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We have performed a variety of precision measurements by comparing ac and dc waveforms
generated by two independent ac programmable Josephson voltage standard (ACPIVS) systems.
The objective of these experiments was to demonstrate the effectiveness of using a sampling digital
voltmeter to measure small differences between Josephson waveforms for frequencies up to
3.6 kHz. The low uncertainties that we obtained confirm the feasibility of using this differential
sampling method for high accuracy comparisons between ACPIVS waveforms and signals from
other sources. © 2008 American Institute of Physics. [DOL: 10.1063/1.2901683]

l. INTRODUCTION

In order to increase the performance of primary stan-
dards for the ac electrical metrology community, the field of
ac Josephson devices and systems has been steadily devel-
oping for more than a decade. The most accurate ac Joseph-
son voltage standard (ACJVS) utilizes oversampled single-
bit pulse-drive technology to achieve unprecedented low
distortion and intrinsically accurate ac volta;:,res.l'2 Unfortu-
nately, the ACJVS output voltage is presently limited to
250 mV (rms). To generate higher dc and ac amplitudes of
several volts, a multibit digital-to-analog converter based on
staircase-approximated waveforms was developed by use of
programmable Josephson voltage standards (PTVS).** When
used as a precision ac voltage source, this ACPJVS system is
capable of synthesizing waveforms that are ideally suited for
applications at relatively low frequency such as electrical
power metrology (50-60 Hz).>™

Direct measurement of the rms voltage from ACPJVS
waveforms reveals significant uncertainty contributions due
to the transitions between the quantized Josephson voltages.8
For high accuracy applications, this stepwise approximated
method is limited to very low frequency waveforms until a
more complete understanding of the transitions allows the
output voltage to be precisely modeled so that correction
factors can be applied. Because of these transient issues, we
have decided to investigate sampling instead of rms mea-
surement techniques for the new electrical power standard
that is under development at NIST.®

In order to avoid the large uncertainties associated with
the above described transients in ACPJVS systems, both
direct’ and differential sanmpling techniquesm have been pro-
posed for ac power applications. In this case, only the
sampled measurements where the voltage has fully settled
into the quantized Josephson states are used, and all the
samples that contain the transitions are discarded.® At NIST
we are implementing a differential sampling approach to ac
power measurements where we sample the voltage differ-
ence between a Josephson waveform and a separate sine
wave of high spectral purity and stability. Using the differ-
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ential method, we believe that the uncertainty of the sam-
pling measurements can be significantly reduced since the
sampling voltmeter is used as a null detector.

As a first step toward developing this differential sam-
pling method, we present in this paper both directly sampled
and differential measurements of ac waveforms synthesized
by two independent ACPJVS systems.

In Sec. III, we compare measurements of waveforms
from two different ACPIVS systems over a frequency range
from 0.3 Hz (64 samples) to 3.6 kHz (4 samples). We deter-
mine the accuracy and uncertainty that are possible with the
sampling method, as well as the noise characteristics of the
sampling digital voltmeter (DVM). These results extend the
results published by Behr ez al.'’ on the ac quantum voltme-
ter by using waveforms with more than four samples and
with an enhanced uncertainty analysis.

In Sec. IV, taking advantage of the enhanced resolution
of the sampler in the null detector configuration, the differ-
ential approach allows us to test various measurements and
bias parameters to evaluate the validity of the sampling tech-
nique with ACPJVS systems.

In Sec. V, the gain and the linearity of the sampling
DVM are measured at various frequencies by use of the dif-
ferential method for lower voltages and by use of direct sam-
pling for higher voltages synthesized with a single ACPJVS
system.

ll. SAMPLING METHOD

Comparison measurements of two independent ACPJVS
systems were performed using the configuration shown in
Fig. 1. Bach system contains current bias sources (DAC), a
microwave frequency generator (CW), a microwave ampli-
fier (AMP), and a PJVS superconducting integrated circuit,
We used flex mounted PJVS chips” that can produce two
different peak output voltages, 2.6 V and 3.9 V, each having
the ternary programmable JVS design using SNS
(superconductor—normal metal-superconductor) Josephson
junction arrays.l?‘ Other details of the Josephson circuits and
systems have been described elsewhere.” For each system,
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FIG. 1. Schematic of the differential sampling configuration used for com-
paring the voltages synthesized by two ACPIVS systems. All the generated
clock input signals are locked to the same 10 MHz reference (not shown).

the maximum rms output voltage is 1.5 V, due to the output
voltage limitation of the bias sources. Each generated voltage
level V; is selected by biasing a chosen number of Josephson
junctions M;. The proportional relation between these two
quantities is given by V;=M f/K;_ g, where f is the micro-
wave bias frequency (18 GHz) and K;_q is the Josephson
constant (483 597.9 GHz/V). The two ACPJVS systems (A
and B) are connected in a differential configuration (A-B) to
the sampler (Agilent 3458A, Ref. 14) that measures the volt-
age difference between the two waveforms (Fig. 1). The out-
puts of the two DAC units are floating and isolated from
system grounds. To avoid any ground loops, the clock input
and the trigger output signals of the DAC units are optically
isolated. The galvanic isolation between the chip and the
microwave amplifier is achieved with dec blocks (not shown).

We customized the sampling DVM so it could be locked
to an external frequency reference. All the generated clock
input signals are locked to the same 10 MHz reference. The
fundamental frequency and number of samples used for each
staircase-approximated waveform are identical for both
ACPJVS systems. The output waveform amplitude of each
system is independently adjustable, but generally chosen to
be the same for each system in order to take advantage of the
null detector configuration.

Synchronization of the two output waveforms is
achieved by first loading both waveforms in the memories of
the DAC units, followed by simultaneously turning on the
clock reference signal to each system. We sample the wave-
form at twice its number of steps so that, for any sampling
measurement, we keep only half of the points, namely, those
free of voltage transients, as shown in Fig. 2. Before each
measurement sequence we carefully align the sampling win-
dow in the center of each step. This alignment is achieved by
introducing a defined timing delay between the trigger input
pulse (coming from the bias electronics) and the start of the
sampling procedure. The aperture (integration) time of the
voltmeter (7) is defined as 7=(2Nf)~!-&t, where N is the
number of samples in the waveform, f is the frequency of the
waveform, and & is the setup time of the sampling voltmeter.
The factor two in this expression arises because the sampling
is performed at twice the number of steps in the waveform in
order to reject the transient contributions. We fixed the value
of & to 30 us so that the sampler has enough time to com-
plete its required setup time and obtain the highest
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FIG. 2. (Color online) Time-dependerit voltage plot showing the sampling
windows for a waveform containing 16 samples at an rms amplitude of 1 V.
In this example waveform, alternating gray and white time slices represent
different time integration windows of the sampling voltmeter. The gray
zones are free of transients and therefore sample only the parts of the wave-
form where the voltage is accurately established. We discard the white sam-
pling zones that contain the transients where the voltage is changing be-
tween steps.

accuracy.15 Since the sampler is a time domain instrument
rather than a frequency domain instrument, the measured
voltages contain dc thermal voltage offsets. To remove this
undesired contribution for each voltage, we measured the
waveform at both polarities using a positive-negative-
negative-positive sequence (“+——+"). The negative polar-
ity is selected by adding half the waveform period to the
trigger delay. This sequence is then repeated many times to
obtain sufficient statistics for the computation of the mean
value and the associated uncertainty for each of the steps.
With the ACPJVS system, we can generate many different
staircase-approximated waveforms with various frequencies,
number of waveform steps, and step voltages. The waveforin
period (and therefore the waveform frequency) must be
an integer multiple of 400 ns (twice the reference clock
duration time), which is determined by the bias electronics
architecture.

lll. DIFFERENCE MEASUREMENTS WITH TWO
IDENTICAL ACPJVS CHIPS

In order to demonstrate precise agreement between two
ACPIVS systems, this section is dedicated to sampled com-
parisons of nominally identical waveforms from two identi-
cal 2.6 V chips. In this configuration, every voltage step in
the waveform uses exactly the same number of active junc-
tions for both chips. If the two microwave bias frequencies
are also identical, the resulting differential signal should be
precisely zero (excluding samples occurring during transi-
tions) and should reflect only the noise floor of the experi-
ment. By introducing a small difference between these two
microwave frequencies, we can generate a differential wave-
form of the same shape as the two original ones, but with any
desired small difference amplitude between 0 and 1.5 mV
(peak). This procedure allows us to check the ability of the
DVM in the sampling mode to accurately resolve voltages
different from zero at various waveform frequencies. Addi-
tionally, the small voltage levels generated can be used to
test the gain error of the voltmeter in this differential con-
figuration. This topic will be discussed further toward the
end of this paper. For this comparison, the rms amplitude of
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FIG. 3. (Color online) Sampled voltages from a differential waveform con-
taining 64 steps with 10 uV peak amplitude for five different frequencies.
The inset shows the stepwise voltages for a full waveform period and the
rectangle illustrates the data range presented in the main frame, namely,
steps 43 through 51.

the stepwise-approximated sine wave waveform A is fixed at
the nominal calculated value of 1 V. The chosen amplitudes
for waveform B are slightly higher than 1 V in order to
generate the desired small, difference voltages (A-B) of
10 uV, 100 xV, and 1 mV (peak voltage). The differential
signals at each of these three amplitudes were measured for
the cases containing 4, 32, and 64 samples. Finally, we tested
all of these waveform configurations at various frequencies,
from 0.3 Hz (64 samples) to 3.6 kHz (4 samples).

The data presented in the following figures correspond to
the mean value of 500 measured points, where the offset has
been removed using the “+——+" sampling sequence de-
scribed in the previous section. The error bars represent the
standard deviation of the mean with k=2, corresponding to a
confidence interval of 95%. Figure 3 presents an overview of
the sampling measurement results for the voltages from steps
43 through 51 for waveforms with different frequencies con-
taining 64 samples and with peak differential voltage ampli-
tudes of 10 uV. The inset represents the expected differen-
tial voltage steps for the full period of the same waveform.
For clarity, the number of frequencies shown here has been
limited to five (0.3, 3, 15, 60, and 150 Hz). As explained
before, only half of the measured sampling points are pre-
sented, since the samples containing the transients are dis-
carded. Figure 4(a) shows the same measurement data (steps
43 through 51), but plotted in terms of the voltage difference
from the expected ideal waveform step. For comparison,
Fig. 4 also presents data from the 100 wV and 1| mV ampli-
tude differential waveforms. All these data were acquired
on the 100 mV range of the sampler, and one key feature
of the results is that the magnitude of the standard deviation
of the mean at each step does not depend on the amplitude of
the waveform.

All of the measurement points within the uncertainty
bars (k=2) are close to the expected Josephson step refer-
ence voltages. However, some significant deviations appear
for the highest waveform frequencies (150 Hz). In order to
elucidate this effect, we analyzed the uncertainties of our
measurements using two distinct quantities. The first quan-
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FIG. 4. (Color online) Difference between the expected Josephson voltage
and the measured voltage, for 64 sample waveforms of different frequencies.
Step numbers 43-51 are presented here. The uncertainties are clearly inde-
pendent of the differential amplitude (10 xV, 100 pV, and 1 mV) of the
waveform and dependent on the waveform frequency. Thus, the uncertainty
depends primarily on the sampler’s aperture time.

tity, called o4, is the standard deviation of the mean rep-
resented by the error bars on Figs. 3 and 4, and derived from
statistical calculations of the 500 measured points for each
step. The second quantity, oy,,, 18 related to the standard
deviation of the difference of the mean measured step volt-
age from its expected Josephson voltage for the sampled
steps in the waveform at a given frequency. In this particular
case, we assume that both Josephson systems are working
perfectly. The measured data at each waveform step that
were used to determine oy, and oy, were found to follow
a normal distribution. For particular frequencies, g, can be
larger than the type A uncertainty noise, as observed for the
data at 150 Hz on Figs. 3 and 4. Note that the largest peak
amplitude (1 mV) corresponds to only 1% of the selected
voltmeter range (100 mV), which is the scenario where the
sanipling voltmeter is assumed to operate as a null detector.

A. Type A uncertainty (dyise)

Figure 5 shows the results of the type A uncertainty
(0oise» Standard deviation of the mean, k=2) as a function of
waveform frequency for three different waveform shapes
(4, 32, and 64 s.amples).m The uncertainty reported is the
average of the individual contributions from all the steps. As
we increase the number of steps in the waveform, the time
window used by the sampler to measure the voltage signal
decreases. Since the measurement uncertainty depends prin-
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FIG. 5. (Color online) Type A uncertainty (k=2, averaged over the number
of samples) measured for 1 mV amplitude waveforms with various sample
numbers (4, 32, and 64) as a function of the waveform frequency.

cipally on this voltmeter aperture time, the data with more
samples show a larger uncertainty for a given waveform fre-
quency because the aperture time is smaller for each sample.
At 60 Hz, a representative frequericy for electric power ap-
plications, the standard deviation of the mean is less than 85
nV, 56 nV, and 21 nV, respectively, for the 64, 32, and 4
sample waveforms. For the 64 sample waveform, the value
corresponds to an uncertainty of 6 parts in 108 (reference
1.41 V, full waveform peak amplitude). At frequencies lower
than 10 Hz, this value is less than 30 nV (corresponding to
2.2 parts in 10%) for all the waveforms reported here. The
sampling technique gives better performance for lower fre-
quency waveforms and smaller numbers of samples.

In Fig. 6, we plot the uncertainty in terms of the aperture
time of the voltmeter instead of the waveform frequency.
This plot, which includes many different frequencies and
sample numbers, clearly demonstrates that the uncertainty
scales with the aperture time. The slope of the data trend
gives an exponent of —0.48, close to the expected value -—%.
The uncertainty measured is practically independent of both
the amplitude of the differential waveform and the number of
samples. For short aperture times (<200 us), we observe a
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FIG. 6. (Color online) Measured Type A uncertainties (for 1 mV differential
waveforms) as a function of the aperture time of the voltmeter. The dashed
line shows slope —% as a guide to the eye.
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FIG. 7. (Color online) Standard deviation o, (for 1 mV differential wave-
forms) as a function of the voltmeter aperture time. The line slope (—%) gives
the general trend of the data dependence for this aperture time tange.

varying and higher uncertainty for the four sample wave-
form. This inconsistency is possibly due to some other effect
concerning the triggering and timing at higher frequencies
(up to 3.6 kHz for the waveforms containing only four
steps). The noise level of the voltmeter in the sampling mode
is of the order of 1 nV/ @, where the frequency bandwidth
is determined by the inverse aperture time Opgie(V)
=107 7(s)~2. These scaling parameters extracted from Fig.
6 determine the operation margins (noise level) of the
present sampling method. For instance, if we would like the
type A uncertainty (k=2) to remain below 0.1 xV at 60 Hz,
we may choose at most 80 steps in the waveform. These
measurements also reveal the limitations of the sampling
technique for waveforms at high frequencies and high num-
bers of samples.

B. Deviation from ideal Josephson value (oge,)

For a given differential voltage waveform step i, the
quantity AV; is defined as the voltage difference (AV;
= Vmeas,-_ Vi Ji) between the mean measured voltage Vmeas,. and
the corresponding Josephson voltage difference between the
two arrays Vj;. For each waveform, oy, represents the stan-
dard deviation calculated from the set {AV;} containing all
the individual voltage differences. Figure 7 shows the depen-
dence of o, as a function of the aperture time 7. The data
presented here are derived from differential waveforms with
amplitude of 1 mV zero to peak [shown partially in Fig.
4(c)]. The standard deviation (k=2) reported in this figure
represents a confidence interval of 95% and gives a good
estimate of the largest deviation expected for an individual
step. The scatter of the points in this logarithm-logarithm
plot (Fig. 7) is particularly large in comparison with the tight
scaling trend of the type A uncertainty shown in Fig. 6. Nev-
ertheless, a general tendency, represented by the solid line, is
observed. The standard deviation of the voltage difference
can be linked to the aperture time of the voltmeter with the
following relation (k=2): 0ey(V)=2X107%-(#(s)"12-1).
Using this relation, the largest deviation from any Josephson
step of a waveform (60 Hz, 64 samples) is smaller than
0.2 1V. This rather pessimistic (k=2) approach gives an up-
per limit for the accuracy limitation. Nevertheless, since
these deviations are scattered equally about zero, their im-
pact on the rms calculation of the waveform is much less
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significant (see Sec. IV). From these data, we note that both
accuracy (0g,) and noise level (ayis) are linked with the
inverted square root of the aperture time. We conclude that
these two uncertainty mechanisms (oge, and 07 are domi-
nated by effects involving only the sampling voltmeter. This
suggests that no error mechanisms are coming from the two
ACPJVS systems and that both systems are working like
expected as quantum accurate references. Comparison be-
tween two precision reference sources provides an interest-
ing measurement technique to characterize the behavior of
the sampler]6 in the limit of low input voltages.

IV. DIFFERENCE MEASUREMENTS WITH DIFFERENT
ACPJVS CHIPS

Any Josephson system involved in a measurement tech-
nique provides accuracy only over a finite range of bias and
measurement parameters. The limits of these parameters are
called margins and they must be checked to ensure the de-
sired quantum accuracy of the measurements. We take ad-
vantage of the differential configuration to investigate two
important parameters involved in the sampling measurement.
The first is the delay introduced between the trigger and the
beginning of the sampling measurement. The second is the
effect of the dither current (i.e., deviation of the current bias
from the center of the current bias range of the voltage step
for each cell). We introduce below the reconstructed rms
scalar quantity V,,, that is different from but related to the
actual rms amplitude, which allows us to measure the mar-
gins of one of the two systems. The bias conditions of the
other system remain fixed so that it can be used as reference.
The waveform amplitudes {J;} of the reference ACPIVS sys-
tem are defined by the Josephson voltage relation. By mea-
suring with the sampling DVM the voltage differences {M},
we can define the amplitudes for each step of the other wave-
form as V;=J;+M; The square of the rms quantity of the
“nonreference” system is given by

2 1% 2 1% 2 ;
Vnns:Ni:l Vt =ﬁi=l (‘]i+Mi) . (J)

This pseudo-rms or reconstructed rms calculated quan-
tity should not be confused with the rms value of the full
staircase-approximated output waveformi, which contains
contributions from the transients. However, it can be useful
to compare this reconstructed rms voltage with the ideal rms
voltage (that assumes zero rise time between output levels),
which is easily calculated from the known quantized Joseph-
son voltages. In the various plots of this section, we report
the voltage difference between those two quantities. The un-
certainty associated with the rms value (crvnm) is derived
from the type A uncertainties Oy, measured for each voltage

step [Eq. ()],
VANEY, @M+ 27 - 03y
0" =
s JANEY, (0, + 7

Any deviation of the reconstructed rms voltage from the
ideal rms voltage indicates that one or both of the waveforms
are not within operation margins, or that there is poor time

2
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FIG. 8. (Color online) Expected step voltage differences {calculated) be-
tween a 3.9 V chip and a 2.6 V chip (both generating 1.5 V rms sire
waves), for (a) 32 and (b) 64 samples plotted vs the sample number for one
complete waveform period.

alignment between the waveform and the sampling voltme-
ter. The systematic errors associated with oy, (in previous
section) have essentially no rms coiitribution and thus do not
strongly affect oy, In order to produce small but finite
differential voltages M; at each sample, we chose PJVS chips
with different numbers of junctions for each step, namely, a
2.6 'V chip and a 3.9 V chip. The resulting differential volt-
age waveform is no longer sinusoidal, as were the wave-
forms used in the previous section. In this case, the number
of junctions and the combination of cells utilized to produce
any voltage step of the waveform are different for the two
chips, even if both circuits produce the same desired rms
voltage. For example, the smallest cell in each array is 16
junctions for the 2.6 V chip and 24 junctions for the 3.9 V
chip.

When both microwave bias frequencies are identical, the
expected difference waveform will correspond to an integer
number of Josephson junctions. For equal microwave fre-
quencies, the first quantized voltage corresponds to a voltage
difference of two junctions (74.4 uV at the 18 GHz bias
frequency). For the experiment described below, the micro-
wave frequencies are not identical in order to exactly match
the rms output voltage (1.5 V rms). In this case deviations
from each quantized level are observed, as shown in Fig. 8.
The pattern depends only on the amplitude and the number
of samples of the two generated waveforms. Note that the
pattern is completely point symmetric relative to the zero
crossing, a condition required for the offset subtraction
method. The patterns shown in Fig. 8 produce an interesting
waveform with voltages that are different from zero and
within the null-detection (lowest) range of the sampler. The
maximum peak amplitude is around 400 xV. Similar wave-
forms are planned for future comparisons between the
ACPJVS system and a stable sine wave of high spectral
purity.

A. Time alignment between the two synthesized
waveforms and the sampling DVM

Before any comparison measurement can be performed,
the synthesized waveforms must be time aligned with the
sampling window of the voltmeter. The delay between the
trigger pulse from the DAC electronics and the beginning of
the sampling sequence is adjusted to obtain samples that are
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FIG. 9. (Color online) The upper part of the figure [(a)-(c)] schematically
shows how the sampling windows shift (-50%, 0%, and +50%) relative to
the center of each ACPJVS waveform step. (d) Difference between the
reconstructed rms voltage and the expected ideal rms voltage for array B
(2.6 V chip, 1.5 V rms) as a function of the relative time alignment with the
sampling voltmeter. Array A (3.9 V chip) provides the voltage reference
levels for reconstructing the rms voltage of array B. Both plots (60 and
300 Hz) use 32 samples.

centered in the middle of the Josephson steps. To determine
the effect of misalignment, measurements were performed
for different time delays so that the resulting reconstructed
rms voltages could be compared. As we explored this effect
for different frequencies, the delay value was rescaled in
terms of the percentage of the sampling-time duration. Since
the sampling duration corresponds to half of the Josephson
step length, we expect to observe a constant voltage region
or “flat spot” for delays between =50% of the sample dura-
tion where the voltages of both Josephson arrays are fully
settled. For the two extreme values (at —50% and +50%), a
corner of the sampling window is aligned, respectively, with
either the beginning or ending edge of the Josephson step. If
this limit is exceeded, the reconstructed rms voltage will
contain contributions due to the transients. Figure 9 shows
the voltage difference between the reconstructed rms voltage
and the expected ideal rms voltage of array B for waveform
frequencies of 60 Hz and 300 Hz (32 samples). The uncer-
tainty reported corresponds to the standard deviation of the
mean (k=2), determined from 50 measurements.

Over a time shift from —48% to 48%, the reconstructed
rms voltage of the 60 Hz waveform is constant, For the
300 Hz waveform, the sampling-time margins further re-
duced to —40% to 45%, due to DAC timing and transient
effects. For frequencies up to 300 Hz, these margins are suf-
ficient for our applications because small deviations in the
sampling-time alignment do not affect the measurement ac-
curacy of the reconstructed rms voltage. Note that this same
alignment procedure will be needed in future measurements
when we compare a sine wave of high spectral purity with a
staircase-approximated ACPIVS sine wave.

B. Operating margins and dither-current flat spot

To be a useful system, the ACPJVS must generate an
accurate voltage over a range of bias parameters. The most
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array B. Measurement results are shown for two different 60 Hz waveforms
with 32 and 64 samples. The upper plot shows a 100 times smaller voltage
range.

critical bias parameter for the ACPJVS system is the current
margin or step width; that is, it must produce an accurate
voltage over a large range of dc current through the entire
multiple-array circuit. For dc voltages, a nanovoltmeter is
used to determine the array’s immunity to an applied dither
current.”® To determine the operating margins for a sampled
synthesized ac waveform requires a measurement instrument
that can resolve a few microvolts on a 1 V rms scale. The
sampler can provide a fast, direct measurement of the full
waveform rms amplitude, but the uncertainty obtained in this
case is not as good as the uncertainty achieved when mea-
suring dc voltages because it includes errors from the tran-
sients and voltage nonlinearities of the sampler. Neverthe-
less, a more precise analysis can be performed by using
differential sampling (with different arrays, such as 3.9 V
and 2.6 V chips) and determining the rms amplitude from
the reconstructed stepwise-approximated sine wave that was
sampled on constant voltage steps. The operating margins of
array B can be determined by applying a dither current to
array B, while using voltage steps of array A as reference
levels. Figure 10 presents the measured differences between
the reconstructed and the ideal rms voltages for 60 Hz wave-
forms at 32 and 64 samples (uncertainty k=2, for a set of 50
measured points). The flat spots of the reconstructed rms
voltages show a constant voltage over a current range of at
least 1.5 mA. Even if the cell combinations are different for
the two waveforms, the measured current margins are simi-
lar, as expected.

The current range over which the reconstructed rms volt-
age remains constant is a direct measure of the immunity of
the weakest cell in array B to an applied dither current. The
flat spot is centered on —0.25 mA (which would ideally be
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zero), and the source of this shift is certainly related to two
different additive effects:

6] A voltage step is achieved by a combination of the
different cells, where each bias current is defined
individually. Small deviations from the expected
ideal bias current may appear in this particular
com‘iguration.8 This effect is probably enhanced when
an ac waveform is generated containing a rapid suc-
cession of different cell combinations.

(ii)  Since these measurements are performed using the
differential configuration with two separate systems,
some unexpected current may also come from inter-
action of the two DAC bias sources or from ground-
ing issues (although we would expect these error
mechanisms to be more of an issue above audio fre-
quencies, and relatively small at 60 Hz). In either
case, these results show the importance of character-
izing the ACPJVS operating margins and ensuring
that they are sufficiently large.

C. Accuracy of the difference measurements

In previous sections we explored the measurement un-
certainty of individual samples and the bias current and
sampling-time margins of the ACPJVS measurement system.
In this section we determine the voltage accuracy and uncer-
tainty of the sampled rms waveforms in the differential mea-
surement configuration as a function of frequency. As in the
previous section, we use two arrays with two different wave-
forms and reconstruct the rms voltage of one array utilizing
the voltage steps of the other array as a reference. We discard
the samples containing the transients and compute the ideal
rms voltage of the stepwise portions of the synthesized
waveforms.

Figure 11 shows the voltage difference between the ideal
and reconstructed measured waveform for 32 and 64 samples
at various frequencies (array B, 2.6 V chip). The plotted un-
certainty corresponds to the standard deviation of the mean
(k=2) with 500 measured points. This uncertainty is calcu-
lated with the type A uncertainty associated with each volt-
age level [Eq. (2)]. We emphasize that all the measured
points up to 60 Hz are within 15 nV of the ideal rms value.
As the full rms amplitude of both waveforms is 1.5 V, the
relative accuracy of the reconstructed rms voltage is better
than 10 nV/V (up to 64 samples per waveform). This result
is a striking demonstration of the excellent agreement be-
tween the two ACPIVS systems. As expected, the uncer-
tainty increases as the aperture time of the voltmeter de-
creases. Nevertheless, for a given aperture time, the
deviation from the ideal rms value is much smaller than g,
described in the previous section. This effect is due to the
averaging of the oy, uncertainties in the calculation of the
rms value. However, the impressive accuracy achieved with
the sampling voltmeter at 60 Hz is certainly suitable for
power metrology applications.

Rev. Sci. Instrum. 79, 044704 (2008)

1 . 10 100
z 2} @ -
Py e ‘
g 10t - -
5
& ] 5
o = ]
9] & =
5
> 20t o -
, , N u
t } t {
< 400f ]
g (®)
8 200f ]
c
: ; I
g 0F o ¢ o a L o} ] V] oA g
LS W
& 200} 1 ]
% m 32 samples 60 Hz j
> 4ol © 64samples ]
1 1 1 N |
1 10 100
Frequency (Hz)

FIG. 11. (Color online) Difference between the reconstructed measured rms
voltage and the expected ideal rms voltage for array B (2.6 V chip, 1.5V
rms) at different frequencies. Array A (3.9 V chip) provides the voltage
reference for reconstructing the rms voltage of array B. Waveforims with
both 32 and 64 samples were synthesized at each frequency. Both plots (a)
and (b) show the same voltage difference, but on different voltage scales.
The combined uncertainty of the measurement is only shown in (b).

V. DVM GAIN AND LINEARITY ANALYSIS

Knowledge of the gain correction and linearity of an
instrument is an important factor in the determination of un-
certainty budgets. Presently, programmable and conventional
Josephson systems are widely used for calibrating the gain of
dc voltmeters.”” The sampling method (using one ACPIVS

~ or two ACPJVS systems differentially) allows the measure-

ment of DVM gain correction factors in both dc and sam-
pling modes.

A. Gain and linearity on the 100 mV range

With a single ACPJVS system connected to the DVM,
we measured the gain and linearity of the 100 mV range for
both dec and sampling modes. Figure 12(a) presents the mea-
sured voltmeter gain in dc mode on its 100 mV range with
an integration time of 20 power line cycles. Careful offset
substraction (such as for thermal voltages) has been per-
formed by measuring the “0” voltage step between every pair
of voltage polarities. The offset voltage (and first order drift
in time) is removed for both polarities, and the voltage pairs
are measured in random order. This measurement sequence
is repeated three times, and the plotted uncertainty corre-
sponds to the k=2 standard deviation of each voltage
measurement. The quantity on the Y axis is the difference
between the measured step voltage and the Josephson quan-
tized voltage. We observe a gain correction factor of
—4.44 puV/V with excellent linearity, and a maximum devia-
tion from the straight-line fit of 60 nV. This dc slope gives us
a reference point for the measurements done in the sampling
mode.

To measure the gain performance of the voltmeter in the
sampling mode, we chose 32 sample triangular waveforms of
various frequencies, so that the step voltages are equidistant,
which is most useful for gain characterization. Each step of
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FIG. 12. (Color online) Voltmeter gain and linearity on the 100 mV range
in (a) dc mode, and (b) the sampling mode, with 32 sample triangular
waveforms. Voltage difference=Voltage measured—Josephson voltage. The
plotted uncertainties correspond to the standard deviation of the mean (k
=2) with (a) three measured points and (b) 500 measured points.

the waveform was compared with the expected Josephson
reference voltage. Since the triangular waveform was sym-
metric, each voltage level was measured twice, once each
while the voltage was ascending and descending. Figure
12(b) presents the voltage difference of the measured and
ideal Josephson voltage steps as a function of the step am-
plitude, for waveform frequencies 0.6 Hz, 60 Hz, and
200 Hz, corresponding, respectively, to aperture times of
26 ms, 230 us, and 48 us. We observe an interesting behav-
ior that is much different from the dc linearity measurements.
In the limit of long aperture time, the voltmeter in the sam-
pling mode behaves as in the dc mode. For a frequency of
0.6 Hz, the measured differences are linear and a correction
factor can be easily extracted. However, this —0.42 uV/V
value is slightly different than the one measured in the dc
case. This difference may be attributed to the variation of the
gain with external conditions, such as temperature, because
the measurements were performed on different days. How-
ever, as the aperture time decreased, the measured correction
factor increased, including a sign change of the slope. For
example, the gain factor at 60 Hz is +4.4 uV/V and the
largest deviation from the calculated gain is about 0.44 V.
For higher frequencies (i.e., shorter aperture times), the gain

analysis becomes complicated due to the appearance of hys-

teretic behavior. Similar hysteretic behavior was observed by
Thlenfeld ez al.,” and they speculated that it was caused by
residual charge in the integrating analog-to-digital converter
that affects the value of the next sampled point.
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FIG. 13. (Color) Voltmeter gain and linearity in the null detector configu-
ration (1 mV amplitude voltages) in (a) dec mode and (b) sampling mode,
with 32 sample  triangular  waveforms.  Voltage difference
=Voltage measured—Josephson voltage. The plotted uncertainties corre-
spond to the standard deviation of the mean (k=2) with (a) three measured
points and (b) 500 measured points.

B. Gain and linearity in the null detector configuration

To test both the dc and ac capabilities of the sampling
DVM in the null detector configuration, we measured a nar-
row *1 mV voltage window of the 100 mV range of the
instrument. In order to achieve sufficient voltage resolution,
the differential configuration with both PJVS systems was
required. The smallest step voltage that can be generated by
a single PTVS system is the 596 uV of the least significant
bit (LSB) that corresponds to the smallest array of 16 junc-
tions (of the 2.6 V chip) biased at 18 GHz. Thus, only three
quantized voltages, both polarities of this LSB voltage and
zero, can be produced within the 1 mV span, and more volt-
age resolution is required. Submicrovolt resolution is
achieved by using two PJVS systems with different micro-
wave frequencies. In this situation, the voltage resolution is
dictated by the frequency resolution of the microwave
source. Calibrations of the low (1 and 10 mV) voltage ranges
of digital voltmeters is a promising application for this dif-
ferential technique, because of the intrinsic linearity and fine
resolution of the differential dual PJVS systems. An alterna-
tive approach that uses a voltage divider has also been
demonstrated.””

Figure 13(a) presents the measured gain of the voltmeter
in dc mode by use of the differential method with two 2.6 V
chips (with different microwave frequencies). Offset subtrac-
tion and measurement analysis are identical to that described
in the previous subsection. There is no noticeable gain non-
linearity for this small 1 mV amplitude on the 100 mV range
of the DVM. The slope extracted from the linearity measure-

Downloaded 23 Sep 2008 to 132.163.130.101. Redistribution subject to AlP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp




044704-9 Precision sampling measurements using ACPJVS
ments is 0.54 «V/V, which corresponds to a voltage error of
only 0.5nV at 1 mV, which is 100 times smaller than the
measured noise floor. Assuming that this gain error is insig-
nificant, a statistical analysis of the measured data provides a
determination of the voltmeter’s noise floor near zero volt-
age. The two opposite horizontal dashed lines (48 nV)
show the standard deviation (k=2) of all the measured
points.

Figure 13(b) presents the data in the null detector con-
figuration for the sampling mode. The 1 mV amplitude tri-
angular waveform is obtained with the differential technique
(two 2.6 V chips) explained in detail in Sec. ITI. As in the dc
linearity measurements, we observe no gain deviation for the
1 mV amplitude waveforms. Over this voltage span, there is
no appearance of hysteresis behavior [Fig. 12(b)]. The uncer-
tainty (standard deviation of the mean for 500 measurements,
k=2) increases with the frequency, which exactly follows the
expected dependence on the aperture time that was discussed
in Sec. III. The voltage accuracy, that is, the scattering of the
voltage differences around zero, is also related to the aper-
ture time (reflecting the presence of oy, discussed in Sec.
1II). Note that the offset subtraction technique is not perfect.
For example, the 0.6 Hz data set presents a remaining offset
of —13 nV. Other measurements performed with lower am-
plitude (100 wV, and 10 wV, not shown) sine wave wave-
forms, lead to the same conclusions.

Contrary to the measurements on the full 100 mV scale,
no gain and linearity corrections need to be applied in the
null detector configuration. Therefore, the sampling DVM
can be successfully used with the differential measurement
technique for applications around 50—60 Hz with sufficient
voltage resolution.

V1. CONCLUSION

The results in this paper demonstrate that sampling small
differences between two waveforms allows us to achieve
much lower uncertainties than are possible when sampling
the full range of directly synthesized waveforms. Synchro-
nized sampling is essential for achieving the lowest uncer-
tainty, because samples occurring during ACPJVS transitions
can be discarded so that comparisons can be based entirely
upon the fully settled, perfectly quantized, Josephson voltage
steps. We found excellent agreement between two ACPIVS
systems of less than 1 part in 10® (reconstructed rims ampli-
tude) when generating 64-state stepwise-approximated sine
waves at 60 Hz, We also demonstrated the feasibility of us-
ing an ACPJVS waveform and measured difference data to
determine the rms voltage of another waveform, not pre-
cisely known, but highly stable. We plan to implement the
sampling techniques described in this paper in a new
quantum-based system for calibrating 60 Hz voltage wave-
forms that should reduce the measurement uncertainty for
calibrating power meters. Qur results suggest that it is pos-
sible to achieve an uncertainty of a few parts in 107 for
measurements of an independent reference sine wave of high
spectral purity and stability. The number of samples chosen
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will be determined by balancing the increased uncertainty
from nonlinearity effects that appear at small sample num-
bers due to larger voltage differences with the increased un-
certainty for high numbers of samples that require short ap-
erture times.
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