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ABSTRACT

Space-timecodingis a highly effective approachfor com-
bating fading in wirelesscommunicationsand improving
thecapacityof wirelessnetworks. However, a recentpaper
hasshown that cochannelinterferencecandegradeperfor-
mancesignificantlyin cellularsystems.Herewedesignand
demonstratethe interferencesuppressioncapabilityof low
ratespace-timecodes.Optimal1 b/s/Hz2-space-timetrel-
lis codeswith variousnumberof statesover

���
andGF(4)

are obtainedthroughsearch. We also proposerate adap-
tive space-timemodulationwhich canincreasethe overall
throughput. The effectivenessof this proposedmethodis
demonstratedby using 2-space-timecodesin an orthogo-
nal frequency divisionmultiplexing (OFDM) systemwith 2
transmitand2 receiveantennas.

1. INTRODUCTION

Space-timecodinghasbeenshown to bevery effective for
improving the capacityof wirelessnetworks. In view of
this, muchattentionhasbeenfocusedon high-ratespace-
time codes[1, 2, 3, 4]. Recently, it hasbeenpointedout
that cochannelinterferencecan degradeperformancesig-
nificantly [5] when space-timecodesare usedin cellular
systems. Moreover, in [2], space-timecoding has been
shown to be very desirablefor achieving high peakdata
ratesamongthe various transmitterdiversity techniques,
but it mayresultin muchhigherretransmissionprobability
for typical mobile environmentswhen comparedto other
techniquesthat possessinterferencesuppressioncapabili-
ties. The reasonsare1) the capacityfor channelswith in-
terferenceis smallwhile thespace-timecodingschemestill
attemptsto deliver large amountsof informationwith the
samepower, 2) no interferencesuppressionis performed.

Accordingly, in thispaper, wedemonstratethatthisprob-
lem canbe partly overcomeby using low ratespace-time
codeswhencochannelinterferenceis present.Further, we
proposerate adaptive space-timemodulationwhich takes
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advantageof both low-rateandhigh-ratespace-timecodes
to increaseoverall throughput.

The paper is organizedas follows. In Section2, we
briefly review the designcriteria for space-timecodesand
give someoptimumcodesfor rapid fadingandquasi-static
fading,respectively. Trelliscodesoverringsandfinite fields
areconsidered.In Section3, theperformanceof theseop-
timum codesis examined,in the presenseof interference,
through simulation for an orthogonalfrequency division
multiplexing (OFDM) systemexample. In Section4, we
proposerateselectionmethods.

2. OPTIMUM SPACE-TIME TRELLIS CODES

Space-timetrellis codedesignhasattracteda lot of inter-
est. Thedesigncriteriaproposedin [1] canbeusedto find
asymptoticallyoptimumcodes.Mostof thecodesfoundso
far areof the maximumratefor the highestdiversity gain
achievable � ��������	 with ��� transmitand ��� receiveanten-
nas.Suchcodesachievea goodtradeoff betweendiversity
anddatarateassumingthecommunicationchannelhasrel-
atively high signal-to-noiseratio (SNR)andhigh signal-to-
interferenceratio (SIR).

Considertheproblemof designingspace-timecodesfor
interferencesuppression.Space-timecodeswith rateslower
thanthoseusuallystudiedareof interest,sincethesecodes
provide morepowerful errorcorrectioncapabilityandtend
to performwell for low SNRsor SIRs. Accordingto the
criteriain [1], in quasi-staticfadingcases,weneedto maxi-
mizethediversitygain 
 � andcodinggain 
 � , while in rapid
fadingcases,we needto maximizethe lengthof theshort-
esterroreventpath,
 � , andtheminimumproductof branch
distances,
�� ��� � , alongtheshortesterroreventpath.Since
in eachcasewe canfind many codesthatprovide thesame
valueof eachmetric,we computethenumberof codeword
pairsthatprovidethebestsetof valuesof all themetricsand
try to find codesthatminimizethisnumber.

Weusethesystematicapproach[4] with minormodifica-
tionsto searchfor the1 b/s/Hzoptimum2-space-timetrel-
lis codesfor rapid fadingandquasi-staticfadingcases.In
Table1 and2 we list the optimum1 b/s/Hz2-space-time



� � �� #pairs ���
2 16 4

��������! 
4 48 16

� ����������" 
8 80 32

�#�$�&%'��$�����" 
16 128 128

�#�$�&%'����$�������" 
Table 1. Optimum � -state1 b/s/Hz QPSK 2-space-time
codesover (�) for quasi-staticfading.� � �� #pairs �

2 16 4

�*%�+",-��.%�+!,/ 
4 48 16 01 %�+",2%�+!,%�+",-��.%�+!,/34
8 84 32

0551
,6%%�+",7,,8%�+!,%9, 3 ::4

16 132 32
055551
%�+",2%�+!,,6%%�+",7,,8%�+!,%9, 3 ::::4

Table 2. Optimum � -state1 b/s/Hz QPSK 2-space-time
codesoverGF(4)for quasi-staticfading.

codesfor quasi-staticfadingcasesover (�) and �<;>= ? @ , re-
spectively, usingthe notation � of [4]. Here

,
denotesa

primitive elementof �<;>= ? @ . For the (�) codes,theoutput
symbol A is mappedinto B C D E F , while the ��;G= ? @ codesuse
Graymapping.It is interestingto find thatfor somenumber
of states,thebestcodeover �<;>= ? @ areslightly betterthan
that over (�) . We have madesimilar calculationsfor the 2
b/s/Hz casesfor quasi-staticfading. In this casethe best
codesover �<;>= ? @ giveexactly thesamecodinggainasthe
best (�) codesfrom [4]. Similarly, we provide optimum1
b/s/Hz2-space-timecodesfor rapidfadingcasesin Table3
and4 for (�) and ��;G= ? @ , andhereagainwe observe that
theperformancemeasures= � �H I J�K �L�M N I OPJ�Q R S T @ for (�) and�<;>= ? @ areexactly thesamefor thebestcodes.

As demonstratedin [1], for a systemusing quaternary
phase-shiftkeying (QPSK)modulation,the codingrate is
upperboundedby 2 b/s/Hzto achieve a diversityof U � U�V .
Optimumcodesfor quasi-staticfadingwith this ratecanbe

� � �H J�K �L�M N #pairs �<�
2 2 64 4

�#�$��$�! 
4 3 384 16

� �&%W����$�! 
8 4 2304 64

�#�&%W�&%���$���! 
16 5 13824 256

�#���&%W�&%�&%'�$���! 
Table 3. Optimum � -state1 b/s/Hz QPSK 2-space-time
codesover (�) for rapidfading.� � �H J�K �L�M N #pairs �

2 2 64 4

�*%�+!,X%�+!,%�+!,X%�+!,* 
4 3 384 16 01 %�+!,X%�+!,%Y%�+!,%�+!,X%�+!,*34
8 4 2304 64

0551
%�+!,X%�+!,%Y%�+!,%�+!,X%�+!,%Y%�+!, 3 ::4

16 5 13824 256
055551
%�+!,X%�+!,%Y%�+!,%�+!,X%�+!,,8%�+!,%Y%�+!, 3 ::::4

Table 4. Optimum � -state1 b/s/Hz QPSK 2-space-time
codesoverGF(4)for rapidfading.

obtainedfrom [4]. As we intendto usethe 16-statecode
for comparisonin latersections,thecodefrom [4] is quoted
here ��Z �#���[%�%'�$����[%'���$�! �G\ (1)

Usingtheideasfrom [4], a searchfor theoptimum16-state
codefor rapidfadingfound��Z �#�$�����[%'��$�&%'�[%'�! � (2)

with � H Z^] , J�K LPM N Z#_ ` a and ObJ�Q R S T Z % � � ? .
3. SPACE-TIME CODES WITH OFDM UNDER

INTERFERENCE

While the designcriteria from [1] areaimedat flat-fading
channels,combining space-timecoding and OFDM has
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Fig. 1. Throughputcomparisonof 16-staterate1 b/s/Hzand
rate2 b/s/Hz2-space-timecodesunderinterference.

beenshown [2, 3] to bea promisingmethodfor frequency-
selectivechannels.In [3], a4 b/s/Hzspace-timetrellis code
is designedfor a 4 transmitand4 receive antennaOFDM
systemusingQPSKmodulation.Here,westudytheperfor-
manceof codeswith differentratesfor OFDM systemswith
interference.For thesystemdescriptionandsimulation,we
refer to [2, 3]. In our simulation,we usethe hilly-terrain
(HT) channelmodelandassume256OFDM tones,2 trans-
mit and2 receiveantennas.

In [3], the performanceof space-timecodesfor quasi-
staticandrapid fadingwith rate2 b/s/Hzareshown to be
veryclose.This is alsoobservedfor rate1 b/s/Hzcodesand
specificresultsareomittedhere. In thefollowing, we con-
sideronly the16-statecodein Table4 andthecodein (1).
Thesecodesprovided the bestperformance.In Fig. 1 we
show the throughputof thetwo codingschemesundercer-
tain levelsof interference,usingthe1 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/Hzschemeprovideslargerthroughput,while for SIR
lessthanabout3 dB, using1 b/s/Hzis almostalwaysbetter
(Fig. 1(a) and(b)). Also, they generallyprovide different
errorrate.This is significantfor servicesthatrequirespeci-
fied levelsof quality. Obviously, theoverallperformanceof
theST-OFDM systemcanbeimprovedby varyingthecod-
ing rateaccordingto thechannelstatus.Next wewill focus
on this issue.

4. RATE ADAPTIVE SPACE-TIME MODULATION

Considerthe casewhereautomaticretransmissionrequest
(ARQ) is employedto requestretransmissionwhena word

is received in error. Allowing retransmissionwill require
additional resources(becauseit requires feedback)and
causedelay. To characterizeall of these,we assumeunit
cost for transmissionand a cost of c d for retransmission.
Typically, we have c dfe/g . For simplicity, we do not con-
sidertheissueof undetectederrorsexplicitly andweassume
idealfeedback(perfectfeedbackchannel).

Assumethe rate h>i jlkmhonqp r s jlt hunqp v w is chosen
from a setx , accordingto thelevel of SNRandSIR,which
canbeestimatedandtracked.For agivenlevel of SNRand
SIR, the averagecostof correctlysendingoneword with
coding rate h>i p r s p v w , taking into accountthe retransmis-
sions,canbewrittenasc i p r s p v wynzg�{!c d}|~ � � r i ��i h>i p r s p v w s p r s p v w w

�
nzg�{!c d ��i h>i p r s p v w s p r s p v wgP�}��i h>i p r s p v w s p r s p v w (3)

where ��i h>i p r s p v w s p r s p v w denotesword errorrate(WER),
andtheaveragenumberof transmissionsneededtosendone
wordcorrectlyis|~ � ��� i ��i h>i p r s p v w s p r s p v w w � n ggP�}��i h>i p r s p v w s p r s p v w �

(4)
Assumingjlkmh#n#p r and jlt h�n#p v , theamountof infor-
mationcorrectlytransmittedin onetransmission,� r i p r s p v w ,
is proportionalto h>i p r s p v w dividedby (4). Similarly theav-
eragecostfor this transmissionis (3) dividedby (4), which
we call c r i p r s p v w . Our performancemeasureis � � � � � � � � �� � � � � � � � � .We acknowledgethis is an instantaneousor short-termav-
eragecost. For usershaving long-termconnections,anav-
eragecostover a long periodmay be moresuitable. The
rateselectionthatminimizes � � � � � � � � �� � � � � � � � � is

h � i p r s p v w�n^� � �l�>� �d � � g�{!c d�� � d � � � � � � �r � � � d � � � � � � �� � (5)

To generallyobtainthissolution,weneedto performexten-
sive simulationsto calculatethevaluesof ��i � s p r s p v w on a
grid, andthenuse(5) to determinetherate.

As a specialcase,let c d<n/g , which meansno extra cost
is assumedfor retransmission.From(5) wegeth>i p r s p v w � � � � rPn^� � �l�G� �d�� g� i gP�!��i � s p r s p v w w � (6)

This is equivalentto maximizingthe throughput.Next, we
examinetheeffectivenessof thisschemeby simulation.For
simplicity, we assumethe decoderhasideal channelstate
information(CSI) for the desiredsignalandfor the inter-
ferenceaswell. The CSI for interferenceis usedfor pre-
whiteningthe received signalprior to the Viterbi decoder.
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Fig. 2. Rateselectionfor agivenlevel of SIRandSNR.

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

Wemodelthedesiredsignalandinterferenceasindepen-
dentRayleighfadingsignals. We assumethe power level
of boththedesiredsignalandinterferenceareknown to the
transmitter. We usedthe 16-state2 b/s/Hz codefrom (1)
to modeltheinterference,but othercodesgaveverysimilar
results. The SNR is assumedto be uniformly distributed
between5 dB and 13 dB, and the SIR is uniformly dis-
tributedbetween1 dB and9 dB. Usinga fixedcodingrate
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 rateadaptation,we get 1.08 b/s/Hz throughputwith
WER=23.0%.Comparedwith thefixedrateapproach,the
throughputis improvedby morethan10%overfixedrate2
b/s/Hzand20%overfixedrate1 b/s/Hz.Notethatthehigh
WER for the2 b/s/Hzcasecould leadto a largenumberof
retransmissions.This would ultimatelymake this approach
unacceptable.Thismakestheapproachwith rateadaptation
evenmoreattractive.

In theaboveexample,theretransmissionrateis not con-
sideredasweonly try tomaximizethethroughput.To main-
tain a givenlevel of quality of service(QoS),a certainlow
retransmissionprobability is preferred. This meansa low
WER is required. Oneapproachis to employ (5) subject
to a constrainton theWER conditionedon ¡ ¢ £ ¤ ¢ ¥ ¦ . Obvi-
ously, this is muchmorestringentthanusingaconstrainton
unconditionalWER,andfor certainlow §l¨m©�¢ and §lª ©�¢ ,
theremight beno appropriaterate «f¬®­ thatcanmeetthis
constraint.In this case,we have no choicebut usethelow-

estratein ­ . Anotherapproachis to use(5) to searchfor
a rateselectionby adjustingthe valueof � � , sincewe can
expectlowerunconditionalWERuponincreasingthevalue
of � � . For example,in Fig. 2, thecurve for � ���#  is above
that for � �>�°¯ , consequently, moreof theSNR-SIRspace
is devotedto rate1 b/s/HzandtheWER will be lower. In
general,thevalueof � � will bedeterminedby therequired
retransmissionrate.

5. CONCLUSION

We studiedthe useof low ratespace-timetrellis codesfor
communicationwith cochannelinterference.Simulationre-
sultsshow thatthis is anefficientapproachfor dealingwith
interference.Rateadaptationbasedoncostis discussedand
evaluated,basedonanexampleOFDM system.
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