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ABSTRACT

We review a new “direct digitization”
approach for “digital RF” architectures for soft-
ware radio. Although direct digitization usually
implies the simultaneous digitization of all chan-
nels in a particular band at a downconverted IF,
we use this term to refer exclusively to the direct
digitization of all bands, from near DC to RF.
Furthermore, we present results on band selec-
tion and digitization of RF signals directly at the
carrier frequency with high resolution. These
novel approaches are enabled by a superconduc-
tor analog-to-digital converter technology using
an ultra-fast 1C logic known as Rapid Single
Flux Quantum (RSFQ) logic, with performance
capable of enabling envisioned software radios.

INTRODUCTION

Wireless telephony is currently undergoing a
major transformation, shifting from voice/nar-
rowband data to wideband data, which, along
with significant increases in capacity, will be the
industry’s major drivers of growth in the coming
years. As the industry moves into the next gener-
ation of services, it faces obstacles in air inter-
face compatibility and bandwidth allocation. An
increasingly embraced solution to surmount
these obstacles lies within the software (defined)
radio (SDR) concept [1]. However, realization of
practical SDR systems presents a host of chal-
lenges, chief among them the unprecedented
requirement on analog-to-digital converter
(ADC) performance [2]. An emerging technolo-
gy based on superconductor microelectronics
may well provide solutions to the ADC problem,
along with some back-end issues as well, becom-
ing a key enabling technology for SDR [3].

This new generation of superconductor
microelectronics has started to emerge into the
commercial arena from university and industry
R&D laboratories, providing extraordinary per-
formance characteristics [4]. The “cryophobia”
associated with superconductors is also being
overcome. In communications, dispersion-free
ultra-high Q superconductor microwave filters
for cellular base stations are being offered from
companies such as Superconductor Technolo-

gies, Conductus, and others. Over 800 such units
have been purchased and installed around the
United States, with orders pending from major
carriers in Europe. The ultra-sharp filter “skirts”
available with such filters enable increased chan-
nel selectivity, with increased sensitivity. Super-
conductor magnetoencephalography (MEG)
systems for imaging the human brain are com-
mercially deployed by companies such as Neuro-
mag and 4-D Neuroimaging. Over 100 of these
systems are in use today, recently growing in
acceptance as services covered by health insur-
ance carriers. The extreme sensitivity of these
instruments allows diagnostic medical data to be
gleaned from neuron dipole moments down to
5-50 nA-m2, Even the Systeme Internationale
(S1) unit of the volt is defined by a superconduc-
tor IC. HYPRES currently offers superconduc-
tor integrated circuits (1Cs), packaged with a
small mechanical refrigerator to provide temper-
ature regulation, allowing the standard volt to be
reproduced with quantum mechanical accuracy.
With the advent of Rapid Single Flux Quan-
tum (RSFQ) superconductor logic, today’s devel-
opment efforts are focused on digital
applications at frequencies in the 10-100 GHz
range. The inherent properties of ultra-high res-
olution, ultra-low distortion, and ultra-high
speed form the foundation of RSFQ ICs for
data conversion and digital signal processing
(DSP) for software radio receivers [5]. Two com-
mon performance metrics for ADCs are the sig-
nal-to-noise and distortion (SINAD) (or effective
number of bits) and the spurious-free dynamic
range (SFDR). SINAD is a measurement com-
bining and bracketing two limiting factors. SFDR
reflects the linearity of the ADC process by indi-
cating the ratio of signal to the highest spurious
signal in the Nyquist band. Typical performance
for the first HYPRES RSFQ ADC (Table 1) isa
SINAD of 58.2 dB (9.4 effective bits) and an
SFDR of -78.7 dBc at 100 Msamples/s Nyquist-
rate sampling. The same chip also provides 14.5
effective bits (a SINAD of 89.1 dB) with an
SFDR of -100 dBc for a dc to 2.3 MHz band at
5.5 Msamples/s. These two separate value pairs
indicate a trade-off capability for the device. The
design has the unique feature of being “dynami-
cally programmable” — that is, it allows a user
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to trade off bits for bandwidth between subse-
quent samples. This flexibility, unavailable with
semiconductor ADCs, which typically are
designed for one operating frequency, is of
tremendous value in broad bandwidth systems.
Even higher performance is expected as the
superconductor IC linewidths shrink from 3 um
to below 1 pm.

DIGITAL RF BACKGROUND

Direct digital conversion of analog signals is a
cornerstone in the design of next-generation digi-
tal receivers for commercial and military commu-
nications systems. Such receivers are only possible
if ADCs are able to digitize the RF signals from
the antenna directly with sufficient resolution.
This ability eliminates the necessity for analog
downconversion from high carrier frequencies to
smaller baseband frequencies. Besides the obvi-
ous hardware benefits of this “digital RF strategy,
even more dramatic software advantages follow.
Direct conversion of analog signals into the digi-
tal domain allows more powerful digital process-
ing to be applied at the earliest stages of the
receiver chain. As a result, an entire receiver
function can be implemented in software,
enabling software defined radio and providing easy
and effective ways for its reconfiguration, adop-
tion of multiple existing and future standards, and
the porting of new applications [6].

Superconductor ADCs based on RSFQ tech-
nology can provide high dynamic-range digital
RF access via a technology that has already been
prototyped, while semiconductor implementa-
tions presently provide only a few tens of mega-
hertz with the dynamic range needed for
commercial cellular applications [7]. On the
transmit side, the situation is similar, because
traditional digital-to-analog converters (DACS)
are likewise limited by current or forecast semi-
conductor-based technologies.

The RSFQ superconductor technology can
provide interoperability among legacy, current,
and future wireless protocols. Its higher sensitivi-
ty and resolution enable more traffic for any
given (precious) bandwidth allocation (i.e., more
bits per hertz). Fewer radios are needed for a
given base station, because one digital RSFQ-
based radio performs the tasks of many conven-
tional protocol- and frequency-specific radios.
This can dramatically lower base station capital
expenditures. Higher sensitivity also extends
base station range, enlarging the area of service,
allowing a single universal base station to accom-
modate several providers, regardless of their
communication bandwidth or standard. The
resulting reduction in the total number of
required sites reduces “tower pollution,” and
also reduces both the initial capital and operat-
ing costs. Having very-high-resolution signal
reception and interference rejection results in
higher call quality, increased usage (fewer
dropped calls), and, as a result, higher revenues
for service providers. This fulfills the desire to
keep the user terminal (handset, PDA, etc.) sim-
ple and low-power, and to put the complexity
into the base-station.

Sample rate ENOB SINAD SFDR Input bandwidth
100 Msamples/s 9.4 bits 58.2 dB —78.7 dBc DC to 50 MHz
25 Msamples/s 12.6 bits 77.8 dB -91.0 dBc DC to 10 MHz
5.5 Msamples/s 14.5 bits 89.1 dB -100 dBc DC to 2.3 MHz

m Table 1. ADC performance values.

RSFQ TECHNOLOGY
CHARACTERISTICS

RSFQ ICs rely on a fundamental quantum
mechanical property of superconductors. In a
closed section of superconductor material mag-
netic flux can exist only in discrete quantized
amounts. These amounts are multiples of the
magnetic flux quantum (®g), a fundamental phys-
ical constant equal to

®, = h/2e = 2.07 x 10-15 Webers,

where h is Planck’s constant and e is the electron
charge. When a single flux quantum (SFQ) moves
through a superconductor circuit, it appears as a
fast voltage pulse — an “SFQ pulse” — with a
constant integrated area given by

V)dt = &g = 2.07 mV-ps.

The RSFQ technology defines a convention
for using these SFQ pulses for representing
binary 1s and 0s and performing logical opera-
tions with them [8]. Basic digital processing
functions are performed in RSFQ as in any
other logic family. For carrying out the process-
ing of bits, adders, multipliers, clocks, registers,
and data buffers have all been developed, with
active delays to aid time synchronization. Other
standard blocks include parallel-to-serial con-
verters, clock generators, and phase-locking
devices. The diversity of components that have
been (or are being) developed has brought
RSFQ technology to the point where the design
of larger systems with more functionality can be
reasonably considered.

These circuits can satisfy all requirements for
the front-end of a digital receiver system, which
simultaneously requires high-speed performance,
low power dissipation, high signal-to-noise ratio
(SNR), ultra-high linearity, and a sufficient level
of circuit integration to be useful [9]. In the cur-
rent HYPRES 3-um niobium superconductor IC
fabrication technology, simple RSFQ digital flip-
flop circuits run at over 100 GHz; more complex
chips, such as digital finite impulse response
(FIR) filters and other digital logic, run at up to
25 GHz. The switching energy of Josephson
junctions is about 10-18 J, and basic logic cells
dissipate only 1 pW of dc-bias power. The cryo-
genic operating temperature of RSFQ ICs (i.e.,
5° K) itself provides a 75x reduction in the con-
tribution of thermal noise compared to room
temperature circuits. Also, unlike other pro-
posed multi-gigahertz technologies, RSFQ ICs
are already at integration scales up to 20,000
junctions/chip. Integration into existing high-
speed wireline systems also seems likely, since
RSFQ circuits are compatible with optical (fiber)
signal input and output. And design complexity
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m Figure 1. RSFQ-based analog-to-digital converters exploit the naturally
occurring phenomenon of magnetic flux quantization to provide extremely lin-
ear and high-speed digitization of analog signals. This 1 cm? chip, fabricated
in a 3-um technology, contains over 2500 JJs and runs at a clock frequency of
12.8 GHz.

'.r L."

can be manageable due to a maturing supercon-
ductor multichip module (MCM) technology
which allows multigigabit-per-second digital data
transfer between chips. With the recent advent of
commercially available (28 cm) 19 in rack-mount-
ed closed-cycle refrigerators, the integration of
such hybrid superconductor/semiconductor sys-
tems continues to become more attractive.
Because it operates with such small energies,
RSFQ technology allows the location of both
front-end analog RF circuitry as well as DSP
blocks on the same chip. Such configurations pre-
sent significant difficulties for semiconductors due
to interference (i.e., crosstalk) between the analog
and digital sections of the same chip. These dif-
ferences from traditional semiconductors all
translate directly into reduced costs in the large-
scale manufacture of RSFQ electronics.
Moreover, very large-scale integration (VLSI)
RSFQ ICs have a clear path to extend their per-
formance. Unlike semiconductor devices, the
intrinsic speed of RSFQ comes from inherent
physical phenomena, not from scaling to “nan-
otechnology” sizes. Thus, existing lithography
techniques can be employed. More important,
existing equipment can be used fabricate circuitry
that far surpasses conventional limits of perfor-
mance. Although RSFQ circuits are made with
standard semiconductor manufacturing equip-
ment, there are a lot fewer mask layers (typically
only about 10), and the actual processing involves
only thin film depositions. In short, there are no
identified physical limitations to achieving a fur-

ther tenfold increase in gate performance by
using a 10x reduction in lithography. This has
been confirmed experimentally, with demonstra-
tions that the performance indeed scales as
device dimensions are reduced to about 0.3 um
(more typical of dimensions used in semiconduc-
tor ICs) [10]. Also, since RSFQ chips rely on an
all-thin-film fabrication process, they are also
intrinsically radiation hard — about 50x more
tolerant than hardened semiconductor chips.
Perhaps it is the simplicity of the fabrication
process that has allowed so much progress to be
made by a few small research groups.

RSFQ ANALOG-TO-DIGITAL
CONVERTER PERFORMANCE

Toward enabling a software radio system,
HYPRES has developed a superconductor RSFQ
ADC (Fig. 1) with a unique phase modulation/
demodulation architecture (Fig. 2) capable of cov-
ering the entire communication spectrum from 1
MHz to 1 GHz, while simultaneously allowing the
user to trade off resolution for bandwidth at the
rate of 1.5 b/octave. Initial integration and subse-
quent fabrication at the HYPRES foundry has
yielded fully functional ADC chips. Typical perfor-
mance is summarized in Table 1.

The HYPRES ADC design exploits several
unique features of superconductivity. The first of
these is the very short time constants of the
devices (about 1 ps for a 3-um device). For sam-
pling, a frequency-stabilized SFQ clock pulse
train is first generated on chip in the 10-20 GHz
range. An input analog signal of frequency up to
about 1 GHz, along with the clock stream, is fed
into a phase modulator, where, depending on the
derivative of the input signal, each clock pulse is
incrementally shifted ahead of or behind its origi-
nal location in the clock pulse train. In other
words, the input signal change is encoded as a
modulation of the time between clock pulses (also
known as phase modulating of the constant clock
pulse stream.) This process is especially linear,
because the quantization thresholds in the super-
conductor modulator depend on a unique ratio of
fundamental constants that comprise the magnet-
ic flux quantum (h/2e). This leads to an enhanced
SFDR in comparison to semiconductor ADCs,
whose thresholds are set by the matching of
device characteristics.

To demodulate this data, a race arbitration
scheme is employed which measures the time of
arrival of the modulated clock pulses against a
copy of the original clock. The output of the
phase demodulator is a thermometer code repre-
senting the digital value of the derivative of the
signal. The differential code from the front-end
is passed to a digital decimation low-pass filter,
which uses a standard cascaded integrator comb
(CIC) architecture [11] with two integration
stages and one differentiation stage. The first
integration stage simply restores the signal from
differential code, while the second provides the
first-order low-pass filtering and processing gain.
Continued averaging (and processing gain) can
be achieved in real time using off-the-shelf hard-
ware once the output sample rate is sufficiently
reduced on chip. Because of the ultra-linear
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m Figure 2. The architecture of the HYPRES ADC showing the process of phase modulation, demodula-
tion, and integration. The output interface circuit provides standard ECL levels in a VXI (VME) bus.

nature of the front-end quantizer, averaging
(decimation) can be done virtually infinitely,
without unduly mixing spurs down into the base-
band — a feature unavailable in any other tech-
nology. It should be noted that this is an input
slew rate limited ADC design, not an aperture
jitter limited design [12]. Figure 3 gives a per-
spective on the requirements and abilities of
ADC:s for SDR and the ultimate potential of an
RSFQ ADC such as the one demonstrated at
HYPRES in a 0.3 um technology. This perfor-
mance is a result of:
= High resolution and linearity arising natu-
rally from magnetic flux quantization
= Oversampling at multigigahertz rates, while
maintaining a power consumption of a few
milliwatts per chip
= Ultra-low noise and high sensitivity leading
to a wide dynamic range capability

DIRECT DIGITIZATION AND
DIRECT DIGITAL DOWNCONVERSION

This ADC has been used in a direct digitization
architecture (Fig. 3), where the entire spectrum
is input to the ADC, yielding a resolution that is
dependent on the level of decimation performed
in an on-chip RSFQ digital filter. The level of
averaging is controlled by the user. Choosing a
shorter averaging time decreases the resolution
while increasing the output sample bandwidth.
This first ADC design uses a 12.8 GHz internal
sampling clock for phase modulation/demodula-
tion and decimation. Having proven feasibility, a
second-generation design, with 20 GHz internal
clock and a dynamically programmable decima-
tion ratio filter with up to 1 Gsample/s output
sample rate, is now under characterization.

Digital IF/baseband radio [classic (super)heterodyne]
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Digital |1 Digital | !
1/Q decimation d
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Q Q

Digital RF radio [direct digitization]

m Figure 3. The evolution of digital radio receiver chains showing the simplification gained by moving the

ADC closer to the antenna.

There are no
identified physical
limitations to
achieving a
further 10-fold
increase in gate
performance by
using a 10x
reduction in
lithography. This
has been
confirmed
experimentally.
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m Figure 4. Measured SFDR performance of the HYPRES ADC, contrasted
with state-of-the-art semiconductors, a rough estimate of required SDR perfor-
mance from the literature, and ultimate capability of the HYPRES ADC in
direct digitization mode when scaled to a 0.3 um process. In direct digital
downconversion mode, the Nyquist sample rate on these graphs can be read
with reference to actual signal bandwidth; for direct digitization mode it refers
to the full dc-RF bandwidth.

The dynamic programmability feature is
implemented as a combination of on-chip clock
selector (which chooses the output sample clock
and hence the on-chip decimation ratio) and by
a semiconductor field programmable gate array
(FPGA)-based room temperature programmable
comb filter (which performs further output deci-
mation, from 400 Msamples/s to 12.5 Msam-
ples/s). This partition of the digital filter is
especially useful, allowing the interface between
on-chip and off-chip decimation speed to be
increased as faster semiconductor off-the-shelf
components become available. All the semicon-
ductor interface and post-processing circuitry is
housed on standard VX1 modules, which provide
power and a link to computer control/data acqui-
sition software. This makes the ADC a self-con-
tained device that requires no knowledge of
superconductivity to operate.

As mentioned above, maximum RSFQ circuit
speed can be increased by a moderate reduction
in feature sizes. For this ADC, speed translates
into higher oversampling, thus allowing more pro-
cessing gain (enhanced resolution) for a given
bandwidth. One path to maximize performance is
simply to scale the current design (Fig. 4). This
effort could be triggered by a significant invest-
ment in the technology. An alternate lower-cost
and faster path [5] to an immediate SDR imple-
mentation is to use a so-called direct digital
downconversion technique (Fig. 3). In this config-
uration, broadband data (e.g., 200 MHz) on a
multigigahertz carrier (e.g., 2 GHz) is oversam-
pled at, say, 32 Gsamples/s, and digital carrier
suppression with 1 and Q separation is used to
translate the data digitally to baseband rates. The
concept of digital mixing is straightforward and
not unique to RSFQ. Rather, it is the ability to
perform such DSP functions at tens of gigahertz

that makes direct digital downconversion for
SDR a tantalizing prospect. A set of perhaps five
such ADCs could cover band-limited sections of
spectrum from dc to a few gigahertz, each pro-
viding > 100 dB of SFDR on its own band.
Developing technology for highly selective and
sensitive superconductor band-pass filters with
cooled semiconductor low-noise amplifiers
(LNAs) (NTT DoCoMo in Japan [13]) is a natu-
ral fit in this architecture. This type of hybrid
system seems the most likely candidate for an
initial product in the next few years.

“CRYOPHOBIA”

Thermally conditioning superconductor micro-
electronics has traditionally been viewed as the
major impediment to their application. Recent
advances in circuit cooling technologies, however,
including the proven capability of novel thermo-
dynamic cycles and technological approaches,
have revealed a clear path to realizing the perfor-
mance benefits of cooled electronics for wireless
communications. Passive superconductor filters in
today’s base stations are generally designed to
operate at temperatures ranging from 60 to 77°
K. The “cryo-coolers” capable of maintaining
these temperatures have a long history in high
vacuum equipment for the semiconductor manu-
facturing industry, and for infrared detectors and
various military applications. As a result, several
well-established designs are in production by mul-
tiple manufacturers. Like their higher-tempera-
ture counterparts, the 5° K cryocoolers used for
RSFQ circuits are now also physically small, can
operate on modest amounts of electrical power,
and are highly reliable. The coolers currently used
by HYPRES for commercial instrumentation
products at 5° K have operating lifetimes on the
order of 15 years, and require standard mainte-
nance only once every two years. Moreover,
because it is possible to provide thermal condi-
tioning for multiple ADCs, processing circuitry,
and even DACs with a single cryocooler, RSFQ-
based software radios can conceivably be much
smaller than conventional systems.

CONCLUSION

To merge digital and RF domains for applica-
tions such as software radio, unique and creative
solutions must be considered. A novel supercon-
ductor IC technology called rapid single flux
quantum (RSFQ) logic has been shown to oper-
ate at clock frequencies exceeding 100 GHz, and
is expected to do so in complex circuits. Com-
plete ADCs have been made, containing a mod-
est amount of DSP, and a host of infrastructure
components have been proven. With unique fea-
tures that allow direct digitization at RF carrier
frequencies, eliminate analog mixers, and pre-
serve signal fidelity, RSFQ is ready to take its
place among the serious candidate technologies
for digital RF applications. The recent success
and subsequent acceptance of low-profile cryo-
genic coolers deployed in cellular base stations
serves to underscore the idea that revolutionary
performance requires revolutionary technology.
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