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Method for Ensuring Accurate AC Waveforms with
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Abstract—The amplitudes of stepwise-approximated sine
waves generated by programmable Josephson voltage standards
(PJVS) are not intrinsically accurate because the transitions
between the quantized voltages depend on numerous conditions.
We have developed a method that ensures that the total rms
output voltages of arbitrary ac waveforms synthesized by the
PJVS are accurately referenced to the quantized Josephson
voltages. This is accomplished by digitizing the output waveform,
utilizing the quantized voltages to correct digitizer gain, noise,
and nonlinearity, and then utilizing measurements of the band-
width, rise time, and harmonic content to precisely tune the PJVS
bias parameters. Our goal is to develop an AC standard source
that can directly synthesize voltages with the accuracy expected
of a quantum-based standard without the use of a thermal voltage
converter.

Index Terms—Josephson arrays, Josephson device measure-
ment applications, Josephson devices, Josephson voltage stan-
dard, measurement standards.

I. Introduction

Since the introduction of series arrays of intrinsically
shunted Josephson junctions in the mid-1990s [1]–[3], PJVS
systems have utilized selectable sets of junction arrays to
generate stepwise-approximated waveforms with the intent of
bringing quantum-based accuracy to the field of ac voltage
metrology. Significant progress has been made for a number
of ac metrology applications, most usefully with sampled com-
parisons [4]–[10] and for (50–60 Hz) power metrology [11],
[12]. Unfortunately, the inherent error in the output voltage
caused by the transitions between the quantized voltages [13],
[14] has remained a fundamental and unsolved weakness.
Consequently, thermal voltage converters (TVCs) remain the
primary standards for ac voltage worldwide. Various measure-
ment schemes have been investigated that utilize combinations
of TVCs and stepwise PJVS synthesized waveforms working
together [15], [16]. However, the previous techniques that have
exploited PJVS waveforms have not provided the required
accuracy at frequencies above 100 Hz without utilizing a TVC.

PJVS-synthesized waveforms are fundamentally different
from the harmonically pure tones produced by the ac Joseph-
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son voltage standard that is based on high-speed pulse-driven
arrays [17] that typically produce signals in the frequency
range from dc to 100 kHz and have output voltages up
to a few hundred millivolts. The main advantage of PJVS
systems is their significantly larger output amplitude up to
10 V [18]. The PJVS output waveforms are constructed with
quantized voltages from multiple Josephson-junction series
arrays driven by a continuous microwave signal. This approach
offers the promise of an accurate ac and dc voltage source
for frequencies below a few kilohertz, but unfortunately, the
PJVS stepwise-synthesis method has a critical limitation in
that the output voltage is not precisely known during the
transitions between the quantized voltages. More importantly,
the generated rms voltage depends on the exact timing of
the bias-current transitions, as have been previously described
[13]–[16]. The transition timing is affected by (a) the precise
shape of the voltage-current (VI) characteristic of each Joseph-
son sub-array, (b) the values chosen for bias-current setpoints,
and (c) any variations in the delivered bias currents from those
target values, such as bias settling behavior and interactions
during transitions between bias signals and/or drive channels.
Furthermore, any changing environmental or bias condition,
such as a change in the microwave power, chip temperature,
or dewar pressure, that changes either the VI characteristics
or the bias-current setpoints changes the transition timing (and
to a lesser degree the transition shape) and significantly alters
the rms voltage of the stepwise-approximated ac waveform.

II. Transition-Related Errors in PJVS Waveforms

The dependence on transition-timing causes the PJVS rms
output voltage to depend simultaneously on numerous bias and
environmental conditions. For rms measurements, the PJVS
should therefore be considered an adjustable voltage source
(not an intrinsically accurate ac standard), because it generates
a relatively stable, nearly accurate waveform, but its stability
and accuracy depend on the many conditions described above.
Thus, PJVS systems do not qualify as intrinsic ac voltage
standards because they cannot produce rms amplitudes that
are calculable only from the Josephson quantization.

The details of how changes in PJVS bias parameters cause
a shift in the timing of the transitions have been previously
discussed in detail [13], [14]. Fig. 1 illustrates how transition
timing affects the total rms voltage for an example waveform
with only four steps. The fully settled quantized voltages of the
PJVS are labeled S1 through S4, and the transitions between
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Fig. 1. Transition timing changing the total rms voltage of a PJVS wave-
form.

those voltages are designated T(n→n+1). An increase in the
bias-current setpoint, which is the current simultaneously
biasing all the PJVS sub-arrays, for example, causes transitions
T(1→2) and T(3→4) to both occur slightly earlier in time
(shifting left in Fig. 1), while transitions T(2→3) and T(4→1)

both occur slightly later in time (shifting right in Fig. 1).
Although the transition timing may shift by only a fraction
of a nanosecond, the resulting change in total rms voltage
is significant when the PJVS waveform frequency is in the
audio range (causing errors up to ±20 μV/V at 1 kHz for our
system).

The error introduced by the transitions arises because the
contribution to the total rms voltage of the sloped waveform
transitions (dashed blue lines) shown in the rectangles of
Fig. 1 differs from the contribution to the total rms voltage
of the instantaneous waveform transitions (solid black vertical
lines) shown in the rectangles. This error in the PJVS ac
output voltage is adjustable as a function of various bias
parameters, and it scales directly with the frequency of the
PJVS waveform. For example, the plot of the rms voltage
versus dither current (an offset applied to the bias-current
setpoint of all sub-arrays simultaneously) at 1 kHz will have a
specific slope (related to the rise time of the bias electronics),
and at 2 kHz (and 3 kHz) the measured slope will be exactly
two times (and three times) higher. There are combinations
of bias parameters where these curves of different slopes
intersect each other, and there is often a significant range of
PJVS waveform frequencies where the curves intersect near
a common point, as many PJVS researchers have observed
[13]–[16]. We designate such a combination of bias settings
as the special operating point (SpOpPt); it is special because
the synthesized PJVS waveform (blue) in Fig. 1 has been
adjusted so that its total rms voltage is identical to that of
the ideal waveform (black) in Fig. 1. At the SpOpPt, the total
rms voltage at any PJVS output frequency is exactly the same
as an ideal PJVS stepwise waveform with zero-nanosecond
transitions between steps (with the same voltages).

To find the SpOpPt, we must find a setting of bias param-
eters where the frequency dependence of the PJVS output
goes to zero. This sounds simple enough, but identifying
the true SpOpPt requires careful and extensive measurements
to ensure self-consistency, because even the best instruments
available for measuring the PJVS rms voltage have finite

bandwidths as well as amplitude- and frequency-dependent
non-idealities. This means that the bias settings that pro-
duce the best agreement between multiple PJVS waveform
frequencies are actually the settings where the frequency
dependence of the measuring instrument most closely opposes
the frequency-dependent error of the PJVS total rms voltage.
So, to find the true SpOpPt, we must know with certainty the
frequency response of the measuring instrument, and carefully
correct for that error. In this letter, which was presented at
the CPEM 2012 conference with a brief summary in the
proceedings [19], we explain in detail a method for adjusting
the output voltage of the PJVS and accurately determining
its rms value. Our method determines the SpOpPt through
measurements of PJVS waveforms of different frequencies by
analyzing and correcting for time-, amplitude-, and frequency-
dependent variations of the PJVS system and sampling analog-
to-digital converter (ADC). A simplified overview of the
measurement setup is shown in Fig. 2.

III. Error Correction Method

In pursuit of an accurate determination of the PJVS syn-
thesized rms voltage without the use of a TVC, we optimize
the following procedure: (a) digitize the stepwise PJVS output
waveform with a sigma-delta ADC, (b) calibrate and remove
any time-dependent drift in the sections of the fully settled
steps, based on their known quantized voltages, to correct the
gain and dc offset of the digitizer, (c) average hundreds of
waveform cycles to reduce measurement noise and correct
small nonlinearities of the digitizer, and (d) account for effects
due to the transfer function of the digitizer and measurement
leads. All this data processing yields a value for the rms
voltage of the PJVS waveform (Vrms), but the analysis also
requires careful evaluation of systematic errors in the complex
measurement process.

A. Time-Domain Calculations

The digitizer utilizes its ±5 V range to measure the full
amplitude of the PJVS waveform. It measures a continuous
stream of many cycles of the PJVS waveform three separate
times, each with a different sample rate setting ( fs = 1 MHz,
2 MHz, and 4 MHz). We presently utilize an NI-59221 dig-
itizer that operates at an oversampling rate of 120 MHz,
and processes the data into the average value of the input
voltage during each sample interval (1 μs, 500 ns, and 250 ns,
respectively). We synchronize the PJVS waveform to the
sample intervals such that the transitions in the PJVS stepwise
waveform occur near the edge of the sample intervals, thus the
value in the sample interval most closely represents rms value.
(For the PJVS waveforms we discuss in this letter, the sampled
voltages are effectively equivalent to the rms voltage, where
the difference is more than an order of magnitude smaller than
the other dominant sources of uncertainty.) The digital filter

1Certain commercial equipment, instruments, or materials are identified
in this report to facilitate understanding. Such identification does not imply
recommendation or endorsement by NIST, nor does it imply that the materials
or equipment that are identified are necessarily the best available for the
purpose.
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Fig. 2. Block diagram of the PJVS measurement system utilizing a 3.9 V Josephson array measured by a digitizer. The location of a device under test
(DUT) with high impedance buffer amplifier, if required, is also shown for illustrative purposes although for the experiments in this letter the DUT was not
connected. To ensure that the digitizer and the DUT receive the same input voltage waveform, the connection between them would need to be as short as
possible, using a coaxial tee for example.

selected is the 48-tap standard, the filter option with flattest
pass-band for our particular digitizer. The first PJVS cycle in
each data stream is discarded to reject startup variations in
the digitizer measurement. Since the digitizer and the PJVS
waveform are locked to a common 10 MHz clock, we can
reduce the multiple PJVS cycles in each data stream into
a single combined PJVS cycle by averaging corresponding
samples in each of the n cycles. This time-domain technique
averages the noise, digitizer gain drift, and digitizer dc-offset
drift in a single step, and proved superior to several other
methods that were attempted to measure and correct for these
non-idealities.

The following procedure describes how these non-idealities
are removed from the measured data. For each combined PJVS
cycle, we compare the measured voltages at each step of
the stepwise-approximated waveform with the known values
of the quantized voltages to calculate the gain and dc-offset
corrections to be applied to the center samples of each wave-
form step. Applying an individual correction to each waveform
step has the added benefit of removing nonlinearities of the
digitizer [20]. The values of the remaining samples of the
combined PJVS cycle that reside between the fully settled
PJVS voltages (including those samples containing the transi-
tions) are adjusted by interpolating between the gain correction
factors of their adjacent steps. After the gain corrections are
applied to each sample of the combined PJVS cycle, the data
processing in the time domain is complete, and the rms voltage
is calculated. In successive measurements, using this method
we typically observe scatter less than 100 nV over the timespan
of an hour, which is small enough to support the frequency-
domain analysis that follows.

The time-domain-corrected PJVS waveform cycle is an
intermediate step in the SpOpPt procedure that occurs before
the frequency-domain analysis and corrections are performed;
some example time-domain-corrected results are presented in
Fig. 3 to illustrate some key features. Fig. 3(a) shows the PJVS
rms voltage, determined from the time-domain-corrected PJVS
cycle analyses described above, measured by the digitizer at
fs = 4 MHz at several PJVS output frequencies as a function
of dither current. These curves intersect in a relatively tight
region near a setpoint value of 0.45 mA. However, drawing
conclusions about the rms voltage value from how closely
the various PJVS frequency points land on top of each other
is premature, because some of the harmonic content in the
PJVS waveform is outside the digitizer bandwidth and thus
not included in the measured Vrms. Similarly, there is a tight

Fig. 3. Measured PJVS total rms voltage as a function of dither current
(applied to all sub-arrays simultaneously) for stepwise sine wave with 64 steps
and rms amplitude of 1.2 V. The time domain data processing of these data
is complete, but the frequency-domain corrections for the transfer function of
the digitizer have not been applied.

intersection of the different curves in "Fig. 3(b)" at 0.75 mA
( fs = 2 MHz) and in Fig. 3(c) at 1.0 mA ( fs = 1 MHz). The
fact that these intersection points occur at different values of
dither current for the different sampling frequencies clearly
indicates that another systematic correction is required to
correctly determine the total Vrms of the PJVS source and
demonstrates a self-consistent measurement procedure. In the
following section III-C, we show that accounting for the
harmonic content can resolve this discrepancy.

In Fig. 3(c), the data values intersect at a dither current
of +1 mA, which actually biases the PJVS just outside the
flat region of PJVS steps where the voltage is quantized. The
error in total Vrms caused by the transitions scales directly
with PJVS waveform frequency, because the fraction of time
the waveform is making step transitions is increasing with
frequency. At very low PJVS waveform frequencies (a few Hz
for example), the intersection points always converge to the
ideal value, i.e., the value given by instantaneous transitions of
0 ns (unattainable by a real PJVS system). The tight intersec-
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tions in Fig. 3 occur at a setpoint where the PJVS-frequency-
dependent error in measured Vrms due to the missing harmonic
content is compensated by a PJVS-frequency-dependent error
due to the PJVS transition time placement. Since the amount
of missing harmonic content increases for lower sampling rates
of the digitizer, the intersection point appears at higher dither
currents as the sampling frequency decreases. In the following
section, we show that to find the true SpOpPt for total rms
voltage of the PJVS source, we must properly account for
the measured harmonic content and determine a dither current
value that is identical for all three digitizer sample rates.

B. Frequency-Domain Calculations

A stepwise-approximated waveform synthesized by a PJVS
source deviates from its ideal waveform in many ways, in-
cluding the rise time transitions produced by the PJVS bias
system and the shifts in time placement of those transitions as a
function of various bias parameters. When a PJVS waveform is
measured by another instrument, the amplitude and frequency
response of the instrument (and the measurement leads) must
also be considered. The measured Vrms is dependent on the
measurement bandwidth and transfer function of the digitizer
because it modifies the measured harmonic content by modify-
ing the amplitudes of the in-band harmonics and removing the
out-of-band harmonic content entirely. With our knowledge of
the digitizer response as a function of frequency (in the pass-
band and in the vicinity of the cutoff frequency) and the PJVS
rise time and calculated harmonic spectrum, we can apply
corrections to the measured Vrms values that restore the con-
tributions of the harmonics that are modified by the digitizer.

Fig. 4 shows the transfer function of the digitizer when
utilizing its 48-tap standard digital filter, which is the flattest
pass-band presently available for our particular digitizer. We
measured this transfer-function behavior directly for differ-
ent sampling frequencies by sweeping the frequency of a
sine wave tone through the pass-band and past the Nyquist
frequency. The sine wave was generated by a calibrator, so
we expect the uncertainty of the transfer function to easily
be within ±100 μV/V. Our software implementation of this
transfer function is consistent with both the experimental data
and the published characteristic from the digitizer manufac-
turer. The cutoff frequency is clearly visible at the Nyquist
frequency f/fs = 0.5, as expected. Notice that the digital filter
has small amplitude variations in the nominally flat pass-band
(dc to 400 kHz) region that must be included in the analysis
[see the zoomed view in Fig. 4(a)]. The calculated harmonic
content of a PJVS stepwise-approximated waveform (20 ns rise
time) is superimposed on the filter transfer function in Fig. 4
to illustrate the impact the digitizer transfer function has on
the measured waveform. Fig. 4 also aids in considering the
effect of the uncertainty of the measured transfer function. For
example, the first digitization harmonic in Fig. 4 is 0.02 V, and
if our transfer function model differed from the actual digitizer
performance by +100 μV/V at that frequency, the peak would
measure 0.020 002 V, which would increase the total rms
voltage by 0.03 μV/V. Even if all digitization harmonics within
the digitizer bandwidth measured 100 μV/V higher than their
actual amplitude, the increase in total rms voltage would be

Fig. 4. Measured transfer function for our digitizer utilizing its 48-tap
standard digital filter. This same frequency response relative to normalized
frequency f/fs was observed for all three sampling frequencies used in our
measurements, fs = (1, 2, and 4) MHz. Also shown is the calculated spectrum
for a PJVS stepwise-approximated sine wave with 64 steps at a 500 Hz
fundamental frequency.

less than 0.1 μV/V so this potential source of error is presently
below our dominant sources of uncertainty, but we must be
mindful to use a large enough number of samples to keep the
error negligible. Another aspect of the transfer function that
we must verify is aliasing, where the digitization harmonics
just above the cutoff frequency are folded back into the pass
band. Fortunately, when we choose the number of steps in
the PJVS stepwise waveform, we know exactly the frequency
of all the digitization harmonics, and we can easily arrange
for the aliased harmonics to land at different frequencies than
the in-band harmonics. This allows us to directly observe the
aliased tones and verify that they are sufficiently attenuated to
be negligible.

The results of the fast fourier transform (FFT) calculations
depend on the rise time between PJVS quantized steps.
Measurements of the rise time of our PJVS output voltages
give a value of 20 ns ±5 ns. To correct the total rms voltage
for the missing harmonic content and determine the setting of
the bias parameters that corresponds to the true SpOpPt, we
calculate the Fourier spectrum of the ideal stepwise waveform
assuming a 20 ns rise time. We also calculate the corrected
rms voltages for the two rise times at the 20 ±5 ns upper
and lower limits, which results in a Type B component for
our overall uncertainty budget. Another critical aspect of
our error correction method to consider is how the PJVS
frequency spectrum is affected when we adjust the PJVS rms
voltage by changing one or more bias parameters (typically
rf power level and/or the bias current setpoints). We utilized
several models to explore this issue and have found that, for
our 20 ns rise time, the 1 ns to 2 ns shifts in transition timing
(produced by varying the bias parameters) change the total
PJVS output Vrms by similarly affecting both the fundamental
amplitude and all the harmonics, such that their ratios are
virtually identical. Changing the rise time by ±5 ns, however,
alters the spectrum sufficiently that we must account for the
uncertainty in the rise time in our uncertainty analysis.
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TABLE I

Typical Type B Uncertainties Assigned to the SpOpPt Setpoint

PJVS waveform
Uncertainty in SpOpPt Uncertainty in SpOpPt Uncertainty in SpOpPt Resulting Uncertainty

steps (n)
setpoint due to rise time range setpoint due to discrepancy at setpoint due these two in PJVS total rms voltage

of PJVS transitions (Type B) various samples reates (Type B) factors combined (Type B) due to the two factors (Type B)
32 ± 0.025 mA ± 0.01 mA ± 0.035 mA ± 0.84 μV/V per kHz
40 ± 0.020 mA ± 0.01 mA ± 0.030 mA ± 0.72 μV/V per kHz
64 ± 0.010 mA ± 0.01 mA ± 0.020 mA ± 0.48 μV/V per kHz
128 ± 0.005 mA ± 0.01 mA ± 0.015 mA ± 0.36 μV/V per kHz

(Columns 2 and 3 are max/min values obtained via the analysis of measured data. Consequently, columns 4 and 5 are also max/min.)

TABLE II

Uncertainty Budget for the Total Vrms of a PJVS Source When Generating Stepwise Sine waves at the SpOpPt, Utilizing the Full

Error Correction Method. These Data Correspond to the Example of Figs. 3 and 5 for a Stepwise Sine Wave

with 64 Steps and rms Amplitude of 1.2 V

PJVS fundamental Type A Uncertainty (measured scatter Type B Uncertainty (calculated Resulting Total Uncertainty of
frequency (f ) in repeated measurements of Vrms at fixed SpOpPt) from Table I above) PJVS Vrms output
250 Hz ± 0.07 μV/V ± 0.12 μV/V ± 0.2 μV/V
500 Hz ± 0.15 μV/V ± 0.24 μV/V ± 0.4 μV/V
1 kHz ± 0.3 μV/V ± 0.48 μV/V ± 0.8 μV/V
2 kHz (predicted) ± 0.6 μV/V ± 0.96 μV/V ± 1.6 μV/V
5 kHz (predicted) ± 1.5 μV/V ± 2.4 μV/V ± 3.9 μV/V

(Columns 2 and 3 are max/min values obtained via the analysis of measured data. Consequently, column 4 is also max/min.)

TABLE III

Calculated Harmonic Content for a PJVS Stepwise-Approximated 1 kHz Sine waves With

Various Numbers of Samples (20 ns Rise time)

PJVS waveform steps (n) Amount of total rms voltage Amount of total rms voltage in Amount of total rms voltage Amount of total rms voltage in
in all harmonics harmonics above 500 kHz harmonics above 1 MHz harmonics above 2 MHz

64 400 μV/V 31.5 μV/V 14.8 μV/V 6.8 μV/V
128 100 μV/V 16.8 μV/V 7.6 μV/V 3.5 μV/V
250 26 μV/V 8.1 μV/V 3.8 μV/V 1.8 μV/V
500 6.5 μV/V 4.4 μV/V 2.0 μV/V 0.89 μV/V
1000 1.6 μV/V 1.6 μV/V 1.1 μV/V 0.46 μV/V

In Fig. 5, we show the frequency-domain corrected total
Vrms values for the example data of Fig. 3. These results show
a dramatic improvement in that the intersection of the traces
for different PJVS frequencies occurs at nearly the same dither
current operating point for all the three digitizer sampling
rates. This 0.165 mA common operating point demonstrates
that consistent total Vrms results are obtained for the different
measurement bandwidths and sampling rates. However, the
SpOpPt values are not quite identical for the different digitizer
sampling rates, so the small discrepancies produce another
Type B uncertainty term. Table I summarizes our estimates of
Type B uncertainties for several stepwise waveforms for our
PJVS system. To summarize the measurement sequence that
resulted in this table, a specific PJVS waveform is produced
at several different PJVS frequencies (in the example case of
Figs. 3 and 5, stepwise sine waves with an rms amplitude of
1.2 V and 64 steps), and each waveform is measured by the
digitizer at several sampling rates. A bias parameter, in this
case dither current, is varied to locate the setting that produces
the SpOpPt. The Type B uncertainties at this stage of the
analysis have the same units (milliamperes) as the parameter
that was varied. Finally, the Type B values are converted into
a voltage uncertainty, as shown in the last column of Table I.

This conversion is accomplished by multiplying the measured
slopes of the data (12 μV/V per mA at 500 Hz, etc. . . ) by the
Type B quantity in column four. Notice in column two that
the Type B uncertainty decreases with increasing number of
steps in the PJVS waveform because the harmonic amplitudes
decrease for these waveforms.

C. Uncertainty Calculations

For the PJVS to perform precision measurements with
another instrument that is simultaneously connected [such
as the device under test (DUT) in Fig. 1], we must ad-
just the bias parameters to attain the SpOpPt, and then we
must provide a complete uncertainty budget for the PJVS
output at each voltage, waveform, and frequency. At the
higher frequencies (1 kHz to 10 kHz) where this direct-
synthesis SpOpPt method is more challenging, the short-term
(30 min) stability of the bias parameters must be considered.
For example, as the microwave amplifier gradually warms
up after being switched on, the microwave power will be
slowly changing, which requires that we periodically select
a slightly different setting of the bias parameters to reposition
the SpOpPt. Such drift in the bias parameters is a source of
uncertainty that must be taken into account. In addition, we
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Fig. 5. Measured PJVS total rms voltage as a function of dither current
(applied to all sub-arrays simultaneously) for stepwise sine wave with 64
steps and rms amplitude of 1.2 V. The full data processing algorithm has
been applied (both time-domain and frequency-domain corrections).

must also consider the jitter associated with the bias parameter
settings.

One method for characterizing the stability of the SpOpPt
is to simply measure Vrms repeatedly (utilizing the entire error
correction method) at a number of PJVS output frequencies,
preferably at frequencies above 1 kHz, where the stability is
the most critical. Some typical stability results are shown in
Table II, where column two is the max/min scatter observed
in the repeated measurements of total Vrms (with the full time-
domain and frequency-domain analysis performed). Once the
operating temperatures of the PJVS system components and
measurement instruments come to thermal equilibrium, the
typical stability of the bias parameters is revealed by the
Type A scatter in Table II. In practice, we measure the Type A
scatter for several minutes at various PJVS frequencies with
both the digitizer and DUT connected, and determine whether
the SpOpPt remained sufficiently constant, and collect the data
for calculating the SpOpPt uncertainties.

IV. Future Direction

We believe that further optimization of the SpOpPt method
will enable the reduction of the Type B uncertainties in
column three of Table II by a factor of 2 or 3, primarily by
operating with a larger number of PJVS steps and optimizing
the data processing algorithm. By properly correcting the
various non-idealities of the digitizer, and carefully accounting
for harmonic content and bandwidth, we believe that the
SpOpPt measurement method will be capable of producing
rms voltages that are accurate to a few 0.1 μV/V at 1 kHz. This
will allow us to finally reach our objective [1] of creating PJVS
stepwise synthesized waveforms with calculable rms voltages

without the use of either ac-dc transfer comparisons or a
TVC reference. Another advantage of increasing the number of
PJVS steps is that the harmonic content of the waveforms will
be greatly reduced. Table III illustrates that the contribution
to the total rms voltage from all the harmonic content in a
stepwise-approximated 1 kHz sine wave with 1000 Josephson
steps is only 1.6 μV/V.

V. Conclusion

We have demonstrated a method for tuning a PJVS so
that it synthesizes ac waveforms with calculable and accurate
rms voltages. The method utilizes the quantized voltages of
stepwise-approximated waveforms produced by the PJVS to
characterize the gain and offsets of a sampling ADC. We
determine the total PJVS rms output voltage utilizing the
measured waveform from the calibrated ADC, the measured
ADC frequency response, and the PJVS measured rise time
and calculated harmonic content. Further research is required
to investigate other potential systematic error sources, and to
develop a more comprehensive uncertainty budget. We are
hopeful that this method will enable the PJVS to be a practical
AC standard source suitable for voltage metrology with an
accuracy of a few 0.1 μV/V at 1 kHz. Ultimately, we expect
that the system computer could utilize this method to locate
the SpOpPt automatically, and also perform the necessary
measurements for calculations of the uncertainty.
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