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Abstract

Josephson voltage standards (JVSs) provide a primary realization of the volt, the unit of
electromotive force. They generate direct current (dc) voltages up to 10 V and show agreement
better than 1 nV V~! at 10 V. For JVSs based on Josephson junction arrays (JJAs) that are driven
by sinusoidal radiofrequency (RF) power, commonly referred to as continuous wave-driven
JJAs (CWD JJAs), the minimum voltage that can be generated is limited to the voltage across
one Josephson junction (JJ) for practical devices. To achieve this resolution, they may require a
perfect JJA chip. JVSs based on a pulse-driven (PD) JJA require high performance electronics
(i.e. high bandwidth, low distortion and jitter, pulse shaping filters and large memory) to achieve
their minimum and maximum voltage. We have combined two CWD JJAs and two PD JJAs
driven by two microwave inputs to one chip to generate quasi-continuous dc voltages up to the
sum of the full-scale voltages of both JJAs that are robust to the imperfections of the JJs and
have relaxed requirements on the RF electronics driving the JJA, compared to the existing CWD
JVSs and PD JVSs, respectively. By use of the JJA chip at the National Measurement Institute
Australia, we demonstrate its feasibility to generate voltages up to 1 V. Preliminary evaluation
of the system shows that the voltage uncertainty can be 11 nV (k = 2) or better and the
theoretical resolution is better than 1 nV from O V to 1 V. The main requirement is that all the
JJs must have quantum locking ranges with respect to the power and frequency of the RF bias
and for the PD JJAs to have a constant voltage over a range of dc bias current. Although this
development is not a replacement for existing state-of-the-art JVSs, we anticipate that it will be
an alternative fit-for-purpose solution for metrological applications under non-ideal operating
conditions or when the components of the state-of-the-art solutions are not available.

Keywords: Josephson arbitrary waveform synthesizer, Josephson junction, Josephson standards,
programmable Josephson voltage standard, quantum electrical standards, voltage generation

(Some figures may appear in colour only in the online journal)

1. Introduction systems show agreement better than 1 nV V=1 at 10 V [2, 3].

Modern JVSs are based on superconductor-normal metal-

A Josephson voltage standard (JVS) utilizes the accuracy superconductor [4—6] Josephson junction arrays (JJAs). For dc

of the ac Josephson effect to produce voltages that are voltages, the JJA is driven by either continuous-wave (CW)

calculable from first principles [1]. At direct current (dc), JVS  radiofrequency (RF) irradiation or by a suitable train of RF
pulses.

The CW-driven (CWD) RF biased JJAs are employed in the

“ Author to whom any correspondence should be addressed. so-called programmable Josephson voltage standard (PJVS)
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to produce either selectable, stable dc voltages or step-wise
approximated ac voltages up to 10 V dc or peak ac (see for
example [7]). PJVSs contain a number of sub-JJAs, with each
sub-JJA containing a number of Josephson junctions (JJs). The
number of the JJs per sub-JJA is chosen in such a way to
produce a number of predetermined voltages [2, 6, 8—10]. For
practical devices, the minimum voltage that a CWD JJAs can
generate is limited to the voltage across one junction, typic-
ally 5 pV-155 nV, depending on the RF bias frequency. Some
existing standards based on a CWD JJA can produce quasi-
continuous voltages for most, but not necessarily the whole,
of the voltage range, even in the presence of non-ideal junc-
tions, by adjusting the frequency of the RF bias. For example,
a JJ designed to operate at 15 GHz produces a voltage of about
31 uV. To produce a voltage of 1 uV, the frequency must be
changed to 0.484 GHz, and to produce 10 nV, the frequency
must be changed to 0.00483 GHz. These frequencies are not
covered by existing chip technologies, and the design of JJAs
covering three orders of magnitude in frequency is a formid-
able task. If the JJAs have missing junctions or a non-flat first
quantum step, then the chip may be of limited use in practical
applications or may not be usable at all, depending on its spe-
cific circuit configuration and application.

In pulse-driven (PD) JJA based standards, a JJA is biased
by a suitable pattern of RF pulses to produce either dc
voltages or ac waveforms of almost arbitrary shape [11] (typ-
ically referred to as Josephson arbitrary waveform synthesizer,
JAWS). Standards based on PD JJAs can produce rms voltages
up to 4 V [12]. They are mainly used for the generation of ac
waveforms in a number of applications [ 13—18], and they have
been proposed for use in the generation of small dc voltages
[19]. However, for any specific voltage range, there is a trade-
off between the repetition frequency of the pattern of pulses,
the length of the pattern of pulses and the number of junc-
tions in the JJA. At low voltages, say less than 1 pV, they
require long pulse patterns (with code length of several mega-
bits) and therefore pattern generators with large memory and
high-speed interfaces (hundreds of megabits per second) [19],
particularly when used in real-time applications (i.e. applica-
tions with a feedback loop running at a few kilohertz). Altern-
atively, small voltages can be produced by reducing the repe-
tition frequency, in which case pulse shaping filters may be
required [20]. Commercial state-of-the-art pattern generators
have these capabilities, but they are expensive and may not be
justified for this sort of application. Higher voltages (greater
than 0.2 V) require a large number of junctions (greater than
20000) and a fast repetition frequency (15 GHz). At higher
voltages, say 0.25 V, the density of the RF pulse pattern
increases, causing a number of restrictions on the RF drive
electronics (see for example [21]).

Another approach to generate dc voltages with low uncer-
tainty that is based on the use of two PJVS chips having
two different RF drives was proposed in [22] and implemen-
ted in [23-26]. This approach can produce quasi-continuous
voltages up to 10 V and is effective even in systems having a
few imperfect junctions per PJVS chip [26].

In this work we use a different approach, similar to [22],
but instead of using two different PJVS chips, we use one
chip containing JJAs with some of them operated as CWD and
some as PD to produce quasi-continuous voltages up to the full
scale of the chip without requiring state-of-the-art electronics.
The outputs of the CWD JJAs and PD JJAs are combined in
such a way as to generate quasi-continuous voltages with nan-
ovolt resolution even in the presence of missing JJs. Further-
more, the requirements for the RF bias are relaxed compared to
PD JJAs working at their full output voltage. The main require-
ment is that the JJs in both the PD and CWD arrays must have
quantum locking ranges with respect to both RF bias power
and frequency, and that the PD JJA must have a quantum lock-
ing range with respect to RF pulse amplitude.

It is noted that Behr et al [27] used a PJVS and PD JJAs to
generate pure ac waveforms, which is similar in some respects
but has significant differences with the approach presented in
this paper. In [27], the PJVS chip must have a number of oper-
ational CWD JJAs to produce a stepwise approximated wave-
form. The PD JJAs are operated at high pulse densities, require
long patterns of pulses (32 megabits), and the operation of the
system requires optimising nine parameters. In this work, the
required number of CWD JJAs and the PD JJAs driving elec-
tronics requirements are relaxed (section 2), and the system
operation requires fewer parameters to optimise (five instead
of nine). The work presented in this paper is a further develop-
ment of [22] and could be considered a variation of [27], and
its main purpose is to provide an alternative fit-for-purpose
solution for metrological applications in non-ideal operating
conditions or when state-of-the-art solutions are not available.
It is not intended to replace existing JVSs. In this paper, we
describe the principle of operation and the implementation of
the system, present measured results that characterize its per-
formance and provide an estimate of the relevant measurement
uncertainties.

2. System operation

2.1. Basic principle of operation

The CWD and PD JJA voltage standard consists of N CWD
JJAs and one PD JJA (figure 1). The CWD JJAs require one
current bias source for each JJA and one CW RF synthes-
izer for all the JJAs of the chip. The PD JJA requires a tern-
ary pattern generator that produces the required pattern of
pulses.

The output voltage of the CWD JJAs is given by:

N
1
Vewp = —f1 ) cin, (D
cwp = - 1122;

where, K; is the Josephson constant 483597.8484 GHz V!,
fi is the bias frequency of the CWD JJAs, n; is the number of
junctions of the i-th JJA and ¢; is the quantum step number
of the i-th JJA (-1, 0, or +1). The parameters n; and c¢; can
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Figure 1. Basic schematic diagram of the CW-driven and
pulse-driven JJAs voltage standard.

take only integer values, whereas f; can be any real value in
a specified frequency range (which depends on the JJA being
used), within the resolution of the RF synthesizer (typically
1 Hz or lower).

The output voltage of the PD JJA is:

1
Vip = — 2
PD K,fznp’ )

where f, is the repetition frequency of the pattern generator
(which depends on the JJA being used and the RF electronics
driving the JJA), n is the number of junctions of the PD JJA and
p is the average density of pulses (p <1). For small voltages
the value of p decreases, so the memory requirements of the
pattern generator increase. As in the case of the CWD JJAs, f>
can take any real value in a specified frequency range within
the resolution of the RF synthesizer, p is a rational number and
n can take only integer values.

The combined output voltage of the CWD and the PD
JJAs is:

V; = Vcwp + Vep. 3)

The value of V; can be adjusted by 2N + 4 parameters, N +
3 of which can be adjusted during system operation, giving
a large number of combinations to produce quasi-continuous
voltages in the range from 0 V up to the sum of the maximum
voltages that the CWD JJAs and the PD JJAs can generate.

To achieve quasi-continuous voltages over the whole
voltage range, the voltage range is separated into a number
of suitable subranges. For a concrete example, with reference
to figure 1, consider the following scenario:

o the CWD JJAs consists of only one CWD JJA of N; junc-
tions and its frequency can vary by an amount Af; from
nominal; and

Table 1. Example of voltage subranges of the Vj.

Minimum voltage Maximum voltage

0V(Vewp = —Vep) Nl%' +pn%2
Ny %’ + pn%2 Vep

VeD Vewp — Vep
Vewp — Vep Vewp + Vep

e the PD JJAs have only one JJA with n junctions and its repe-
tition frequency can vary by Af, from nominal.

The positive voltage range can then be separated into the
subranges in table 1. The negative voltage range can be separ-
ated into subranges likewise.

The larger the overlap between the maximum and min-
imum voltages within successive voltage subranges, the more
robust to non-ideal junctions the output voltage of the system
is. The voltage resolution is primarily determined by the RF
source’s frequency resolution. For typical implementations,
sub-nanovolt resolution can be achieved with commercial RF
synthesizers with a frequency resolution as low as 1 Hz.

Zero output voltage is generated by setting the CWD JJAs
and the PD JJAs to produce voltages of equal absolute value
and opposite polarity. This allows the PD JJA voltage to have
high p values, typically 0.1-0.25, so that the memory require-
ments are minimal. For example, for a repetition frequency
of 15.1124 GHz and a JJA with 25600 junctions, a pattern
with p = 0.25 can produce 0.2 V. This pattern of pulses only
requires a pattern of 16 bits compared to a megabit-long pat-
tern required by a single PD JJA. Also, this setting for the gen-
eration of zero voltage is beneficial to evaluate the quantum
locking range during system operation so as to confirm that
the JJAs are producing quantum-based voltages.

To demonstrate the resilience of the suggested method to
non-ideal JJs that present a superconducting short in the pres-
ence of RF and dc bias, consider the JJA chip described in
[28]. It has four JJAs and microwave circuit designs, with each
JJA having 12800 JJs. This chip has two RF bias launches,
so it can be configured to have two CWD JJAs and one PD
JJA. Each CWD JJA can generate about 0.397 V at 15 GHz.
Assuming that the PD JJAs can generate 0.25 V, then the max-
imum voltage at the output of the series-connected JJAs is
1.044 V. If the frequency of the RF-bias can be changed by
1 GHz, then the system will be able to produce the same max-
imum voltage with the same voltage resolution over the whole
voltage range if the two CWD JJAs have no more than 536
missing junctions in total. If more junctions of the CWD JJAs
are missing, then the maximum voltage is reduced, but it can
still produce quasi-continuous voltages up to the maximum
voltage.

2.2. System description

Figure 2 shows the block diagram of the experimental realiza-
tion of the basic schematic diagram in figure 1. It includes two
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Figure 2. Block diagram of the CW and pulse-driven JJAs voltage
standard.

CW REF synthesizers (Hewlett Packard 83 640 A%), a ternary
pattern generator (Sympuls Bipolar Pattern Generator 30G-
TER), two battery powered broadband RF amplifiers (CEN-
TELLAX UAOL65VM), two arbitrary waveforms generators
(AWGs, Agilent 33250 A), two optically isolated amplifiers
(O/1, QPRI ISO8), and one chip having four National Insti-
tute of Standards and Technology (NIST) JJAs and microwave
circuit designs [28]. The JJAs are connected with supercon-
ducting interconnects. Two JJAs (JJA| and JJA,, each having
12800 JJs) are configured as CWD JJAs, whereas the other
two JJAs (JJA; and JJA,) are configured as one PD JJA hav-
ing 25 600 JJs. The combined output of the PD JJAs generate
up to 0.25 V. This is not a limitation of the JJAs chip, but a
limitation of the combination of the pattern generator and the
RF amplifiers that drive the JJAs.

With reference to table 1 for this JJA arrangement, the
system can generate 0 V by operating the CWD JJAs at
7.5562 GHz and the PD JJAs at 15.1124 GHz. Dc voltages
from—1 mV to + 1 mV are generated by changing the fre-
quency of the PD JJAs from 15.0368 GHz to 15.1876 GHz
with p = 0.25. For voltages from 1 mV to 0.2 V, the PD JJA is
only used and is operated at 15.1124 GHz, with p from 0.00125
to 0.25, by adjusting the frequency appropriately in the range
15.03684 GHz to 15.1876 GHz, when it is needed. Voltages
greater than 0.2 V up to 0.597 V are generated by combin-
ing the CWD JJAs operated at 15 GHz to generate 0.397 V
and the PD JJAs to produce the corresponding negative or
positive voltage. Similarly, voltages greater than 0.597 V to
1 V are generated by combining the two CWD JJAs (oper-
ated at 15 GHz) and the PD JJAs. In this arrangement, the
maximum memory needed for the pattern generator is less than
4 kilobytes, significantly less than the hundreds of megabytes

3 Commercial instruments are identified in this paper only to adequately spe-
cify the experimental procedure. Such identification does not imply recom-
mendation or endorsement by the National Measurement Institute, Australia
or the National Institute of Standards and Technology, nor does it imply that
the equipment identified is necessarily the best for the purpose.

needed to produce voltages in the same voltage range using
only PD JJAs.

A combination of two cascaded dc blocks (inner-conductor
type) and attenuators is connected at the input and the output
of each RF amplifier (shown as capacitors in figure 2) act as
pulse-shaping filters. Since the density of the pattern of pulses
is relatively low for the voltage range of interest, their func-
tion is not as critical as in the AC voltage applications (as
for example in [18]). Statistically equivalent results to those
obtained in section 3 were obtained using one cascade of dc
block and attenuators. Both CW synthesizers are referenced to
a 10 MHz signal derived from a caesium beam atomic clock.

The choice of the JJA chip in our setup was due to its avail-
ability in our laboratory. The chip described in [28] can be used
as two PD JJAs and can be combined with other PJVS chips
(such as those in [9, 10]), not necessarily in the same cryo-
stat, to produce quasi-continuous voltages up to 10 V. When
the PD JJAs and the CWD JJAs are in the same cryostat, it
is preferable to connect the PD and the CWD JJAs using a
superconducting wire. When the PD JJAs and the CWD JJAs
are connected with a normal wire, e.g. when the JJAs are not in
the same cryostat, special precautions (e.g. better isolation of
the biasing electronics, grounding considerations, and screen-
ing of the measurement system) should be taken to avoid error
voltages, for example due to noise.

3. System evaluation

The basic principle of our approach is based on summing the
outputs of the CWD and PD JJAs. The methods for the evalu-
ation of the CWD JJAs are well known (see for example [2]).
The evaluation of our combined system was performed in two
stages. Firstly, the PD JJAs were evaluated for their perform-
ance at dc, and secondly, the PD and CWD JJAs were evalu-
ated together for the generation of dc voltages up to 1 V.

3.1. Evaluation of the PD JJAs

The evaluation of a PD JJA must show that its output is unaf-
fected by [29]: (a) the specific JJA used; (b) the biasing elec-
tronics (pattern generator, RF amplifiers, dc blocks and con-
necting cables); (c) the RF power applied to the JJA; and, (d)
the repetition frequency and RF pattern of pulses. Criteria (1)
and (2) have been demonstrated elsewhere for ac operation
[18, 29].

To demonstrate that the PD JJAs fulfill criterion (3), we
measured the current—voltage characteristics of the PD JJAs at
0.2 V (used to realise O V in table 1). We generated 0.2 V at a
repetition frequency of 15.1124 GHz for a number of currents.
In particular, we changed the dc bias current supplied to the
PD JJAs through the AWG-O/I combination and measured the
output voltage of the PD JJAs (shown in figure 2) with a Key-
sight 3458 A multimeter (K3458A). The number of power-
line cycles of the K3458A was set to 20. We repeated this
measurement for different RF power settings of this pattern
of pulses. Figure 3 shows the difference between the measured
voltages and nominal. Each data point in figure 3 is an average
of 10 readings. These settings were used in all the experiments
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Figure 3. Difference from the nominal of the voltage measured
using the K3458A versus dc bias current for different RF power
biases. The error bars show the type-A uncertainty (k = 1) of the
measurement.
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Figure 4. PD JJA voltage difference from nominal, measured with a
K3458A, versus dc bias current for different pulse patterns and
repetition frequencies.

reported in this Section, except as stated otherwise. Figure 3
shows that the voltage is unaffected by the specific RF power
used (all the data points agree within the Type A uncertainty
of the measurement and taking into account the measurement
transfer capability of the K3458A), whereas the bias current
range of the step is affected by the RF power, indicating that
the quantum locking range for dc bias is different when the RF
power is changed.

To demonstrate that the PD JJAs fulfill criterion (4), we gen-
erated two voltages of 0.2 V using different patterns of pulses
and repetition frequencies (14.6544 GHz and 15.1124 GHz).
We then changed the dc bias current supplied through the
AWG-0O/I combination and measured the output of the two PD
JJAs (shown in figure 2) with the K3458A. Figure 4 shows the
difference of the measured voltage from nominal. The pattern
of pulses and the repetition frequency do affect the bias current
range of the voltage step but not the voltage of the step.

3.2. Evaluation of the combined PD and CWD JJAs

Having established that the PD JJAs have quantum locking
ranges for RF power, dc bias, and pulse repetition frequency

0.08

0.06

0.04

0.02 s
0.00

-0.02

-0.04

-0.06

-0.08

-0.10
8 8.2 8.4 8.6 8.8 9 9.2
Bias current setting (mA)

(a)

Voltage difference from nominal
(HV)

0.08
0.06

0.04

0.02

0.00

2002 H
-0.04 :

-0.06 } }
-0.08

-0.10
27 28 29 30 31 32 33 34

RF power setting (mW)
(b)

Figure 5. (a) Current—voltage characteristic of the CWD JJA and
(b) the RF power-voltage characteristic of the PD JJA. The error
bars show the type-A uncertainty (k = 1) of a series of five
measurements.

Voltage difference fron nominal
uv)

and for different pulse patterns, the basic experiments to
demonstrate the feasibility of the proposed system were:

(a) comparison of the PD with the CWD JJAs at the same
voltage that defines the lower part of the range in table 1
(i.e. 0.2 V); and,

(b) comparison of the two CWD JJAs at their maximum
voltage (0.397 V), which is also used to define the vari-
ous parts of the voltage scale in table 1.

Firstly, we compared the PD JJAs with the CWD JJAs
at 0.2 V. The RF bias frequency of the CWD JJAs was
7.5562 GHz and for the PD JJAs 15.1124 GHz. For this exper-
iment we measured the current—voltage characteristic of the
CWD JJA and the RF power-voltage response of the PD JJA
for both positive and negative voltages. The output voltage was
measured using a K3458 A digital multimeter. Figures 5(a) and
(b) show the results for only the positive voltage (difference
between the measured and the nominal voltage).

Each of the data points in figure 5 shows the weighted
average of five current—voltage and RF power-voltage scans.
For each scan, each voltage measurement was the aver-
age of 10 readings of the 3458 A. From the data in
figure 5, we calculated the corresponding slopes using a
weighted least- squares fit. The slope for the CWD JJA
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was + 0.008 uV mA~! (figure 5(a)) and for the PD JJA—
0.002 uV mW~! (figure 5(b)). For the negative voltages, the
slope for the CWD JJA was + 0.005 uV mA~! and for the PD
JJA—0.004 uV mW~!. The corresponding uncertainties for
the slopes for the CWD JJA were 0.03 uV mA~! and for the
PD JJA 0.003 uV mW !, respectively.

Then we fixed the bias current of the CWD JJA and the
RF power of the PD JJAs to the middle of the corresponding
steps. We then compared the voltages produced by the CWD
JJAs and PD JJAs using the measurement sequence forward-
reverse-reverse-forward polarity to reduce the effect of the
unwanted thermal emfs. The difference between the CWD JJA
and the PD JJA was 0.4 nV with a Type A uncertainty of 5 nV
(k = 1.0), for an average of 10 measurements.

Next, we compared the two CWD JJAs at 0.397 V, the max-
imum voltage that one CWD JJA, which defines the Vcwp
value in table 1, can generate. We again measured the current—
voltage characteristics of the two CWD JJAs for both posit-
ive and negative output voltages. The slope for JJA| was 4
nV mA~! with an uncertainty of 7nV mA~! and —3nV mA~!
for JJA, with an uncertainty of 5 nV mA~!. Figure 6 shows
the results for the positive voltages. The bias current of the
two CWD JJAs was set to the middle of the step and the
two JJAs were compared using the forward-reverse-reverse-
forward measurement sequence. Their difference was —0.03
nV with a Type-A uncertainty (k =1) of 3 nV, for an average
of 20 comparisons.

The noise floor of the system is relatively high for a JVS.
To investigate whether the noise floor is due to any particu-
lar component in the system, we did a number of comparisons
at 0 V, using different configurations. Firstly, we compared
the CWD JJAs without connecting the RF power cable to the
JJAs and with the O/I amplifier disconnected (A). We then
compared them by connecting the RF power cable to the JJAs
without applying any RF power to the JJAs and with the O/I
amplifier still disconnected (B). Next, we compared the two
CWD JJAs with both the RF power line and the O/I amplifier
connected but we did not apply any RF power (C). Finally,
we applied RF power and zero bias current through the O/I
amplifier to the CWD JJAs (D). For completeness, we included
the 0 V comparison by setting the CWD JJAs and PD JJAs
at 0.2 V in series opposition (E) and the 0 V comparison by
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Figure 7. Allan deviation for 0 V. See text for details.

Table 2. Comparison of the CWD JJAs at 0 V (see text for details).

Voltage generation Type A uncertainty
method Mean value (nV) (k=1.0) (nV)
A —0.2 4.8

B + 0.9 44

C +0.3 4.9

D + 0.4 33

E +04 4.9

F —0.03 3.0

setting the CWD JJAs in series opposition (F). Table 2 sum-
marizes the results. Figure 7 shows the Allan deviation of the
cases A and E described above.

Table 2 shows that the noise floor of the system in nor-
mal operation is not dominated by a specific source, e.g. RF
amplifiers or the optical isolation amplifiers. However, the
Allan deviation (figure 7) shows that the bias electronics intro-
duce some correlation to the measurement at averaging times
greater than 10 s.

In practical measurements, we use the Allan deviation to
estimate the best averaging time of the system and then make
measurements over time intervals separated by several times
the correlation time of the noise process, estimated from its
autocorrelation function. In this way, the Type A uncertainty
can be reduced to the levels reported in this section. For
example, case E of figure 7 gives consistent results with the
corresponding 3 nV Type A uncertainty reported above (aver-
age of 20 comparisons, with 10 readings per polarity, forward
and reverse, in each comparison). Lowering the noise floor of
the system is the focus of ongoing efforts at the National Meas-
urement Institute, Australia.

Next, we combined the output of the CWD and PD JJAs
to produce a voltage of 1 V. Figure 8 shows the RF power-
voltage characteristic at 1 V and figure 9 the Allan deviation
when the RF power was adjusted to the middle of the step.
The Allan deviation in figure 9 is consistent with the Allan
deviation presented in figure 7 and the noise of the 3458 A at
1 V presented in [30].

Finally, to demonstrate that our combined system can
measure the gain of digital voltmeters, we measured the gain of
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error bars show the type-A uncertainty (k = 1) of the measurement.
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Figure 9. Allan deviation at 1 V.

a1 mV range of an Agilent 34 420 A nanovoltmeter using both
our combined system and the conventional JVS of National
Measurement Insitute Australia (NMIA) [31]. For this voltage
range of the 34420 A, the voltage was produced by setting
one CWD JJA and the PD JJAs in series opposition at 0.2 V
and changing the frequency of the PD JJA. The gain correction
of the 34420 A was measured to be (62.4 + 17) nV with the
conventional JVS and (62.0 & 23) nV with the combined sys-
tem. For the gain correction, 10 points (five for each polarity)
were used. The reported uncertainties are the total measure-
ment uncertainties (k = 2) and contain the standard error of
the slope and the standard error of the estimate of the linear
fit. The two systems agree well within their uncertainties (E,
ratio of 0.07).

4. Uncertainty budget

The main uncertainty components of the voltage generated by
the new system are due to:

(a) Errors in setting the frequency (offset and resolution of
the RF source or the frequency measurement equipment
if used);

(b) Leakage in the connecting leads (the leakage resistance of
the connecting leads allows currents to flow through the

Table 3. Typical uncertainty components.

Component Type u; (nV)
RF source offset B 0.1

RF source resolution B 0.04
Leakage B 1.5
ESDM A 5
Combined uncertainty 5.3
Expanded uncertainty (k =2.0) 10.6

finite series resistance of the connecting leads leading to a
type B error); and,
(c) Standard deviation of the measurement.

Table 3 shows typical values of these components. The
leakage was measured using the technique described in [32].
As estimated standard deviation of the mean (ESDM) in
table 3, we use the ESDM of the comparison of the CWD JJAs.

5. Conclusion

We have developed a voltage standard based on a combina-
tion of CWD and PD JJAs that can produce quasi-continuous
voltages and is robust to non-ideal JJAs. The approach demon-
strated in this paper can be robust to non-ideal JJs (i.e. miss-
ing JJs and JJs that have a flat zero quantum step but do
not have a flat first step when they are configured as CW).
Although the PD JJAs can have missing junctions, they
should have quantum locking ranges for pulse power and dc
bias current.

Our combined system produced voltages with uncertainties
of about 11 nV for a number of different JJA configurations.
To achieve its maximum voltage, the PD JJAs are not oper-
ated with pulse patterns having a high density of pulses, so the
bandwidth and distortion requirements of the RF driving elec-
tronics are reduced and pulse shaping filters are not required,
compared to PD JJAs operating at high density patterns of
pulses. The PD JJAs can produce very low dc voltages (theor-
etically less than 1 nV, but the lowest voltages are practically
limited by noise to less than 10 nV at present) without the need
of long pulse patterns, hence the memory requirements of the
pattern generators for the PD JJAs are minimal. Also, simple
and low computational load algorithms (worst case scenario,
three comparisons, one subtraction, five multiplications, and
one addition) can be used to generate the voltages, compared
to the dual CWD JJAs described in [23]. The last two features
make the system suitable for use in the feedback loop of a slow
control system (e.g. a sampling rate of some tens of samples
per second).

However, the noise floor of our CWD and PD JJAs system
is relatively high for a JVS. Further work is required to reduce
the noise floor of the system.
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