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

Theschemeusestwo transmit andonereceiveantennaandachieves
the samediversity benefitat theuserterminal ascanbeachieved
by using one transmit and two receive 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 esystemand comparing it with a delay
diversity scheme.

The methodproposedin [1] hasbetter performancethan trans-
mit delaydiversity. 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 receiver usesa maxi-
mum lik elihoodsequenceestimator (MSLE). The complexity of
the receiver will then besignificantly reducedwith respectto the
delaydiversity scheme.

I INTRODUCTION

A way to improve the quality andthe dataratesin wireless
communicationis to usemultiple antennasat thereceiver in
orderto benefitfrom diversity. The diversityobtainedfrom
multiple antennashelpsto combatthefadingchannel.How-
ever, using multiple antennasat the user terminal has the
drawbackthat it makesthe subscriberunit larger andmore
expensive. We arethereforeinterestedin usingtransmitdi-
versity techniqueswheremultiple antennasareemployedat
thetransmitterinsteadof at thereceiver.

In [3], Alamoutipresentedatransmitdiversityschemethatby
utilizing two transmit andonly one receive antenna achieves
thesamediversitybenefitat theuserterminalthatwould be
achieved by using one transmit and two receive antennas.
Alamoutischemeis howeverprimarily designedfor channels
without intersymbolinterference.In [1], a generalizationof
this algorithm to channelswith intersymbolinterferenceis
presented.

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

performanceof a transmitdelaydiversityscheme[4].

Thepaperis organizedasfollows. SectionII introducesthe
specificnotationsusedin the paper. SectionIII briefly re-
viewsthetimereversalspace-timeblockcodingscheme(TR-
STBC)introducedin [1], whileSectionIV describesthetrans-
mit transmitdelaydiversity scheme. In SectionV the two
methodsarecomparedin termof performanceandcomplex-
ity. Finally, in SectionVI we comparedthe performanceof
the two transmitdiversitymethodsin termsof bit-error rate
(BER) asa functionof thesignalto noiseratio (SNR),for a
GSM-likesystem.

II NOTATION

Throughoutthe report,we will considerdiscrete-timechan-
nel modelsanddetectors.A discrete-timefilter will be rep-
resentedasa polynomial in the unit delayoperator, ����� , as
exemplifiedbelow:���	��

�����	� ��� 
����	��
������������ � � ��� ������� ���"!$#%� � !&#%' ���	��
���������	��
(��� � ���	�*),+ 
��������%���"!$# ���	�*).-��/
10
where-�� is theorder of thepolynomialfor afilter with -��2�3+
taps.Thediscretetimeis denotedwith thediscretevariable� .
Notethatfilters mayalsobenon-causalandhave termswith
powersof theunit advanceoperator� .
Multiple-input-single-output(MISO)filterswill berepresented
aspolynomialrow vectors,andsingle-input-multiple-output
(SIMO) filterswill berepresentedaspolynomialcolumnvec-
tors. Multiple-input-multiple-output(MIMO) filters will be
representedaspolynomialmatrices.

Thecomplex conjugate-time reverse of a filter �4��������
 is de-
finedas�5���	� ��� 
 '7698�:�<;=�	�$

���<;� �>�<;� �?������� ���<;!$# � !$#"@ (1)

while thecomplex conjugate of afilter ���	� ��� 
 is definedas�5�4��� ��� 
 ' ; ���/;&�	� ��� 
 8���<;� �.�<;� � ��� �A�����1�.�<;!$# � � !&#�@ (2)

Notethatthefollowing relationholds:� �<;&�	� ��� 
 ' 6 �B���	�$

�����C�>� � �D�:����� ����!&#%� !$#"@ (3)
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Figure1: Schematic view of the transmission in the TR-STBC scheme

Further, whenappliedto a polynomialmatrix, the operator���\
 6 implies transposingfollowed by complex conjugation
andtimereversalasin (1).

III TIME REVERSALSPACE-TIME BLOCK CODING
(TR-STBC)

In thissectionwe briefly review thetimereversalspace-time
blockcodingscheme(TR-STBC)asintroducedin [1]. In par-
ticularwerecallthechannelmodelingandthespecialsignal-
ing schemeof thismethod.Figure1 showstheblockdiagram
of this transmitdiversitytechnique.

A Channel Modeling

Let us split the transmittedsymbolsequence,
Q ����
 , and the

receivedone, [/����
 , in two halvesandlet usdefinethevectors] ����

�_^ [ � �	��
[ U �	��
�` 0 a
����
��b^ Q � ����
Q�U ����
5` @
(4)

Let usassumethatwetransmitin suchawaythatthereceived
signal ] �	��
 canbeexpressedas1] �	��

�dce�	��0f� ��� 
ga
�	��
*�AhR�	��
M0 (5)

where ci����0f� ��� 

�j^ S � ��������
 S2U �	������
S ;U ���$
 ) S ;� ���$
%` 0 (6)

andwhere hR�	��
 is the noisevector, assumedhereto bespa-
tially andtemporallywhitewith spatial-temporalautocovari-
ancematrix k h�h �	��01������
l�_m U!/n . Note that the channelsS ;U �	�$
 and

S ;� �	�$
 have complex conjugatedcoefficientsand
aretime reversedandthusanti-causal.In thenext sectionwe
will seehow this signalingcanbeachieved.

The polynomialchannelmatrix co�	��01������
 is orthogonalin
thesensethatp�q�rts$u�s$v4wyx5p:rts$u�s&vVwfx�z|{	}/~w rts x5} w rts$v4wyx<��}<~� rts%x5} � rts$v4wgx5�4�4�

1Note that the pulseshapeusedin the modulationis part of the overall
channelmodeledin (6).

In the receiver we filter the received signal ] �	��
 with the
matchedfilter c 6 �	��0f�����T
 . Theoutputfrom thematchedfil-
ter is thengivenby� �	��
�� c 6 �	��0f� ��� 
yci����0f� ��� 
ga
�	��
(�,c 6 �	��0f� ��� 
�h��	��
� � S ;� �	�$
 S � �	� ��� 
�� S ;U �	�$
 S2U �	� ��� 
 ' a�����
�A�
����
10 (7)

where �
�	��
��j^ � � �	��
� U �	��
�` �dc 6 ����0f� ��� 
�h�����
 @ (8)

Thecomponentsof � �	��

�i� � � �	��
g� U �	��
���� canbeexpressedas� � ����
�� � S ;� �	�$
 S � �	� ��� 
(� S ;U ���$
 SVU ��� ��� 
 ' Q � ����
(�>� � �	��
� U ����
�� � S ;� �	�$
 S � �	� ��� 
(� S ;U ���$
 SVU ��� ��� 
 ' Q�U ����
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 @
The noisesequences,� � ����
 and � U �	��
 , areuncorrelated.We
canseethis from thefactthatthespectrumof �
�	��
 , givenbyk ��� ����0f� ��� 
�� ����� � ��� � �
�	��
��������*)���
��t� � ��Bc 6 �	��01� ��� 
 k h�h ����0f� ��� 
gce�	��01� ��� 
�:m U! c 6 �	��0f� ��� 
yce����0f� ��� 
�:m U! � S ;� �	�$
 S � �	� ��� 
(� S ;U �	�$
 S U �	� ��� 
 ' n (9)

has no crossterms between� � �	��
 and � U �	��
 . In the third
equalityin (9) wehaveusedthefactthat hR����
 is awhitevec-
tor noisesequencewith k h�h �	��01�����T
D�|m U! n . Theproblem
of detectingthesymbolstreams

Q � �	��
 and
Q=U �	��
 thusdecou-

ples.

Thechannelaftermatchedfilter is thesamethatwouldbeob-
tainedusingonetransmitantennaandtwo receive antennas.
Thereforethis schemeachievesfull diversity.2

Finally the two signals, � � �	��
 and � U �	��
 , can be fed to an
MLSE that will handlethe intersymbolinterference.Since

2However the schemedoesnot achieve the arraygain asin the caseof
usingtwo receive antennas.
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we usean MLSE that utilize the matchedfilter metric [2],
the estimatedsymbolsequence

YQ � �	��
 will be thesymbolse-
quencethatmaximizestherecursively definedmatchedfilter
metric.�*�3  ����

� �*�3  ���()¡+7
(� Re ¢ Q ;� �	��
�� Z � � �	��
�)�£�� Q � �	��
) Z ! ¤���� � £ � Q � �	��)��¥
y
 ¦ @

(10)

In (10), £/§ arethe coefficientsof the doublesidedcomplex
conjugatesymmetricmetricpolynomial¨ ����0f� ��� 

�:£ ;! ¤ � ! ¤ �:����� �A£ � �:����� �A£ ! ¤ � � ! ¤� S ;� �	�$
 S � �	� ��� 
(� S ;U �	�$
 S U �	� ��� 
 @
The estimatedsymbol sequence

YQ U �	��
 is similarly formed
by maximizingthecorrespondingmetricutilizing thesecond
component,� U �	��
 , of � �	��
 .
B Anti-causal signaling

Considerthecomponents[ � �	��
 and [ U �	��
 of thevectorsignal] �	��
��ª© [ � �	��
«[ U ����
�¬ � :[ � ����
�� S � ��� ��� 
 Q � �	��
*� SVU ��� ��� 
 Q�U �	��
*�A- � �	��
 (11)[ U ����
�� S ;U ���$
 Q � ����
�) S ;� �	�$
 Q=U �	��
(�>- U ����
 @ (12)

To achieve the signal [ � ����
 in the first half of the framewe
simply transmitthesymbolstream

Q � ����
 from antenna1 and
symbol stream

Q�U �	��
 from antenna2. Achieving [ U �	��
 at
the receiver is lessstraightforwardbut nonethelesspossible.
Considerthe two symbol streams

Q � ����
 and
Q U ����
 . Let us

choosetheir lengthto be ­ �d+ . Time reverse thesesymbol
streamsto form thenew symbolstreams®Q � �	��
C� Q � � ­ )���
 , ���:¯<0�+&0 @�@�@ 0 ­ (13)®Q�U �	��
C� Q�U � ­ )���
 , ���:¯<0�+&0 @�@�@ 0 ­ @

(14)

Now transmit ) ®Q ;U ����
 from antenna1 and
®Q ;� ����
 from antenna

2. Thesignalat thereceiverwill thenbe[%°U ����
�� SVU ��� ��� 
 ®Q ;� ����
�) S � �	� ��� 
 ®Q ;U �	��
(�>-
�	��
 @ (15)

By time reversing [ °U ����
 in (15) andcomplex conjugatingit
we obtainthesignal�	[ °U � ­ )���
g
 ; � S ;U �	�$
 Q � �	��
�) S ;� �	�$
 Q U �	��
*�A- U �	��
 @ (16)

Note that this is thedesiredsignal [ U �	��
 in (12). We have in
(16) denoted- ; � ­ )���
 with - U ����
 .
On the receive side, during the first half of the frame, the
samplesarecollectedto form thesequence[ � ����
 andduring

±² vVw ³7´1µ·¶M¸�¹gº
³ ¹ µ·¶M¸�¹gº » »½¼ P

M.F. MLSE

¾¾�¿�ÀÁ rtÂ�x ÃÄ rtÂ�xÄ rtÂ�x
Figure2: Block diagram for a delay diversity scheme.

thesecondhalf of theframethesamplesarecollectedandthe
sequenceis complex conjugatedandtimereversedin orderto
form thesequence[ U �	��
 . Thesequences[ � ����
 and [ U �	��
 are
thenfed into the MIMO matchedfilter c 6 �	��01�����T
 to form
the decoupledoutputs� � ����
 and � U ����
 . Thesequences� � �	��

and � U �	��
 arethenusedindependentlyto estimatethe trans-
mittedsequences

Q � ����
 and
Q�U ����
 . This detectioncanfor ex-

amplebe performedwith a maximumlikelihood sequence
estimator.

IV TRANSMIT DELAY DIVERSITY TECHNIQUE

In Figure2 a transmitdelaydiversityscheme[4] is depicted.
The symbolsequence,

Q �	��
 is transmittedby two antennas.
Fromthefirst antennathesignalis transmittedwithout a de-
lay andfrom thesecondantennathesignalis transmittedwith
a delay. Herea delayof onesymbolinterval is used.

At the receiver the signal is filtered by a filter matchedto
the equivalentchannelimpulseresponseandthenfed to an
MLSE asdescribedfor examplein SectionA.

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

A simplemethodthatcanbeusedto achieve transmitdiver-
sity in achannelwith intersymbolinterferenceis thetransmit
delaydiversitymethoddescribedabove. This methodhow-
everhasthedrawbackthatit increasesthelengthof themem-
ory in thechannel.Theequalizationin thereceiver canthus
becomemorecomplex. If an MLSE is usedin the receiver
thenthecomplexity increasecanbesignificant.Theincrease
in complexity is especiallylargewhensignalingwith higher
orderconstellations.This will also likely be the caseeven
if a suboptimalreceiver is used(as for examplea decision
feedbacksequenceestimator).Thereasonfor this is that the
delayedtransmissionwill result in extra channeltapswith
significantmeanenergy, asopposedto theenergy of thenor-
maldelayedchanneltaps.Thetimereversalspace-timeblock
codingschemepresentedin [1] howeverdoesnotincreasethe
lengthof thememoryin thechannel.Thecomplexity of the
equalizationis thereforenotsignificantlyincreased.
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Anotheradvantagewith the time reversalspace-timeblock
coding schemeis that it achieves the samediversity order
as can be achieved by using one transmitand two receive
antennas[1]. Theschemethusachievesfull diversity.

A drawback with time reversalspace-timeblock coding is
that the numberof channelparametersthat needto be esti-
matedis doubled(i.e.,weneedto estimateboth

S � �	�����T
 andSVU �	������
 ). Moreover, theaccuracy in thechannelestimation
affectsthediagonalizationof the channelin (7). The detec-
tion of thetwo symbolstreams

Q � �	��
 and
Q�U ����
 maythusnot

completelydecouple.

VI SIMULATION RESULTS

The time reversalspace-timeblock codingandthe transmit
delaydiversitymethodsdescribedabovehavebeenappliedto
a GSM-like system.In particular, we usedthesamesymbol
interval asin GSM system,Å @\Æ&Ç �(È . For themodulationfor-
matwe useda linearizedapproximationof theGMSK mod-
ulation[5]. For thechannelweusedtheaveragepowerdelay
profilesfor thestandardGSM scenarios[6]. Figure3 shows
thethreetypicalscenariosweusedthatweretherural (RTx),
thetypicalurban(TUx) andthehilly terrain(HTx). For each
tap we generateda complex gain with an amplitudewhich
wasRayleighdistributedwith a given givenaveragepower,
andan uniformly distributedphase.We assumedthe chan-
nel to bestationaryon aburstperiod.Moreoverthechannels
weregeneratedindependently(i.e. , we assumedno correla-
tion betweenthetwo antennas).
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Figure3: Thethreetypical scenarios.

For the channelestimationwe useda reducedparameters
channelestimationtechniquepresentedin [2]. This method
reducesthe numberof parametersto estimateby using the
a-priori knowledgeon the pulseshapefiltering. This is es-
peciallyusefulfor thetime reversalspace-timeblock coding
schemeasit hasto estimatetwice thenumberof channelpa-
rameterscomparedto thenontransmitdiversitycase.In both
the transmissionschemes,we useda trainingsequencecon-

sistingof

Z&É
symbols.

For eachoperationpoint weran Ê ¯&¯&¯ simulations.

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

For therural environment,which is wheretheextra diversity
hasthelargestimpactsinceit is particularlydiversitystarved
to start with (the delayspreadis lessthan ¯ @ Ê �(È ), the gain
is 5 dB at a BER of +�¯<� U for the TR-STBCschemeand4
dB for the transmitdelaydiversity scheme.In the hilly en-
vironmentwhich is the hardestone in termsof channeles-
timation(delayspreaduntil + Ë @ Z �(È ), theperformanceof the
two methodsaresimilarandat +�¯<� U BERthegainis

Z
dB. In

theurbanenvironmentthegainfor theTR-STBCschemeis Å
dB andthegainfor thetransmitdelaydiversityschemeis 2.5
dB. Thesegainscandeliver valuablecoverageandcapacity
improvements.

Theperformanceresultsaresummarizedin thefollowing ta-
ble:

Gainat + Ì BER DelayDiversity TR-STBCscheme
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Figure4: BER for RuralEnvironment

VII CONCLUSION

In thiswork wetestedtheperformanceof thenew transmitdi-
versityalgorithmintroducedin [1] andwe comparedit with
the performanceof a transmitdelaydiversity techniquefor
sometypical scenariosfor a GSM-like system. The results
show that thenew schemeachievesbetterperformancethan
the transmitdelaydiversity scheme.For the rural environ-
ment,at a BER of +�¯<� U , theTR-STBCschemehasa gainofÊ dB comparedto the onetransmitantennaandonereceive
antennaschemeanda gainof + dB comparedto thetransmit
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Figure6: BERfor UrbanEnvironment

delaydiversityscheme.In theurbancasethegainsare Å dB
and ¯ @ Ê dB respectively. MoreovertheTR-STBCschemecan
useasimplerequalizerthantypically will berequiredfor the
transmitdelaydiversityscheme.
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