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Abstract—A test bench has been developed for systematic char-
acterization of high-resolution analog-to-digital converters. The
reference signal is generated by a programable Josephson voltage
standard. Three 24-bit digitizers have been characterized. Noise
performance has been measured at direct current using the Allan
deviation, whereas integral nonlinearity has been measured with
quasi-dynamic stepwise triangular waveforms at frequencies be-
tween 0.5 Hz and 1 kHz. None of the digitizers outperforms all
others for each tested characteristics. Therefore, such a systematic
characterization provides the overview needed to identify the most
suitable digitizer for a given application.

Index Terms—Analog-digital conversion, delta–sigma modula-
tion, Josephson junctions, metrology, noise measurement.

I. INTRODUCTION

THE STEADY improvement of analog-to-digital converter
(ADC) technology has led to the apparition of commercial

devices with 24-bit of resolution and sampling rates up to
500 kS/s. Such ADCs are particularly well suited for metrolog-
ical applications such as impedance calibration by a sampling
technique [1], development of Josephson-locked sine-wave
synthesizer [2], [3], and electrical power measurements [4], [5].
These applications require high resolution and a bandwidth up
to 10 kHz. However, to ensure traceable measurements, these
converters must be characterized with adequate accuracy.

Test methods for ADCs were developed many years ago and
were fully standardized (IEEE Std. 1241-2000 and IEEE Std.
1057-2007 [6], [7]). However, one of the limitation of these test
methods for high-resolution ADCs resides in the relatively low
accuracy of reference voltages applied to high-resolution digi-
tizers. The use of a programmable Josephson voltage standard
(PJVS) [8] permits to overcome this limitation and enables the
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development of new methods for characterization of digitizers
with the highest level of accuracy [9], [10]. In addition, the
PJVS intrinsically ensures the traceability of the measurements.

To this end, a test bench for the direct- and alternating-current
(ac and dc, respectively) characterizations of metrological grade
ADCs has been developed [11] around a PJVS of 1 V. The
principle is to apply the known voltage of the PJVS output to
an ADC’s input. Due to the intrinsic accuracy of the Josephson
voltage, any difference between the applied voltage and the
ADC reading is solely related to an ADC error.

The PJVS has already been successfully used for the charac-
terization of digitizers [9], [10], [12]. However, the present test
bench is particularly well suited for the systematic characteri-
zation of ADCs under various conditions.

In this paper, the results of the characterization of three
different metrological grade ADCs are presented. Two types
of characterization have been carried out with a Josephson
reference voltage: dc characterization, where a dc Josephson
signal is applied to the input of an ADC, and quasi-dynamic
characterization, where a stepwise triangular Josephson signal
is applied to the input of the ADC. The term quasi-dynamic
refers, in this paper, to the fact that signals are made up by
successive steps as opposed to continuously varying.

II. DESCRIPTION OF THE TEST BENCH

The schematic of the Josephson-based test bench is shown in
Fig. 1. The PJVS supplies the reference voltage waveforms
directly to the digitizer under test (DUT). The design and
operation of the PJVS, which is based on a superconductor–
insulator–normal-metal–insulator–superconductor Josephson
junction array, is fully described in [13]. In this paper, the
maximum voltage provided by the 8192 Josephson junction
array at 70 GHz is only 1.18 V. Therefore, only a fraction of
the digitizer’s full-scale range (FSR) can be tested when the FS
is bigger than 1 V (see Table I). To overcome this limitation,
a new current source is under development and will be able to
drive a 10-V Josephson junction array [14].

Both the PJVS and the DUT are frequency locked to the same
reference signal of 10 MHz provided by a Cs clock. Moreover,
the programmable Josephson bias current source supplies the
trigger signal to synchronize the digitizer to the Josephson
stepwise waveform. Both the clock and the trigger signals are
optically distributed to avoid spurious coupling between the
various components of the system.

0018-9456/$26.00 © 2011 IEEE
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Fig. 1. Schematic of the test bench using the PJVS to generate the reference
signal measured by the DUT.

TABLE I
LIST OF THE MAIN SPECIFICATION OF THE

THREE DIGITIZERS EVALUATED IN THIS PAPER

The first computer is dedicated to fully control the reference
voltage generated by the PJVS. Reference waveform parame-
ters are sent to the second computer, which also gathers the
measured data from the digitizer for further analysis.

III. DEVICES UNDER TEST

Three different digitizers have been characterized: two com-
mercial products based on a delta–sigma ADC and one system
designed by the National Physics Laboratory (NPL) around an
oversampled successive approximation ADC.

Conceptually, a digitizer contains different key components
such as an input amplifier, analog and digital filters, and the
ADC itself. Since only limited information about the precise
architecture inside each digitizer is available, they are consid-
ered as black boxes. Therefore, the error of the digitizer is
the difference between an input signal and an ADC’s output.
Throughout this paper, the terms digitizer or ADC are used
interchangeably.

Table I summarizes the main characteristics of the digitizers
evaluated in this paper. For a more detailed description, the
reader should refer to [15]–[18].

Two of the characterized digitizers are National Instrument
(NI) PXI-boards mounted in a NI PXI-1036DC chassis, which
also contains a timing module (NI PXI-6652) for synchroniza-
tion. An external 10 MHz time base is connected to the PXI
chassis through an optical link.

Fig. 2. Normalized Allan deviation representing intrinsic noise of the different
digitizers. The dashed line is the characteristic of white noise (slope of −1/2),
and the solid line represents the 1/f noise floor. These lines are guides for eyes.

The NI PXI-5922 board (named hereafter as NI5922) is a
flexible resolution digitizer that can be used to acquire data with
sampling rates from 50 kS/s to 15 MS/s.

The NI PXI-4461 board (named hereafter as NI4461) is a
dynamic signal acquisition device having a resolution of 24-bit
with sampling rates up to 204.8 kS/s.

The third digitizer (named hereafter as NPL7767) is a sys-
tem designed by NPL around a commercial 24-bit successive
approximation ADC having, in this case, a maximum sampling
frequency of 32 kS/s. The NPL implementation includes signal-
conditioning amplifiers to allow a ±1.5 FS single-ended input
as well as an active antialiasing filter.

As listed in Table I, the digitizers have different FSRs. In
every case, the FSR is symmetric around zero and spans the
range from −FS to +FS. Therefore, FSR = 2 · FS.

IV. NOISE CHARACTERIZATION

Fig. 2 shows the normalized (i.e., divided by the FSR)
Allan deviation computed on a data sets acquired with a 50-Ω
termination at the input of the digitizer. This measurement gives
the intrinsic noise of the digitizer. Each digitizer shows the same
behavior characterized by white noise (slope of −1/2) for a
short measuring time followed by a 1/f noise floor for a longer
measuring time.

Fig. 3 shows the white noise level extracted from Fig. 2 as
a function of the sampling frequency. The white noise of the
two NI digitizers is independent of the sampling frequency.
Therefore, for a given measuring time, the uncertainty on the
mean value of a small data set acquired with a small sampling
rate is equivalent to the uncertainty on the mean value of a larger
data set acquired with a higher sampling rate. For the NPL7767
digitizer, the white noise level decreases when the sampling rate
increases. Therefore, from the uncertainty point of view, it is
better to measure at the highest sampling rate and then take
the mean value of the larger data set. Even in the best situation
(sampling rate of 32 kS/s), the white noise level of NPL7767
is almost one order of magnitude larger than the white noise of
NI5922. For the two NI digitizers, normalized white noise is
slightly smaller for larger FSR settings.
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Fig. 3. Normalized white noise of the different ADCs as a function of the
sampling frequency.

Fig. 4. Normalized 1/f noise floor versus normalized applied dc voltage.
The lines are the least square fit of the value measured on the 1 V range of
NI5922 and NI4461.

The Allan deviation measurements have been repeated with
the application of a Josephson dc voltage at the digitizer’s input
instead of the 50 Ω termination. The voltage level has been set
from 0 to 1 V. The voltage level applied to the digitizers has no
effect on the white noise level. However, for the two NI boards,
the 1/f noise floor clearly increases with the voltage level. The
1/f noise floor is reached after a measuring time from 50 to
100 ms for NI5922 and NI4461 and after 1 to 2 s for NPL7767.
Therefore, no improvement of the type-A uncertainty can be
expected by increasing the measuring time beyond these limits.

Fig. 4 shows the normalized 1/f noise floor as a function
of the voltage level VPJVS normalized to the FS. For the two
NI digitizers, the 1/f noise level clearly increases with the
voltage level. Such a behavior can be explained by assuming
two sources of noise: One is related to offset NO, and the other
to gain NG of the digitizer. In this case, the total noise level is
given by

√
N2

O + N2
G · V 2

PJVS. Due to the quantum nature of
the Josephson effect, no noise is attributed to VPJVS. A small
noise contribution could be attributed to thermal voltages along
the connecting cables. This contribution should not be larger
than the smallest noise level and can be neglected.

TABLE II
NORMALIZED NOISE CONTRIBUTION DUE TO THE

OFFSET AND THE GAIN OF THE DIGITIZER

Fig. 5. Response of the digitizers to a quick change of the input voltage from
0 to 1 V. The nominal FS is 1 V for two NI ADCs and 1.5 V for the NPL
digitizer.

Table II summarizes the noise levels NO and NG measured
on the different digitizers. For a small input signal, noise
is dominated by NO, and the three digitizers show similar
performances. For a larger input signal, noise is dominated by
NG and therefore increases with the signal amplitude for the
two NI boards. In comparison, the NPL digitizer presents a
smaller noise source, which is mainly independent of the input
signal amplitude.

V. STEP RISING SHAPE

The response of the digitizer to a quick change of the input
signal has also been investigated. For this purpose, successive
pulses from zero to VPJVS and back to zero have been generated
by the PJVS. The amplitude, VPJVS, of the pulse has been
varied from 0.1 to 1 V by an increment of 0.1 V. Fig. 5 shows
the response of the different digitizers to a rapid change of
the input voltage from 0 to 1 V. The sampling frequency was
50 kS/s for the two NI boards and 30 kS/s for the NPL digitizer.

The digitizer NI4461 shows a large overshoot following the
quick change of the input voltage and needs a few tens of
millisecond to recover a steady state. The amplitude of the
overshoot depends on the pulse amplitude VPJVS and becomes
observable only for a pulse amplitude greater than 0.4 V on
the 2-V FSR. Such an overshoot is not visible for the other
digitizers.

For NPL7767, the digitizer requires a few millisecond to
reach the steady state when the pulse amplitude is higher than
0.4 V. For smaller pulse amplitudes, a settling time less than a
millisecond is observed.
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Fig. 6. Stepwise triangular reference waveform generated by the PJVS (solid
line) and the corresponding digitized waveform (symbols). The inset shows that
the values measured during the transients (open symbols) are discarded before
the analysis.

For NI5922, the settling time is below 5 μs, as stated in the
specifications [15].

When a step voltage change is applied to the input of the
digitizer, oscillations are observed before and after a voltage
transition. These oscillations are an artifact of a digital filter
implemented in the digitizers [15], [16]. The duration of these
oscillations, that is a fixed number of samples, depends on the
sampling frequency. For the NI4461, the delay is 63 samples.
The amplitude of these oscillations increases with the amplitude
of the voltage step applied to the input of the digitizer. A similar
effect is observed on the digitizer NPL7767. In the NI5922, the
digital filter can be selected among four different types. For the
“8-tap Hanning” filter used for the data shown in Fig. 5, no
oscillation is observed.

VI. INTEGRAL NONLINERARITY

One of the key parameters characterizing an ADC is the
integral nonlinearity (INL). For this measurement, a triangular
stepwise reference waveform, synthesized by the PJVS, is digi-
tized by the unit under test (see Fig. 6). With the reference volt-
age being accurately known, the error, ΔV , of the digitizer is
directly given by the difference between the ADC’s output and
the Josephson voltage. For each step of a triangular stepwise
signal, 50 samples are removed before and after the transition
in order to avoid problems related to the oscillations described
in the previous section. As explained in [11], the mean value of
ΔV is then calculated from the remaining samples on the step.
Ideally, ΔV should vary linearly with the reference Josephson
voltage VPJVS. The INL is the deviation of ΔV from the ideal,
normalized to the FSR.

Fig. 7 shows the INL of the NI4461 and NI5922 digitizers
using a 1 V 0.48 Hz stepwise triangular Josephson waveform
versus the reference voltage level normalized to the FS. For a
larger FS, a smaller fraction of the input range of the digitizer
is investigated by the 1 V signal. Changing the input range of
the digitizer only affects the analog stage of the conversion
chain amplifying the input signal to keep it in the range of

Fig. 7. (Top) INL of the NI4461 digitizer measured using the 1 V 0.48 Hz
64 (symbols) or 2048 (line) step per period triangular Josephson waveform.
When the digitizer FS increases, a smaller fraction of the FS is investigated.
(Bottom) INL of the NI5922 digitizer measured with the same signal but with
512 steps per period.

the conversion stage of the digitizer. Since the shapes of the
INL obtained with different input ranges are very similar, the
observed INL is thus related to the conversion stage rather
than to the analog input stage of the digitizer. This behavior
is particulary clear for NI4461. This property suggests that the
INL characterization of such digitizers does not need to be
systematically repeated for every input range.

For NI4461, waveforms with 64 and 2048 steps per period
have been used. Fig. 7 clearly shows that the INL does not
depend on the number of steps present in the reference signal.
INL measurements carried out using a waveform with a small
number of steps per period are therefore still meaningful.
This is particularly important since the number of steps per
period that can be used for a waveform decreases necessarily
at higher frequency. Due to the limited sampling frequency
of the digitizer, the total number of sampled data per period
of the reference signal decreases when frequency increases.
Therefore, above a critical frequency, the number of sampled
data remaining in each voltage step is very small for the
calculation of the mean value of ΔV .

Another interesting feature about the INL of NI4461 is a
hysteresis that appears when the input signal is larger than 40%
of the FS. NI5922 also presents a small hysteresis over its whole
input range. The maximum hysteresis Hm is defined by the
largest difference between the INL values measured when the
signal is ramping up and down at a given voltage.

The INL characterization has been repeated for the three
digitizers using a waveform with 16 steps per period, an
amplitude of 1 V, and for frequencies ranging from 0.48 Hz
to 1 kHz. Fig. 8 shows the maximum INL observed as a
function of the signal frequency, for different input ranges.
Fig. 9 shows the maximum hysteresis, Hm, measured on the
INL. Obviously, more information can be obtained when the
input signal covers the whole input range of the digitizer i.e.,
on the 1 V FS input of NI4461 and NI5922. For NPL7767, the
FS is fixed to 1.5 V. Therefore, the maximum signal of 1 V that
our PJVS can actually generate covers only 66% of the input
range.
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Fig. 8. Maximum INL of the three different digitizers measured using the
1 V 16 step per period triangular Josephson waveform at frequencies ranging
from 0.48 Hz to 1 kHz. The different input ranges of the two NI digitizers have
been investigated.

Fig. 9. Maximum hysteresis observed on the INL of the three different
digitizers measured using the 1 V 16 step per period triangular Josephson
waveform at frequencies ranging from 0.48 Hz to 1 kHz.

For the NI4461 digitizer, the maximum INL is more than
80 μV/V at low frequencies and decreases below 1 μV/V at
frequencies higher than 40 Hz. In addition, a large hysteresis
is present at low frequencies and dramatically decreases as
frequency increases. Such a behavior is more than likely related

to thermal effects. If a large signal (> 40% of FS) is applied to
the input of the digitizer for a while, local temperature within
the electronic circuit certainly increases. The behavior of the
neighboring components is then disturbed: a large INL and a
hysteresis are then observed. If the large input signal is applied
to the digitizer for a “short” time (less than a few milliseconds),
a temperature rise is limited and has a reduced impact on the
circuit behavior.

Such a behavior is not visible for the NI5922 digitizer. Even
if a small increase in the hysteresis appears around 60 Hz,
neither the INL nor the hysteresis exceeds 3 or 4 μV/V over
the whole frequency range tested.

For NPL7767, the INL remains roughly stable below 4 μV/V,
whereas the hysteresis increases more than four times between
0.48 and 7.8 Hz.

The maximum frequency tested is not the same for every
digitizer. The limitation does not come from the PJVS itself
because the rising time of our system is about 800 ns. The
limiting factor is in fact the sampling frequency of the digitizer.
Indeed, the time elapsed on each step decreases when the
signal frequency increases. Therefore, for a given sampling
frequency, the number of sampled point on each step becomes
very small when the signal frequency increases above a certain
limit.

VII. CONCLUSION

One of the limitations in the characterization of high-
resolution digitizers is the lack of accuracy of the source used
to generate the reference input signal. The use of a PJVS can,
to some extent, solve this problem.

To this end, a test bench has been developed for the sys-
tematic characterization of metrological grade ADCs. The ref-
erence signal is either a dc voltage or a stepwise waveform
generated by the PJVS. The difference between low noise,
accurate Josephson voltage and the reading of the digitizer
yields directly the error of the converter.

Three different digitizers have been characterized in terms
of noise (i.e., the Allan deviation) and INL. None of the
digitizers outperforms the others on every tested parameter.
NPL7767 shows the smallest 1/f noise floor (< 100 nV/V)
at 1 V, whereas NI5922 is better in terms of white noise
(< 2 nV/V/

√
Hz). The INL of NI4461 is smaller than 1 μV/V

at frequencies higher than 40 Hz, but large INL and a significant
hysteresis appear at lower frequencies. The INL and the hys-
teresis of NI5922 remain below 4 μV/V for frequencies ranging
from 0.5 Hz to 1 kHz.

Clearly, a tradeoff between different parameters has to be
made during the design of a new ADC-based application.
Therefore, the use of such a test bench for the characterization
of high-performance digitizers can provide precious informa-
tion for the selection of the most suitable digitizer in a particular
application.
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