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ABSTRACT

Space-timecodingis an efficient techniqueto exploit transmit-

ting and receving diversitiesfor wir elesschannels.One of the

key componentsin the designof recevers for space-timecodes
is channelestimation. For the block codesbasedon orthogonal

designproposedby Alamouti and Tarokh, a new classof pilot

assistedchannel estimation schemesare presentedwhere pi-

lot symbolsare superimposedon the data symbols.Placement
strategiesare examinedfor their efficiencyin channelestima-
tion and data transmission.

1. INTRODUCTION

A majorchallengén space-timeommunicationgn awirelessen-
vironmentis channekstimation Typically, pilot symbolsarenec-
essarnyto acquirethe channel1]. Theinsertionof pilot symbols,
however, may induceunacceptabl@verheadand lower the data
throughput. Here systemdesignersnustconsidertwo contradic-
tory goals.Ontheonehand,it is desirabldo minimizethenumber
of pilot symbolsin a datapaclet sothatmoreinformationcarry-
ing symbolscan be transmitted. On the other hand, more pilot

symbolsresultin betterchannelestimationhencereducingsym-
bol errorrateandthe needfor paclet retransmissions.

In this paper we considerthe channelestimationproblemin
theframework of space-timélock codesdrom orthogonaldesigns
proposedy Tarokhetal [2]. Ourgoalis to examinethe effectsof
thenumbeypawer andplacemenof pilot symbolsin datapaclets.
This tradeof canbe examinedby the CramérRaoLower Bound
(CRLB) andmutualinformation. Both quantitiesarefunctionsof
thenumberof pilot symbolsinsertedn thedatapaclet andthelo-
cationsof theseknown symbols.Specifically we considethepos-
sibility of superimposingpilot symbolson datastreams.This en-
ablescontinuougransmissiomf informationsymbolswhile chan-
nel estimationand tracking can be performedsimultaneously It
alsoofferstheflexibility to allocatepowerdynamicallyfor channel
estimationandsymboltransmissionWe shaw that certainplace-
mentsof pilots for the orthogonalblock codesare equivalentin
the sensehatthey have theidenticalFisherinformationmatrices,
whichimpliesthey have the sameCRLBs.

The problemof channelestimationfor space-timecodewas
considerecby Naguibetal. [1]. By usingorthogonalpilot sym-
bols, a simple channelestimationalgorithm was proposedthat
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usedonly obsenationsassociateavith pilot symbols. By ignor
ing obsenationsfrom datasymbols,suchtechniquegio not lead
to efficientestimation Thelocationof pilot symbolswasalsofixed
in [1]. Theideaof usingsuperimposegilot for channelestima-
tion hasbeenproposedoy Makrakis and Feher[6], Hoeherand
Tufvessorj4], MantonandHua[5], OhnoandGiannakis[1] The
analysispresentedn thesepapershowever, do not apply directly
to thespace-timélock codes.

Thispapeiis organizedasfollows. In Section2, we presenthe
framevork andassumptionsln Subsectior8.1,a generalscheme
for pilot symbolplacements presentedWe alsodiscusgradeofs
amongkey factors. In Subsection8.2 and 3.3 the performance
of different placementschemess examinedusing CranérRao
Lower Boundsand mutualinformationrespectrely. Simulations
andnumericalresultsarepresentedn Section4 andarefollowed
by concludingremarks.

2. MODEL AND ASSUMPTIONS

Consideramultiple antennaystenmshavn in Figurel wherethere
arem transmittersandn recevers. In this paperwe consideronly
rateonecodesandrealsymbols.Symbolsaretransmittedn blocks
of size N. Eachblockis transmittedvithin NV symbolperiods.For
blockt, S(t) € R™*¥ is transmittedrom m antennasandthe
kth columnof S(t) correspondso the transmittedvectorin the
kth symbolintenal. The space-timeodeproposecdy Tarokhet
al. [2] hasthefollowing form

S(t) = Z Xisi(t), 1)

where{si(t),...,s~(t)} is theblock of N transmittedsymbols
and{X; € R™*"} is the space-timeblock code. It is shavn
in [2],[9] thatusing N single userdetectorsn parallel, the best
performances obtainedf

T I t=3j
For rateone codesandreal symbolsit is shavn, in the theory of
orthogonablesignsthatthefamily {X; };=1,...,~ existsif andonly
if N=2,40r8.
Underthe quasi-staticflat fading model, the receved signal
matrix for blockt is givenby

Y(t) = AS(t)+N()

N
= A Xisi(t) +N(), @)
i=1



PSfragreplacements

TransmitterniT

Fig. 1: An m-transmittem-recever space-timesystem.

whereA € C™*™ is the channematrix andN(¢) is the additive
Gaussiamoise.

In the sequelwe needthe receved signalandthe parameters
representedscolumnvectors.Define

y(t) £ vec(Y(t)),n(t)2vec(N(t)), 4)

a(t) 2 vec (AT) . (5)
Wethenhave

y(t) = (In ® Z X;frsi(t)> a+n(t). (6)

In this paper we assumei) the noisen(t) ~ N'(0,o°I) se-
quences i.i.d.; (i) thesymbolss;(t) arerealandE{s?(t)} = 1.

3. CHANNEL ESTIMATION WITH SUPERIMPOSED
PILOT SYMBOLS

3.1. Placementof SuperimposedPilot Symbols

Pilot symbolsareusuallyembeddedh thedatastreantor channel
estimations.Typically, the patternof pilot placementis periodic.
In this paperwe considetthe placemenbf pilot symbolsin cycles
of N blocks,andwe only needto specifythe placemenfor one
cycle.

We generalizehe placemenbf pilot symbolsby allowing su-
perimposedraining. In particular eachtransmittedsymbols;(t)
consistof thepilot partw; (t) andinformationcarryingpartu; (t)

8i(t) = V1 —vi(t)vi(t) + vVvi(t)ui(t), ()

wherepower is allocatedviay;(t) € [0, 1]. Herewe assumey; (t)
is zeromean,unit varianceandwv;(t) € {£1}. Theplacemenbf
pilot symbolss equivalentto thespecificatiorof the N x N power
allocationmatrixI' = [IT';;], wherel';; = v;(j),Vi,7=1,...,N.

From this generalfamily, we’'ll considerthree specialcases
shavn in Fig.2.

HorizontalPlacementP : Thehorizontalplacements described
by
Flj:’Y:vjzlj---’N (8)
Ty=1,Vk=2...,N,j=1,...,.N °
The horizontal placementhas the adwantagethat all the blocks
within a cycle have the samestructure that simplifies estimation
at receptionand allows more efficient tracking for time-varying
channelsOtheradwantage®f this schemewill be shaved later

\ertical Placement Py : Theverticalplacements describedy

Tyi=vV%=1,...,N )
Ty=1,Vk=1,...,N,j=2,...,N

This schemeis similar to the classicaltraining schemeswhere
a block containsonly pilot symbols. The disadwantageof this
schemas thatit is vulnerableto noiseburstsduringthe transmis-
sionof thetrainingblock.

Uniform placement Py : The uniform placemenschemes de-
scribedby

Ty =7,Vkj=1,...,N (10)
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Fig. 2. Specialplacemenschemestheblackregionsrepresent
thetrainingsymbols

Thechoiceof T' affectsboth CRLB of the channelestimates
andtheamountof informationthatcanbetransmittedhroughthe
channel.

3.2. Cramér-Rao Lower Bound (CRLB)

The CRLB providesthe lower bound on the meansquareerror
(MSE) for all unbiasedestimatorsTheratio betweerthe MSE of
an estimatorandthe CRLB measureshe efficieng of the algo-
rithm in utilizing the informationavailablein the obseration. In
general CRLB is afunctionof of thechannematrixandthesym-
bol placemenscheme.Therefore differentdesignsof the power
allocationmatrix leadto differentCRLB.

We considerestimatingthe channelvectora usingthe entire
datarecordfrom onecycle {y(1),---,y(N)}. Define

vyl @), -, yT (V)]

Thelikelihoodfunctionfor the channeparametea is thengiven
by

(11

p(y;a) = N(y; u(a), C(a)), (12)



whereN (y; p(a), C(a)) isthepdfof thenormaldistributionwith
meanu(a) andcovarianceC(a) givenby

L oYY XTI —Tuwi(l)

u(a) = : a (13)
L ® Y, XTI —Tiyvi(N)

C(a) = diag[Cn(a),...,CN,N(a)]. (14)
Denotew; = (I, ® X{) a, andwe have
N

Ctt = ZWiWiTF“ + O'QImN. (15)

i=1

Considerthat the channelparametergarereal numbers.The ele-
mentsof the Fisherinformationmatrix (FIM) aregivenby:

[L(a)],; = [Q’(fi%)]TC_l(a) [Q(’;;Ta)] + (16)
sr[C @ me @ %],

Becausef the independencef the unknavn symbols,matrix C
hasablockdiagonaktructurewhichmalesit possibleto calculate
the FIM asa sumof the FIMs for eachblock.

Lemmal Theinverseofthematrix C;; is givenby

N
C;l = ZwiwiTAit + pI

i=1

Al A Ty
WhEEp—;g andA;; = 2([[a]l?T;; +o2)

Using propertiesof the orthogonalcodes{X;}, we have the fol-
lowing theorems.

Theorem1l If N =2 or N = 4 the FIM of the channelparam-
eters is the samefor the horizontal and vertical placement. It
follows that the CRLBsof the parametes estimatedromthe two
placemenschemesre the same

Notethatthetheoremabove doesnot hold for N=8. In sectioré.2
somenumericalexamplesaregiven.

Theorem?2 Considemnlyoneblodk,andN = 2or N = 4. Then
the FIM of the placemenschemel’ = [yiei1,- .., yneiy ] does
notdependnthechoiceoftheunitvectose;,, (i.e., ontheindices
in,n =1,...,N)orontheBPSKtraining sequencesed.

This theoremsaysthatwe canchangethe positionof thetraining
symbolin a block of the horizontalplacementwithout affecting
the performancef the scheme Again this theoremdoesnot hold
for N =8.

3.3. Mutual Information

Mutualinformationbetweertheinputandtheoutputmeasurethe
efficiengy andreliability of datatransmissionlin [8, 7], Adireddy
and Tong examinedthe effect of pilot symbolson the capacityof
the systemand shaved that placing knovn symbolsjudiciously
canimprove the transmissiorrate significantly For space-time
codesystemsthe placemenbf knowvn symbolsagainplay anim-
portantrole.
If thechannels known, for Gaussiarinput symbolswe have

I(y; u) = log | det(cov(y))| — log | det(°T)|

Usingthepropertiesof the space-timélock codeswve have :

N N
det(C(a)) = gV -N) H H (@Tre +0°). (A7)

t=1 k=1

Theorem 3 The mutual information betweenthe input and the
outputdoesnot chang underany permutationof the coeficients
T. If weconstain theamountof powerthat canbeusedto trans-
mit pilot signals,i.e.,

E I'ys = P = const,
t,k=1,...,N

thenthe uniformscemewith

P
I‘ktzm

maximizeghe mutualinformationbetweerthe input andthe out-
put.

Vi=1...N,t=1...N (18)

4. SIMULATIONS AND NUMERICAL RESULTS

4.1. Simulations

The channelestimationalgorithmthat was usedwasa semiblind
Maximum Likelihood Algorithm usingthe scoringmethod. The
numericalresultsthat are presentedvere obtainedusing the fol-
lowing setup.Thetrainingsymbolswerebinary +1, —1, thepa-
rametersvalueswere N = 4, m = 3, n = 5, numberof blocks
consideredh, = 32. Thechannelkoeficientswererandomnum-
bersa; € (0, 1]V i*. 300MonteCarlosimulationsvereperformed.
We evaluatedthe sumof the CRLBsfor all parameters.

4.2. Numerical Results

Fig.3shavs the CRLB andestimatiorvarianceof the ML param-
etersvs. the power of noise,a2. In our simulation,the ML es-
timatorwasinitialized randomly andit usuallycorvergedin less
than10 iterations.We obsered thatfor reasonablallocationsof
powvery < 0.7, theMSE of theML estimatoiis closeto CRLB. In
Fig.4 shavs the CRLB vs. ~ for differentpowersof noise. It can
be obseredthatthetrainingschemesvith lesspower allocatecto
trainingaremoresensitve to noise.

1thefollowing channelwasused
[0.56,0.74,0.78,0.77,0.63,0.69,0.88, 0.54,
0.68,0.55,0.70,0.83, 0.56, 0.58.0.68] 7

a =



In Fig.5thehorizontalplacemenschemeés comparedvith the
uniform oneusingthe CRLB. It canbe obseredthatthe uniform
placemenschemehashigher CRLB thanthe horizontalscheme,
andthedifferencds significantathigh SNR.However, atlow SNR
thetwo schemeperformsimilarly.

In Fig.6 compareghe horizontalandvertical placemenfor a
codewith N = m = 8. At the currentresolutionthe two place-
mentschemesppearidentical, but their FIMs are differentand
theiris alsoa smalldifferencebetweerthe CRLBs.
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Fig. 3: CRLB (continoudine) andthevarianceof the ML
estimator(dashedine) for Py . Thevaluesof v are
shavn in thelegend.
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Fig. 4: HorizontalplacementCRLB vs. v, o2 is aparameter

5. CONCLUSIONS

In this papemwe have presente@ channekestimationapproactfor
space-timeblock codes. The training is doneby superimposed
pilot symbolsand the estimationis ML semiblind. We have in-
troducedthe horizontalplacemenbf the training symbolsthatis
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Fig. 5. CRLB for differentvaluesof + for thehhorizontalscheme
(continuoudine) anduniform schemegdashedine)
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Fig. 6: CRLB for Py andPy for N = m = 8. Theplotsappear
identicalatthe currentresolution.y is a parameter

more convenientthanthe “classical” verticaltraining schemeand
providesthe sameperformanceWe have alsocomparediifferent
placementschemeausing the CRLB for channelestimationand
themutualinformationbetweertheinputandthe output.
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