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ABSTRACT

The problemof training symbol placementfor the estimationof
block-fadingchannelis first considered.Thechannelis frequency
selectivewith correlatedrandomtaps.TheCraḿer-RaoBound(CRB)
on the meansquareerror (MSE) of channelestimatorsis derived
andminimizedwith respectto the pilot symbolsand their place-
ment. It is shown that,amongall orthogonalpilot sequenceplace-
ments,the minimum CRB is achieved by concentratingpilot and
datapowers in the middle of the packet. The placementof train-
ing for trackingtime-varyingchannelsis thenaddressed.Both flat
and frequency selective fading environmentsare considered.We
optimizedtraining by minimizing the MSE of channelestimators
chosenfrom optimalandsub-optimaltrackingalgorithms.

1. INTRODUCTION

Oneof themajorchallengesin achieving reliabletransmissionover
timevaryingfadingchannelsis channelestimation.Typically, pilot
symbolsareembeddedin datapacketsto facilitatechannelstateac-
quisition. It hasbeenshown recentlythattheplacementof training
canaffectoverall systemperformance[1, 2, 3].

Forblockfadingchannelswith independentandidenticallydis-
tributed(i.i.d.) taps,we consideredtheproblemof optimaldesign
andplacementof pilot symbolsfor theestimationof randomchan-
nels [4, 5]. The performancecriterion usedwas the Craḿer-Rao
Bound(CRB)onthemean-squareerror(MSE). It turnsout thatthe
optimalplacementis to maximizethetotal pilot anddatapower at
themidamblepositionswhile satisfyingthepilot symbolorthogo-
nality condition. In practice,however, theuseof pulse-shapingfil-
tersandthepresenceof scattersrendertheassumptionof i.i.d. fad-
ing tapsunrealistic.This motivatesusto searchfor optimalplace-
mentfor channelswith correlatedfadingtaps.

A morechallengingproblem,perhapsmoreimportantfor mo-
bile applications,is theplacementof trainingsymbolsfor channel
tracking. Althoughtheproblemof channeltrackinghasbeenwell
studiedfor a long time[6], little attentionhasbeenpaidon theopti-
mal placementof trainingsymbolsin a datastreamor in a packet.
Recently, in [7], the authorscomparedcapacitiesin adaptive and
non-adaptive coding schemesfor a time-varying Rayleighfading
channelwith pilot symbolassistedmodulation. However, how to
placetrainingsymbolsfor optimalchanneltrackingis still anopen
problem.
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In this paper, we first considerthe problemof optimal place-
mentof pilot symbolsfor block fadingchannels.Weobtaintheex-
pressionof CRBasafunctionof pilot symbolsandtheirplacement.
It is thenshown thatamongall orthogonalsequences,the CRB is
minimizedby concentratingdataandpilot powersin themidamble
of thepacket. Next, for Rayleighfadingchannels,we presentana-
lytical andnumericalresultson thetrackingperformanceasafunc-
tion of theplacementof trainingsymbolsandfadingbandwidth.

2. PLACEMENT FOR SLOW FADING CHANNELS

2.1. Problem Statement

2.1.1. TheModel

We considertheestimationof anSISOlinearchannelwith random
impulseresponse.A multipath fadingenvironmentis considered
andtheblock-fadingchannelis assumed,i.e., channelremainscon-
stantfor onedatapacket lengthandchangesto anotherindependent
valuefor thenext packet length.Wefurtherassumethattheestima-
tion is performedwithin onetransmittedpacket.

Within onedatapacket, thechannelis modeledby anFIR lin-
ear systemwith order � : �����	��
������ ��� ��� ����� � , where ���
is the received signal, ����� � �! #"$"$"$ � 
&%(' is the channelvector,� � the input symboland � � the i.i.d. circular complex Gaussian
noisewith zeromeanandvariance)+*, . We assumethateachdata
packet consistsof - datasymbolsand . pilot symbols,denoted
as /$01�2� � 03�54 %  6"$"6"$ � 03� - %7%(' and /98:�;� � 8<�54 %  6"$"#"$ � 8<� . %7%(' respec-
tively. Thevectorchannelmodelis usedfor theentirepacket corre-
spondingto the =>- � .1? symbols.Denoting@A��� ��BDCFEG� 
  $"$"$"# �<H % ' ,/I��� � BDCFE  $"$"#"6 � H %(' , wehave@A�KJL=>�M?N/ �PO �RQS=>/T?N� �POD (1)

whereJL=>�M? is aToeplitzmatrixgeneratedfrom � and QS=>/T? aHan-
kel matrixgeneratedfrom input /
JU=>�M?V�

WX
Y � � "$"$" � 
. ..

...� �Z"$"$" � 

[9\
]_^ BDCFEG� 
a`Nb

^ B�C�E `
 
(2)

QS=>/T?V�
WX
Y � BDCFE "#"$" � B�C�EM� 
... ced ��fag�h ...� 
 CGH "#"$" � H

[ \
]�i (3)

We assumethat datasymbolsare drawn from an i.i.d. sequence
with zeromeanandvariance) *0 . Thepower of thepilots is defined
as )+*8 � HE � E�( H+j � 8<� k % j * .



Thechannel� canberepresentedby�A��lnm  (4)

wherelo��=qp+H  $"#"$"$ psr�?�tnu
^

 CMH `Nb r have v orthonormalcolumns

andvector m consistsof v i.i.d. zeromeanrandomvariableswith
PDF w&x3= " ? andvariance) *x . When vzy;� � 4 , tapsof channel�
arecorrelatedwith covariance{U� �G�M| % �R)+*x lel}| .

Specifically, thechannelis thecombinationof thepulseshap-
ing filter andpropagationchannel.Althoughpropagationchannel
appearsrandomchangesfrom packet to packet, channeltapsare
correlatedto eachother in generaldueto the pulseshapingfilter.
Thus,channel� appearsrandombut is restrictedin a certainsub-
space.Notethatin aspecialcasewhen v~�K� � 4 , channeltapsare
i.i.d. with {U� �+� | % �K) *x�� . Theoptimalplacementin thiscasewas
describedin [4, 5].

Finally, thedata / , channel� andnoise O arejointly indepen-
dentandweassumethatthechannelis to beestimatedusingdata@
for theentirepacket, i.e., theestimationis semi-blind.
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Fig. 1: An input sequencewith multipleclusters

2.1.2. Pilot SymbolPlacement

In general,theplacementof � clustersof pilot symbolscanbede-
scribedby ����=>�  �� ? , where�z��� � H  $"#"$"$ � , CMH % is thedatablock
lengthvectorand � �o� � H  $"6"$"$ � , % thepilot clusterlengthvector,
asillustratedin Figure1. Constrainedby the total numberof data
and pilot symbols,we have � , CGH�( H � � ��- and � ,�( H � � ��. .
Moreover, for thoseplacementsstartingwith pilot symbols,� HD��� ,
andthoseendwith pilot symbols,� , CGH���� .

Theinput symbolvectorcanbedecomposedinto thepilot and
dataparts/����/98 � �/$0 , where�/98 is obtainedby settingthedatapart
of / to zeroandsimilarly is �/$0 obtained.This introducesa similar
decompositionin theinput symbolmatrixQS=>/T?��RQA=>�/98�? � QA=>�/$0�?  (5)

andfor convenience,wedefinetheir “autocorrelation”matricesas�U�~��RQ | =>/T?�QS=>/T?  �U�>�e��RQ | =q�/98!?�QA=q�/98�? i (6)

Notethatquantities�/ 8 , � /$0 andtheir correspondingautocorrelation
matricesarefunctionsof theplacement� .

A pilot sequencewith placement� is calledorthogonalif, given
n clustersof pilot symbolsandtheir placement� , theautocorrela-
tion matrixof pilot symbols

�U�>�
is diagonal,i.e.,

�U���
satisfies

�U�>� �
WX
Y1� * H . ..

� *
 CGH
[9\
]  (7)

where� *� is thesquareof 2-normof the k th columnof QA= �/ 8 ? .
Finally we definethemidambleandedgepositionswithin one

packet asshown in Figure2. Midamblepositionsare definedas
thosewithin interval � � � 4  - � .��e� % while therestpartbelong
to edgepositions.
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Fig. 2: Edgeandmidamblepositionsof onedatapacket

The CRB on the MSE is usedasa performancemeasurefor
theplacementof pilot symbols.Ourobjective is to find theoptimal
placementthatminimizesthesumof theCRBfor eachchanneltap.

2.2. The Optimal Placement of Pilot Sequence

2.2.1. TheCramér-RaoBound

The CRB for randomchannelsis usedasa performancemeasure
for the designandplacementof pilot symbols[5]. The CRB for
transformationsof therandomparametersis givenby thefollowing
lemma.

Lemma 1 Let � bea randomvector. Let �:��pM=>��? , where � , asa
functionof � , is a randomparametervectorto beestimated.Then
thecomplex CRBfor � is�1� �K{U�>� p� � %���� { | ��� p� � %  (8)

where ��� is thecomplex CRBfor � .

Given the channelmodel in (4), the following theoremprovides
theexpressionof theCRB asa functionof pilot symbolsandtheir
placement.

Theorem 1 Undertheassumedmodelin Section2.1andregularity
conditions[8, 9], theMSEof anychannelestimator  ��=q@M? , defined
as ¡ =  �M? ���{:¢��  ��=q@G?+�£� % �  ��=q@M?G�¤� % |¦¥ i (9)

satisfiesthefollowing inequality¡ =  �M?�§ � =q�  / 8 ? ���lz= 4) *, l | {:¢ � � ¥ l �¤¨ *x � ? �+H l |  (10)

where
� =q�  /98�? is thecomplex CRBand ¨ *x �K{©¢ jqª+« ¬ 86

^¯®
`ª x$° j * ¥ .

From (10) we note that, for the channelwith correlatedtaps,
theCRBfor channelestimatorsis a functionof l , but independent
of specificchannelrealizations.Furthermore,for fixed l , theCRB
is only a function of pilot symbolsandtheir placement� , which
makestheminimizationof CRB with respectto / 8 and � channel
independent.

2.2.2. ThePlacement

In thissection,weoptimizetheplacementby minimizingtheCRB.
Our objective is to find �²± and / 8 ° , amongall orthogonalpilot se-
quences,suchthatfor all � and /98 satisfyingthepower constraint,³N´ � =q� ±  /98 ° ?µ� ¶U·7¸¹»º � ��¼ ½ ½ � �3½ ½ ¾  E�¿ ¾� ³N´ � =q�  /98�? i (11)

Given � clustersof pilot symbols,asshown in Figure1, with the
placementof the clustersspecifiedby �À�Á=>�  �� ? , we have the
following theoremabouttheoptimalplacementfor orthogonalpilot
sequencesdefinedin (7).



Theorem 2 Assume.	§ÃÂ�� � 4 . Amongall orthogonal pilot
sequences,i.e., ¢�/98�Ä �U�>� is diagonal¥ , the optimal placementis
givenby� ± ��¢�=>�  �� ?ÅÄ �zÆ Â�Ç � HD� � , CGH��K�aÇ � H�� � , ��� ¥ i(12)/98 ° ��¢�/98:Ä � 8<� k % �K�  �È kDt_�54  � %aÉ � .K�£� � 4  . % Ç� � � ��.¦) *8 ��Ê i (13)

TheminimumCRBis givenby³�´ � =q� ±  /98 ° ?V� ¶U·7¸¹»Ë�Ì �IÍ�Î5Î Ì �3Î5Î ¾�ÏSÐµÑ�¾� ËÒ»Ó �
diagonal

³N´ � =q�  /98�?
� v�)+*,-}) *0 � .¦) *8 �£¨ *x ) *, i (14)

Proof: Referto [4].
Theorem2 statesthat theoptimalplacementof orthogonalpi-

lot sequencescalls for settingzerosto symbolsat two endsof the
packetandputtingotherpilots in themiddlein suchawaythatthey
satisfytheorthogonalitycondition.For asufficientnumberof pilot
symbols,i.e., .2§�Â�� � 4 , Theorem2 indicatesthat,for channels
with correlatedtaps,again,concentratingall thedataandpilot pow-
ersin the midamblepositionsleadsto the minimumCRB. Notice
that althoughthereis no specificationof placementfor thosemi-
damblepilots,aslong astheorthogonalitycondition

�U�>� ��.¦)G*8 �
is satisfied,it is easierto meetthis requirementwhenmultipleclus-
tersareused.

In many communicationsystems,pilot symbolswith Constant
Moduluspropertyareused,i.e., j � 8 � k % j * ��) *8  k��Ô4  6"$"$"$ . . Fol-
lowing Theorem2 and using the similar proof, we seethat, for)+*8 Æ )+*0 , amongall orthogonalpilot sequenceswith their place-
ment � , theoptimalplacementsaregivenby placingall pilot sym-
bolsin themidamblepositions:� ± ��¢3=>�  N� ?�Ä � H  � , CGH»§Õ� ¥  (15)

andtheminimumCRBis givenby³�´ � =q� ±  /98 ° ?Ö� ¶U·7¸¹�Ë�Ì ��Í3Î Ì ��× Ø7Ù>Î ¾�ÏSÑ�¾� ËÒ Ó �
diagonal

³N´ � = ¹  /98�?
� v�) *,=>-o�¤�D?�) *0 � .¦) *8 �£¨ *x ) *, i (16)

Notethatourresultsof optimalplacementareconfinedin search-
ing amongall possibleorthogonalpilot sequences.It doesnot im-
ply thatthisplacementminimizes

³N´ � =q�  / 8 ? for all choiceof pilot
sequences.Indeed,in general,the placementthat gives the min-
imum

³�´ � =q�  /98�? dependsheavily on eachspecificrealizationof
pilot sequence.

3. PLACEMENT FOR CHANNELS TRACKING

3.1. Problem Statement

3.1.1. TheModel

Within onedatapacket, thefrequency selectivefadingchannelwith
order � canbe modeledasan FIR filter with time-varying coeffi-
cients:

� � � 
Ú ���� � � � k % � ��� � �£� �  Ûf �Ü4  $"$"$"# - � .  

where �M�¦��� � �<� � %  6"$"#"$ � �a� � %7% ' is thechannelstatevectorat timef . Elementsin � � and � � areindependentcomplex circularGaus-
sianrandomvariableswith zeromeanandvariance)+*Ý and )G*, , re-
spectively. Note that,asa specialcasewhen ����� , we have the
Rayleighflat fadingmodel.

To characterizethedynamicsof thechannel,weassumeafirst-
orderGauss-Markov process,andeachchanneltapfadesindepen-
dentlywith thesamecorrelationcoefficient. Therefore,fadingpro-
cesscanbeassumedasavectorGauss-Markov model:�G�~�Kda�M�T�+H �PÞ �  (17)

where Þ �Kß uaà�=>�  =N4©��d<*$?�)+*Ý � ? is the driving noisewith theÞ � ’s independent,and d the correlationcoefficient that may vary
betweenzeroto oneaccordingto thefadingchannelbandwidtháTâ
(Dopplerspread).For transmissionover bandwidthã anddecor-
relationlevel ä that definesthe coherencetime å�æ ( �ç46è!á â ), d is

determinedby dUéê�ë ��ä [7]. Finally, thedatapower )+*0 is defined
the sameasbefore. We assumepilot symbolsto be of the same
energy, i.e., j � 8 � k % j * �R) *8 .
3.1.2. ThePlacementof Training

Sincethechannelstatechangesfrom symbolto symbol,it is fair to
confineplacementsto the typeof periodicalplacementwith equal
trainingclustersizes,asshown in Figure3. Theplacementof train-
ing canbe characterizedby period å , wherepilot clustersarein-
sertedatthebeginningof eachinterval of lengthå . Weassumethat-�� ´ . , where

´
is an integer. Note that 46è ´ is theratio of pilot

to datasymbols.For fixed
´
, it is not hardto seethatgiventhepe-

riod å , thepilot clustersize . ' is thengivenby . ' � 'ì CMH . Note
alsothatwhen . ' variesfrom 4 to . , theplacementchangesfrom
singlepilot periodicalplacementto singleclusterplacement.
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Fig. 3: An inputsequencewith period å
3.1.3. ChannelTrackingAlgorithms

Theproblemof channeltrackinghasbeenwidely studied.Among
all lineartrackingalgorithms,theKalmanfilter haslongbeenknown
to be optimal in termsof minimizing the BayesianMSE for each
estimatorof channelstate � � . However, this algorithmneedsthe
knowledgeof fading correlationcoefficient d , which may not be
availableat thereceiver end. On theotherhand,theLease-Square
(LS) algorithmasasub-optimaldeterministicmethodrequireslittle
knowledgeof channelfadingcharacteristics.We considerboth of
themasoptimalandsub-optimalalgorithmsfor channeltracking.

In this paper, we areinterestedin optimizingtheplacementof
trainingusingabove two trackingalgorithms.Theperformancecri-
terion is theaverage(steady-state)MSE for oneperiod å , defined
as í =¯å¦?+��î7·�¶ï7ð1ñ 4å 'Ú �� H {:¢ j7j  � ï ' C � �¤� ï ' C � j7j * ¥  (18)

where � �  kµ�Ü4  6"$"$"$ å is the k th channelstatevectorin theperiodå . Ourobjective is to find anoptimalperiod å (therefore,. ' ) that
minimizestheaverageMSEof channelestimatorså+±»�Kò�óÛôD¶U·�¸'

í =¯åõ? i (19)



3.2. The Optimal Placement

3.2.1. RayleighFlat FadingChannels

We first optimize the placementfor channeltracking by the LS
method. For the placementof training asshown in Figure3 with
period å , wehave thefollowing estimationprocedures:

1. During trainingperiodwithin eachpilot cluster, thereceiver
performsaLS estimationprocedureyielding

 � ï ' CF�õ� �
ï ' CF�� ï '8 � f %  õf ��4  #"$"$"6 . ' Ç h �K�  4  #"$"$"6 -

� .å �~4 i
(20)

where � ï '8 � f % is the f th pilot symbolsin the h th cluster.

2. Duringdatatransmissionperiod,thereceiverassumethesame
channelstateasthe last updatedestimatefrom the training
period,i.e.,

 � ï ' C�� �  � ï ' CFE!ö  }f ��. ' � 4  #"$"$"$ å i (21)

We now optimizetheperiod å by minimizing

í =¯åõ? , andhave the
following theorem.

Theorem 3 For theRayleighflat fadingchannelmodelin (17)with
the LS channeltracking method,underthe assumptionthat -÷�´ . ,

1.

í =¯åõ? monotonicallyincreaseswith å .

2. Thesinglepilot periodicalplacementis optimal,i.e.,

å+±»��4 � ´  and . ' ° ��4 i (22)

Theminimum

í =¯åõ? is givenbyí =¯å ± ?�� ) *,) *8 � Â ´ ) *ø=N4 � ´ ?#=N4Å�¤d * ? �54»� d4Å�¤d 4»�_d ì´ % i (23)

Theorem3 indicatesthat for flat fading channels,pilot sym-
bolsshouldevenly scatterthroughthe packet. This allows the re-
ceiverkeepsupdatingchannelinformationasfrequentlyaspossible,
whichreducestheperformancedegradationto theminimum.

Wenext considertheoptimaltrackingmethod:theKalmanfil-
ter. We assumethefadingcorrelationcoefficient d is known. The
channelestimationis performedby the following two stepproce-
dure:

1. During trainingperiodwithin eachpilot cluster, thereceiver
usestheKalmanfilter update,yieldingtheMMSE updatefor
eachchannelstateù � h å �¦f % � ) *, =qd * ù � h å �Pf �Õ4 % � ) *ø ?) *, � =qd * ù � h å �Pf �P4 % � ) *ø ?�) *8  ¦f ��4  6"$"#"$ . '  (24)
where

ù � h å �Õf % is theMMSE for  � ï ' C�� basedon all the
previousobservations.

2. During data transmissionperiod, the receiver predictsthe
channelstatebasedon the last Kalmanfilter updatein the
trainingperiod

 � ï ' C�E�öFC�� �Rd �  � ï ' CFE!ö  úf ��4  $"$"6"$ åP�¤. ' i (25)

It canbeseenthat,althoughinitial value
ù � � % will affect

ù � f % for
thebeginningupdates,afterseveralperiodsof iterations,thesystem
trackingprocedureresemblessteady-stateprocess.

ù � h å � . ' % can
thenbeviewedasconstantfor all h , andwe denoteit as

ù E�ö . The
í =¯å¦? for period å is thengivenby

û&ü(ýFþ Ï Ñ�¾ÿ��ü������ ¾ þNü �	� �Ûþ � � ¾
�
��� ¾ �
��� ¾������ öý ü Ñ�¾ÿ����� ¾ ����� ö þ

� �ý � ö���� � � × � ý ��� Ù�� (26)

Sinceit is difficult to obtaintheclosedform for thetransientstate
of the Kalmanfilter MSE update,we numericallycalculate

í =¯åõ?
andcompareit for differentperiod å .

Numerical Result
Figure4 shows thevariationof

í =¯åõ? with trainingclustersize . 'atSNR= 10dBfor theRayleighflat fadingchannelof differentcor-
relationcoefficient d (thus,á â ) undertheKalmanfilter(left) andLS
method(right).Transmissionbandwidthã÷��4$���6c! . Theratioof
pilot to datasymbols( 4Tè ´ ) is fixedat Â�"�# for totalamountof 1000
symbolsin onepacket. )+*0 ��)+*8 �24 , thechannelvarianceis 1. It
shouldbenotedthatfor somevaluesof å , it might not bepossible
to placetrainingperiodically, weexcludethesecasesandonly con-
siderthosepossiblevalues.Eachcurve correspondingto different
fadinglevel accordingto thechannelbandwidthá â from 10Hzto
400Hz,which correspondingto channelchangesslow to fast. For
bothalgorithms,weseethat

í =¯åõ? monotonicallydecreaseswith å ,
theminimum

í =¯åõ? is achieved at . ' � 4 ( å2�$" ). This numer-
ical resultshows that thesinglepilot periodicalplacementis again
optimal for theKalmanfilter method.Furthermore,thereis a sig-
nificantgainby placingtrainingoptimally, especiallywhenchannel
changesrelatively slow. On theotherhand,for a fixed

í =¯åõ? level,
we comparedthe maximumallowablepilot clustersizeunderdif-
ferent áTâ . It is shown that bigger áTâ (fast changing)mandates
smallerpilot clustersizeandmorefrequenttraining,while smallerá â (slow changing)allowslargerpilot clusterwith low trainingfre-
quency.
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Fig. 4:

í =¯åõ? vs. pilot clustersize . ' for theRayleighflat fading
channel.%M-'&���46�)(+* . .���Â��!�  - �-,��!� .ã÷��46� � c! . Left: theKalmanfilter; Right: theLS
algorithm.

3.2.2. FrequencySelectiveFadingChannels

Wenext considertheplacementof trainingfor trackingthechannel
with order � . All channeltapsareassumedto have thesamecorre-
lationcoefficient d . Assumingthereceiverhasnoknowledgeaboutd , for eachperiod,thechannelstateis updatedusingthetrainingat



thebeginningof theperiodby theLS algorithm:

 � ï ' ��� QA=>/ ï '8 ? | QS=>/ ï '8 ? % �FH QS=>/ ï '8 ? | @ ï 8  õh �K�  4  $"$"#"$ - � .å �~4  
(27)

whereQS=>/ ï '8 ? is thepilot symbolmatrix of the h th clusterand @ ï 8
is thereceiveddatabasedon thepilot cluster;thechannelestimate � ï ' is usedfor the entire h th period. In this case,thepilot cluster
sizeshouldbenosmallerthan Â�� � 4 .

For the optimal tracking method,the vector Kalman filter is
usedduring training periods. The estimationprocedureis similar
asin (24) and(25). Note that in this case,to conductthe Kalman
filter updateof thechannel,theminimumpilot clustersizeshould
be � � 4 .

Again,dueto thedifficulty of findingaclosedform expression
of

í =¯åõ? , numericalevaluationis usedto find optimalplacement.

Numerical Result

Figure5 shows theplacementresultfor theKalmanfilter. Theleft
of theFiguregivesthe

í =¯åõ? vs. pilot clustersize . ' for differentáTâ at %M-'&���Â��)(+* . Thechannelorderis � �/. , and Â��0# train-
ing in onepacket. Fromthefigure,we seethat theoptimalcluster
size is . ' ° �21 . We also searched. ' ° for different � , the re-
sultsshow thattheoptimalsize . ' ° is chosenbetweentwo values:. ' ° t2¢�Â�� � 4  Â�� � Â ¥ . It appearsthat for the frequency se-
lectivechannel,with low percentageof training,theoptimalcluster
sizeis connectedto � with pattern Â�� � 4 or Â�� � Â . The right
of the Figureshows the

í =¯åõ? vs. pilot clustersize . ' for differ-
ent percentageof training. It is shown that for higherpercentage
of training, the optimal size . ' ° reducesto � � 4 , the minimum
requiredclustersizefor tracking.

Figure6 shows thevariationof

í =¯å¦? as å changeswhenusing
theLS method.Eachcurve is correspondingto adifferent á�â . The
channelorderis ����Â and Â���# of trainingis usedin eachpacket.
Weseethatthereexistsanoptimalperiod å ± for eachá â , however
thevalueof å+± doesnot have a fixedpattern,unlike in theKalman
filter case.
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4. CONCLUSION

In this paper, we consideredthe problemof optimalplacementof
trainingsymbolsfor channelestimationandtracking.Weextended
previousresultsto channelswith correlatedtaps.Wehaveobtained
the optimal placementof orthogonalpilot sequencesfor by mini-
mizing the CRB of channelcoefficients. Our resultshave shown
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Fig. 6:

í =¯åõ? vs. . ' for thefrequency selective fadingchannel
usingtheLS method.%�-5&���Â��3(+* , ã÷��46� � c! ,� ��Â .

that for sufficient amountof pilot symbols,concentratethepowers
in themidamblepositionsof thedatapacket leadsto theminimum
CRB. We thenconsideredthe problemof optimalpilot placement
for channeltracking. In theflat fadingscenario,from bothanalyt-
ical andnumericalresults,it is shown that singlepilot periodical
placementprovidesthebestchanneltrackingperformance.For the
frequency selective channel,our numericalresultsshows that the
optimalpilot clustersizehasclosedconnectionwith channelorder� . Moreover, the percentageof training affects the choiceof the
optimalclustersize.

5. REFERENCES

[1] S. AdireddyandL. Tong. “Detectionwith EmbeddedKnown
Symbols: Optimal SymbolPlacementandEqualization”. In
Proc.ICASSP’00Conf., Istanbul, Turkey, June2000.

[2] S. Adireddy and L. Tong. “Optimal Embeddingof Known
Symbols”. In Proc. 34thConf. InformationSciencesandSys-
tems, volume1, Princeton,NJ,March2000.

[3] B.HassibiandB.Hochwald. “How muchTrainingis Neededin
Multiple-AntennaWirelessLinks”. Submittedto IEEE Trans.
InformationTheory, August2000.

[4] M. DongandL. Tong.“Optimal DesignandPlacementof Pilot
Symbolsfor ChannelEstimation”. Submittedto IEEE Trans.
SignalProcessing.

[5] M. DongandL. Tong.“Optimal DesignandPlacementof Pilot
Symbolsfor ChannelEstimation”. In Proc.2001International
Conferenceon Acoustics,Speech, andSignalProcessing, Salt
LakeCity, Utah,May 2001.

[6] S. Haykin. AdaptiveFilter Theory. Prentice-Hall,Englewood
Clif fs, NJ.,1996.

[7] M. Medard,I. Abou-Faycal, andU. Madhowand. “Adaptive
Coding with Pilot Signals”. In 38th Annual Allerton Con-
ferenceon Communication,Control, andComputing, October
2000.

[8] H.L. VanTrees.Detection,EstimationandModulationTheory,
volume1. Wiley, New York, 1968.

[9] E. Weinstein and A. Weiss. “A GeneralClass of Lower
Boundsin ParameterEstimation”. IEEE Trans.Inform. The-
ory, 34(2):338–342,March1988.


