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Abstract
The four-terminal-pair impedance bridge using pulse-driven Josephson voltage standards at
PTB has been fully automated. The same bridge configuration was employed to determine R:R
and C:C ratios over the frequency range between 53Hz to 50 kHz. Only minor changes are
needed to cover this large frequency range: amplifiers to increase the sensitivity of the current
detections for low frequencies and signal generators with higher resolution at high frequencies
to reach 50 kHz. Furthermore, the bridge can be operated for quadrature R:(1/ωC)
measurements. The combined standard uncertainties (k = 1) for the new bridge were evaluated
for all operating frequencies. They reach 2 nF F−1 and 4 nΩΩ−1 at 1233.15 Hz. At this
frequency, the 10 nF:10 nF ratio matched the ratio of PTB’s bridge employing inductive voltage
dividers within 1 nF F−1 ± 3 nF F−1 (k = 1). Over 45 days, the 10 nF:10 nF ratio deviated
less than −2 nF F−1 ± 3 nF F−1 (k = 1). The 12.9 kΩ:10 kΩ ratio at 53 Hz differed
−2 nΩΩ−1 ± 5 nΩΩ−1 (k = 1) from the DC ratio measured by the PTB’s cryogenic current
comparator bridge. Using a 12.9 kΩ resistance standard and a graphene AC quantum Hall
resistance, the 10 nF:10 nF ratios derived from quadrature measurements agreed with the PTB’s
inductive voltage divider bridge better than 9 nF F−1 ± 13 nF F−1 (k = 1).

Keywords: impedance measurement, quantized Hall resistor, coaxial impedance bridge,
graphene, Josephson arbitrary waveform synthesizer, pulse-driven Josephson voltage standard

1. Introduction

Accurate impedance measurements play a crucial role in vari-
ous scientific and industrial applications. Impedance bridges
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are essential tools widely used to determine all kinds of impe-
dance ratios [1]. To ensure the reliability of impedance bridges,
standards, and measuring devices, a series of calibrations
are performed to establish their traceability to the Système
International d’Unités (SI) for impedance units, such as ohm
(Ω), farad (F), and henry (H). At the top of these calibration
chains, primary standards like a DC quantized Hall resistance
(QHR) standard, AC QHR, or a Thompson-Lampard calcu-
lable capacitor are employed.

Various national metrology institutes apply similar mea-
surement chains, although there may be slight variations
in their approaches. Most of these institutes predominantly

1 © 2024 The Author(s). Published on behalf of BIPM by IOP Publishing Ltd
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utilize bridges based on transformers and inductive voltage
dividers (IVDs). Although the IVD-based bridge provides
highly accurate results [2–4], it requires a skilled operator due
to the complex measurement networks and long measurement
chains. Additionally, these bridges are limited by fixed voltage
ratios, phase angles, and signal frequencies for their measure-
ment capabilities.

In 2010, Physikalisch-Technische Bundesanstalt (PTB)
introduced an impedance bridge employing programmable
Josephson voltage standards (PJVS) [5]. The two-terminal-
pair bridge was implemented to measure resistance and capa-
citance ratios up to 10 kHz frequency. The evaluation of
these bridges shows uncertainties of a few parts in 108 [5,
6]. Additionally, Palafox et al conducted quadrature mea-
surements of a resistor to a capacitor. Since the PJVS bridge
uses square waves, it is only balanced at the fundamental tone.
The unbalanced higher harmonics limit the sensitivity setting
of the lock-in-amplifier and result in lower uncertainties at the
order of 10−6 [7].

This limitation can be avoided by using Josephson arbitrary
waveform synthesizers (JAWS) or pulse-driven Josephson
voltage standards, which are an advancement in the voltage
metrology field, as documented in [8–12]. It produces highly
accurate quantum-based voltage waveforms with excellent
amplitude stability over time. It generates pure sine waves
without transients, outperforming PJVS regarding spectral
purity. Integrating either PJVS or JAWS into impedance
bridges has showcased their adaptability and effectiveness in
impedance metrology applications.

PTB’s four-terminal-pair (4TP) Josephson impedance
bridge based on JAWS was introduced by Bauer et al [13]. A
prominent advantage of using 4TP connections is its substan-
tial enhancement of measurement accuracy, as errors from cir-
cuit cables and connectors are significantly reduced by defin-
ing current and voltage arms separately. This advantage is par-
ticularly significant whenmeasuring the low impedance range,
typically in the kOhm range or below.

The 4TP Josephson impedance bridge can be operated for
various measurements. These include:

1. ratio measurement such as capacitor-to-capacitor (C:C) and
resistor-to-resistor (R:R),

2. quadrature measurement of resistor-to-capacitor
(R:(1/ωC)),

3. direct comparison of an impedance standard to a graphene
AC QHR.

The preliminary results of the 4TP Josephson impedance
bridge from the latter configuration were presented in the work
of Bauer et al [13].

Additional research involved a collaboration with the
Istituto Nazionale di Ricerca Metrologica (INRIM) and the
Politecnico di Torino (POLITO), Italy, resulting in an exten-
sive assessment of the 4TP Josephson impedance bridge,
as reported in Marzano et al [14]. We performed on-site
comparisons between PTB’s Josephson impedance bridge
and INRIM-POLITO’s digital impedance bridge. The work

focused on ratio measurements at 1233.15Hz and 2466.3Hz.
Moreover, quadrature and R:R measurements were performed
at 1233.15Hz relative to a graphene AC QHR system. The
comparison results and the associated uncertainties demon-
strated the best agreement between the two bridges within a
few parts in 108.

This paper presents the results of capacitance ratio and
resistance ratio measurements conducted across a wide fre-
quency range from 53Hz to 50 kHz. Additionally, it explores
the outcomes derived from the quadrature measurements and
the direct comparison of impedances to the graphene AC
QHR. Furthermore, the uncertainties of the measurements
were fully investigated.

2. Measurement setup

Figure 1 provides a schematic representation of the basic
setup of the 4TP Josephson impedance bridge. The bridge
employs the JAWS system as its voltage sources, current
sources, Kelvin network, output detectors, and components
such as transformers and equalizers. For low-frequency mea-
surements, additional pre-amplifiers are used in front of DHP1

andDHP2 to increase the sensitivity of the current detection for
the balancing procedure. The bridge was configured for full
automation during the ratio and quadrature measurements.

2.1. Josephson impedance bridge

The bridge setup utilizes two independent but synchronized
Josephson junction arrays to provide U1 and U2 for the
impedance standards Z1 and Z2, respectively. The operation
involves interchanging JAWS voltage to each impedance. To
facilitate automated source switching, we employed a univer-
sal coaxial multiplexer [15]. This multiplexer consists of four
independent coaxial switches that connect the JAWS system
to the bridge at the high-potential (HP) arms and can be con-
trolled remotely via optical fibers.

To satisfy the current equalization of the bridge, two active
equalizers are incorporated in the bridge, indicated as black
circles [2, 16]. The first equalizer is between JAWS1’s out-
put and the coaxial switches. The second equalizer is placed
between the low-potential (LP) arm, LP2, and the ultra-low
noise AC-preamplifier before D2.

Transformers are essential for the balancing procedures,
functioning as detection and injection devices. Two different
types are used for the following purposes:

1. Two 100:1 detection transformers, each paired with a lock-
in amplifier (LIA) denoted as DHP1 and DHP2. These setups
are utilized for current detection in the HP arms.

2. Two 1:1 transformers are used with the sources S1 and S2.
Each of these is coupledwith a 10 kΩ resistor. These config-
urations produce currents into the high-current (HC) arms.

3. A 100:1 injection transformer integrated with a LIA as the
Kelvin source SK and a resistive divider. This combination
generates current at the low-current (LC) arms.
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Figure 1. Schematic diagram of the 4TP Josephson impedance bridge setup for ratio measurements of two impedance standards Z1 and Z2.
JAWS1 and JAWS2 as the voltage sources are connected via coaxial switches at the high-potential terminals, HP1 and HP2. The adjustable
currents, IHC1 and IHC2, are provided by sources S1 and S2, at the high-current terminals, HC1 and HC2. Adjustments to these currents are
made until null readings are received by detectors DHP1 and DHP2. The Kelvin source SK injects a current to the low-current terminals, LC1
and LC2. The Kelvin current is fine-tuned to null the net currents at the low-potential terminals, LP1 and LP2. As a result, the outputs
become equal. These outputs are then amplified by a factor of 60 and simultaneously detected by D1 and D2.

In the upper section of the figure 1, the LP arms, LP1
and LP2, the outputs from the Z1 and Z2 are amplified by
ultra-low noise amplifiers. These 60-fold amplified signals are
then detected by two LIAs, D1 and D2, yielding UD1 and
UD2 as their outputs. Before reading the output values, each
LIA is individually adjusted to an appropriate phase. This
process involves applying two different voltages, one at the

nominal value and the other set at the nominal voltage plus an
additional 100µVV−1. By switching between these applied
voltages, we can precisely adjust the phase of the LIA until
there is no change in the imaginary component of the read-
ing. This step ensures the accuracy of the real part of the
output. Furthermore, we can calculate sensitivity coefficients
for each detector arm with this well-defined voltage jump
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of 100µVV−1. These coefficients indicate how the bridge
responds to the changes in impedance or voltage ratios. The
real part and the sensitivity coefficients are essential in the sub-
sequent ratio calculations.

The voltage for each JAWS can be individually set to
match specific impedance ratios, offering measurements rang-
ing from 1:1 to 1:10. Additionally, it is flexible to configure the
phase angle between the two voltages, facilitating quadrature
measurements using the same setup without additional com-
ponents. In contrast, a conventional quadrature bridge involves
more complex networks than the Josephson impedance
bridge.

The bridge is fully automated, including the control of the
JAWS, execution of balancing processes, frequency sweeping,
and calculation of measured ratios. However, it is essential to
configure and input the required parameters, such as JAWS
bias parameters at each frequency, into the software. The dura-
tion for a ratio measurement varies from 5min to 25min,
depending on the frequency, measured impedance, and ratio.

It is essential to state that, in this work, only C:C and R:R
measurements were carried out with the automated bridge.
Measurements with the graphene ACQHR and R:(1/ωC) were
performed utilizing a previous bridge configuration. This con-
figuration differs slightly from the one illustrated in figure 1
in that detectors DHP1 and DHP2 are positioned before the
switches and incorporated semi-automated processes. Manual
procedures were employed for the balancing steps, and the
cable corrections were not included in the reported results
since the quadrature and QHR-related measurements are a
work in progress with the automated bridge. More details of
this alternative bridge configuration can be found in [13].

2.2. Pulse-driven Josephson voltage system

Two JAWS arrays, each comprising 12 000 Josephson junc-
tions (depicted as X in figure 1), were employed. A detailed
discussion on the design of PTB’s Josephson junction arrays
by Kieler et al can be found in [17].

We implement the AC coupling technique described by
Benz et al to generate high-purity sinusoidal waveforms from
the JAWS system [18]. High-frequency current pulses are
delivered to each array by a pulse pattern generator (PPG),
operating at a clock rate of approximately 13GHz. To achieve
the desired output amplitudes, additional compensation cur-
rents (Icomp1 and Icomp2) are applied to the arrays. These cur-
rents are generated using two waveform generators, each iso-
lated by a transformer at the output.

All bias parameters are optimized to enhance signal accu-
racy until the quantum-locking range is measured to be 1mA
at an RMS voltage of 100mV. For a comprehensive under-
standing of the JAWS system utilized in the impedance bridge,
refer to the work by Bauer et al [10, 13].

2.3. Balancing procedure

The balancing processes entail a series of iterative adjust-
ments until the bridge satisfies all required conditions. This

task, conducted after applying nominalU1 andU2 to the impe-
dances, involves the following steps:

1. Injecting currents IHC1 and IHC2 from sources S1 and S2
into the HC terminals. Adjust the amplitudes and phases of
the injected currents until the detected currents at DHP1 and
DHP2 are zero (within the resolution of the detectors). This
process fulfills the criterion of maintaining zero net current
between the inner and outer conductors in the HP arms.

2. Performing the Kelvin balance to bring the net current at LP
terminals to zero and to minimize the difference between
the LP1 and LP2 output readings. These conditions can
be achieved by adjusting the amplitude and phase of the
source SK.

3. Proceeding to the main balance by adjusting the amplitude
and phase of U2 until the detected outputs UD1 and UD2 are
close to zero.

The impedance ratio is calculated using the following
formula:

Z2
Z1

=
U2

U1

[
1+

1
2

(
UD1

SN1
+
UD2

SN2

)
+

1
2

(
UD1

SK1
− UD2

SK2

)]
. (1)

Where SN1 and SN2 are the sensitivity coefficients of the bridge
networks for Z1 and Z2, and SK1 and SK2 are the coefficients
for the Kelvin injection network.

When the bridge is perfectly balanced, with UD1 and UD2

being zero, equation (1) is simplified to:

Z2
Z1

=
U2

U1
. (2)

The bridge networks of Z1 and Z2 consist of slightly dif-
ferent components, such as cables, connectors, and equal-
izers. To minimize these systematic errors, measurements
are performed in both the ‘forward’ (F) and ‘reverse’ (R)
configurations [11] by means of coaxial switches. It is impor-
tant to note that the error suppression is only applied for the
networks before the switches. Thus, errors from the network
after the switches, particularly at sensitive branches (HP and
LC), must be encountered in cable correction or incorporated
into the uncertainties [4].

Coaxial switches F1 and R1 are activated in the forward
configuration, while F2 and R2 are deactivated. Under these
conditions, Z1 is linked to U1 and Z2 to U2, enabling the com-
putation of the forward ratio (Z2/Z1)F. In the reverse configu-
ration, switches F2 and R2 are on, with F1 and R1 off, resulting
in an exchange in the applied voltages. Hence Z1 is connected
to U2 and Z2 to U1, facilitating the computation of the reverse
ratio (Z2/Z1)R.

After each voltage interchange, the bridge is fully re-
balanced. The final ratio is determined by taking the geometric
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average of the measurements obtained in both the forward and
reverse directions, as expressed:

Z2
Z1

=

√(
Z2
Z1

)
F

(
Z2
Z1

)
R

. (3)

Equations (1)–(3) can be applied to both ratio and quadra-
ture measurements.

For the QHR-related measurements, the triple-series con-
nections of the QHR eliminate the need for a Kelvin network
[19]. Hence, the balancing procedure is simpler, involving
adjustments to the currents in the HP arms and the primary ba-
lance. By employing equation (4), the impedance value linked
to the QHR can be determined.

Z=

(
U2

U1
+
UD

U1
S

)
RH (4)

Here, Z represents the impedance value, S stands for the
sensitivity coefficient.UD is the detected output, whileU1 and
U2 represent the applied voltages from each JAWS.RH denotes
the QHR and is defined as RK/2. The von Klitzing constant RK

equals h/e2, h is the Plank’s constant, and e is the elementary
charge.

3. Uncertainties

The uncertainties for R:R and C:C were evaluated across a fre-
quency range from 53Hz to 50 kHz. The measurement mod-
els outlined in equations (5) and (6) were employed to deter-
mine the combined uncertainties. The calculations followed
the guide to the expression of uncertainty in measurement
(GUM) guidelines [20].

The mathematical model for the ratio and quadrature mea-
surements is given by:

R+∆R= (Uratio +∆UJAWS +∆Ucable)

× (1+M+K+∆B) , (5)

with R = Z2/Z1, Uratio = U2/U1,M = (UD1/SN1 + UD2/SN2)/2,
and K = (UD1/SK1–UD2/SK2)/2. The combined uncertainty of
the ratio ∆R is determined by incorporating ∆UJAWS from
JAWS, ∆Ucable from cable correction, and ∆B from bridge
deviation.

The mathematical model for the QHR setup:

Q+∆Q= (Uratio +∆UJAWS +∆Ucable +D+∆D)

× (1+∆fQHR) . (6)

Where Q = Z/RH, Uratio = U2/U1, and D = (UD · S/U1). The
combined uncertainty of the ratio∆Q is determined by incor-
porating ∆UJAWS from JAWS, ∆Ucable due to cable correc-
tion,∆D from bridge deviation and∆fQHR corresponds to the
frequency-dependent characteristics of the QHR.

Details of each uncertainty component are described below.

• Bridge resolution

The resolution of a bridge is categorized as a type A uncer-
tainty. The accumulated noise at the detection point influences
its value. The noise primarily originates from the Johnson
noise of resistive components and the input noise of the am-
plifier before the detector. AnAllan variance analysis was con-
ducted over 30min to assess the bridge’s resolution [10, 21].
At 1233.15Hz, when measuring the ratio of two capacitors,
the bridge achieved a type A uncertainty of less than 1 nVV−1

after 60 s of measurement time.

• JAWS voltage (∆UJAWS)

This component is attributed to amplitude errors from the
JAWS due to the effects of array inductance and crosstalk
between the arrays. The inductances of the arrays are typ-
ically within the range of (15.5–18.5) nH [22–24]. However,
these inductive errors can be suppressed by implementing for-
ward and reverse measurements [11]. To reduce the crosstalk
issue, specialized copper enclosures were employed to shield
the arrays [10]. The remaining effects were evaluated to have
an error below 1 nVV−1 at 1233.15 Hz.

• Cable corrections (∆Ucable)

The measurement results from a bridge can be influenced by
the cable’s admittance (Y) and impedance (Z), especially in
the HP and LC arms [4]. Cable corrections are applied to the
reported ratios for the HP arms involved in the networks after
the switches and the LC arms from the Kelvin sources to the
LC ports of the impedance standards.

It is essential to consider residual errors since the actual
impacts of the Y and Z components on the bridge may deviate
from the measured values. The Y and Z were obtained using
a digital impedance meter. Therefore, the uncertainty com-
ponents were calculated by multiplying the meter’s relative
accuracies with the correction values. For frequencies up to
10 kHz, the uncertainties remained below 3 nΩΩ−1.

• Bridge deviation (∆B or ∆D)

This error is attributed to current imbalances within the HP
terminals and the Kelvin network. Intentional imbalance mea-
surements were employed to determine these values.

• Frequency dependence of the QHR (∆fQHR)

In AC applications involving the QHR, a frequency depen-
dence of the Hall resistance is evident in graphene devices
(without applying an active potential to a double shield [3]).
For the utilized sample, this characteristic was quantified
below 80 nΩ (Ω·kHz)−1 and used for corrections. However, it
is essential to account for the error when assessing uncertainty,
as the long-term characteristics of samples are not known yet.
The estimated value of this error is 23 nΩ (Ω·kHz)−1.

5



Metrologia 61 (2024) 025007 Y Pimsut et al

Table 1. Uncertainty budget for 10 nF:10 nF ratio measurements at
frequencies from 53Hz to 50 kHz with nominal applied voltages of
100mV. The relative uncertainties are in nF F−1 with k = 1.

Component 53Hz1 1.2 kHz2 30 kHz2 50 kHz3

Bridge resolution 1 <1 4 7
JAWS voltage <1 <1 12 19
Cable correction <1 <1 3 7
Bridge deviation 4 2 33 184

Combined 5 2 36 185

Table 2. Uncertainty budget for 12.9 kΩ:10 kΩ ratio measurements
at frequencies from 53Hz to 50 kHz with nominal applied voltages
of 100mV and ≈77mV. The relative uncertainties are expressed in
nΩΩ−1 with k = 1.

Component 53Hz1 1.2 kHz2 30 kHz2 50 kHz2

Bridge resolution 4 3 5 5
JAWS voltage <1 <1 12 20
Cable correction <1 <1 3 8
Bridge deviation 3 1 4 8

Combined 5 4 14 24

Tables 1 and 2 show the combined uncertainties with
a coverage factor (k) of 1 for the 10 nF:10 nF ratio and
12.9 kΩ:10 kΩ ratio measurements. For all stated values and
uncertainties, we averaged five sets of forward and reverse
measurements.

Remarks 1, 2, and 3 indicate that the uncertainties were
derived from different setups. Detailed information on each
setup can be found in section 5.1.

The combined uncertainty forR:(1/ωC) is 9 nΩΩ−1 and for
an impedance linked to the graphene AC QHR is 23 nΩΩ−1.
These uncertainties were determined at 1233.15Hz with nom-
inal applied voltages of 100mV, by the bridge configuration
described in [13].

4. Standards

4.1. Impedance standards

Four impedance standards were used, consisting of two
10 nF capacitance standards, a 10 kΩ resistance standard,
and a 12.9 kΩ resistance standard. Each 10 nF standard was
assembled by combining four commercial 10 nF capacitors
in series and parallel. Similarly, each resistance standard was
built by connecting four commercial resistors in series. All
four standards are enclosed, each in an airtight aluminum
housing. The temperature inside the housing is regulated using
a two-stage thermostat, maintaining a constant temperature of
around 30 ◦C with high stability within the millikelvin range.

Over three years, the long-term stabilities of these stan-
dards have been monitored through periodic calibrations. The
10 nF capacitance standards were calibrated against PTB’s
QHR using traditional IVD-based bridges. Both capacitance
values exhibited a daily drift rate of less than −1 nF F−1. The

resistance standards were calibrated using PTB’s cryogenic
current comparator (CCC), resulting in a daily drift rate of
approximately −2.3 nΩΩ−1.

4.2. AC QHR standard

Graphene-based QHR devices can operate over various tem-
peratures and magnetic fields, providing high adaptability
and operational convenience. A graphene device doped with
F4-TCNQ molecules, utilized in this setup, was fabricated at
PTB [25]. The device featured six terminals and was moun-
ted on a TO-8. Incorporating fewer Hall contacts in the design
aimed to minimize the device’s capacitive loss character-
istics, which influences the measurement results in the AC
applications.

The device was immersed in a cryomagnetic system cooled
by liquid helium. The system can be operated with a maximum
magnetic field of ±7 T. We conducted DC magnetotransport
measurements of the Hall resistance (Rxy) and the longitudinal
resistivity (ρxx) to analyze the characteristics of the device.
This analysis assessed the charge carrier density and mobil-
ity. The charge carrier density was p= 5.5 × 1010 cm−2 and
carrier mobility was on the level of µ = 5900cm2 V−1s. The
DC characterization displayed the resistance plateau between
−2T to−7T, with the lowest longitudinal resistivity observed
at−5 T. Detailed information on the characterizationmeasure-
ments for this device can be found in [14].

The AC characteristics of the sample were assessed by
examining its magnetic field dependencies at a frequency of
1233.15Hz. To determine the AC Hall resistance, quadrature
measurements were carried out, comparing a 10 nF capaci-
tance standard with the QHR using the 4TP Josephson bridge.

The procedure began by balancing the bridge at the max-
imummagnetic field of−7 T. Subsequently, the magnetic field
was gradually varied from −7T to −3.5 T at a rate of 0.075 T
per min, with no further adjustments to the bridge’s balance.
Figure 2 illustrates the deviations of the AC Hall resistance
(△Rxy) compared to the quantized DC value (RK/2) during
the field sweep. The average deviation between magnetic field
strengths of −7 T and −5 T is 85 nΩΩ−1 ± 23 nΩΩ−1. The
uncertainty was considered from the bridge, and the uncer-
tainty in extrapolating the reference value for the 10 nF capa-
citance standard.

Considering the outcomes from the AC approach in con-
junctionwith theDC characteristics, themagnetic field at−5T
was selected as the operation point for this sample.

5. Measurement results

Various measurements were conducted to assess the perfor-
mance as well as the reproducibility and consistency of the
bridge.

For consistency checks, ‘triangle’ measurements were
conducted [26]. This method was selected due to its unique
advantages, such as eliminating the requirement for a refer-
ence value.

The triangle measurements incorporate ratio and quad-
rature configurations. The ratio measurement involved

6
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Figure 2. Difference of the measured AC Hall resistance (△Rxy)
compared to the DC Hall resistance (RK/2) as the magnetic field is
varied. Quadrature measurements were conducted between a 10 nF
capacitance standard compared with the QHR to access the
measured Hall resistance. The image inside the plot displays a
PTB’s graphene Hall device without the TO-8 holder. The device’s
schematic outlines the current contacts (1 and 8), high-potential
contacts (2 and 3), and low-potential contacts (6 and 7).

comparing the 12.9 kΩ resistance standard to the graphene
ACQHR at 1233.15Hz. The result is expressed as RH/R12.9kΩ.
Quadrature measurements were also performed at the same
frequency. The first set of measurements compared the 10 nF
capacitor to the 12.9 kΩ resistor, expressed as R12.9kΩ/ZC2, and
the second set of measurements linked the 10 nF capacitance
standard to the QHR, represented as ZC2/RH.

To check if the bridge is operating as expected, we verified
if the product of these three measurements (RH/R12.9kΩ)×
(R12.9kΩ/ZC2)× (ZC2/RH) is 1. In our measurements, the
product deviated from the expected value by 36 nΩΩ−1, with
an associated standard uncertainty of 16 nΩΩ−1 [14]. The tri-
angle check was repeated within the same week, resulting in a
slight difference of 1 nΩΩ−1 compared to the initial check.

5.1. Capacitance ratio measurements

Two 10 nF capacitance standards were compared in a 1:1
ratio, with applied nominal voltages of 100mV. The devi-
ations of ratios from the nominal value [(C1/C2)− 1] were
observed using the Josephson bridge in three different sub-
setups1, 2 & 3.

The first setup, ‘SWG + PA31,’ involved a modular sine
wave generator (SWG) as an integral component of the current
sources. The SWG was developed by the Czech Metrology
Institute (CMI) [27]. Additionally, signals detected at detec-
torsDHP1 andDHP2 were amplified 60 times using PTB’s ultra-
low noise AC-preamplifiers model 3 (PA3). Measurement
ratios in the frequency range from 53Hz to 2.5 kHz are illus-
trated as orange diamonds in figure 3. At these lower frequency

Figure 3. Deviation of 10 nF:10 nF ratios from the nominal. The
ratios were measured by the 4TP Josephson impedance bridge with
three sub-setups. The measurements were conducted at nominal
applied voltages of 100mV at a frequency range from 53Hz to
50 kHz. The data obtained from the ‘SWG + PA3’ setup are
represented by orange diamonds, ‘SWG’ by blue circles, and
‘MFLI’ by purple downward triangles. The PTB’s IVD bridge
provided a reference point as a red star at 1233.15Hz.

ranges, the sensitivities at the DHP detectors are small. Thus,
amplifying the signals is essential to achieve a more accurate
balance.

In the second setup labeled ‘SWG2,’ the SWG acted as
the current source without any signal amplification at DHP.
Blue circles represent ratios ranging from 308Hz to 30 kHz.
In the last setup, ‘MFLI3,’ current sources were implemented
using LIAs of the Zurich Instruments† MFLI model. With
this setup, measurements extended from 20 kHz to 50 kHz
and are indicated by purple downward triangles. The LIA was
employed instead of the SWG due to the limited performance
of the SWG source when conducting capacitance ratio mea-
surements within these frequency ranges. The exact causes of
this limitation have not been fully determined yet, but it may
arise due to the high current requirements for low impedance
and high-frequency measurements.

All observed values were adjusted for cable corrections
and are presented with combined standard uncertainties. The
uncertainty bars included in the plot are smaller than the data
point sizes. The relative combined uncertainty and its compo-
nents from the ‘SWG + PA3’ and ‘SWG’ configurations can
be viewed in figure 4. The associated uncertainties for these
plots are provided in table 1.

A red star symbolizes the result obtained through the PTB’s
traditional IVD bridge at 1233.15Hz. At this frequency, the

† Identification of commercial equipment does not imply recommendation or
endorsement by PTB, nor does it imply that the equipment is necessarily the
best available for the purpose.
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Figure 4. The plot represents the spline interpolation for the
relative combined uncertainty for the 10 nF:10 nF ratios and its
components over the measured frequency range for bridge
configurations ‘SWG + PA3’ and ‘SWG’ setups. The combined
uncertainties of the bridge configuration ‘MFLI’ is dominant. Thus,
they are not included in the plot for a clearer presentation.

values from the Josephson and the IVD bridges exhibit excep-
tional agreement of 1 nF F−1 with a combined standard uncer-
tainty of 3 nF F−1. When discussing the combined uncertain-
ties for calculated results, such as deviation values, it is essen-
tial to recognize that these uncertainties are derived from both
the Josephson bridge and the bridge being compared, in this
instance, the IVD bridge.

To ensure the reproducibility of the Josephson bridge, we
conducted multiple capacitance ratio measurements over 45
days. Figure 5 illustrates the relative deviation of the measured
[(C1/C2)− 1] from the IVD values at 1233.15Hz. The error
bars represent type A, and the red line represents the average
deviation, approximately −2 nF F−1. The standard deviation
of all the collected data is highlighted in red light-shaded area.
The points with unusually large type A are observed simul-
taneously in both outputs, which could be caused by external
interference.

5.2. Resistance ratio measurements

Measurements of 12.9 kΩ:10 kΩ resistance ratios were con-
ducted across a frequency range from 53Hz to 50 kHz. The
JAWS system applied two different outputs: a 100mV signal
to the 12.9 kΩ resistance standard and an ≈77mV signal to
the 10 kΩ resistance standard. Two setups, ‘SWG + PA3’ and
‘SWG,’ as depicted above, were utilized in the experiment.

Figure 6 displays the relative differences of 12.9 kΩ:10 kΩ
ratios obtained from the Josephson bridge compared to the
CCC ratio measured using DC voltage. The ‘SWG + PA3’
configuration results are represented by orange diamonds, cov-
ering a frequency range from 53 Hz to 2.5 kHz. The ‘SWG’
configuration results are depicted as blue circles, spanning

Figure 5. The deviation of the 10 nF:10 nF ratios obtained by the
Josephson impedance bridge from the IVD value at 1233.15Hz. The
red line presents the average deviation of approximately −2 nF F−1.
The error bars are type A, and the red area indicates the standard
deviation of all data. The measurements were observed over 45 days.

Figure 6. Deviation of 12.9 kΩ:10 kΩ ratios from the CCC value.
The ratios were measured by the 4TP Josephson impedance bridge
for frequencies ranging from 53Hz to 50 kHz. The values from the
‘SWG + PA3’ setup are presented in orange diamonds. The ratios
achieved from the ‘SWG’ setup are shown in blue circles.

a frequency range from 308Hz to 50 kHz. These observed
values were adjusted by cable corrections and are presented
with combined standard uncertainties. The uncertainty bars
shown in the graph are smaller than the sizes of the data
points. Figure 7 shows the relative combined uncertainty and

8
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Figure 7. The plot represents the spline interpolation for the relative
combined uncertainty for the 12.9 kΩ:10 kΩ ratios and its
components as a function of frequency for bridge configurations
‘SWG + PA3’ and ‘SWG’ setups.

its components. The associated uncertainties for these mea-
surements are provided in table 2.

At 53Hz, the measured ratio by the Josephson bridge
deviated from the DC ratio, observed by the CCC, by
−2 nΩΩ−1 ± 5 nΩΩ−1 (k = 1).

5.3. Quadrature measurements

The bridge can easily modify the phase between the JAWS
voltage signals. Therefore, the quadrature impedance bridge
can be functioned using the same setup as the ratio bridge.

Two quadrature measurement sets were conducted to com-
pare resistance and capacitance standards. These measure-
ments were carried out at 1233.15Hz with nominal supplied
voltages of 100mV. The first set of measurements compared
a 10 nF capacitance standard labeled as C1 and the 12.9 kΩ
resistance standard. The second measurement set followed the
same procedure but with a different 10 nF capacitance stand-
ard labeled as C2. These measurements [12.9 kΩ:(1/ωCx)]
allowed for calculating a deviation of the indirect ratio from
the nominal value [(C1/C2)− 1]. The Josephson bridge yield-
ed a result of 2.502µF−1, with a standard uncertainty of
13 nF F−1. Value obtained from the IVD-based bridge was
2.507µF−1 with a standard uncertainty of 2 nF F−1.

5.4. Impedance standard link to the graphene AC QHR

Capacitance and resistance standards were directly com-
pared to the graphene AC QHR at 1233.15Hz. Furthermore,
quadrature measurements were performed using similar
approaches to the measurements in the section 5.3. The first
set of comparisons involved C1 and the QHR, while in the
second series, C2 was compared against the QHR. The QHR
device employed a magnetic field strength of −5T. The

Figure 8. The 12.9 kΩ resistance standard was compared to the
graphene AC QHR at 1233.15Hz. The deviations of the measured
resistance from the mean value were observed within 28 days, as
depicted by the green circles. The error bars indicate the combined
standard uncertainties. The dashed line presents the drift of the
12.9 kΩ resistor determined by the CCC.

[(C1/C2)− 1] agreed well with the results presented above
and is 2.516µF−1, with a combined standard uncertainty of
13 nF F−1.

Reproducibility checks were conducted by comparing the
12.9 kΩ resistance standard to the QHR at a frequency of
1233.15Hz over a period of 28 days. Figure 8 presents the
relative deviations of the measured resistance from the mean
value. The error bars represent a combined standard uncer-
tainty of 23 nΩΩ−1. The dashed line illustrates the drift of the
12.9 kΩ resistance standard determined by the CCC bridge.

6. Conclusion

We have presented a fully automated 4TP Josephson impe-
dance bridge using pulse-driven Josephson voltage standards.
A single bridge configuration can be used to determine ratios
of like impedances, R:R and C:C, and for quadrature mea-
surements. Direct comparisons of resistance and capacitance
impedance standards to a graphene AC QHR have also been
performed. Furthermore, small changes allow this bridge to
measure in the frequency range from 53Hz to 50 kHz.

The agreement of the results for the 10 nF:10 nF ratio
with those from an IVD-based ratio bridge is better than
1 nF F−1 ± 3 nF F−1 (k= 1) at 1233.15Hz. The 12.9 kΩ:10 kΩ
ratios have been measured over the same frequency range. At
53Hz, the ratio deviates from the DC value, obtained by the
CCC, by −2 nΩΩ−1 ± 5 nΩΩ−1 (k = 1).

Indirect [(C1/C2)− 1] results via 12.9 kΩ:(1/ωCx) ratios
using the resistance standard and via QHR-linked measure-
ments, although not compensated for its frequency depend-
ence, agreed with the values determined with the IVD-based
bridge within 9 nF F−1 ± 13 nF F−1 (k = 1). Furthermore, we
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examined the consistency and reproducibility of the Josephson
impedance bridge over 45 days, and the 10 nF:10 nF ratio
agreed within the uncertainty of 3 nF F−1.

Moreover, the evaluation of the combined uncertainty for
10 nF:10 nF and 12.9 kΩ:10 kΩ ratios, as well as for quadra-
ture shows that the Josephson 4TP bridge is competitive with
state of the art IVD bridges. At 1233.15Hz, the standard uncer-
tainties are 2 nF F−1 and 4 nΩΩ−1, respectively. The uncer-
tainty of the R:(1/ωC) and R:Rmeasurements that involved the
grapheneACQHR are dominated by its frequency dependence
contribution as we did not employ the double shield technique.

In the future, this dominant contribution will be tackled by
implementing double shields in our graphene sample holder.
We will investigate the frequency dependence of AC QHR
up to the maximum operating frequency of the Josephson
bridge, 50 kHz. We will also validate the capacitance and re-
sistance calibrations with our new automated Josephson impe-
dance bridge above 5 kHz bymeans of comparisons with other
broadband impedance bridges.
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