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Abstract - In [1], anewtransmit diversity schemefor channels
with intersymbol interfer encewas intr oduced. The schemeis
a generalization of the space-timeblock coding intr oduced by
Alamouti in [3] to channelswith intersymbol interfer ence.

The schemausestwo transmit and onereceve antennaand achieve

the samediversity benefitat the userterminal ascanbeachieved
by using one transmit and two receie antennas. The scheme
thus achievesthe full available diversity benefit.

In this paper we evaluate the performance of this schemeby
applying it to a GSM-lik e systemand comparing it with a delay
diversity scheme.

The method proposedn [1] hasbetter performancethan trans-
mit delay diversity. Further, asthe memory in the overall chan-
nel is not increased,the complexity of the equalizer is not in-
creased.This is especiallyvaluable if the recever usesa maxi-
mum lik elihood sequenceestimator (MSLE). The complexity of
the recever will then besignificantly reducedwith respecto the
delay diversity scheme.

| INTRODUCTION

A way to improve the quality andthe dataratesin wireless
communicatioris to usemultiple antennast thereceier in

orderto benefitfrom diversity. The diversity obtainedfrom

multiple antenna$elpsto combatthe fadingchannel.How-

ever, using multiple antennasat the userterminal hasthe
dravbackthat it makesthe subscribemunit larger and more
expensve. We arethereforeinterestedn usingtransmitdi-

versity techniqguesvheremultiple antennasre employed at
the transmitterinsteadof attherecever.

In [3], Alamoutipresentedtransmitdiversityschemehatby
utilizing two transmit andonly one receive antenna achiezes
the samediversity benefitat the userterminalthatwould be
achieved by using one transmit and two receive antennas.
Alamoutischemas hawever primarily designedor channels
without intersymbolinterference.ln [1], a generalizatiorof
this algorithmto channelswith intersymbolinterferenceis
presented.

In this paperwe evaluatethe performanceof this schemeby
applyingit to a GSM-like systemandcomparingit with the

performancef atransmitdelaydiversityschemd4].

The paperis organizedasfollows. Sectionll introduceghe

specificnotationsusedin the paper Sectionlll briefly re-

viewsthetimereversalspace-timélock codingschem&TR-

STBC)introducedn [1], while SectionlV describeshetrans-
mit transmitdelay diversity scheme. In SectionV the two

methodsarecomparedn termof performancendcomple-

ity. Finally, in SectionVl we comparedhe performanceof

the two transmitdiversity methodsin termsof bit-error rate
(BER) asafunction of the signalto noiseratio (SNR),for a

GSM-like system.

I NOTATION

Throughoutthe report,we will considerdiscrete-timechan-
nel modelsanddetectors.A discrete-timeilter will berep-
resentedasa polynomialin the unit delayoperatoy g—*, as
exemplifiedbelow:

U(t) = a(q_l)u(t) = (ao + alq_l 4o+ anaq—na) U(t)
= aou(t) + alu(t — ]_) 4+ anau(t _ na)’

wherena istheorder of thepolynomialfor afilter with na+1
taps.Thediscreteimeis denotedwith thediscretevariablet.
Notethatfilters mayalsobe non-causahndhave termswith
powersof theunit advanceoperator.

Multiple-input-single-outpufMISO) filterswill berepresented
aspolynomialrow vectors,andsingle-input-multiple-output
(SIMO) filterswill berepresentedspolynomialcolumnvec-
tors. Multiple-input-multiple-output(MIMO) filters will be
representedspolynomialmatrices.

The complex conjugate-time reverse of afilter a(¢~!) is de-
finedas

_ A * * * * na
(alg ™)' 2a*(q) = af +afg+ - +ajg™. (1)
while the complex conjugate of afilter a(¢g—?!) is definedas
— * * [ — A * * _— * —na
(a@h) =a*(¢ ") Zag+ajg t+--+agg ™ (2)
Notethatthefollowing relationholds:

(@@ ) =alg) =ao+arg+- +anag™. (3
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Figurel: Schematic view of the transmission in the TR-STBC scheme

Further whenappliedto a polynomial matrix, the operator
()t implies transposingfollowed by complex conjugation
andtimereversalasin (1).

Il TIME REVERSALSRACE-TIME BLOCK CODING

(TR-STBC)

In this sectionwe briefly review thetime reversalspace-time
blockcodingschemd&TR-STBC)asintroducedn [1]. In par
ticularwerecallthechanneimodelingandthe specialkignal-
ing schemeof thismethod.Figurel shavstheblock diagram
of this transmitdiversitytechnique.

A Channel Modeling

Let us split the transmittedsymbol sequenced(t), and the
recevedone,r(t), in two halvesandlet usdefinethevectors

] ao=[a6]

Let usassumehatwetransmitin suchawaythatthereceved
signalr(t) canbe expresseds

() = - @

r(t) = H(g,q ")d(t) + n(t), (5)
where . .
Hlg,qa™) = hfll(éq(q)) hj’%(q)) ’ ©)

andwheren(t) is the noisevector assumedhereto be spa-
tially andtemporallywhite with spatial-temporahutocwari-

ancematrix Rpn(g,q ') = o21. Notethatthe channels
h%(q) and ht(q) have complex conjugatedcoeficients and

aretime reversedandthusanti-causalln thenext sectionwe

will seehow this signalingcanbe achiesed.

The polynomialchannelmatrix H(g,q~!) is orthogonalin
the sensdhat

H'(q,q"")H(q,q7") = (hi(a)h1(¢™") + h3(q)ha(q™ ")) I.

INote thatthe pulseshapeusedin the modulationis part of the overall
channemodeledn (6).

In the recever we filter the receved signal r(t) with the
matchedilter H' (g, ¢~!). Theoutputfrom the matchedil-
teris thengivenby

z(t) = H'(q,q")H(q,q7")d(t) + H'(¢,q7")n(t)
= (A (g)h1(g™") + h3(q)h2(q™")) d(t)
+ (1), (7)
where
o) = [0 = H@ame. @

Thecomponentsf z(t) = [21(t)2z(t)]T canbeexpresseds

z1(t) (hi(@h(a™") + h3(@)ha(g™)) di(t) +va(t)
22(t) (R (@)ha(g") + h5(q)ha(g™")) da(t) + va(2).

The noisesequencesy; (t) andwvs(t), areuncorrelated.We
canseethis from thefactthatthe spectrumof v(t), givenby

o0

Z Elv(t)v?(t —m)lg ™
= H'(q,¢ ) Rnn(g,¢ ) H(g,q7Y)
=o2H'(q,g " )H(g,q7")
=02 (hi(@)hi(g ") + h3(q)ha(g ) I (9)

has no crossterms betweenv, (t) and v2(¢). In the third
equalityin (9) we have usedthefactthatn(t) is awhite vec-
tor noisesequencavith Rpn(¢,q9~!) = 02I. Theproblem
of detectingthe symbolstreamsi; (t) andd.(t) thusdecou-
ples.

Ryv(g,q7 ")

Thechannehftermatchedilter is thesamethatwould beob-
tainedusingonetransmitantennaandtwo receive antennas.
Thereforethis schemeachievesfull diversity?

Finally the two signals,z;(t) and 2»(t), canbe fed to an
MLSE thatwill handlethe intersymbolinterference.Since

2However the schemedoesnot achieve the arraygain asin the caseof
usingtwo receve antennas.



we usean MLSE that utilize the matchedfilter metric [2],
the estimatedsymbolsequencel; (¢) will be the symbolse-
guencehatmaximizestherecursvely definedmatchedilter
metric.

pare () = maer (¢~ 1) + Re{ 50221 (0) — 2001 (1)

ny
-2 Z Ymd1 (t — m))}
m=1
(10)
In (10), 74, arethe coeficientsof the doublesidedcomplex

conjugatesymmetricmetric polynomial

Y a ) =75 d + 0+ Y™
= hi(@Qhi(g ) + h3(@)ha(g 1)

The estimatedsymbol sequenceds (t) is similarly formed
by maximizingthe correspondingnetricutilizing thesecond
componentzs(t), of z(t).

B Anti-causal signaling

Considerthecomponents; (t) andrs(t) of thevectorsignal

r(t) = [r(t) r20]"
ri(t) = hi(g Ndi(t) + ha(qg M)do(t) +nalt) (11)
r2(t) = h3(q)di(t) — hi(q)d2(t) + na(t). (12)

To achiere the signalr; (¢) in thefirst half of the framewe
simply transmitthe symbolstreamd; (¢) from antennal and
symbol streamdz(t) from antenna2. Achieving r2(t) at
the recever is lessstraightforward but nonethelespossible.
Considerthe two symbol streamsd; (t) andd»(¢). Let us
choosetheir lengthto be N + 1. Time reverse thesesymbol
streamgo form the new symbolstreams

di(t) = di(N —t),
da(t) = d2(N —t),

t=0,1,...,N
t=0,1,...,N.

(13)
(14)

Now transmit—d3(t) from antennal andd®(t) from antenna
2. Thesignalatthereceverwill thenbe

r3(t) = ha(q™")di (t) — ha(q™")d5 () +n(t).

By time reversingrj(¢) in (15) and complex conjugatingit
we obtainthe signal

(ry(N —1))" = h3(q)di(t) — hi(q)d2(t) + na(t).

Notethatthis is the desiredsignalrs (t) in (12). We havein
(16) denotedn* (N — t) with ny(¢).

(15)

(16)

On the receve side, during the first half of the frame, the
samplesarecollectedto form the sequence; (¢) andduring
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Figure2: Block diagram for a delay diversity scheme.

thesecondalf of theframethe samplesrecollectedandthe
sequencés complex conjugatedandtime reversedn orderto
form the sequence-(t). The sequences; (t) andry(t) are
thenfed into the MIMO matchedfilter H'(g,¢ 1) to form
the decoupledbutputsz; (t) andz2(t). The sequences; (t)
andz»(t) arethenusedindependentlyto estimatethe trans-
mitted sequenced; (t) andds(t). This detectioncanfor ex-
ample be performedwith a maximumlikelihood sequence
estimator

IV TRANSMIT DELAY DIVERSITY TECHNIQUE

In Figure2 atransmitdelaydiversityschemd4] is depicted.
The symbol sequenced(t) is transmittedby two antennas.
Fromthefirst antennéghe signalis transmittedwvithout a de-
lay andfrom thesecondantenndhesignalis transmittedvith
adelay Hereadelayof onesymbolinterval is used.

At the recever the signalis filtered by a filter matchedto
the equivalentchannelimpulseresponsendthenfed to an
MLSE asdescribedor examplein SectionA.

V TIME REVERSALSFACE-TIME BLOCK CODING
VS. TRANSMIT DELAY DIVERSITY

A simplemethodthat canbe usedto achiese transmitdiver
sity in achannebwith intersymbolinterferencas thetransmit
delay diversity methoddescribedabore. This methodhow-
ever hasthedrawbackthatit increaseshelengthof themem-
ory in the channel.The equalizationn therecever canthus
becomemorecomplex. If an MLSE is usedin the recever
thenthe compleity increasecanbesignificant. Theincrease
in compleity is especiallylarge whensignalingwith higher
order constellations. This will alsolikely be the caseeven
if a suboptimalrecever is used(asfor examplea decision
feedbacksequencestimator).Thereasorfor thisis thatthe
delayedtransmissionwill resultin extra channeltapswith
significantmeanenegy, asopposedo theenegy of thenor
maldelayedchannetaps.Thetimereversalspace-timdlock
codingschemeresentedh [1] howeverdoesnotincreasdhe
lengthof the memoryin the channel. The compleity of the
equalizatioris thereforenot significantlyincreased.



Another advantagewith the time reversalspace-timeblock
coding schemeis that it achievesthe samediversity order
as can be achieved by using one transmitand two receve
antenna$l]. Theschemeahusachievesfull diversity.

A drawbackwith time reversalspace-timeblock codingis

that the numberof channelparametershat needto be esti-
matedis doubled(i.e.,we needto estimateboth b, (¢—*) and
ha(g~1)). Moreover, the accurag in the channelestimation
affectsthe diagonalizatiorof the channelin (7). The detec-
tion of thetwo symbolstreamsi; (¢t) andd. (t) maythusnot

completelydecouple.

VI SIMULATION RESULTS

The time reversalspace-timeblock coding andthe transmit
delaydiversitymethodslescribedibore have beenappliedto
a GSM-like system.In particulay we usedthe samesymbol
interval asin GSM system 3.69us. For the modulationfor-
matwe useda linearizedapproximatiorof the GMSK mod-
ulation[5]. For thechannelwe usedthe averagepower delay
profilesfor the standardGSM scenariog6]. Figure3 shavs
thethreetypical scenariosve usedthatweretherural (RTx),
thetypical urban(TUx) andthehilly terrain(HTXx). For each
tap we generatech complex gain with an amplitudewhich
was Rayleighdistributedwith a given given averagepower,
and an uniformly distributed phase. We assumedhe chan-
nelto bestationaryon aburstperiod. Moreoverthechannels
weregeneratedndependentlyi.e., we assumedho correla-
tion betweerthetwo antennas).
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Figure3: Thethreetypical scenarios.

For the channelestimationwe useda reducedparameters
channelestimationtechniquepresentedn [2]. This method
reducesthe numberof parametergo estimateby usingthe
a-priori knowledgeon the pulseshapefiltering. Thisis es-
pecially usefulfor thetime reversalspace-timelock coding
schemasit hasto estimatetwice the numberof channeba-
rametersomparedo thenontransmitdiversitycase In both
the transmissiorschemesywe useda training sequenceon-

sistingof 28 symbols.
For eachoperationpoint we ran5000 simulations.

The two schemeare comparedwith a normal transmission
schemewith one transmit antenna andone receive antenna.
Figures 4, 5 and 6 shovs the BER asa function of input
SNR.

For therural environment,which is wherethe extra diversity
hasthelargestimpactsinceit is particularlydiversity staned
to startwith (the delay spreadis lessthan0.5us), the gain
is 5 dB at a BER of 10~2 for the TR-STBC schemeand 4

dB for the transmitdelay diversity scheme.In the hilly en-
vironmentwhich is the hardestonein termsof channeles-
timation (delayspreaduntil 17.2us), the performanceof the
two methodsaresimilarandat10~2 BERthegainis 2 dB. In

theurbanervironmentthegainfor theTR-STBCschemas 3

dB andthegainfor thetransmitdelaydiversityschemas 2.5
dB. Thesegainscandeliver valuablecoverageand capacity
improvements.

The performanceesultsaresummarizedn thefollowing ta-
ble:

| Gainat1% BER || DelayDiversity | TR-STBCscheme|

Rural 4dB 5dB
Urban 2.5dB 3dB
Hilly 2dB 2dB
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Figure4: BER for Rural Environment

VIl CONCLUSION

In thiswork we testedheperformancef thenew transmitdi-
versity algorithmintroducedin [1] andwe comparedt with
the performanceof a transmitdelay diversity techniquefor
sometypical scenariofor a GSM-like system. The results
shav thatthe new schemeachieresbetterperformancehan
the transmitdelay diversity scheme. For the rural erviron-
ment,ata BER of 102, the TR-STBCschemehasa gain of
5 dB comparedo the onetransmitantennaandonereceve
antennaschemeandagainof 1 dB comparedo thetransmit



© Normal trans.
—%~ TR-STBC scheme
Delay div. scheme

i ; ; ; ; ;
0 2 4 6 8 10 12 14 16
(SNR)dB

Figure5: BERfor UrbanEnvironment

© Normal trans.
—6~ TR-STBC scheme
Delay div. scheme

| i ; ; ;
4 6 8 10 12 14 16
(SNR)dB

Figure6: BERfor UrbanEnvironment

delaydiversityscheme.n the urbancasethe gainsare3 dB
and0.5 dB respectiely. Moreoverthe TR-STBCschemean
useasimplerequalizetthantypically will berequiredfor the
transmitdelaydiversityscheme.
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