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ABSTRACT

Space-timecodingis a highly effective approachHor com-
bating fading in wirelesscommunicationsand improving

the capacityof wirelessnetworks. However, arecentpaper
hasshavn that cochannelnterferencecan degradeperfor

mancesignificantlyin cellularsystemsHerewe designand
demonstrateéhe interferencesuppressiorcapability of low

ratespace-timeodes.Optimal 1 b/s/Hz 2-space-timerel-

lis codeswith variousnumberof statesover Z, andGF(4)
are obtainedthroughsearch. We also proposerate adap-
tive space-timenodulationwhich canincreasehe overall

throughput. The effectivenessof this proposedmethodis

demonstratedby using 2-space-timeodesin an orthogo-
nalfrequeng division multiplexing (OFDM) systemwith 2

transmitand?2 receive antennas.

1. INTRODUCTION

Space-timeodinghasbeenshavn to be very effective for
improving the capacityof wirelessnetworks. In view of
this, much attentionhasbeenfocusedon high-ratespace-
time codes[1, 2, 3, 4]. Recently it hasbeenpointedout
that cochanneinterferencecan degradeperformancesig-
nificantly [5] when space-timecodesare usedin cellular
systems. Moreover, in [2], space-timecoding has been
shawvn to be very desirablefor achiezing high peakdata
ratesamongthe various transmitterdiversity techniques,
but it may resultin muchhigherretransmissioprobability
for typical mobile environmentswhen comparedto other
techniqueghat possessnterferencesuppressiorcapabili-
ties. Thereasonsare 1) the capacityfor channelswith in-
terferencas smallwhile thespace-timeodingschemestill
attemptsto deliver large amountsof informationwith the
samepower, 2) nointerferencesuppressiois performed.
Accordingly, in this paperwe demonstratéhatthis prob-
lem canbe partly overcomeby usinglow rate space-time
codeswhencochanneinterferences present.Further we
proposerate adaptve space-timemodulationwhich takes
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adwantageof both low-rateand high-ratespace-timecodes
toincreasenverallthroughput.

The paperis organizedas follows. In Section2, we
briefly review the designcriteria for space-timecodesand
give someoptimumcodesfor rapid fadingandquasi-static
fading,respectiely. Trellis codesoverringsandfinite fields
areconsideredlIn Section3, the performancenf theseop-
timum codesis examined,in the presensef interference,
through simulation for an orthogonalfrequeng division
multiplexing (OFDM) systemexample. In Section4, we
proposeateselectiormethods.

2. OPTIMUM SPACE-TIME TRELLISCODES

Space-timdrellis codedesignhasattracteda lot of inter-

est. The designcriteriaproposedn [1] canbe usedto find

asymptoticallyoptimumcodes.Most of the codesfoundso
far are of the maximumrate for the highestdiversity gain
achievable(nyng) with np transmitandn g receve anten-
nas.Suchcodesachieve a goodtradeoff betweerdiversity
anddatarateassuminghe communicatiorchannehasrel-

atively high signal-to-noiseatio (SNR)andhigh signal-to-
interferenceatio (SIR).

Considerthe problemof designingspace-timecodesfor
interferencesuppressionSpace-timeodeswith ratedower
thanthoseusuallystudiedareof interest,sincethesecodes
provide morepowerful error correctioncapabilityandtend
to performwell for low SNRsor SIRs. Accordingto the
criteriain [1], in quasi-statidadingcasesye needto maxi-
mizethediversitygaing; andcodinggaing., while in rapid
fadingcaseswe needto maximizethe lengthof the short-
esterroreventpath,g;, andtheminimumproductof branch
distancespd,.;»,, alongthe shorteserroreventpath. Since
in eachcasewe canfind mary codesthatprovide the same
valueof eachmetric, we computethe numberof codevord
pairsthatprovidethebestsetof valuesof all themetricsand
try to find codeghatminimizethis number

We usethe systemati@pproach4] with minor modifica-
tionsto searchor the 1 b/s/Hzoptimum2-space-timdrel-
lis codesfor rapid fadingand quasi-statidading cases.In
Table 1 and 2 we list the optimum 1 b/s/Hz 2-space-time



g> | #pairs G?

16| 4 (32)
4| 48| 16 (ggg)
8 | 80| 32 (;g;g)
16 | 128| 128 (g;;gg)

Table 1. Optimum g-statel b/s/Hz QPSK 2-space-time
codesover Z,4 for quasi-statidading.

g5 | pdz,;, | #pairs G?

> | 64 | a4 (; ;)
43| 388 | 16 (g ; g)
8 | 4| 2304 | 64 (; 5 ;)
16| 5 | 13824| 256 (; 2 ;)

Table 3. Optimum ¢-statel b/s/Hz QPSK 2-space-time
codesover Z, for rapidfading.
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Table 2. Optimum ¢-state1 b/s/Hz QPSK 2-space-time
codesover GF(4)for quasi-statidading.

codesfor quasi-statidadingcasesover Z, andGF(4), re-
spectvely, usingthe notationG of [4]. Herea denotesa
primitive elementof GF(4). For the Z, codesthe output
symbolz is mappednto e/ 27, while the GF (4) codesuse
Graymapping.lt is interestingo find thatfor somenumber
of statesthebestcodeover GF(4) areslightly betterthan
thatover Z,. We have madesimilar calculationsfor the 2
b/s/Hz casesfor quasi-staticfading. In this casethe best
codesover GF'(4) give exactly the samecodinggainasthe
bestZ, codesfrom [4]. Similarly, we provide optimum1
b/s/Hz2-space-timeodesfor rapidfadingcasesn Table3
and4 for Z, andGF(4), andhereagainwe obsene that
the performanceneasuresg3, pdz ;.. #pairs) for Z, and
GF'(4) areexactlythe samefor the bestcodes.

As demonstratedn [1], for a systemusing quaternary
phase-shifkeying (QPSK) modulation,the codingrateis
upperboundedby 2 b/s/Hzto achiere a diversityof nyng.
Optimumcodedor quasi-statidadingwith thisratecanbe

a 1+«
1 1+«

Table 4. Optimum g¢-state1 b/s/Hz QPSK 2-space-time
codesover GF(4)for rapidfading.

obtainedfrom [4]. As we intendto usethe 16-statecode
for comparisornn latersectionsthecodefrom [4] is quoted

here r
021120
G= ( 2 21 2 0 2 ) ) @

Usingtheideasfrom [4], a searcHor the optimum16-state
codefor rapidfadingfound

T
022010
G_(221212) 2)
with g4 = 3, pdyin = V96 and+#tpairs = 1024.

3. SPACE-TIME CODESWITH OFDM UNDER
INTERFERENCE

While the designcriteriafrom [1] areaimedat flat-fading
channels,combining space-timecoding and OFDM has
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Fig. 1. Throughputomparisorof 16-stateatel b/s/Hzand
rate2 b/s/Hz2-space-timeodesunderinterference.

beenshown [2, 3] to bea promisingmethodfor frequeng-
selectve channelsin [3], a4 b/s/Hzspace-timérellis code
is designedor a 4 transmitand4 receve antennaOFDM
systermusingQPSKmodulation.Here,we studythe perfor
manceof codeswith differentratesfor OFDM systemswith
interferenceFor the systemdescriptionandsimulation,we
referto [2, 3]. In our simulation,we usethe hilly-terrain
(HT) channeimodelandassume56 OFDM tones 2 trans-
mit and2 receve antennas.

In [3], the performanceof space-timecodesfor quasi-
staticandrapid fadingwith rate 2 b/s/Hzare shawvn to be
veryclose.Thisis alsoobsenredfor ratel b/s/Hzcodesand
specificresultsare omittedhere. In the following, we con-
sideronly the 16-statecodein Table4 andthe codein (1).
Thesecodesprovided the bestperformance.ln Fig. 1 we
shav the throughputof the two codingschemesindercer
tain levels of interferenceusingthe 1 b/s/Hzcodeandthe
2 b/s/Hzcode. FromFig. 1, codeswith differentratescan
performquitedifferently. Firstof all, they generallyprovide
differentthroughput.For high SIRs(Fig. 1(c) and(d)), the
2 b/s/Hzschemeprovideslargerthroughputwhile for SIR
lessthanabout3 dB, usingl b/s/Hzis almostalwaysbetter
(Fig. 1(a) and(b)). Also, they generallyprovide different
errorrate. Thisis significantfor serviceghatrequirespeci-
fied levelsof quality. Obviously, the overall performancef
the ST-OFDM systemcanbeimprovedby varyingthe cod-
ing rateaccordingo the channektatus.Next we will focus
onthisissue.

4. RATE ADAPTIVE SPACE-TIME MODULATION

Considerthe casewhereautomaticretransmissiomequest
(ARQ) is employedto requestetransmissionvhena word

is recevedin error. Allowing retransmissiomwill require
additional resources(becauseit requires feedback)and
causedelay To characterizeall of these,we assumeunit
costfor transmissiorand a costof ¢, for retransmission.
Typically, we have ¢, > 1. For simplicity, we do not con-
sidertheissueof undetecte@rrorsexplicitly andweassume
idealfeedbackperfectfeedbaclkchannel).

Assumetherate R(SNR = s1,SIR = s2) is chosen
from asetT', accordingo thelevel of SNRandSIR, which
canbeestimatedandtracked. For agivenlevel of SNRand
SIR, the averagecost of correctly sendingone word with
codingrate R(s1, s2), taking into accountthe retransmis-
sions,canbewrittenas

o0

1+er Z(f(R(Sl, $2), 81,82))"
i=1

f(R(31,32),S1,82)
1- f(R(Sl, 32),81, 82)
wheref(R(s1, s2), 1, s2) denotesword errorrate (WER),

andtheaveragenumberof transmissionaeededo sendone
word correctlyis

c(s1,82) =

= l+4c¢ 3

o0

D (f(R(s1,52),81,8))°

=0

1
1— f(R(s1,52),51,82)

4)
AssumingSNR = s; andSIR = s,, theamountof infor-
mationcorrectlytransmittedn onetransmissioni; (s1, sz),
is proportionako R(s1, s2) dividedby (4). Similarly theav-
eragecostfor this transmissiornis (3) dividedby (4), which
we call ¢; (s1, s2). Our performancemeasurds ;1((:1:3
We acknavledgethis is aninstantaneousr short-termav-
eragecost. For usershaving long-termconnectionsan av-
eragecostover a long period may be more suitable. The
rateselectiorthatminimizes;fﬂwl is

1(81,82)

1+ ¢, Linsns)

_ . l_f(T731732)
R,(s1,52) = arg min - . (5)

To generallyobtainthis solution,we needto performexten-
sive simulationsto calculatethe valuesof f(r, s1,s2) ona
grid, andthenuse(5) to determingherate.

As aspecialcase et ¢, = 1, which meanso extra cost
is assumedor retransmissionFrom (5) we get

1
r(l = f(r,s1,52))

This is equivalentto maximizingthe throughput.Next, we
examinetheeffectivenes®f this schemeéy simulation.For
simplicity, we assumehe decoderhasideal channelstate
information (CSI) for the desiredsignal andfor the inter
ferenceaswell. The CSl for interferencds usedfor pre-
whiteningthe receved signal prior to the Viterbi decoder

R(s1,82)|c,=1 = arg mTin{

IO
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Fig. 2. Rateselectiorfor agivenlevel of SIRandSNR.

For a givenlevel of SIR andSNR,the appropriataatecan
be determinedby usingthe resultsin Fig.1. Roughly we
needto readthecrossingpointsfrom Fig.1andobtainarate
selectioncurve asshawn in Fig.2 with solid line. We use
rate1 b/s/Hzfor the region below this curve and2 b/s/Hz
for therest. Thedashedine in Fig.2for ¢, = 2.

We modelthe desiredsignalandinterferencesindepen-
dent Rayleighfading signals. We assumehe power level
of boththe desiredsignalandinterferenceareknown to the
transmitter We usedthe 16-state? b/s/Hz codefrom (1)
to modeltheinterferencebut othercodesgave very similar
results. The SNRis assumedo be uniformly distributed
between5 dB and 13 dB, andthe SIR is uniformly dis-
tributedbetweenl dB and9 dB. Using a fixed codingrate
of 1 b/s/Hz,the throughputwe obtainin our simulationis
0.90b/s/Hzwith WER=10.0%.Usingafixedcodingrateof
2 b/s/Hz,the throughputis 0.95b/s/Hzwith WER=52.5%.
With rate adaptationwe get 1.08 b/s/Hz throughputwith
WER=23.0%.Comparedwvith the fixedrateapproachthe
throughpuis improvedby morethan10%over fixedrate2
b/s/Hzand20% overfixedratel b/s/Hz.Notethatthe high
WER for the 2 b/s/Hzcasecould leadto a large numberof
retransmissionsThis would ultimately make this approach
unacceptableThis makestheapproactwith rateadaptation
evenmoreattractive.

In theabore example theretransmissiomateis not con-
sideredaswe only try to maximizethethroughput.To main-
tain a givenlevel of quality of service(QoS),a certainlow
retransmissiomprobability is preferred. This meansa low
WER is required. One approachis to employ (5) subject
to a constrainton the WER conditionedon (s, s2). Obvi-
ously, thisis muchmorestringentthanusingaconstrainbn
unconditionaWER, andfor certainlow SN Rs andSIRs,
theremight be no appropriateater € T' thatcanmeetthis
constraint.In this case we have no choicebut usethe low-

estratein T'. Anotherapproachs to use(5) to searchfor

a rate selectionby adjustingthe value of ¢,., sincewe can
expectlower unconditionaWER uponincreasinghevalue
of ¢,.. For example,in Fig. 2, thecurvefor ¢, = 2 is abore

thatfor ¢, = 1, consequentlymoreof the SNR-SIRspace
is devotedto rate 1 b/s/Hzandthe WER will belower. In

generalthevalueof ¢, will bedeterminedy therequired
retransmissiomnate.

5. CONCLUSION

We studiedthe useof low rate space-timerellis codesfor
communicatiorwith cochanneinterferenceSimulationre-
sultsshaw thatthisis anefficientapproactor dealingwith
interferenceRateadaptatiorbasedn costis discusse@nd
evaluatedpasedon anexampleOFDM system.
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