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Ultrafast switching speed, low power, natural quantization of
magnetic flux, quantum accuracy, and low noise of cryogenic
superconductor circuits enable fast and accurate data conver-
sion between the analog and digital domains. Based on rapid
single-flux quantum (RSFQ) logic, these integrated circuits are
capable of achieving performance levels unattainable by any other
technology. Two major classes of superconductor analog-to-digital
converters (ADCs) are being developed—Nyquist sampling and
oversampling converters. Complete systems with digital sampling
at rates of ~20 GHz and above have been demonstrated using
low-temperature superconductor device technology. Some ADC
components have also been implemented using high-temperature
superconductors. Superconductor ADCs have unique applications
in true digital-RF communications, broadband instrumentation,
and digital sensor readout. Their designs, test results, and future
development trends are reviewed.
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1. INTRODUCTION

The relentless quest for higher performance of
analog-to-digital converters (ADCs) is fundamental to
progress in communications, radar, high-speed instrumenta-
tion, and sensor applications. For many applications, ADCs
are the critical elements that define the architecture and the
performance capabilities of the entire system. The present
relatively slow progress in ADCs based on conventional
silicon technology is not capable of matching the current rate
of advancements in digital circuits available for increasingly
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sophisticated digital signal processing. A host of alternative
technologies, ranging from III-V semiconductors to optics,
are being pursued in order to develop ADCs with higher
resolution and wider bandwidth.

Superconductor technology exhibits a set of charac-
teristics uniquely suitable for the implementation of
analog-to-digital conversion. It simultaneously includes
high switching speed, low power, natural quantization,
quantum accuracy, high sensitivity, and low noise [1]-[3].
Superconductor ADCs have already demonstrated superior
performance in the laboratory [4], [5], and are now being
developed into high-speed and precision instrumentation
and communication systems.

This paper will survey the current state of the art of super-
conductor ADCs, starting with a background on supercon-
ductor ADCs. It will then continue in Section II with a survey
of the various classes of superconductor ADCs, followed by
a discussion in Section III of closely related circuits such as
digital decimation filters. The paper will conclude with a de-
scription of some developing systems applications for these
superconductor ADCs and expected trends in the near future.

A. Superconductor Technology for ADC

An ADC is an electronic circuit that converts an electrical
signal from the analog domain (e.g., a continuous voltage or
current) to the digital domain, typically providing N binary
bits at a rate known as the sampling frequency f5. Supercon-
ductor ADCs are capable of providing more bits at a higher
fs than any other technology and are at the threshold of com-
mercialization. One can find earlier reviews and basics of su-
perconductor ADCs in [6]-[8].

As described in the accompanying paper on supercon-
ducting digital electronics in this special issue [9], Josephson
junctions exhibit switching speeds of the order of a few pi-
coseconds or less, making them suitable for the highest speed
digital circuits for computers and digital signal processors
(DSPs). Another accompanying paper on superconducting
quantum interference devices (SQUIDs) (a SQUID is an
inductive loop with one or more Josephson junctions) [10]
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addresses the quantum-limited sensitivity and linearity
of these devices for measuring magnetic fields and cur-
rents. Superconductor ADCs incorporate both SQUIDs and
Josephson junction-based logic, taking advantage of their
unique combination of speed, low power consumption, low
noise, sensitivity, linearity, and dynamic range.

Superconductor ADCs are based on some of the special
properties of superconductivity and Josephson junctions and
circuits. Unlike conventional semiconductor circuits, the
properties of superconductor circuits are closely related to
the dynamics of magnetic flux ® in these circuits [1]-[3]. In
particular, the two fundamental principles of superconductor
circuits are the following.

1) Conservation of flux in a superconducting loop.

2) Quantization of flux in a superconducting loop in in-
tegral multiples of the flux quantum, which is a fun-
damental value defined with Planck’s constant h and
electron charge e: ®y = h/2e = 2.07 x 10~ Wb =
2.07 mV - ps.

Together, these naturally occurring quantum phenomena
set the current circulating around a closed superconducting
loop with Josephson junctions to be fundamentally periodic
in the analog magnetic flux applied to it. The threshold
spacing of a superconductive loop is determined with the
accuracy of fundamental constants. This natural relation-
ship of analog and digital forms makes superconductor
technology especially suitable for ADC implementation.

The current circulating around a closed superconducting
loop with inductance will maintain a flux n® indefinitely,
creating an ideal digital storage element. The function of a
Josephson junction is to change the value of n. Physically, a
Josephson junction is a weak link between two superconduc-
tors that consists of an ultrathin insulating layer; functionally,
it acts as a controllable valve that permits flux quanta to leak
out of (or be pumped into) a superconducting loop, one @
(or one fluxon) at a time. By Faraday’s law V' = d®/dt,
the corresponding voltage across the Josephson junction is a
voltage pulse with integral [ Vdt = ®,. This is known as a
single-flux quantum (SFQ) pulse. Such SFQ pulses are ex-
tremely narrow—typically ~2 ps—and have a pulse height
~1 mV. This is also an extremely low-power two-terminal
switching element, with switching energy per pulse on the
order of I.®y ~ 2 x 1072 J or ~1 eV. This makes the
speed—power product (a typical figure of merit for compar-
ison of different technologies) the ultimate leader among all
other technologies.

The relationship between voltage and flux allows a
Josephson junction to be used for perfectly linear data con-
version. For example, if a dc voltage of 100 1V is applied
across a Josephson junction, it will generate SFQ pulses
at a rate of V/®, = 48 GHz. Counting the pulse rate in a
digital counter provides an ideal ADC. Alternatively, if one
applies a combination of a dc current and an RF current at
frequency f, then under appropriate conditions, the pulse
generation by the junction will synchronize with the applied
RF frequency, yielding a dc output voltage V' = & f (or
integral multiples thereof). This provides the basis for an
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ideal digital-to-analog converter (DAC) [11], [12]. Practical
Josephson data converters are more complicated than these
simple examples but are based on similar concepts, as will
be discussed later in this paper.

Superconductor ADCs and DACs, with extremely high
sampling frequencies (tens to hundreds of gigahertz), require
digital circuits capable of operating at similarly high data
rates. The use of the same very narrow SFQ pulses forms the
basis of rapid SFQ (RSFQ) logic, arguably the fastest digital
technology [13]-[15], enabling integration of ultrafast RSFQ
digital circuits with superconductor ADCs and DACs. Orig-
inally developed in mid-1980s [16]-[18], RSFQ logic now
provides the foundation for virtually all of the fastest su-
perconductor digital circuits being developed worldwide [9],
[19]. Simple circuits have been demonstrated with speeds in
excess of 750 GHz [20], and complex medium-scale inte-
grated circuits (ICs) ~30 GHz [19], [21], with performance
up to 200 GHz projected in the not-too-distant future [22].
This is far faster than projected performance of competing
technologies [23] and motivates much of the recent develop-
ments in the field of superconductor digital electronics.

B. ADC Background

There are two distinct aspects of the analog-to-digital con-
version process: sampling and quantization, which deal with
discretization in time and in magnitude, respectively. The
quantization process introduces some error or “quantization
noise” into the system. Of course, this is in addition to any
noise present in the signal, as well as other noise sources,
such as jitter in the sampling clock. Even if the quantization
is precise, the clock frequency will limit the bandwidth of a
signal in the digital domain. According to the Nyquist sam-
pling theorem, a signal that is sampled at a frequency f, can
accurately represent an analog signal with bandwidth up to
the Nyquist frequency fy = fs/2.

All superconductor ADCs generally fall into two cate-
gories: Nyquist-sampling ADCs and oversampling ADCs.
An ideal Nyquist ADC samples a bandwidth-limited signal
at a sampling rate fs = 2fy and provides an accurate
digital representation of that signal, with the only error
associated with the quantization noise. Most commonly, this
Nyquist ADC is composed of a large number of separate
quantizers—single-bit comparators, each defining a single
quantization level. In practice, the performance of such an
ADC is limited by the precision of the quantization levels,
which are often determined by resistor values in resistor
networks.

In the alternative oversampling ADC approach, the signal
is sampled at a frequency fs > 2fn using a single quan-
tizer. Then feedback techniques and digital filtering are used
to decrease the quantization noise and enhance the effective
dynamic range. Oversampling ADCs are built using a “delta”
or more often a “delta—sigma” modulator (sometimes called
“sigma—delta”) [24]. Here delta (A) refers to difference and
sigma (X)) to sum, the discrete analogues of differentiation
and integration.
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Although both delta and delta—sigma modulators are
very similar in implementation (Fig. 1), there are important
differences between them. In the delta modulator [Fig. 1(a)],
the difference (delta) between input signal and the feed-
back signal (the integrated output pulses) is digitized in the
quantizer. The digital output represents the signal derivative,
which should be integrated later in the following digital
integrator to restore the input signal. The maximum range
of this modulator is determined by signal slope (slew rate).
In the delta ADC, the noise (after integrating) is essentially
white, so that narrowing the output bandwidth will reduce
the noise power proportionally to the bandwidth reduction.

In the delta—sigma modulator [Fig. 1(b)], the quantizer
digitizes the sum (sigma) of differences (delta) of input signal
and feedback signal (the sum of previous differences). Con-
sequently, the digital output represents the input signal itself.
The maximum modulator range is determined by signal am-
plitude. The quantization noise at the output is shaped, in
that it is suppressed at low frequencies but enhanced at high
frequencies approaching the Nyquist frequency. Decreasing
the output bandwidth by filtering will increase the signal-to-
noise ratio (SNR) inversely proportional to the third power,
rather than simply linearly with bandwidth.

The overall ADC performances of both types of modu-
lators are very similar, although the advantage of the delta
ADCs grows for signals with the lower frequency compo-
nents having the highest slew rate. Therefore, delta ADCs
are preferable in applications when slew rate saturation is
more manageable than amplitude saturation [24]. In semi-
conductor technology, more robust sigma—delta ADCs are
overwhelmingly preferred to delta ADCs. This is partially
due to the fact that bit errors (e.g., due to imperfect inte-
grators) occurring from the delta modulator will accumulate
and result in output offset. In superconductor technology, the
availability of a close-to-ideal integrator in the feedback loop
makes delta ADCs practical.

The state-of-the-art sigma—delta ADCs use higher order
modulators with multiple feedback loops (typically four
loops). This has the effect of further suppressing the quan-
tization noise in the output spectrum. For example, a
second-order modulator will exhibit a fourth power in noise
as one moves up in frequency away from the signal. To date,
only lower order ADC modulators have been implemented
in superconductor technology.

Most superconductor ADCs demonstrated thus far are
low-pass ADCs, which are designed to digitize any signal
from dc up to some cutoff frequency of the input circuit.
However, many RF applications consist of a narrow-band
signal around a rather high RF frequency, and for these, a
band-pass ADC would be more appropriate. In terms of
sigma—delta ADCs, this requires suppressing the quantiza-
tion noise around a higher frequency fo, rather than at dc.
This can be achieved by using a band-pass filter (such as a
resonator) instead of an integrator in Fig. 1.

There are several standard characterizations for ADCs
[25]. The SNR is the ratio of the signal power to the total
noise power in the output bandwidth. A closely related quan-
tity is the effective number of bits (ENOB), which is defined
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Fig. 1. Oversampling ADCs: discrete system diagrams for
first-order: (a) delta and (b) delta—sigma ADC modulators.

as ENOB = (SNR4p — 1.76)/6.02. The ENOB is typically
smaller than the number of hardware bits provided by the
ADC and accounts for several possible sources of noise.
The spur-free dynamic range (SFDR) represents the ratio of
the signal amplitude to that of the highest spur (or spurious
signal) within the relevant frequency band and is usually
expressed in decibels (or sometimes in bits, by dividing by
6.02). The SFDR is normally larger than the SNR, since not
all of the noise is concentrated in a single peak. The SFDR
is a good measure of nonlinearity, since the highest spur is
often at the second or third harmonic of the signal.

There is a general tradeoff between the dynamic range of
an ADC and the frequency bandwidth BW for any given de-
vice technology; the range decreases approximately in in-
verse proportion to the maximum frequency. This is partly
because the device switching speed determines the maximum
sampling frequency, which in turn limits the gain that may be
obtained by oversampling a high-frequency signal. It is also
due to the effect of timing jitter of the sampling clock which
is proportional to the signal frequency. In addition, the larger
bandwidth of higher frequency signals increases the total
noise, thus reducing the ENOB. A summary plot of high-per-
formance ADCs is shown in Fig. 2 (similar to that by Walden
[25]), where the SNR and SFDR are plotted versus the output
sample rate. The CMOS and SiGe—-CMOS circuits are over-
whelmingly preferred for commercial ADCs which domi-
nate audio and low-megahertz frequency ranges and are also
quite competitive in the gigahertz range. Fast III-V (GaAs or
InP) circuits are also used to build special-purpose ADCs for
high-megahertz and gigahertz ranges. For comparison, some
recent data from superconductor ADCs are also shown (fur-
ther details will be given later). Even in this early stage of
development, using lithography with unsophisticated 3-pm
Josephson junction sizes, the superconductor ADCs perform
on a par with the best semiconductor ADCs. Further ad-
vances are anticipated as the lithographic scale and circuit
yield are improved.
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superconductor ADC performance for quite modest 1.5-z¢m fabrication process.

There are three ways of increasing the dynamic range
(SNR): 1) increasing the sampling rate (fs); 2) increasing
the number of quantization levels; and 3) increasing the
order of the modulator. The SNR of an ideal oversampled
delta—sigma modulator on the order of n, using an m-b
quantizer, is given by

3/2n+1
SNR = = ( nt ) (2™ — 1)2R*>" ! (1)

,R-Zn

where R = f,/2BW is the oversampling ratio [24].

To increase sampling rate or clock speed, one must
decrease device switching times and delays, which can
be achieved by altering the device fabrication process,
e.g., better lithography [22]. Increasing f; from 20 to
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40 GHz doubles the oversampling ratio, increasing SNR
by (6n 4+ 3) dB or (n + 0.5) b. For a first-order (n = 1)
ADC, with fs = 40 GHz and BW = 10 MHz, this gives
95 dB or just below 16 b. SNR may also be improved
by increasing the number of quantization levels. If a 2-b
quantizer is used instead of a 1-b quantizer, the dynamic
range increases by 9.5 dB. However, the most dramatic
improvement in SNR is obtained by increasing the order of
the modulator. For a second-order (n = 2) 1-b quantizer
ADC, with f; = 20 GHz and BW = 10 MHz, the SNR is
139 dB or 23 b. However, for large oversampling ratio, it
is often difficult to maintain the theoretical 2.5-b/octave (or
15-dB/octave) slope due to various circuit imperfections.
Still, a real second-order modulator is expected to be far
better than a first-order modulator.
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C. Materials for Superconductor ADCs

Superconductor ADCs are medium-scale ICs requiring
hundreds or thousands of Josephson junctions for com-
plete systems. As such, they require a well controlled IC
foundry, with reproducible junction properties. Most of
the complete ADC circuits have been demonstrated thus
far, primarily using low-temperature superconductor (LTS)
niobium Josephson junctions, operating at about 4 K. As
described in the accompanying review [26] on Josephson
circuit fabrication, these Nb junctions are generally pre-
pared using a standard thin-film multilayer process based on
Nb/AlO,./Nb trilayer tunnel junctions, with critical current
densities on the order of a few kiloamperes per square cen-
timeter (kA/cm?) for junction sizes of several micrometers.
Since critically damped junctions are generally needed for
these circuits (to avoid hysteretic I-V characteristics), they
also require resistive shunts around the junctions, typically
made using a metallic layer such as Mo or TiPd. The latter
is not superconducting at millikelvin temperatures and is
required for some sensor applications cooled to that temper-
ature level. The circuits also require inductors, which are
generally composed of Nb microstriplines, separated from
a ground plane by an SiO, insulating layer. The standard
process for making ADCs is practically identical to that for
making RSFQ logic circuits and SQUIDs. These circuits
are often operated immersed in a liquid helium bath, but
can also function well when mounted on a closed-cycle
refrigerator (or cryocooler) that maintains temperatures in
the range 4-5 K. The total heat dissipation of such a circuit
is very small, well below 10 mW, so that a properly designed
cryopackage that minimizes external heat leaks can operate
with less than 100 mW of total cooling power [27].

For some applications, superconductor ADCs operating at
higher temperatures are also of interest despite some loss in
performance due to higher noise properties. Josephson junc-
tion ICs based on niobium nitride (with 7. up to about 17 K)
have also been demonstrated. NbN-based counting ADCs
with 16-b resolution have been demonstrated to operate at
10 K for infrared (IR) sensor applications [28].

Operation at even higher temperature is possible using
the high-temperature superconductors (HTS). There have
been major efforts to develop a reproducible technology
for Josephson junctions based on YBasCu3O7; (YBCO),
although the high temperatures required for epitaxial de-
position of these materials makes a true multilayer process
difficult to achieve. There has been some success in ob-
taining damped junctions with I.R,, product on the order
of 0.2 mV and with uniformities in critical current of better
than 10% (1 sigma). For medium-scale ICs, one needs better
uniformity and higher yield. To date, some key compo-
nents of ADCs, including a simple first-order sigma—delta
modulator, have been demonstrated [29]-[32]. Such an
HTS circuit could operate at temperatures up to about 40
K and possibly higher, lessening the requirements on the
cryogenic cooling system. However, it seems unlikely to
have the HTS technology reach the required complexity in
the near future. On the other hand, fast progress in compact
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cryocoolers has made Nb-based ADCs useful for a wider
range of applications.

One of the key features of Nb RSFQ ICs is that their
characteristic clock speeds, already very high (tens of gi-
gahertz), are expected to increase by up to another factor
of 10 in the next decade as the junction scale is decreased
to submicrometer dimensions, and the integration scale is
increased accordingly [22]. This should yield substantial
improvement in the speed-resolution tradeoff of supercon-
ductor ADCs.

II. TYPES OF SUPERCONDUCTOR ADCs
A. Superconductor Nyquist ADC: Flash ADC

In a conventional flash ADC, a set of comparators,
clocked simultaneously, digitizes an analog input into an
n-b digital word. In this type of ADC, both quantization and
sampling occur at the same time. The primary advantage
of this Nyquist-rate parallel ADC is the fast conversion
speed. Therefore, it is ideal for digitization of wideband
and transient waveforms. However, the number of required
comparators is 2" — 1, one for each quantization level,
which grows exponentially with the number of output bits 7,
making scaling to large number of bits difficult. It is possible
to reduce somewhat the number of required comparators
using more advanced Nyquist-rate ADC architectures.

In contrast, a superconductor flash ADC, based on SQUID
comparators, provides a unique solution for drastic reduction
of circuit complexity, and at the same time, allows faster
sampling. Utilizing the periodicity of a SQUID’s transfer
characteristics in units of ®g, an n-b superconductor flash
ADC uses only n clocked SQUID comparators [33]. To un-
derstand the periodicity, consider a single-junction SQUID
[Fig. 3(a)] consisting of an inductor L, and a junction .Jy.
The current through the junction is a periodic function
[Fig. 3(b)] of the applied input current, with periodicity
®y/L;. The basic comparator consists of a flux quantizer
(single-junction SQUID) and a sampling circuit, called the
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Fig. 4. Superconductor flash ADC with n» SQUID comparators for an n-bit ADC. (a) Schematic
diagram of a 5-b flash ADC showing the R/2R ladder and the periodic comparators. (b) Digital
outputs of the ADC as a function of increasing input signal. Note that this is in Gray code, where

only one bit changes at a time, reducing the likelihood of bit errors.

decision-making pair or balanced comparator, comprising
two junctions in series [J; and J5 in Fig. 3(c)]. When a clock
signal is applied to the sampler, one of these two sampling
junctions switches to the resistive state. For a clockwise
current i60p, J2 switches making the output a logical “1,”
whereas a counterclockwise current Ij,,, causes Ji to
switch producing a “0” output [Fig. 3(d)].

Fig. 4 shows the schematic of a flash ADC, producing
an n-b digital Gray code. The input signal S is succes-
sively divided by factors of two and applied to a set of
identical comparators, each with periodic thresholds [34].
The output of the first comparator is the least significant
bit (LSB) and that of the last comparator is the most
significant bit (MSB), encoded in Gray code. In an n-b
ADC, the first comparator gets 2"~! times the current ap-
plied to the last comparator. As the input signal increases,
each comparator goes through multiple thresholds. Fig. 4
shows the digital outputs (D0-D4) of each comparator for
linearly increasing input. Unlike standard binary code, in
Gray code, only one of the output bits changes between
consecutive digital numbers. Therefore, Gray code is

MUKHANOV et al.: SUPERCONDUCTOR ANALOG-TO-DIGITAL CONVERTERS

less susceptible to errors due to slight misalignments of
comparator thresholds.

Like all multicomparator ADCs, the superconductor flash
ADC is susceptible to mismatched circuit components and
conditions, such as the resistor ladder, delays in clock and
signal paths, and, in this case, differences in local magnetic
environment. Component mismatches depend on the quality
of the IC fabrication process. For correct operation, the
analog signal and the sampling clock must be applied simul-
taneously at each comparator, requiring precise transmission
line designs on the signal and clock paths as they travel from
the LSB comparator to the MSB comparator. This can limit
the number of bits for a high-speed flash ADC. Still, three
effective bits at f; = 20 GHz have been experimentally
demonstrated for junctions with J. = 2.5 kA/cm? [4].

Threshold jitter affects the comparator only when the input
signal is close to the threshold value. Unfortunately, it can
sometimes cause catastrophic errors in a flash ADC, where
the MSB receives the smallest amount of analog signal and,
consequently, is the most susceptible to threshold jitter. This
flaw can be corrected with a real-time digital error correction
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contain two comparators, and look-back digital error correction. This also converts the output from

Gray code to standard binary.

technique [35], called the look-back algorithm [36], albeit re-
quiring double the number of comparators. In this scheme,
two comparators, offset from each other by a dc ®o/4 flux
bias, are used for each bit. This ensures that at most one com-
parator can be close to threshold for any input signal value. A
two-input multiplexer (MUX) selects the comparator that is
farthest from threshold based on the value of the previous bit
(see Fig. 5). For bits 4-8, two comparators (A and B) are used
and the output is chosen by selecting the B(A) output when
the state of the previous bitis “1” (“0”). The look-back error-
correction logic also converts the original Gray code output
to standard binary. Furthermore, one can synthesize addi-
tional bits of lower significance by increasing the number
of LSB comparators (as an example, Fig. 5 shows four LSB
comparators) and successive exclusive-OR (XOR) operations.
Synthesis of these additional effective bits is limited by the
precision of timing and flux bias adjustments.

B. Superconductor Oversampling ADCs

Several distinctly different oversampling ADC designs
were and are being developed using superconductor tech-
nology. These are various counting delta and sigma—delta
type ADCs, phase modulation—demodulation (PMD) delta
ADC, and conventional delta and sigma—delta ADCs. A
majority of them are low-pass ADC designs, while recently,
band-pass designs have increasingly become a center of
interest especially for communication applications. While
having quite different design approaches, most of them take
advantage of the unique availability of implicit feedback
and signal integration inherent to any SQUID loop. This is
simply a consequence of conservation of flux in a supercon-
ducting loop; the SQUID loop automatically accumulates
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the total flux with opposite sign (sum of antifluxons) of all
SFQ pulses (fluxons) emitted by the Josephson junction.

1) Counting ADC (V/F ADC): Historically, the first
Josephson ADCs [37], [38] were based on the voltage-to-fre-
quency (V/F) conversion utilizing the ac Josephson effect. In
this type of ADC, the processes of quantization and sampling
are separated. A single Josephson junction [Fig. 6(a)] acts
as a voltage-controlled oscillator (VCO) and produces an
SFQ pulse train at a rate proportional to the applied analog
voltage as f = 2e¢V/h = V/®,. This is a process of signal
magnitude quantization. A very small shunt resistor converts
input current to a voltage bias across the junction, with a
tolerable range of linearity [Fig. 6(b)]. It is worth noting that
there is an inductance (often omitted in diagrams) between
the junction and the resistor which prevents the generated
SFQ pulses from being shunted. This inductor also forms
a SQUID loop (a resistive single-junction interferometer)
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allowing the realization of implicit feedback and integration
functions.

The signal sampling process is performed by counting
the number of generated SFQ pulses over a time interval
(Fig. 7), which is controlled by a sampling gate. Overall,
this analog-to-digital conversion is equivalent to a low-pass
first-order sigma—delta modulation. The pulse counting
process is done using toggle flip-flops forming a ripple
counter, which are the fastest elements in RSFQ technology
[20]. As a result, the digitized voltage averaged over the
sampling period is read out from the counter. The exact
analog between such a VCO-based circuit and a first-order
low-pass delta—sigma modulator is derived in [39].

In order to avoid strong nonlinearities of such a VCO at
low input signal, it is necessary to operate the VCO at some
input offset. This offset also helps to accommodate positive
and negative signals. A multijunction VCO was proposed in
order to increase the resolution of the quantization process.
It is based on interleaving of several single-junction VCOs
while maintaining a fixed phase shift of one junction to an-
other [40].

In order to increase the sensitivity of the V/F ADC, one
can use a SQUID with a sensitive input transformer biased
into the voltage state as a pulse generator [41], [42]. This
transformer magnetically couples the input signal current (or
flux) to a SQUID, which is biased above its critical current.
The resultant flux in the SQUID loop produces modulation
of the SQUID voltage. Once again, the SQUID produces an
SFQ pulse stream, at a frequency that is exactly proportional
to the voltage.

However, the periodic voltage-flux characteristic of the
SQUID is nonlinear. One can extend the useful linear oper-
ating range by feeding a current proportional to the SQUID
voltage back to the input (see Fig. 8). The SFQ pulse stream
can be counted with an RSFQ digital counter to provide a
digital count that is proportional to the integral of the applied
current.

2) Counting ADC (Flux-Quantizing ADC): In another
counting ADC design (flux quantizing or tracking ADC
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design) the input signal current is coupled into a SQUID
loop, which generates one SFQ pulse for each ¢, change
in flux [8], [43]-[45]. Similarly to the V/F ADC, these SFQ
pulses can be counted using superconductor digital circuits
to reconstruct the signal, with the precision limited only by
the speed of the signal.

Let us consider the simplest configuration of a flux-quan-
tizing ADC for a monotonically changing input signal. The
input analog signal is transduced as a flux in a supercon-
ducting loop that includes a Josephson junction as switch [see
Fig. 9(a)]. Each time the input increases the flux in the loop
(Pioop) by Po, the junction switches, creating a fluxon—anti-
fluxon pair, one of which propagates as an SFQ pulse and
the other decreases ®j,,, by ®. This automatic subtrac-
tion of the output signal from the input makes it equivalent
to low-pass first-order delta modulation, where the output is
differentially coded or proportional to the derivative d ®/dt
of the signal. The SFQ pulses can be counted over a time
interval in a digital counter; each count corresponds to the
change (rather than stationary value) of input signal in that
interval. The sensitivity of the analog-to-digital conversion is
set by the mutual inductance.

This concept can be expanded to accommodate both po-
larities of input signal derivative. Fig. 9(b) shows a scheme
with two junctions, biased such that one of them switches
when the flux in the loop changes by +®( and the other
when it changes by —®, followed by bidirectional (up and
down) counting implemented either using two counters [43]
or a single bidirectional counter [8], [45]. In order to in-
crease internal resolution of the SQUID quantizer, it is pos-
sible to use a “SQUID wheel” approach, in which a set of
N interleaved quantizers are connected in parallel, so their
thresholds are shifted by ®,/N [44]. One of the problems
associated with the flux-quantizing ADCs is the hysteretic
nature of the SQUID quantizer in response to changing po-
larity of the signal derivative.

3) PMD ADC: In order to solve the problem of the quan-
tizer hysteresis, a dc voltage-biased single-junction SQUID
quantizer (Fig. 10) was introduced [46]. The voltage source
continuously pumps flux into a quantizer at a constant rate,
where it adds to a flux induced by the input signal and then
leaves the quantizer in the form of SFQ pulses via the only
junction. In practice, the voltage source is implemented as a
frequency-stabilized phase generator [47].

The basic concept of this delta ADC is illustrated in
Fig. 11. The phase generator causes a SQUID quantizer to
pulse at a rate which is modulated by the derivative of the
incoming analog signal. This is essentially an encoding of
the derivative into SFQ pulse positions. The modulated SFQ
pulse train is passed to a synchronizer; a clocked sampling
circuit generates a “1” or a “0” indicating whether or not an
SFQ pulse arrived during that clock interval. It is possible
to increase the resolution of this low-pass first-order delta
modulation by using a multichannel synchronizer, which
effectively subdivides the clock period [47]. Functionally,
this multichannel synchronizer increases the number of
quantization levels (m). The subsequent digital filter inte-
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Fig. 9. Basic designs for counting ADC modulators, where
analog signal current is inductively coupled into SQUID loop,

and each change in flux by ®, generates an SFQ pulse. (a) Basic
unidirectional counting ADC modulator. (b) Basic bidirectional
ADC modulator, with two counters or a single bidirectional counter.

grates the signal and averages it further, reducing the output
bandwidth and increasing the ENOB.

Since this PMD ADC really measures the signal deriva-
tive, its maximum input is determined by a slew rate limit
corresponding to a flux rate of ®(/2 per clock period, of ei-
ther sign. For a clock frequency fs and a sinusoidal signal
of frequency fy, the maximum signal amplitude is ®p,,x =
(®o/2m)(fs/2f0) = (Po/2m) R, where R is the oversam-
pling ratio. Before filtering, the LSB is A® = &4/2m.
The corresponding unfiltered quantization error has an rms
value of A®/,/12, assuming a uniform (white noise-like)
distribution between —A®/2 and +A®/2. The great ad-
vantage of oversampling is that subsequent low-pass dec-
imation filtering narrows the noise bandwidth, which (for
white noise) reduces the noise power level by the decima-
tion ratio (). Consequently, the value of the LSB scales
down to ®4/2m+/N. Thus, the total dynamic range (DR),
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from —® . to + ., in units of LSB, and the ENOB can
be presented as

29 2
DR = Zomax _ 2 pU/N =
LSB _ x

The SNR at the slew-rate limit is given by

9ENOB 2)

P2 /2 6
SNR _ max/ —

2 p2
= @sByz/iz N ©)

To take full advantage of oversampling, one must decimate
all the way down to the Nyquist sampling rate 2fo(N = R)
and obtain the optimum value of the signal-to-noise power
ratio (6/72)m?R®. The R? dependence of the SNR, varying
at 30 dB/decade or 9 dB/octave, corresponds to a first-order
oversampling ADC. By changing the decimation ratio IV,
usually by factors of two, one can trade off bits of resolution
(ENOB) versus bandwidth ( fs/2N) at arate of 1.5 b/octave.

For example, if f; = 10 GHz and f; = 10 MHz, the SNR
with m = 2is 3 x 108, or 85 dB corresponding to an im-
pressive 13.8 effective bits. The measured performance was
found to follow this trend, although apparently with a small
amount of extra noise referenced to the input (see Fig. 12).
Note that since both SNR and SFDR are linear with input
signal up to saturation, both noise and spur levels are es-
sentially independent of signal level. This indicates that this
ADC is extremely linear over its entire range, unlike many
conventional ADCs which generate increasing nonlinear dis-
tortion as saturation is approached.

This PMD ADC was fabricated (Fig. 13) and extensively
evaluated, including a complete digital filter integrated on the
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Fig. 12. Comparison of measured (circles) and simulated data
(lines) for SNR (bottom data set) and SFDR (top data set) for the
PMD ADC chip running at 11.2-GHz clock rate, 175-MS/s output
sampling rate (factor of 1:64 decimation), and 10-MHz input
sine wave. In order to achieve a close fit, an input flux noise of

2 u®,/+/ Hz was added [50].

same chip [5], [48]-[50]. The ADC performance was mea-
sured for various input single-tone and two-tone sine waves.
The single-tone results are plotted in Fig. 2 in comparison to
the state-of-the-art ADCs. The resolution/bandwidth tradeoff
was measured at 1.45 b/octave, which is close to the theoret-
ical value of 1.5.

4) Delta ADC: All oversampling ADCs described above
are built with quantization and sampling processes per-
formed by separate circuits. Fig. 14 shows a delta ADC
modulator, in which these processes are performed simul-
taneously using a synchronous quantizer based on clocked
comparator J1, J2. This low-pass delta modulator has two
feedback loops and two integrators: an implicit loop due
the conservation of magnetic flux in the superconducting
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Fig. 13. 15-b ADC chip consisting of low-pass PMD delta
modulator (in the inset) and decimation digital filter operating at
19.6-GHz clock. The 10 mm X 10 mm chip contains about 6000
Josephson junctions [50]. The large input transformer shown in
the inset increases the ADC sensitivity. An external sinewave is
applied to a smaller transformer at the bottom to generate clock
SFQ pulse train.

loop of the quantizer and an explicit loop formed with the
Josephson vortex transistor and a low-pass filter [51], [52].
Fig. 15 shows a complete ADC chip with the delta mod-
ulator including a decimation digital filter. It was fabricated
using a standard 1.0-kA/cm? process and demonstrated its
operation at up to 10.5-GHz clock. Although the modu-
lator in Fig. 14 has two loops, its performance corresponds
to that of a first-order modulator. In order to improve its
performance closer to the second-order characteristics, it
is necessary to increase gain in the explicit feedback to
compensate losses in resistor Rp. This can be done by
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Fig. 15. Delta ADC chip consisting of low-pass delta modulator
and decimation digital filter. The digital filter is broken into three
parts connected using passive microstrip lines in order to fit into a
5 mm X 5 mm chip [52].

replacing the vortex transistor with amplifiers [53] based on
voltage multiplier circuits [54], [55]. With a gain of eight,
its performance will be somewhat higher than the first-order
modulator [53].

5) Low-Pass Sigma—Delta ADC: The synchronous
quantizer can also be used to build a conventional low-pass
sigma—delta ADC modulator by adding an analog LR in-
tegrator in front. It is known that a first-order sigma—delta
modulator is functionally equivalent to a delta modulator
preceded by an integrator [24]. Similarly to the delta ADC
modulator described above, quantization and sampling are
performed simultaneously.

The simplest circuit design for a Josephson first-order low-
pass sigma—delta ADC is shown in Fig. 16(a) [56]. Again,
the feedback is implicit due to the flux conservation of the
superconducting loop. This does indeed exhibit suppressed
noise at low frequencies, as shown in the power spectrum to
the right of the circuit. It is important to note that because
of the quadratically rising noise, a simple first-order decima-
tion filter is insufficient to filter out the high-frequency noise;
at least second order is necessary. It is possible to build a
first-order sigma—delta modulator with an explicit feedback
using digital-to-analog circuits. However, this modulator de-
sign has higher complexity with similar anticipated perfor-
mance [57].
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Fig. 16. Superconductor first-order sigma—delta modulators with
implicit feedback. (a) Schematic of low-pass modulator, with input
LR integrator, showing noise suppression at low frequencies.

(b) Schematic of band-pass modulator, with input LC' filter,
showing noise suppression around resonant frequency fi,c.

Fig. 17. Superconductor second-order sigma—delta modulator
[60].

Due to the relative simplicity of the first-order modu-
lator design with implicit feedback, it was implemented
using both LTS [58], [59] and HTS materials [29]-[32].
Since no on-chip digital filter was implemented, modu-
lator performance was measured directly with an analog
spectrum analyzer. The first-order modulator demonstrated
SFDR = 78 dB (13 SFDR bits) for a 5-MHz signal [58].

The second-order modulator design is capable of in-
creasing the ADC performance substantially [see (1)]
improving SNR from 9 to 15 dB/octave of oversampling.
Fig. 17 shows a two-loop modulator design employing an
explicit feedback in addition to the existing implicit one
[60]. Similarly to the previously described delta modulator,
signal losses in R2 require providing a substantial gain (M)
in the explicit feedback. There have been several attempts to
realize this challenging amplification task, which has to de-
liver enough gain (M ~ 64) within a very short time, below
the high-speed clock period [61]-[64]. The most sophisti-
cated amplifier based on a magnetically coupled Josephson
transmission line (JTL) tree and serially connected SQUIDs
demonstrated close to 12-dB/octave power spectrum charac-
teristics although at a relatively low 1.2-GHz clock rate [64].

6) Band-Pass Sigma—Delta ADCs: Replacing the
front-end LR integrator with an LC resonator as shown in
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Fig. 18. Superconductor first-order band-pass sigma—delta ADC
based on microstrip resonator [69]. (a) Schematic of sigma—delta
band-pass modulator. (b) 6.3 mm X 6.3 mm test ADC chip
incorporating the band-pass modulator and digital data buffers with
4065 Josephson junctions.

Fig. 16(b) will convert a low-pass modulator design into
a band-pass design [65]. It suppresses the quantization
noise around the resonant frequency frc, rather than at
dc. Superconductor technology is particularly suitable for
implementing band-pass ADC designs. There are two major
advantages: low-loss materials allowing very high @ of
resonators and high clock rates allowing direct sampling of
multigigahertz RF signals.

This was demonstrated with the realization of supercon-
ductor first-order sigma—delta ADC modulators, where both
a lumped LC resonator [66] and a microstrip resonator have
been used (Fig. 18) [67]. With the microstrip resonator, this
has been demonstrated up to a sampling rate of 45 GHz and
was found to exhibit the desired suppression in noise around
the center of a band at 2.2 GHz, as well as at higher har-
monics of this resonance [68], [69]. The demonstrated per-
formance (SNR of 49 dB and dynamic range of 57 dB over
~20 MHz bandwidth at 2.2 GHz) exceeds that of semicon-
ductor band-pass modulators.
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C. Superconductor Multimodulator ADCs

Challenges in building higher order modulators and/or in-
creasing their clock frequency encourage development of al-
ternative approaches to increase ADC performance. Several
such approaches are known in conventional semiconductor
ADC technology: time-interleaving, subranging, cascading,
and others. Likewise, these techniques can be utilized in su-
perconductor technology.

1) Time-Interleaved ADC: Time interleaving allows
the increase of effective sample rate by using several par-
allel comparators sampled by the same clock. The actual
performance gain in the interleaved oversampling ADC
depends on various factors, including delay in the feedback
loop in comparison to the effective clock period. Fig. 19(a)
shows a block diagram of a time-interleaved delta modulator
consisting of two delta modulators shifted by half a clock
period [70], [71]. Interleaving of the modulators requires
interleaving both comparator and feedback functions. This
cannot be achieved with the implicit feedback of SQUID
quantizers, in which comparator and feedback function are
combined. Fig. 19(b) shows “nondestructive comparators”
with suppressed feedback function. Instead, a separate ex-
plicit feedback loop is implemented using stacked SQUIDs
[70]. The interleaved modulators were integrated with an
on-chip digital filter designed to process the interleaved data
streams [Fig. 19(c)].

2) Subranging ADC: Subranging allows one to increase
dynamic range by using several modulators to digitize dif-
ferent ranges of signal amplitude. A simple two-stage sub-
ranging architecture was implemented for a digital SQUID
[72]. This approach can also be extended for a band-pass
sigma—delta ADC (Fig. 20). The first “coarse” band-pass
modulator performs an initial digitization of input signal. The
digital output is then converted back to analog form using
a linear single-bit DAC followed with analog band-pass fil-
tering. The resultant signal is subtracted from the appropri-
ately delayed input signal. The difference is then applied to
the second “fine” modulator. The following DSP combines
both coarse and fine outputs to form an ADC output [73].
The most challenging part of a subranging ADC is the accu-
rate matching of the subtracted signals in gain and time delay.

III. RELATED SUPERCONDUCTOR CIRCUITS

Any complete digitizing system requires a number of
additional circuits to be integrated on the same chip with
the ADC modulators. These are digital circuits to reduce
digital data rate, perform filtering and processing of the data
(demultiplexers, memory buffers, digital decimation filters,
digital downconverters, and local oscillators), and support
the analog-to-digital conversion process (clock sources,
clock controllers, output drivers, etc.). There is also an
emerging class of digital RF processing circuits performing
digital signal processing on high-data rate and low-bit-width
output of ADC modulators. In this section, we focus only on
two critical examples: decimation digital filters and on-chip
clock sources.
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A. Digital Decimation Filters

An oversampling ADC with a one (or a few) bit modulator
is incomplete without a digital decimation filter that reduces
the sampling rate, narrows output bandwidth, and gener-
ates additional bits. A common approach to such filters,
originally due to Hogenauer [74], is known as comb, sinc,
or cascade—integrator—comb filtering (CIC). For the case
of superconductor ADCs, sinc-type filters have to be im-
plemented using ultrafast RSFQ logic due to very high
modulator output data rates (tens of gigahertz). Since both
ADC modulator and digital filter are built using the same
low-power RSFQ technology, it is quite straightforward to
integrate them on the same chip without any digital signal in-
terference problem common in semiconductor mixed-signal
IC design.
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The basic concepts are illustrated in Fig. 21 for a delta
modulator and a delta—sigma modulator. In the former case
[Fig. 21(a)], after integrating the 1-b data in an accumu-
lator (essentially a binary counter), the output (still at the
full clock rate fs) is decimated by a factor of N by sum-
ming (averaging) and reducing the output rate to fs/N. This
averaging is equivalent to a sinc filter, with an out-of-band
rolloff envelope of 6 dB/octave. For example, an initial rate
of 20 GHz can be reduced by a factor of 256 to an output rate
of ~80 MHz, which can then be processed further by conven-
tional electronics [S]. One of the important features of super-
conductor ADCs is the possibility to trade output sample rate
(i.e., signal bandwidth) for resolution using a dynamically
programmable clock prescaler which sets the level of aver-
aging and the output sample rate. This prescaler is integrated
into the filter and allows instant reprogramming during its
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operation using external controls. As a result, a single ADC
chip is capable of instantly changing its bandwidth (within
the front-end cutoff frequency) to zoom in or zoom out on
some particular bandwidth of interest [5].

The digital filter architecture for a first-order delta—sigma
modulator is very similar [Fig. 21(b)]. An accumulator is
followed by an averager, and the decimated input signal
is recovered using a subtractor (differentiator). This is
equivalent to a sinc? filter, which has out-of-band rolloff
of 12 dB/octave, sufficient to filter out the rising high-fre-
quency quantization noise of the delta—sigma modulator.
This differentiator operates at fs /N, so that it can generally
be carried out at room temperature using conventional elec-
tronics. This reduces the complexity of the superconductor
ADC chip.

This approach can also be generalized to higher filter or-
ders. Each higher order requires one additional accumulator
on the front and differentiator at the back end. For example,
a sinc® filter (which would be required for a second-order
delta—sigma modulator) would have two accumulators on the
front and two differentiators at the back, with a decimating
averager in the middle. A modular filter design has been de-
veloped to facilitate the synthesis of higher order filters [75].
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RSFQ digital technology, fundamentally built on elemen-
tary latches (flip-flops), is particularly convenient to imple-
ment high-throughput, bit-pipelined digital filters [51], [53],
[75]-[78]. Besides ubiquitous D flip-flops, just two types of
RSFQ cells, toggle flip-flop with destructive (TD) and non-
destructive (TN) readout, form a basis for the filter design.
An addition of half-adders allows the enlargement of critical
timing margins and speeding up of the filters [75].

Simple prefilter RSFQ encoders can extend the basic filter
structure to accommodate multichannel input data, e.g., data
streams from a time-interleaved ADC [75], [76] or from the
multichannel synchronizer of a PMD modulator [47], [48].

B. Digital Clocks

The reduction of timing jitter is very important for the
ADC sampling clock, since jitter directly affects the conver-
sion accuracy. In RSFQ ADC technology, a common master
clock signal is typically used for both ADC sampling and for
clocking of digital circuits on the same chip. The required
clock frequency is in tens of gigahertz for the current su-
perconductor IC fabrication technology and is expected to
increase to hundreds of gigahertz as the technology matures.
Typically, the required clock signals, in the form of a periodic
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sequence of SFQ pulses, are derived from an external oscil-
lator (e.g., an Agilent sinewave generator) using a standard
dc/SFQ converter circuit [5]. To maintain the expected ADC
performance enhancement as a function of increasing clock
frequency, the clock jitter must decrease proportionately. It is
possible to increase the SFQ clock frequency using on-chip
frequency multipliers based on SFQ mergers [51]. However,
it becomes increasingly difficult to achieve sufficiently low
jitter at higher frequencies when deriving the clock from ex-
ternal, noncryogenic oscillators.

Another possibility is to utilize an optical sampling tech-
nique converting low-jitter optical pulses into SFQ pulses
with a metal-semiconductor-metal photodetector (MSM
diode) integrated on the ADC chip [68], [69], [73]. Perhaps,
it can eventually be made into a practical and compact
system.

Superconductor electronics offers a variety of on-chip
oscillators that can produce high-frequency clocks for ADCs
and other digital circuits. The simplest clock generator is
a single-junction VCO employing the ac Josephson ef-
fect. When a dc voltage V is applied to the junction, the
junction oscillates at a frequency f = V/®,. Since the
voltage required for the 20-100-GHz frequency range is
low (40-200 1 V), the voltage noise across the bias resistor,
and consequently the clock jitter, can be significant. One
of the critical design issues with such a clock source is
the jitter degradation in the VCO loaded with a Josephson
transmission line. It is also possible to use an array of junc-
tions to reduce the spectral linewidth and increase oscillator
output power. Both single-junction and array oscillators are
advantageous to generate >100 GHz frequencies.

For lower frequencies, ring oscillators formed by seg-
ments of Josephson transmission lines have been used [79],
[80]. Another approach is to use a long Josephson junc-
tion (LJJ) oscillator, either in the flux-flow mode or in the
soliton resonance mode. RSFQ clock sources using linear
and annular LJJ oscillators have been demonstrated in the
10-50-GHz range [81], [82]. These oscillators have very
narrow linewidths, with quality factors (Q = f/Af) in the
10°-10° range and very low timing jitter (~50 fs) [83], [84].

A system incorporating a band-pass ADC will also re-
quire a digital local oscillator for the digital downconverter
(mixer) to shift the signal band down to baseband. As for
the sampling clock, such an oscillator can either be intro-
duced externally or else synthesized on-chip. For example,
an on-chip oscillator may be easily obtained from submulti-
ples of a master clock.

In order to ensure long-term stability and synchroniza-
tion with an entire system including room-temperature elec-
tronics, an RSFQ phase-locked loop (PLL) circuit has to be
used [85].

IV. APPLICATIONS AND FUTURE PROSPECTS

A. Digital Communications

Perhaps the biggest ADC application area dominating
the research and development funding and industrial efforts
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in recent years has been the wireless commercial and de-
fense communications and related technologies in the radar
and electronic warfare sectors. These applications have in
common the requirement of directly digitizing RF signals,
with gigahertz sampling and high dynamic range (>14 b).
These processes are now done using one or more steps of
analog mixing and amplification, which introduce excess
nonlinearity and noise into the signal. Conventional tech-
nology requires a separate analog receiver and transmitter
for each such protocol and subband. In contrast, a software
(defined) radio (SDR) system could include a single uni-
versal receiver and transmitter (or “transceiver’”), with all
of the special-purpose processing being done digitally [86],
[87].

However, practical realization of the SDR presents a
multitude of technical challenges. The wide bandwidth re-
quirement means that such a transceiver will be left open to a
large number of carriers, potentially creating an overlapping
picture of cochannel interferences, aliases, and intermod-
ulations. The requirement of simultaneous handling under
software control of a large number of signals with different
coding, protocols, hopping patterns, etc., implies that the
inflexible analog front-end components would be replaced
by very high speed digital parts bringing the digital domain
as close to the antenna as possible.

To meet these requirements, a true SDR transceiver needs
mixed-signal and digital components capable of delivering
extreme speed, linearity, dynamic range, noise, and sensi-
tivity. Neither conventional ADCs and DACs nor conven-
tional DSPs have the necessary performance. On the other
hand, the unique features of superconductor electronic tech-
nology lead to ultrafast circuits with the performances that
can make a true SDR possible [59], [88], [89].

A novel “digital-RF” approach was introduced [89], [90],
meaning performing data conversion and digital processing
at RF rather than at conventional baseband. In this approach,
the analog filter and up/down-conversion stages from/to
lower IF or baseband are eliminated. The digital-RF archi-
tecture is illustrated in Fig. 22 using an example of a receiver.
A wide-bandwidth RF signal is applied directly to an ADC
modulator producing an oversampled low-bit-width digital
code at very high data rate (tens of gigabits per second). This
high-rate data stream is processed before down-conversion
using a relatively low-complexity but very high-throughput
processor, an RF DSP, to implement various functions
such as digital signal combining from multiple channels,
true-time delay for digital beamforming, adaptive active
cancellation of transmit channels, correlation-based digital
filtering, etc. Finally, this high-rate data is down-converted
to baseband using digital mixers and decimation filters for
further processing and decoding. Clearly, such an architec-
ture can be realized only if both ADC and DSP can deliver
sufficient performance and can operate at a very high clock
rate (e.g., 20 or 40 GHz).

The digital-RF design principle can be extended to a whole
transceiver (Fig. 23). The transceiver is clocked with an in-
tegrated low-jitter high-speed SFQ clock and synchronized
with an external low-speed (10 MHz) reference clock using
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operating at tens of gigahertz (e.g., 20 or 40 GHz) [90].

a PLL. In the receiver chain, the RF signal from the antenna
is filtered, (possibly) amplified, and then sent directly to an
ADC. The down-conversion is carried out digitally, in a way
that can be easily reprogrammed. A digital decimation filter
is used to decrease the output bandwidth, while increasing
the ENOB. This can be a quadrature receiver or be channel-
ized into multiple baseband channels [91].

The transmitter part carries out the same digital functions
in reverse. A fast DAC is clocked by a high-speed SFQ clock
and generates spectrally pure RF signals to be amplified by a
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high-power amplifier (HPA). The diagram also shows a dy-
namic digital equalizer, a digital predistortion module, which
is combined with the DAC to compensate for nonlinearities
in the HPA. Since multiple channels can be combined digi-
tally into one broadband digital-RF signal before amplifica-
tion, only a single multicarrier HPA is needed.

All fast digital and data conversion processes shown in
Fig. 23 will be carried out using RSFQ low-temperature
superconductor (LTS) circuits cooled to cryogenic tempera-
tures ~4 K, as indicated by shading in the figure. The analog
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filtering and duplexing can be carried out at an interme-
diate cryogenic temperature (~60 K) in order to minimize
thermal noise. The HPA and back-end processing will be
implemented using conventional semiconductor parts and
placed at ambient temperature. This hybrid configuration is
compatible with available commercial cryocoolers, which
employ two or more different temperature stages.

B. Ultrafast Instrumentation

There are several important areas of scientific and
commercial instrumentation in which the precision, speed,
and dynamic range of superconductor ADCs are of great
interest. One such application is a transient digitizer with
application to nuclear and high-energy physics [4]. Another
application is a digital high-speed readout of a supercon-
ductor—insulator—superconductor (SIS) mixer for radio
astronomy spectroscopy. The SIS digital readout can be
implemented using a flash ADC approach [92] as well as a
sigma—delta-type ADC based on a unique signal-to-delay
transducer with race arbitration [41].

A transient digitizer (Fig. 24) is needed to capture non-
recurring ephemeral events. It is based on a superconductor
flash ADC, combined with fast RSFQ logic and memory cir-
cuits to reduce the high output data rate. A prototype tran-
sient digitizer instrument, comprising a superconductor IC
[Fig. 24(b)] along with a room-temperature interface and
data acquisition electronics, was demonstrated for single-
shot pulse capture [4]. Each digitizer circuit contains a 6-b
flash ADC, which is coupled to a bank of 32-stage shift reg-
isters through a set of acquisition control switches. Fig. 24(c)
shows the results of a pulse capture experiment with the 6-b
digitizer chip. For a practical system, it would be necessary to
have an ADC calibration circuit (a silicon DSP) to accurately
set up all thresholds and biases, similar to systems employing
semiconductor flash ADCs.

A multichip digitizer, with the flash ADC on one chip and
several modular memory chips, may be required to address
the longer acquisition memory requirements for some appli-
cations. This modular design requires fast interchip connec-
tions for data and clock signals between the flash ADC and
the shift register, which has been demonstrated up to 10 Gb/s
[93]. The interchip data transfer can be extended to 60 Gb/s
[94].

Multichannel time digitizers [time-to-digital converters
(TDCs)] have also been demonstrated using RSFQ cir-
cuits and a simple front-end SQUID quantizer [21]. These
have application to collision and decay measurement in
high-energy particle accelerators, where picosecond timing
precision between multiple events is necessary. Such time
resolution follows naturally from the multigigahertz clock
rates of RSFQ circuits. Systems demonstrated include an
8-channel multihit TDC with 30-ps resolution (fabricated
on a single 1-cm chip containing 10000 Josephson junc-
tions), a two-channel 6-ps TDC, and a dual-function multihit
TDC/ADC, which provides pulse amplitude information as
well as timing. Even finer timing measurement is anticipated
as clock rates are further increased by scaling to smaller
Josephson junctions.
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C. Sensor Readout

Low noise, low power, high sensitivity, and radiation
hardness of superconductor ADCs are of prime importance
for many sensor technologies, especially for cooled detector
arrays.

The NbN 10 K V/F type ADC was demonstrated for cry-
ocooled IR focal plane detector arrays [28]. A Nb 4 K 16-b
PMD delta ADC with serial optical fiber output to minimize
heat load was developed for IR array readout [95].

Another Nb 4 K V/F type ADC with a SQUID-based VCO
was used for measuring the integrated charge of a current
pulse for superconductor tunnel junction (STJ) X-ray de-
tector readout. Furthermore, the same digital counter can be
used to count the number of SFQ clock pulses between suc-
cessive time events to produce a TDC on the same chip. Such
a dual-function signal and time digitizer was recently demon-
strated with 1-pA full-scale current and 30-ps time resolution
[41], [42].

The exceptionally low power of RSFQ technology allows
integration of an ADC or TDC in a single cryopackage with
the cooled detectors. The integration of the cooled semicon-
ductor detector, visible light photon counter (VLPC), was
demonstrated with a single-hit TDC chip equipped with a
sensitive SQUID-based V/F ADC [96].

The extreme radiation hardness of superconductor elec-
tronics was a motivation for the readout of a high-energy
particle microstrip detector. In this design, a simple delta
ADC based on a very sensitive flux-controlled comparator
was demonstrated [97].

Digital SQUID magnetometers [98]-[100] undoubtedly
deserve special treatment. They are essentially high-sen-
sitivity low-noise ADCs with a very high dynamic range.
Their design is close to that of oversampling ADCs. Their
specific design features, development milestones, and trends
are beyond the subject of this paper.

V. CONCLUSION

A wide variety of superconductor ADCs have been de-
veloped over the past decade, combining ultrafast speeds
of Josephson junctions with the quantum precision of mag-
netic flux quantization. These have demonstrated excellent
performance in the laboratory, in both bits and bandwidth,
for both Nyquist-sampling and oversampling ADCs. Over
time, ICs with these ADCs have increased in complexity,
including error correction and digital filtering. Complete
prototype systems are being developed for challenging ap-
plications in communications, fast measurement, and sensor
readout. They include cryocoolers (closed-cycle refrigera-
tors) and automated room-temperature interface hardware
and software. In the near future, it is expected that smaller
Josephson junctions, higher levels of circuit integration,
and more sophisticated circuit designs will lead to even
higher speeds and greater dynamic range. For example, true
digital-RF processing of broad bandwidths of multigigahertz
signals should be feasible, enabling further application to
such new technologies as software-defined radio and digital
radar. These should help superconductor electronics make
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the transition from specialized laboratory instrumentation to
commercial markets.
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