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ABSTRACT

Space-timecodingis an efficient techniqueto exploit transmit-
ting and receiving diversitiesfor wir elesschannels.Oneof the
keycomponentsin the designof receivers for space-timecodes
is channelestimation.For the block codesbasedon orthogonal
designproposedby Alamouti and Tarokh, a new classof pilot
assistedchannel estimation schemesare presentedwhere pi-
lot symbolsaresuperimposedon the data symbols.Placement
strategiesare examinedfor their efficiencyin channelestima-
tion and data transmission.

1. INTRODUCTION

A majorchallengein space-timecommunicationsin awirelessen-
vironmentis channelestimation.Typically, pilot symbolsarenec-
essaryto acquirethechannel[1]. The insertionof pilot symbols,
however, may induceunacceptableoverheadand lower the data
throughput.Heresystemdesignersmustconsidertwo contradic-
tory goals.Ontheonehand,it is desirableto minimizethenumber
of pilot symbolsin a datapacket so thatmoreinformationcarry-
ing symbolscan be transmitted. On the other hand,morepilot
symbolsresult in betterchannelestimationhencereducingsym-
bol errorrateandtheneedfor packet retransmissions.

In this paper, we considerthe channelestimationproblemin
theframework of space-timeblockcodesfrom orthogonaldesigns
proposedby Tarokhetal [2]. Ourgoalis to examinetheeffectsof
thenumber, powerandplacementof pilot symbolsin datapackets.
This tradeoff canbe examinedby the Craḿer-RaoLower Bound
(CRLB) andmutualinformation.Both quantitiesarefunctionsof
thenumberof pilot symbolsinsertedin thedatapacket andthelo-
cationsof theseknown symbols.Specifically, weconsiderthepos-
sibility of superimposingpilot symbolson datastreams.This en-
ablescontinuoustransmissionof informationsymbolswhile chan-
nel estimationandtrackingcanbe performedsimultaneously. It
alsoofferstheflexibility to allocatepowerdynamicallyfor channel
estimationandsymboltransmission.We show thatcertainplace-
mentsof pilots for the orthogonalblock codesare equivalent in
thesensethat they have theidenticalFisherinformationmatrices,
which impliesthey have thesameCRLBs.

The problemof channelestimationfor space-timecodewas
consideredby Naguibet al. [1]. By usingorthogonalpilot sym-
bols, a simple channelestimationalgorithm was proposedthat
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usedonly observationsassociatedwith pilot symbols. By ignor-
ing observationsfrom datasymbols,suchtechniquesdo not lead
to efficientestimation.Thelocationof pilot symbolswasalsofixed
in [1]. The ideaof usingsuperimposedpilot for channelestima-
tion hasbeenproposedby MakrakisandFeher[6], Hoeherand
Tufvesson[4], MantonandHua[5], OhnoandGiannakis[10]. The
analysispresentedin thesepapers,however, do not applydirectly
to thespace-timeblockcodes.

Thispaperisorganizedasfollows. In Section2,wepresentthe
framework andassumptions.In Subsection3.1,a generalscheme
for pilot symbolplacementis presented.Wealsodiscusstradeoffs
amongkey factors. In Subsections3.2 and3.3 the performance
of different placementschemesis examinedusing Craḿer-Rao
Lower Boundsandmutualinformationrespectively. Simulations
andnumericalresultsarepresentedin Section4 andarefollowed
by concludingremarks.

2. MODEL AND ASSUMPTIONS

Consideramultipleantennasystemshown in Figure1 wherethere
are � transmittersand � receivers.In thispaperweconsideronly
rateonecodesandrealsymbols.Symbolsaretransmittedin blocks
of size

�
. Eachblockis transmittedwithin

�
symbolperiods.For

block � , �����	��
������� is transmittedfrom � antennas,andthe�
th columnof ������� correspondsto the transmittedvector in the�
th symbolinterval. Thespace-timecodeproposedby Tarokhet

al. [2] hasthefollowing form��������������� ��� � �����"! (1)

where # �%$ �����"!'&(&'&'! � � ���	��) is the block of N transmittedsymbols
and #*� � 
+��������) is the space-timeblock code. It is shown
in [2],[9] that using

�
singleuserdetectorsin parallel, the best

performanceis obtainedif�-,*�/.� �1032 4 �657 � � � ., 498�65 (2)

For rateonecodesandreal symbolsit is shown, in the theoryof
orthogonaldesigns,thatthefamily #:� � ) �<; $	= > > > = � existsif andonly
if
�

=2, 4 or 8.
Under the quasi-staticflat fading model, the received signal

matrix for block � is givenby? �����@� AB�������DC6EF������ A �� �<; $ � � � � �����GCEF���	�H! (3)
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Fig. 1: An � -transmitter� -receiver space-timesystem.

where AP
FQ J �R� is thechannelmatrix and EF����� is theadditive
Gaussiannoise.

In thesequelwe needthe receivedsignalandtheparameters
representedascolumnvectors.DefineS �����UT� vec � ? ���	�	�V!HWX����� T� vec �YEF���	�	�V! (4)Z ����� T� vec ['A .]\ & (5)

WethenhaveS �����^�`_ 2 Jba �� �c; $ � .� � � �����ed Z C6Wf���	�"& (6)

In this paper, we assume(i) thenoise Wf�����9gih+�Yjk!�l]m 2 � se-
quenceis i.i.d.; (ii) thesymbols

� � ����� arerealand n-# � m� ������)9� L .
3. CHANNEL ESTIMATION WITH SUPERIMPOSED

PILOT SYMBOLS

3.1. Placementof SuperimposedPilot Symbols

Pilot symbolsareusuallyembeddedin thedatastreamfor channel
estimations.Typically, thepatternof pilot placementis periodic.
In thispaper, weconsidertheplacementof pilot symbolsin cycles
of

�
blocks,andwe only needto specifythe placementfor one

cycle.
Wegeneralizetheplacementof pilot symbolsby allowing su-

perimposedtraining. In particular, eachtransmittedsymbol
� � ���	�

consistsof thepilot part o � ���	� andinformationcarryingpart p � ������ � ���	���1q L 7sr � ���	�to � ���	�GC�q r � ���	�tp � �����"! (7)

wherepower is allocatedvia r � �����X
vu wx! L(y . Hereweassumep � ���	�
is zeromean,unit variance,and o � �����z
F#*{ L ) . Theplacementof
pilot symbolsis equivalentto thespecificationof the

�}|z�
power

allocationmatrix ~6��u ~ � , y , where~ � ,�� r � ��5�� , � 4 !�5�� L ! &'&'&(! � .
From this generalfamily, we’ll considerthreespecialcases

shown in Fig.2.

HorizontalPlacement-�^� : Thehorizontalplacementis described
by ~ $ ,�� r !V�R5�� L ! &'&'&(! �~f��,�� L !V� � ���x! &'&(&'! � !�5�� L !'& &'&'! � & (8)

The horizontalplacementhas the advantagethat all the blocks
within a cycle have the samestructure,that simplifiesestimation
at receptionand allows more efficient tracking for time-varying
channels.Otheradvantagesof thisschemewill beshowedlater.

Vertical Placement- �^� : Theverticalplacementis describedby~�� $ � r !V� � � L ! &'&(&'! �~ �e, � L !V� � � L !'&'&'&'! � !Y5-���x! &(&'&'! � (9)

This schemeis similar to the classicaltraining schemeswhere
a block containsonly pilot symbols. The disadvantageof this
schemeis thatit is vulnerableto noiseburstsduringthetransmis-
sionof thetrainingblock.

Uniform placement- ��� : The uniform placementschemeis de-
scribedby ~ �e, � r !e� � !�5-� L ! &'&'&'! � (10)

t t

t
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Fig. 2: Specialplacementschemes;theblackregionsrepresent
thetrainingsymbols

Thechoiceof ~ affectsbothCRLB of thechannelestimates
andtheamountof informationthatcanbetransmittedthroughthe
channel.

3.2. Cramér-Rao Lower Bound (CRLB)

The CRLB provides the lower boundon the meansquareerror
(MSE) for all unbiasedestimators.Theratio betweentheMSE of
an estimatorandthe CRLB measuresthe efficiency of the algo-
rithm in utilizing the informationavailablein theobservation. In
general,CRLB is a functionof of thechannelmatrixandthesym-
bol placementscheme.Therefore,differentdesignsof thepower
allocationmatrix leadto differentCRLB.

We considerestimatingthe channelvector Z usingthe entire
datarecordfrom onecycle # S � L �"!(�'� �'! S � � ��) . DefineS T��u S .�� L �"! �'�(�'! S .X� � � y .X& (11)

The likelihoodfunctionfor thechannelparameterZ is thengiven
by � � SX��Z ����h+� SX��� � Z �"!"�/� Z �	�"! (12)



whereh+� SX�	� � Z �"!"�/� Z �	� is thepdfof thenormaldistributionwith
mean� � Z � andcovariance�/� Z � givenby

� � Z ������� 2 J a K ��<; $ � .��� L 7 ~ � $ o � � L �
...2 J a K ��<; $ � .�^� L 7 ~ � � o � � � �

� �� Z (13)

�/� Z ��� diag u � $	$ � Z �"!'&'&'& !"� � = � � Z � y & (14)

Denote� � � � 2 Jba � .�k¡ Z , andwehave

�-¢�¢�� �� �<; $�� � � .� ~ � ¢GC6l m 2 �£� & (15)

Considerthat the channelparametersarereal numbers.The ele-
mentsof theFisherinformationmatrix (FIM) aregivenby:u 2 � Z � y � , �3¤H¥ �z¦¨§:©¥ § ªs« . ��¬ $ � Z �¤H¥ �9¦¨§:©¥ §'®�« C$m tr ¤ � ¬ $ � Z � ¥%¯ ¦¨§:©¥ §'ª � ¬ $ � Z � ¥°¯ ¦ §:©¥ §'®O« & (16)

Becauseof the independenceof theunknown symbols,matrix �
hasablockdiagonalstructure,whichmakesit possibleto calculate
theFIM asasumof theFIMs for eachblock.

Lemma 1 Theinverseof thematrix � ¢�¢ is givenby

� ¬ $¢�¢ � �� �c; $V� � � .��± � ¢DCv² 2
where ² T� $³µ´ and

± � ¢'T� 7 ¶ ª�·³%´ ¦¹¸ ¸ §µ¸ ¸ ´ ¶ ª�·�º ³µ´ © .
Usingpropertiesof theorthogonalcodes#:� � ) , we have the fol-
lowing theorems.

Theorem1 If
� �}� or

� ��» the FIM of the channelparam-
eters is the samefor the horizontal and vertical placement. It
follows that theCRLBsof theparameters estimatedfromthetwo
placementschemesare thesame.

Notethatthetheoremabove doesnothold for N=8. In section4.2
somenumericalexamplesaregiven.

Theorem2 Consideronlyoneblock,and
� ��� or

� �M» . Then
the FIM of the placementscheme~��¼u r $�½ � $ ! &'&(&'! r � ½ �<¾ y does
notdependonthechoiceof theunit vectors

½R�<¿
( i.e., ontheindices4 J !��À� L !'&(&'& ! � ) or on theBPSKtrainingsequenceused.

This theoremsaysthatwe canchangethepositionof thetraining
symbol in a block of the horizontalplacementwithout affecting
theperformanceof thescheme.Again this theoremdoesnot hold
for

� �MÁ .

3.3. Mutual Inf ormation

Mutual informationbetweentheinputandtheoutputmeasuresthe
efficiency andreliability of datatransmission.In [8, 7], Adireddy
andTongexaminedtheeffect of pilot symbolson thecapacityof
the systemand showed that placingknown symbolsjudiciously
can improve the transmissionrate significantly. For space-time
codesystems,theplacementof known symbolsagainplay anim-
portantrole.

If thechannelis known, for Gaussianinput symbolswehaveÂ � SX��Ã ���MÄÆÅ°Ç�È�ÉRÊ(Ë:� cov � S �	�'È 7 ÄÆÅ%ÇÌÈ�ÉÍÊ(Ë:�¹l m 2 �'È
Usingthepropertiesof thespace-timeblockcodeswehave :ÎxÏ �'�t�/� Z �	�^�Ml m � ¦ � ´ ¬ � © �Ð¢ ; $ �Ð� ; $ �¹Ñ°~ �(¢ Cvl m �H& (17)

Theorem3 The mutual information betweenthe input and the
outputdoesnot change underanypermutationof thecoefficients~ . If weconstrain theamountof powerthat canbeusedto trans-
mit pilot signals,i.e., �¢ = � ; $	= > > > = � ~ �(¢ �M�}�MÒ"Ó°� � �(!
thentheuniformschemewith~ �"¢ � �� m � 4 � L &(&'& � !���� L &'&'& � (18)

maximizesthemutualinformationbetweenthe input andtheout-
put.

4. SIMULA TIONS AND NUMERICAL RESULTS

4.1. Simulations

The channelestimationalgorithmthat wasusedwasa semiblind
Maximum LikelihoodAlgorithm usingthe scoringmethod. The
numericalresultsthat arepresentedwereobtainedusingthe fol-
lowing setup.Thetrainingsymbolswerebinary, C L ! 7 L , thepa-
rametersvalueswere

� ��»Í! � ��ÔR!G�À��Õ , numberof blocks
considered�GÖ��MÔµ� . Thechannelcoefficientswererandomnum-
bersZ � 
O�YwR! L(y � 4 1. 300MonteCarlosimulationswereperformed.
Weevaluatedthesumof theCRLBsfor all parameters.

4.2. Numerical Results

Fig.3shows theCRLB andestimationvarianceof theML param-
etersvs. the power of noise, l m . In our simulation,the ML es-
timatorwasinitialized randomly, andit usuallyconvergedin less
than10 iterations.We observed that for reasonableallocationsof
power rÀ× wx& Ø , theMSEof theML estimatoris closeto CRLB. In
Fig.4shows theCRLB vs. r for differentpowersof noise.It can
beobservedthatthetrainingschemeswith lesspowerallocatedto
trainingaremoresensitive to noise.

1thefollowing channelwasusedÙÛÚ Ü Ý%Þ ß à%átÝ%Þ â(ãµá�Ý%Þ â'ä%áeÝ%Þ â â°áeÝ%Þ à å%á�Ý%Þ à æ%átÝ%Þ ä ä%áeÝ%Þ ß'ãµáÝ%Þ à ä%áeÝ%Þ ß ß%áeÝ%Þ â'Ý%áeÝ%Þ ä å%áeÝ%Þ ß à%á�Ý%Þ ß ä%Þ Ý%Þ à ä(ç .
.



In Fig.5thehorizontalplacementschemeiscomparedwith the
uniform oneusingtheCRLB. It canbeobservedthattheuniform
placementschemehashigherCRLB thanthe horizontalscheme,
andthedifferenceis significantathighSNR.However, atlow SNR
thetwo schemesperformsimilarly.

In Fig.6comparesthehorizontalandverticalplacementfor a
codewith

� � � �èÁ . At thecurrentresolutionthetwo place-
mentschemesappearidentical, but their FIMs are differentand
their is alsoasmalldifferencebetweentheCRLBs.
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Fig. 3: CRLB (continousline) andthevarianceof theML
estimator(dashedline) for � � . Thevaluesof r are
shown in thelegend.
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Fig. 4: Horizontalplacement,CRLB vs. r , l m is aparameter.

5. CONCLUSIONS

In thispaperwehavepresentedachannelestimationapproachfor
space-timeblock codes. The training is doneby superimposed
pilot symbolsand the estimationis ML semiblind. We have in-
troducedthe horizontalplacementof the trainingsymbolsthat is
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Fig. 5: CRLB for differentvaluesof r for thehorizontalscheme
(continuousline) anduniformscheme(dashedline)
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Fig. 6: CRLB for � � and �^� for
� � � �MÁ . Theplotsappear

identicalat thecurrentresolution.r is aparameter.

moreconvenientthanthe“classical”vertical trainingschemeand
providesthesameperformance.We have alsocompareddifferent
placementschemesusing the CRLB for channelestimationand
themutualinformationbetweentheinputandtheoutput.
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