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Broad Band Software-Defined Radio Receivers
Based on Superconductive Devices

Akira Fujimaki. Koichi Nakazeno, Hiroaki Hasegiwa, Takoshi Sato, Akira Akahori, Nobue Takeuchi,
Futnshi Furota, Masaaki Katayama. and Hisao Hayakawa

Abstraci—W¥e have studied soflware-defingd radios {SDHs)
based an supervonduciing deviees. The increasing data rute in
mobile communications wifl require 8 band-width of up to & few
hundred FMHz2 in the futnre. We have confirmed numerically the
Iroad-band charvacteristic of oversampied  analog-to-digital
converters including o lewpass amd bamcdpass  modalator,
FFurthermere, the bandpass moedulitor constructed withont o
resistor is found te have sensttivity improved by (wo orders of
magnitwle compared (o that of the Inwpass maodulator. This
resnlt means that the digital RE eadio architecture based on a
handpass ADC s better suited fea futare SR receiver.
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A s s owelb Known, there is rapidly increasing rafTic in
maobile wireless communication neteerks. The anoual
rode of increase in handsets ineluding PHS {Personal Tlandy
Phone Swsiem) has reached 140% over the past 3 years in
Japan. This growrh will continue wil the muollimedia
commumicution systems ure well established.

Reflecting such a growh, ihe mobile commuoication
system has already used a variety ot air interfaces and bands.
For example, digital cellular phones with time domain
muhliple aceess (TEMAY technology  have the  allocated
trequencies around 3001 7, while anadog cellular phones are
getive in the same (tequency band. In additdon. a new service
CLMACHe based on the code division multiple necesy
(CTAAY has alveady started around 330MHz In 2001, the
advaneed service cdmaz000 or W-CDMA will come o the
marker. New radio standords and adwaneoed  services are

proposed, one uller snolher, o be added to the lepacy servives,

This rapid change shortens the lifetime af'n given slandard or
service, and, shortens the lifetime of handsets and  hose-
stabinns, In particular. the short lifctime of the basc-stations
causes severe prablems, becousc all the base-stations existing
over The whole ared showld he opueraded 1o the new seevice ar
the same time. ‘Lhis entails much 1ime and cost. Thus, Miure
bise-stutinns will be required 1o have high flexibilicy and
reconfigurablity. Flowewer, presend technology, based on
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analog  compongngs.  offers  limited  flexibibity  and
reconfizurabilily.

Although the concept of the softwarc-detined radio (S13R)
wis conceivaed For mikitury applications, the SDR techitique
may have cormnercial applications, becaose the radio has the
ability to satisfy the Aexibility requircment. Tnthe SR, the
lunctlinns  are redelined i software, ez, by sofiware-
dowenloads or subseriber identity curds.

Recently, our group has proposed an advanced base-station
E1-3] This is veferred o us “Intelligem Soper Base-Station
(5L, and has the capability to unify cxisting hase-stations
und future ones. The SDR lechogue and supercenducting
devices are essemtial 1o the TSB sysiem. The similar dea that
superconducting digital electronics applies to an SR receiver
has been prapesed independently by the group of SUNY al
Stony Brook wnd Ericsson |47,

In This paper, we deseribe the direction of the research on
the supercenducting SDR receivers, We alse repomt our
challenge Lo the develapmem ol superconducting devices far
the 50R receivers,
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According to the white paper from the Minisiry of Postal
Serviee ond Telecommunication of Japan [3], the Jaca rae for
a single subscriber will continue 1o increase as well as the
nurmber of subscribers tor the near fwwre. The required datu
rale for mobile commumicarions will teach & lew twens of Mbps
in 20 8, thowgh fhe prosent data rate 15 no more than dkbpa.

A sinsle base-station should cover seweral subscribers
inside a cell. Thus, the filure base stution his o hawe
cupahility 1o handle a band width as high as 1006 Lz or mare,
Merwark providers point out that larger cell stees leading w
brosder bund widths are preferable becauss the maintgnance
cost of the basc-slations can be suppressed, thoueh the larger
cell size is less efficlent use for frequencies.

Fizore | shows the sehematic view of the mullimedy vadio
based on a conventional multi-harhvare receiver and SDR in
lerms ol chammel selection. The conventional recsiver i3
composed of frequency-Nxed analog compoenents including
whaets and bandpass fTlers as shown in Fig. 2(a). Channei
selection is perfrmed through the bandpasy flter placed at
the BRI skape.

O he other haod, a large block of the ceflular spectrum
concaining multiple chaonels @5 selecwd in the analog
bancdpass Eler a1 SR receivers. The hroad-band signafs are
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Fia. I Uhaane] selection 00 3 2oaventional narrawe-and wecemver {3
and atn SR receivar () A dolong her selects @ whole sysiem be be
cuversd with the regerver i %108, while only cne chanmel (e be used is
selected i sonventicnal recciver, Channel selection s perfonmed inoa
digrital duomain for S0 1 Jacpely tunable fillzer can by emploved, the
detectahle spegerumy s onhamced Jaroedy and Aoxradity o the sysiem
seleetiom s crlbond e 51T

digitized tsintg a single broad-band anglog-ro-digitat converter
{ADC), then the desiverd individual channel is extracted from
the digitized signals through the soflware-defined channel
selegtipn filter as <hown in Fig, 16b) [4], This architecturs
vields high flexibility. Futore 5101 receivers should have
capability Lo cover mubtiple channzls each of which huve the
band width of about 100MHZz, so that the band width of the
STIR receiver s required fo be much greater than 190MHz,
The ADC used i the SDR receiver needs to hayve such a
broad band width,

Ifthe center frequency of the BE filter 15 varied largely {see
Fig. 1(b1), the covered speotrum is ephanced ofleclively. As a
result, flaxibility is enhanced in some cases, even i a lower
band-width ADC is udopted.

£ Arehuccimee

We have already desoribed elsewhers the different SR
archirectures with which the receiver chain from RE o base-
bamal iz fomed [2), The first architecture shovan in Fig. 2 (b
i3 referred to as “the Jdigital bassband cado™, The szeand one
indicated in Fig. 2 e} is also referred 1o as “the digital RF
radia”. When the base stations are constructed, digital filters
are required for cach channel. These architeclures have high
flexibility 10 enable changes in the systens” lealures such as
the mwodulation scheme, allovated frequency Band. Broad-
hand superconducting RF fifters and broad-hand ADCs are
essential for cach archilectare as discussed below.

The omimon benefits of using superconducting devices in
these architeclures come from the employment of the
stiperconducior ADC. As mentioned gbove, an input band-
widlh of prester than [{0MIlz is needed for a fwure SDR
rceeiver. However, the band-widths of conventional, noo-
oversampled semiconductor ADCs are limited by clock jiver
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[7]- Due wo this Timiting Eactor, the enhancemen rate of the
band-width for sawiconductor ADCs s supprossed 1o be
115%vear. [lsing this e, the input band-widith can be
estimated to be 20MHZ Jor 12-bit ADCs and 30MHz Tor 14-
bit ADCs by 2010, When we erploy the oversampled AlMs
[8-11]. the cffect of the clock jitter can be reduccd
considerably [12] The supercondoctor oversampled ADCs
bascd on single-fluegquantum (SFOQY logic can operake at
frequencies of several tens of Gllz, which is 1- or 2-orders of
magnitude higher thun the clock ITequency of a semiconductor
oversampled  AIC, This  hipgh  clock  Bequency of
superconductor ADCs enables us o break the barrier of the
clock fitter tmit and to enhanee the inpur Banc-width,

Amither gdvandage of SFG-hased AN i high sensitivity.
The mninimwm power of input signals reguired 1w drive 510
circuits s less Ahan oW, while thar of  high-speed
semiconductor ATHCs is atound TmW. The nalure of high
sensitivity hrings the reduction in the gain of the LNA by
I0dB. Uswally, the product of the gain and bandwidth s
contsidered constunt Tor a piven amplifier. Thus, the redoction
in the gain enhances the band-widlh covered by the [LNA,
widening the {requency band. As described laer, & bandpass
modulator of superconductor T-4 ADC yields estremnely lLigh
seitstlivity. Tnt that case, the 1WA can be removed from thy
receiver chain as shown in Fig 2de), and the noise figore will
be improved by a few d3, Taking into aceount that BEF signals
are difficult to Jdigiteee directly in semiconductor ADCs,
superconductor SDIL receivers have a wreat advantage n the
digital RF radio in which Lhe hit error rate af the receiver wll
be improved remarkably [2]

(o addition 1o the SEC-based ADCs, analoyg bandpass 11lters
made of superconducting films are reguired. The low foss
nature enalles us o make the mult-stage thin-flm filiers with
lower msertion loss and broad baod-widlh.
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Fie. 3. Equivalest circuil of 1he lmaepass modulior tor the b= ADC, The
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[ this scction, we focus on our study of superconducting,
ADCs. Figure 3 shows the equivatent circuit of a 1%-onder
lowpass T-A modulater designed in this work. Such a
maodularor can be employed in fhe digital base-baod rudio
indicaled in Fig, 2 (b), The junction J2 acts s a comparator,
The integrator is ompoesed of the resistor B and inductor L1,
nd cut-off frequency is designed to be 12,581tz To improse
signal-to-noise tatio (SNRY [ 13], we amplify the ouiput signal
und leed it buck 1o the intepricor, "The aophfier i Torned by
the ladder circuits which are composed of Josephson
Transmission Lines (1T1s), splitters, and conbluence holfers,
Five SEC) pulses are produced for ane input SEC in the ladder
cireuit. The five pulses come back wr the iotegrator through
the junction J4 and one pulse is fed hack inherently through
Lhe comparator 12, Ax a resull, sis SFCQ pulses accompanying
apposite cirenluting currents ae fed back, resulling i the
reduction of the current flowing at J2,

Fizure 4 shows the muenetically obained neise power
density ax a imedion of frequeney Tor the circuil shown i Fig,
3. We display both results wth and wilhour vsing the
amplifier, to examing the cfleet of the amplifier on SNE. The
outpur wavelorme with the clock fequency of 200H: s
valculated by using JSIM [14], then forwarded o a Fast
Fourier Transform funcoion, The calenlated noise density s
noemulteed by the Toll-scale signal applied at 2200 1L s
evident from Lhe figure that the noise shaping i3 accomplished
as expected. Inoaddition, SME of the modulator with the
amplitier is enlarged by about 5dB3 compared to that withen
amplifier gt Lo frequencies. However, there are the same
levels of spurious between the two, Morenver, the cateulated
SMR s still insufBeieat for the receiver application. We have
1o design sezond or higher avder medulator,

Figure 5 shows a photormicrogeaph of the modulior with a
rng oscillalor working 4= & clock generator, The chip s
Fabwricated wsing the WERO stndard  process based on
NEAIG AN function technology with f, of 2.5kAdkm® [15],
Ihe modularor operates cortectly at low frequencies. High
Trequency testing is im progress,

lo second or higher order lowpass modulawrs consisting of
a resistor, inductor and junction, the full-scale signals reach at
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Fig 3 Molameragraph of o iithneated lapass medualster
least a fow mA in amplitude. This relalively high amplirode,
which is doninanrly due 1o the use of the vesistor, requives 2n
appropriale wiplifier bedoce the fowpass modulatar,

On the ather hand, o bandpass £-4 modulator consisting of
a capacilor, mductor and 37 shaws bagh sensitivity, Figure 6
shows the egaivilent gircuit of (he bandpass madulator
proposcd firsl by the gronp of Narbrop Grunann [ 6] This
mruschelitor has the 1ank cirguit compesed of the inductor 1. and
capacitor C. The resanant frequency 15 designad to be 2GH-,
The tank circwit serves wi a resonator viclding the quantization
nolse shaping for handpass wse, thaugh the circtit acts as the
spoemd=order lowpass Tilwer Tor aoalog iopur sigoils.

The caleubated naige spectrinm is shown in Fip. 7. The clock
[Teyuency &5 el 1o he 200 H. and the junction parsmeters are
made 10 met the NEC siandard proecss, The noise i
nommalesed by the full-seale signal applied at | 5GHz
Lividently trom Fig. 7, the bandpass characteristic ol the noiss
shaping can be obained around the resoount fregquency. The
spuriows-{Tee dynamic range 75 caleulated to be 62dR for the
Danc-wighth oF JOMH ul the center freguency of 2617,

The amplitude of the full-scale siznal is o more than 2204,
which 15 2 orders of magnijude smaller than regutired for the
lowpass odulatar, Tlhis extremely high sensitivity enables s
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to rerove any amplidier fram the receiver chain in the digital-
RE radio as indicated in Fig. 2(c). The naise {igure will be
improved by a fow d13, which 3 vital for radios having higher
carrier [egueneivs.

As mentioncd betore, largely tundble analog filters help
vield flexibility in SDR receivers. We luve started Lo develop
the timable filter in cooperation with Kinki Lniversity, The
filtzr consists of a supercondocting tin film Glter and & plare
of a mugoetic or diclectrie miterial. The plate is set above the
filter, and 1he comer frequency i controlked by changing the
distance between the filter and the plate, We hive obtained o
change i the eenwr frequency ol about 840MH. Tor the
imitial - ceprer frequency  of  3.50GHE with preliminary
measirentents. Here, we wse LSAT as the dielectric material.
A larger change could be abtained by optimizing 1he struciure,
The details ircluding insertion loss and distorlion will be
discyssed clsewhere | 17].

MY, JUmpaRy
We have siwdicd superconductor-based  software-detined
racdivg applicable do future buse-srations. Considering the
tremd i the data rage of mobile conumunications, a future

L

Teegiver will have o cover a band-wiadth greator than T0OMI [z,
Thus, an SUR receiver showld e composed of @ bread-hand
amalow filter and a broad-band  ADC, in which the
supergenducting devices have advantages uver stinicenductur
devices, In particalar, the nemerical analysis shows that the
digital BF radio architccure based on the bandpass ADC
wilthour w resistor has ligh perfonnance in sensitivity. The
Towpass ADC has high potential for broad-Dand, velatively
[ sensitivity applications a5 well as the bundpass ADC.
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