calibration signal of figure 25(b)
is applied to the signal path. The total gain of the signal path
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Figure 25. Time and frequency domain representation of the DART
calibration signal. (a) Shows the signal synthesized by the JAWS
versus time t over a complete period. The signal is a superposition
of a synthetic noise consisting of 30 low-distortion tones and a
±3.6 mV square-wave having finite rise and fall times with a time
constant of 500 µs. The red curves represent Gaussian fits of the
amplitude distribution. Blue solid lines mark the mean values of the
plateaus ±VDC = 3.6 mV. The data used for calibrating AC and DC
gain is shaded in blue. (b) Shows the corresponding voltage noise of
the superimposed low-distortion multitone.

GAC is defined in the frequency domain as the ratio of the amp-
lified tone amplitudes measured by the ADC and the known
signal amplitudes at the amplifier input. As can be seen in
figure 26(a), the gain deviates from −500 µV/V to 700 µV/V
up to 225 kHz. A suitable calibration fit shown in red is then
applied to deduce the calibration parameters from the known
tone amplitudes. The residuals of the fit shown in figure 26(b)
remain within ±1 µV/V. During temperature measurements
with the DART, the calibration parameters will be used to cal-
ibrate the thermal noise spectra of the sensor resistor. Then,
the temperature can be directly deduced from the noise level
of the calibrated spectra (Kraus et al 2021, Drung et al 2022).

In addition to calibrating the signal path gain, the JAWS
was also used to investigate the gain linearity of a prototype
DART signal path with low-distortion multitones (Kraus et al
2021), which is another critical step towards realizing a prac-
tical noise thermometer without the need for permanent recal-
ibration. One major result of these investigations is shown in
figure 27. Here, the nonlinearity of the signal path gain∆GNL

with respect to the low-frequency (extrapolated to DC) sig-
nal gain G0 is quantified by applying low-distortion multi-
tones with different rms amplitudes to the input of the sig-
nal path, which resembles noise thermometer measurements
performed at different virtual temperatures. The study shows
that without dither the gain linearity of the investigated signal
path at low amplitudes is dominated by the ADC. With dither
applied to the synthesized JAWS signal, the remaining non-
linearity is strongly reduced to better than ±2 µV/V between
V rms/VFS = 0.34% and 16.31%, limited by amplifier noise at

Figure 26. Relative deviation of the AC gain GAC of a DART
prototype signal path consisting of amplifier and ADC from the
calibrated gain Gcal (a) before and (b) after applying a suitable
calibration function to the tone amplitudes of the low-distortion
multitone from figure 25(b). The red solid line marks the calibration
curve deduced from DC to 225 kHz. Reproduced from (Kraus et al
2021). © IOP Publishing Ltd All rights reserved.

Figure 27. Relative deviation of the gain nonlinearity∆GNL/G0 as a
function of the total amplitude V rms of the tones at the ADC input
normalized to the ADC’s full-scale input range VFS for different
signal path configurations. ∆GNL is deduced from the relative gain
changes for the reference amplitude highlighted in grey and the
amplitude under investigation. The error bars represent type-A
uncertainties (k = 1). In the green and brown configurations, a
high-frequency dither tone and a broadband noise dither,
respectively, were implemented in the generated waveform of the
JAWS to improve the linearity of the overall gain. Reproduced from
(Kraus et al 2021). © IOP Publishing Ltd All rights reserved.

low signal amplitudes. Additional measurements focused on
the influence of an applied offset voltage on the gain linearity
(Kraus et al 2021). Finally, with the help of JAWS, the most
recent investigations have shown that the gain fluctuations of
a DART prototype over a period of 19 d are within ±2 µV/V,
representing another important milestone in the DART devel-
opment (Drung et al 2022).

6. Conclusions and outlook

We have summarized the main applications advanced at PTB
in the past ten years. Even 60 years after the discovery of
the Josephson effect, intensive worldwide efforts are ongoing
to establish quantum standards for AC metrology in diverse
application fields. The development of improved Josephson
series arrays for PJVS and JAWS opened a toolbox for newAC
applications and became the next chapter in this exciting story
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about applications of the Josephson effect in metrology. Signi-
ficant progress in fabrication technology presented in section
2 has enabled routine fabrication of binary 20 V arrays and
pulse-driven arrays for up to 4 Vrms systems. In section 3
we have presented application areas and summarized com-
parison results. Metrological applications based on measure-
ment methods, so far solely on PJVS, are reviewed in section
4. These applications demonstrate PTB’s pioneering develop-
ments to extend the frequency range of the AC quantum volt-
meter to 100 kHz, as well as towards DC and AC current
and resistance metrology based on the AC-QVM. The syn-
thesis of completely quantum-defined AC voltages with pulse-
driven arrays has led to very promising Josephson synthesizer
applications (section 5).We have demonstrated spectrally pure
waveforms, JAWS for IVD calibrations, JAWS phase stand-
ards, Josephson impedance bridges and an excellent QVNS
for Johnson noise thermometry.

More exciting applications lie ahead on the road to
quantum-based metrology. A world-wide effort for better
uncertainties at frequencies towards 1MHz is visible, and even
to extend JAWS into the GHz-regime (Brevik et al 2020).
The aim to generate higher AC voltages with JAWS is also
very challenging due to the complex operation using short cur-
rent pulses—in section 2 we have discussed several promising
options for being successful. Finally, we like to stress that a
high-voltage and high-bandwidth JAWS would represent the
ultimate Josephson voltage standard. However, specific preci-
sion metrology applications will always benefit from specific
solutions out of the Josephson voltage standard toolbox.
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