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Direct digitization using superconducting
data converters

Direct digitization is the ultimate enabler for future wireless communications. It
refers to the ability to bring the digital domain as close to the antenna as
possible, on both the receive and transmit ends of the radio transceiver system.
It’s a goal that remains just out of reach for systems based on traditional
semiconductor technology and conventional data converters. Through the use of
superconducting microelectronics technology and new, high-performing analog-
to-digital and digital-to-analog converters, however, direct digitization is firmly in
reach.

By Jack Rosa
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Superconductor ADCs/DACS Figure 1(a). Digital baseband and (b) digital RF predistortion schemes.

Superconductor ADCs/DACs incorporatearound a closed superconducting loop withiltrafast RSFQ digital circuits with super-
ultrasensitive superconducting quantum inJosephson junctions to be fundamentallgonductor ADCs/DACS.
terference device (SQUIDS) and Josephsaperiodic in the analog magnetic flux applied Originally developed in the mid-1988s
junction-based logic. Unlike conventionalto it23l. The threshold spacing of a supercont¢l, RSFQ logic provides the foundation for
semiconductor circuits, the properties of suductive loop is determined with the accuracyirtually all of the fastest superconductor digi-
perconductor circuits are related to the dyef fundamental consta@®. This natural tal circuits being developed worldwiéfel’,
namics of magnetic flux in these circlitd8l. relationship of analog and digital formsSimple circuits have been demonstrated
The two fundamental principles of superconmakes superconductor technology especiallyith speeds in excess of 750 GHz and
ductor circuits are: conservation of flux insuitable for ADC/DAC implementatid!. complex medium-scale integrated circuits
a superconducting loop; and quantization of Superconductor ADCs/DACs, with ex-(ICs) 30 GH#719, with performance up to
flux in a superconducting loop in integraltremely high sampling frequencies (tens t@00 GHz projected in the not-too-distant
multiples of the flux quantum, which is hundreds of gigahertz), require digital cir-futurd?l, This is much faster than projected
a fundamental value defined by Planck’suits capable of operating at similarly highperformance of competing technolodids
constant “h” and electron charge “e,” spedata raté&’l. The use of the same very narand motivates much of the recent develop-
cifically h/2e. row SFQ pulses forms the basis of rapid SF@ents in the field of superconductor digital

Together, these naturally occurring quan(RSFQ) logic, arguably the fastest digitalelectronic&3l.
tum phenomena set the current circulatingechnology#?13l, enabling integration of  This direct conversion between analog RF
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s T ] future wireless technologies—such as soft-
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- -_ (CR) and ultrawideband (UWB)—where the

1 whole frequency band-of-interest is digitized
: at RF with sufficient dynamic range and all
| subsequent signal processing is performed in
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well over 100 GHz with modest improve-
ment in chip fabrication), the same ultrafast
Digital Digital RSFQ digital electronics processes the ADC
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Mixer Filter | output, performing digital downconversion
7y 7y 1 and filtering. The major benefit of this archi-
! tecture is the elimination of frequency- and
fn Dfp ! protocol-specific, non-linear analog RF com-

ponents. Superconducting digital-RF tech-

Digital Channelizer nology brings the fidelity and flexibility of
- - — . : - digital processing to the RF domain, enabling
Figure 2. Conceptual diagram of digital channelizer system, made feasible by a wideband the receiver to be reconfigured in software
superconducting ADC. Reconfiguration of the channels can be carried out under full software :

On the transmit side also, the waveform is
processed completely in the digital domain
and digital baseband signals can replace freeliable (with a projected MTBF in excess ofup to RF before converting to analog with an
quency and protocol-specific analog hard90 year§!). ultralinear RF DAC®!. Unlike the receiver,
ware with flexible, software-programmable In fact, some suppliers have recently denmthe transmitter must include a high-power
digital processors. On the receive side, higbnstrated the superior performance of supeamplifier (HPA). High-power amplifiers for
sampling-speed (>20 Giga samples/s) ancbnducting ICs in cryocooled systén®s RF transmitters inevitably exhibit significant
linearity (>100 dB spur-free dynamic range)urther improvements in size, price and poweton-linearities, particularly when they are
of superconductor ADCs, digital down-of these cryocoolers will occur with theoperated near their maximum output powers.
converters and ultrafast (20 GHz) digitalincreased market for superconducting IC3his causes mixing of output components,
filters have already been demonstrated. Thia communications and other industries. Whiléeading to intermodulation distortion (IMD).
will enable broadband digitization of thethe cryogenic nature of these systems will One can operate the HPA far below its
incoming RF waveform directly, leading tobe virtually invisible to the end-user, thesaturation level, where it is more linear, but
true digital channelization. In addition, thelow temperature makes a significant contrithis is expensive, always energy inefficient
lower receiver noise temperature enhancdsution in reducing the overall receiver noiseand may be impractical for some applica-

control.

information capacity, even in interferencetemperature. tions. Alternatively, if the output distortion
limited systems. of the amplifier is known, the input can be

Similarly, on the transmit side, a quantumReceiver and transmitter deliberately predistorted in a way that will
linear DAC preceded by digital upconverterdenefits cancel out the distortion in the output,

and digital filters provide the scheme for As previously stated, superconductindinearizing the HPA. The two leading meth-
direct synthesis of a spectrally pure RF trangnicroelectronics exhibit unparalleled speedpds for HPA linearization are analog
mit waveform. Furthermore, the power ofaccuracy and sensitivity. This unique combifeedforward distortion compensation and digi-
digital processing at RF allows direct digitalnation of features can be harnessed to realita predistortiof314. Baseband predistorters
pre-distortion of the transmit waveform for
linearization of the power amplifier chain. AT
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b tations for cooling superconductin Flgurg 3. Block diagram of‘conceptugl digital RF‘transcelver, Wh(_ere data conversion is carried
ase. S . g p Qut directly at RF frequencies, and signal extraction and processing are done using ultrafast

passive filters, have proven to be extremelyuperconducting digital electronic circuits (dark).
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rely on complicated digital signal processingnore important for military and commercialeffective number of bits. This is likely to be a
algorithms working on the demodulated low-wireless systems. Wideband systems, particquadrature receiver, but the quadrature chan-
frequency baseband digital waveform—notarly multichannel systems, will greatly ben-nel is left out of the figure for simplicity.
the RF waveform—in an attempt to compenefit from the significantly reduced spuriousThere may also be channelization into mul-
sate for the amplifiers non-linear gain andignals, generated by the power amplifiergjple baseband channels, as described below.
phase characteristics. These indirect methoeghich cause serious system-degrading inteFinally, with only slight modifications, the
involve either mapping an input in-phase andierence. Also, the FCC has heightened intereceiver can be reconfigured as a correlation-
quadrature signal vector into an output sigest in similar performance due to the develbased receiver, using a digitally generated
nal vector or multiplying the signal with a oping spectrum utilization issues caused btemplate and an appropriately matched
level-dependent complex gain. These scheméegreased wireless communication denf&hd digital filter.

require sophisticated, extensive DSP and the ) The transmitter carries out the same digi-
improvements have been gradual over thBigital RF processing tal functions in reverse, with a fast DAC
last two decades. The RF band in a practical wireless comreconstructing the RF signal directly, just

However, the circuit complexity is not themunication system includes a large numbervefore the high-power amplifier (HPA). The
only drawback of such baseband digitabf signals and several signal sub-bands. Thdiagram also shows a dynamic digital equal-
predistortion schemes. The feedback delagreatest advantage of the digital RF approadher, a predistortion module that is combined
involved in demodulating the HPA outputis obtained if the entire band is digitized, withwith the DAC to compensate for non-
back to baseband and then digitizing it tdand separation and decoding carried out iimearities in the HPA. In principle, this
compare with the digital baseband data is toparallel in the digital domain. Of course, thigredistortion module can be dynamically ad-
long (on the microsecond scale). This limitgequires a wideband bandpass ADC with exusted to account for memory and other
the effectiveness of the linearizer. On théremely high dynamic range and low noisegffects in the HPA. Also, multiple channels
other hand, analog feed-forward schemes peztombined with digital processing at multi-can be combined digitally into one broadband
form distortion compensation directly on theGHz rates. This is achievable using RSF@igital RF signal before amplification, so only
RF waveform and do achieve better suppresuperconducting electronics, and can lead #single HPA is necessary.
sion of IMD. This scheme requires an addithe development of a digital channelizer sys- All fast digital and data conversion pro-
tional active distortion cancellation loop, withtem, as shown in Figure 2. In a digitalcesses shown in Figure 1 will be carried out
a very linear second HPA and precise ampliehannelizer system, the bandpass ADC modusing RSFQ low-temperature superconduc-
tude and phase matching of analog compdator is followed by a bank of identical modu-tor (LTS) circuits cooled to deep cryogenic
nents. The analog feed-forward amplifierdar digital channelizer units. Each of theseaemperatures ~ 4 K. The figure also suggests
are expensive to manufacture and have poarodules consists of a digital mixer (multi-that analog filtering and amplification can be
dc-to-RF efficiency compared to those usinglier) with a programmable digital localails  carried out at an intermediate cryogenic tem-
digital predistortion. lator for selecting band-location and a properature (~ 60 K) in order to minimize ther-

Unlike baseband or intermediate frequencgrammable digital filter for selecting bandwidth.mal noise. This is compatible with commer-
(IF) predistorters shown in Figure 1(a), which These channelizer modules can be furthesial cryocoolers, which incorporate two or
are limited to narrowband correction of slowlygeneralized into correlation-based receiversnore temperature stages in their design.
varying non-linearities, an RF predistortein a correlation-based receiver, the ADC
can correct instantaneous, signal-dependentodulator output is multiplied with a refer-Conclusion
fluctuations of the HPA transfer function onence digital template, which may be much The ultimate performance of new wireless
a subnanosecond time scale. Only supercomore complex than a periodic digital streantommunications systems requires digital pro-
ducting electronics are fast enough to percorresponding to a local oscillator. Bycessing and data conversion at multi-GHz
form RF predistortion in the digital domainsynthesizing these digital templates, oneates. The only technology that can achieve
(Figure 1b). can combine multiple functions, such ashis is superconducting digital RF electron-

High oversampling ratios, possible withdownconversion, demodulation, despreading¢s. Using this technology, an entire RF band
this technology, allow for corrections ofand dehopping, in one device. While digitatan be received and transmitted using the
higher-order harmonics of the RF waveformsgross-correlation is commonly used for disame RF antenna and amplifier. Processing
which is impossible in any other schemerect spread CDMA, the ultrafast superconef the individual channels can be carried out
Therefore, unlike feed-forward schemes, thducting electronics enables use of crossn parallel in the digital domain. Furthermore,
digital-RF predistorter can correct for strongcorrelation techniques directly on the sampledince the superconducting receiver is so sen-
non-linearities (which leak out a significantRF waveform, resulting in a digital RF sitive, major improvements can be obtained

fraction of the power into third, fifth and matched filter. in range, number of users, data rate and/or
higher harmonics), enabling the use of more battery life. Finally, digital linearization tech-
power-efficient amplifiers (e.g. class AB). InThe digital RF transceiver niques can be used to improve the efficiency
other words, the digital-RF predistorters comarchitecture and performance of high-power amplifiers in

bine the advantages of digital predistortion— A block diagram of the digital RF trans-the transmitterRFD

high efficiency, low cost and high reliabil- ceiver is shown in Figure 3. In the receiver,
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