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ABSTRACT

A new semi-blind channelestimationtechniqueis proposedfor
space-timeodedwidebandCDMA systemsusingaperiodicand
possiblymultiratespreadingodes Exploiting the subspacstruc-
ture of the WCDMA signalingandthe orthogonalityof the space-
time code theproposedalgorithmprovidestheleastsquareshan-
nel estimatan closedform. Usinga decorrelatingnatchedilter,
the proposedmethodprojectsthe receved signalinto subspaces
from whichchanneparameteranddatasymbolscanbeestimated
jointly. A new blind identifiability conditionis established.The
meansquareerror of the estimatecchannelis comparedwith the
CranerRaobound,andbit errorrate (BER) is assessethrough
Monte Carlosimulation.

1. INTRODUCTION

Next generationwirelesssystemaredesignedor multimediacom-
municationwhich requirestransmission®f high quality images
andvideo. Thisis especiallythe casefor the downlink wheremo-

bile usersdemanda high volumeof datafrom network seners.To

provide reliable communicationver time-varying fading chan-
nel, diversity techniquesn spaceandtime are expectedto play a

crucialrole [1] [4]. A variety of space-timerocessingr coding
schemes$ave beenproposedvith multiple transmitantennasnd
asingleor multiple receve antennage.g.,[2] [3] [5] [6] ). Indeed,
thethird generatiorwirelessstandardsupportsasestationtrans-
mit diversity usingthe WCDMA physicallayer.

Mary space-timeéechniqueincludingBLAST andspace-time
block codesaredesignedor coherentietectiorwherechannekes-
timationis necessaryThereis a substantialiteratureaddressing
thechannekstimatiorissuefor (space-timeoded)multiple-input
multiple-output(MIMO) systemsrangingfrom standardraining
basedtechniqueghatrely on pilot symbolsin the datastreamto
blind andsemiblindestimatiorwhereobsenrationscorresponding
to dataand pilots (if they exist) are usedjointly. Otherauthors
have considerechoncoherentletectionschemedasedon differ-
entialencodingwhich don't requirechannelstateinformation{7]
[9] [8]. Althoughthesemethodsavoid the needfor channelesti-
mation,they oftensuffer from problemssuchaserrorpropagation.

In this paper we focus on space-timecodedcoherentlong
codeWCDMA systems.The increasdan the numberof channel
parametergjueto theuseof multiple antennasnakestheconven-
tionaltrainingbasedschemdessreliableandproneto multiaccess
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interferenceForareasonablperformancetheconventionaltrain-
ing basedmethodrequiresmorepower andlargernumberof pilot
symbolswhich reducessystemefficiengy. Fortunately WCDMA
provides code diversitiesand signal structurethat could be ex-
ploitedin anestimationschemeWe proposea semiblindchannel
estimationtechniquethatrequiresno morethantwo pilot symbols
per userper slot. Using a RAKE structure,our algorithm con-
sistsof a standardecever front-endthat suppressemultiaccess
interferenceandperformssingleuserdetection.The proposedl-
gorithmexploitsthe subspacstructureof thelongcodeWCDMA
transmissiorand the orthogonalityof the Alamouti code. As a
subspactechniquetheproposedilgorithmcanobtainchanneks-
timatesquickly usingonly few symbols,which allows usto deal
with fastfadingchannels.

Thepaperis organizedasfollows. Thedatamodelof aspace-
time codedlong code CDMA systemis describedn Section2.
Section3 presentsa new blind channelestimationmethodbased
on adecorrelatingnatchedilter, aswell asanidentifiability con-
dition andseveral extensionsof the proposedmethod.In Section
4, the performanceof the proposedmethodis evaluatedthrough
comparisorwith the CranérrRaoBound (CRB) andthe bit error
rate(BER)is assessedia Monte Carlosimulations.

2. DATA MODEL

We considespace-timeodedK userWCDMA systenwith two
transmitantennasindasinglereceve antennaWe assumehatthe
usersignalsare synchronizecand spreadby aperiodicspreading
codesof spreadinggain G, andtransmissionareslottedwith M
symbolspersiot.

Specifically useri’s datastreamfor eachtransmitantennds
space-timencodeds[5]
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wheres! £ si(mT.), j = 0,1, is the mth datasymbol of
users for’transmitantennaj, T, is thesymbolintenval, and( )* is
comple conjugate.Eachcodedstreamis spreadby an aperiodic
spreadingcodec; (t) andtransmittedfrom the correspondin@n-
telnna.Notethatthe samecodeis usedby bothantennasn figure
1

1The separatiorof two antennasignalsis possibledueto the different
sequencefor antennasilf differentcodesareused therecever coulduse
bothspatialandcodeinformation[3].
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Fig. 1. Downlink Model with Space-timeCoding (STC: Space-
Time Block EncoderMUI:OrthogonalOtherUserSignal).

We assumehatthe channeffor eachtransmitterandrecever
pair is a finite length multipathchannelwith complex pathgains
separatethy multiplesof thechipinterval andthe channedoesnt
changeover a slot period. The continuous-timémpulseresponse
of channefor the jth transmit-receie pair for userz is givenby

L;j
hij(t) =3 A6t — IT. — diyTe),

=1

where {hg)} is the complex gainfor pathl, T. = T,/G is the

chip duration. We assumehatthe multipathdelaysthed;;’s, are

known. Whenthe channelis sparseijt is moreefficientto model

thechannebsseparatelustersof fingers.In thatcasewe assume
thatthe approximatdocationsof theseclustersareknown. Since

ary pathgaincanbe zero,onecanover-parameteriz¢he channel
to accommodatehanneluncertainties.Thus, L;; is oftena de-

sign parameter We cansetL;; = L;, j = 0,1 by takingthe

maximumof {L;; }.

At therecever, thesignaly(t) is passedhroughachip-matched
filter and sampledsynchronouslhyat the chip rate. The receved
noiselesssignal vectory;,, thatcorrespondso the mth symbol
interval of user: is givenby

Yim = Tz‘rn[hlo's?m + hils}m]: (3)
A .
hij = [hg)vhg)v 7h7,(f)]T: J =0717

whereT;,, is the Toeplitz matrix whosefirst columnis madeof
(m — 1)G + d; zerosfollowedby the codevectorc;,—themth
segmentof G chipsof thespreadingodeof useri—andadditional
zerosthat make the size of y;,, the total numberof chipsin the
entire M-symbolslot. The receved noiselessignalfor user: is
givenby

M
yi = Z Tim[hiosim + hi1sim] = Ti(Ix ® [hio hi])s;,
m=1
Aro 1 0 1 0 1 1T
Si = [sila3i1:5i235i2a"' aSiM:SiM] )
A
T; = [T“:Ti?,"' aTiM], (4)

where® is the Kronecler productandT; is user:’s codematrix
which hasa specialblock shifting structure.Including K’ (< K)
dominantuserswe have thecompletematrix model

y = [T1---TKI]dianM®H1,---,IM®HK/)S+W,
TD(H)s + w, (5)

wheretheoverall codematrix T andsymbolvectors containcode
matricesandsymbolsof K’ dominantusers respectiely. Matrix
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D(H) is block diagonalwith In; ® H; asthe block elementand

H; 2 [hio h;1]. Theadditive noiseis denotedby w which may
includetheusersnotmodeledn thesignalpart.
We will make thefollowing assumptions.

Al: Thecodematrix T is known.
Al: Thecodematrix T hasfull columnrank.

A2: The noise vectoris complex Gaussianw ~ N(0,0°I)
with possiblyunknavn varianceo?.

Assumption(Al) implies that the recever knows the codesfor
K’ dominantusersof interest(aswell asthe delayd;; andthe
maximumchannebrderL;). For thedownlink, therelative delays
d;; andthe numberof multipathsL; arethe samefor all theuser
signals. Assumption(Al’) is sufiicient but not necessaryor the
channeto beidentifiable. This conditionis easilysatisfiedwith a
relative large spreadinggainandproperchoiceof K’. When(A1’)

fails, the channelmay still be identifiableasshawvn in Section3.

In assumption(A2), we considerusersignalsnot modeledin the
signalpartasadditionaladditve Gaussiamoise.

3. SEMI-BLIND CHANNEL ESTIMATION

We proposeblind channekstimatowhichrequiresno morethan
two pilot symbolsper space-timeslot. The proposedmethodis

basedn decorrelatiorof usersignals.The decorrelatingnatched
filter projectsthe received signalonto a subspacérom which the

channelf both transmittefrecever pairsare estimatedsimulta-
neouslyusinga low rank approximation. For a single usersce-
nario,thedecorrelatindgront endcanbereplacedwvith thecorven-

tional matchedilter without significantperformancdoss.

3.1. Blind Channel Estimation

ThedecorrelatingrontendT* canbeefficiently implementedis-
ing a state-spacéversiontechniquewhich significantlyreduces
the compl«ity and storagerequirementof the decorrelatingre-
ceiver by exploiting the structureof the code matrix [11]. The
outputof thedecorrelatingnatchedilter is given by

u=T'y =diagI®H;i, -- , 1@ Hg/)s +n, (6)

wherethe LK’ M x 1 vectorn = T'w is colored. Dueto the
decorrelationysersareseparatedSegmentingu to the subvectors
correspondingo symbol2n — 1, 2n of useri gives
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u;,2n = H; [ gi’2n_1 ] + n2n, (7)
Si,2n—1

wheren = 1,2,... ,M/2, u;n isthe((¢ — 1)M + m)th L-

dimensionakubrectorof u. Collectingdatafor two consecutie

codedsymbolsof useri, we defineamatrix U;,, as

U, 2 [Wi,2n—1 Wi 2n] = H;Sin + Ny, (8
A
whereN,, = [n2,-1 na,], and
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Here,S;, is ascaledunitarymatrix,i.e.,
SinSH =Sl Sin = anL (10)

wherean = |89, 1|” + |si2n_1|°. Thisis the key property
thatwe exploit in developingthe blind algorithm.In thenoiseless
casethedecompositiomf U;, givesanexactvalueof thechannel
matrix H; up to a unknavn unitary matrix factor For noisy ob-
senation, we considereastsquare®stimation.Theleastsquares
estimatorof the productH;S;,, is givenby

arg min ||Us,, — H;Sin||%,

H,S;,

which yields estimatesof H; andS;,, (with anunknavn unitary
matrixfactor)from thedecompositionf U;, . Sincewe have mul-
tiple obserations, usingall the U;,,’s yields the channelmatrix
estimate

H; = Vizi/2Qi, (11)

whereQ; is anunknavn 2 x 2 unitarymatrix,andV; andX; are
givenby SVD of thefollowing covariancematrix

M/2

N
i 2 S ULUlL = ViV, (12)
n=1

aM
wherea = Zf:/f a, anday, is definedin (10). Therotational
ambiguityin the abore estimatecanbe resolhed either by using
pilot symbols,or by differentialencoding.

We have sofar assumedhatthe codematrix T of the domi-
nantusershasfull columnrank andthereforeinvertible from the
left, i.e., T'T = I. This assumptionis easily satisfiedif the
spreadingyainis largeand K’ is well-chosenUnderthis assump-
tion, it is clearthateachusers channelis identifiableup to a ro-
tationalfactor Whenthe spreadinggainis smallandwe choosea
large K', T canbe singular We presenia generalidentifiability
conditionfor the proposednethod. The conditionis independent
of thechanneparametersandcanbeeasilychecled off-line.

Proposition 1 Let Tin 2 [Ti2n—1 Ty2n] be the matrix com-
posedof two consecutiveodematricesdefinedin (3) for symbol
2n — 1, 2n of useri, and T, thesubmatrixof T after remaving
T;». ThechannelH; is identifiableif ther existsa n for useri
sud that

R{T:n}(R{T:n} = {0}, (13)
whee R{-} denotegherange spaceof a matrix.
Proof: Suppos€13) holdsfor somei andn. Then,therange
of T canbereprsentedasa directsumof two linear subspaces,

i.e., there existsa matrix W with rank(T) - rank(T';,,) linearly
independentolumnssud that

R{[Ti» W]} = R{T}.
Let’Té [’i‘m W]. We have for thenoiselessase
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which impliesthat H; is identifiableup to a rotationalambiguity
|

Since(13) needgo bevalid only for somen, theuseof longcodes
malkestheidentifiability conditioneasierto satisfy

3.2. Extensions

Sincethe noisen;,, afterdecorrelations coloredwith a covari-
anceC;,, abiasis introducedn estimation We canapplywhiten-
ing to remove thebias. Theexpectationof R; in (12)is givenby

H’LHf{ + UZAh

1 M
i > Cim, (14)
m=1

A =
whereC;, is the (i — 1) M + mth diagonalblock of T*(T1)#
with sizeL; x L;. Thewhitenedestimatoiis givenby

H;
T

Qi (15)
APV BN, (16)

> 1

whereA!/? is the Cholesly factorof A; (A; = AY?A/?) and
V;, X; aregivenby SVD of thewhitenedcovariancematrix aso
ATVPR AT =8, VE (17)

For thedownlink casethe dataof all theusersexperiencehe
samechannel.We canimprove the estimatomperformancey ex-
ploiting this. A simpleapproachs to combinethe outerproducts

Ri.
, 1 & 9 FUZ
R = F;R1=M—,M;;UmU5L,
1 &
A = E;Ai. (18)

This procesdurtherimprovesthe performanceby averagingout
thenoise.

For multiple receve antennasjoint estimationdoesnt im-
prove theperformancevhenthefadingchannebetweerthetrans-
mit antennasnd eachreceve antennaareuncorrelatedwhich is
the designgoal of antennaliversity In this casewe canperform
theabove channekstimatiorseparatelyor eachreceve antenna.

3.3. Resolving the Rotational Ambiguity with Pilot Symbols

The unknavn unitary matrix Q; in (11) and (15) canbe solved
usingleastsquaresTheleastsquaregormulationis givenby

Q; = argmin||U; —T;QiS,||7,
QiEC2X2
= argmin ||[U,SY — 0,TuQi||%, (19)
Q;€C2x2

undertheconstraint
Q:Q/ =T,

where,for the exampleof two pilot symbolsat slot front, o, =
(|s%|* + |sk|?) andthe pilot relatedmatricesU;, and S, are
givenas

s —sit
Uip = [u’ilg ui2] ) Sp = 811 301* . (20)



Thesolutionof the optimizationproblem(19) canbe obtainedus-
ing singularvaluedecompositiorandis givenby [10]

Q: =UgVy, (21)
where

T U;,S = UgXoVa. (22)

3.4. Detection

Insteadof resolvingthe unknavn rotationalambiguity asin the
previoussectionwe canemplg differentialdecodingwithoutthe
knowledge of Q;. Several differential detectionschemeshave
beenproposed8] [9]. In [9], the differential detectionrelieson
the assumptiorthat the channelsare zeromeanandindependent
randomvariables. The detectormaximizesthe likelihood aver-
agedover the channel. In this section,we give an extensionof
the differential detectionschemein [9] for CDMA systemswith
multipathchannelwith a deterministicassumptioron the channel
parameterandthe knowledgeof the channelsubspacédentified
by the proposedlind method.
Considetthenoiselesgase.From(8), we have

Uin =
Ui,n+1 =

H;Sin =T':Q:Sin,
H;Sin+1 =T:Q:Sint1, (23)

wherer; is blindly estimatedsia (16) (using(14), (12),and(17)).
Multiplying theinverseof I'; from theleft in (23) gives

1>

Xin FIUm = QiSin,

Xint1r = FIUZ'JH—I = QiSint1. (24)
SincetherotationalambiguityQ; is a unitary matrix, X becomes
unitaryif S;,, is chosenfrom a unitary groupcode,which makes
theblind estimatiorstill possiblesincetheproposedlgorithmde-
pendsonly on the unitary propertyof the codeblock S;,,. Ap-
plying the differentialencodingscheman [9] to S;,,, differential
detectionis possiblewithoutknowing Q;.

Although differentialdecoding(DD) doesnt requirechannel
estimationDD usuallysetstheinitial blockto afixed statefor the
ensuingdifferentialencoding. For the proposedlind estimation
method this informationis enoughto estimatethe entirechannel,
so that coherentdetectioncanbe performed. With the estimated
channel,we can performa blockwisemaximumlik elihood(ML)
detectionto obtain the symbol sequence.Rewriting eq.(7), we
have

Wion—1 | _ | hso ha 829n_1 4| Pon—t
u; on “ | by —hj 87},2n—1 n3, '
(25)

ML estimategor symbols{,,, ; ands; », ; aregivenby

20 i H w7
Si,2n—1 h;, h;; U;,2n—1
AT = - ! o , (26
L e[y Sa ]l ) e
wheresuperscript§” andH denoteransposandHermitian(con-
jugatetranspose)respectrely and @ is the quantizatiorfunction

which selectghe symbolvectorwith minimumdistance.The de-
tectorin (26) canbeconsideredsa vectorform of thatin [5].

4. SSMULATION RESULTS

In this sectionwe presensomenumericakesults.For channekes-
timation, MSE of the proposedestimatoiwasevaluatedandcom-
paredwith the Craner-Raobound(CRB).For symbol detection,
BER wasusedasthe performanceneasureandMonte Carloruns
wereusedto estimatehe BER.

We considerech CDMA systemwith two transmitantennas
anda singlereceve antenna.Five (K = 5) synchronou8PSK
userswith equalpower wereconsideredThe spreadingcodesfor
the userswererandomlygeneratedvith spreadinggain G = 32
and fixed throughoutthe Monte Carlo simulationfor MSE and
BER. Sinceour channeimodelwasdeterministicthe channebpa-
rameterswere also fixed during the Monte Carlo runs. For the
CRB calculationthesymbolsequencevasfixedandfor MSE and
BER, symbolsequenceweregeneratedandomlyfor eachMonte
Carlorun.

The channelfor eachTX-RX pair hadthreefingersL = 3.
Theslotsizewas M = 50 andtwo pilot symbolswereincluded
at the beginning of the slot of eachuser Thesepilot symbols
were usedto remove the rotationalambiguity of the blind esti-
mator The signal-to-noiseratio (SNR) is definedby (||ho||* +
[|h1||>)GE./a® whereE, is the chip enegy and¢? is the chip
noisevariance.

T
— - CRB

—< TRR

10
SNR[dB]

Fig. 2. ChanneMSE vs. SNR.Two pilot symbolsperuser

We comparedhe meansquareerror performanceof the pro-
posedchannelestimatorusingthe decorrelatingront end (DRR)
andregularizeddecorrelatingront end(RDRR)with the CRBand
theconventionaltrainingbasedalgorithm(TRR)basednthestan-
dardmatchedilter. Theregularizeddecorrelatingront endwhich
is givenas (T T + ¢°T)"'T¥ wasusedto mitigate the noise
enhancementf the normalinversion.It requireshe estimationof
noisepower. In this simulation,the true noise power was used.
Due to the two pilot symbolsinsertedfor rotational ambiguity
resolution,we usedthe semi-blindCRB with a deterministicas-
sumptionon datasymbols[17]. For the training basedmethod,
a least-squareshannelestimatewas obtainedusingobserations
correspondingdo thepilot symbols.Fig. 2 shavs the MSE perfor
mance We obsere thatasSNRincreaseshe MSE of theconven-
tionalmethod TRR) deviatesfrom the CRB dueto themultiaccess
interferenceThe DRR, ontheotherhand tracksthe CRB closely



at high SNR. The high MSE of DRR at low SNR s dueto the
enhancemendf the noiseby the decorrelating(zero-forcing)re-
ceier. Thebetterperformanceof RDRR over the unbiasedCRB
is due to the noisereductionin regularizationwhich males the
estimatomiased.

T T
—— TRR

—— DRR

—— RDRR

—— RDRR with known channel

. . . . . . .
0 2 4 6 8 10 12 14 16
SNR[dB]

Fig. 3. BERvs. SNR.Two pilot symbolspersiot.

We evaluatedhe BER performancef theML detectoiin Sec-
tion 3 with decorrelatingregularizeddecorrelatingandHermitian
TH frontends,usingRDRRwith truechanneklsthe performance
bound. Fig. 3 shaws the BER performanceaveragedover users.
We obsere a 4dB loss at BER of 10~2 dueto channelestima-
tion errors.Theproposednethodshavs asignificantimprovement
over the corventionalRAKE recever asSNRincreasesthe BER
improvementwith respecto TRR is several ordersof magnitude
at 14 dB SNR. The well known floor effect of the corventional
receveris dueto multiaccessnterference.

5. CONCLUSION

We proposea nev semi-blind channelestimationtechniquefor

space-timeodedwidebandCDMA systemswhich requiresonly

two pilot symbolsperslot. A new identifiability conditionis es-
tablished. The proposedmethodidentifiesthe channelof each
transmit-receie pair simultaneouslyxploiting thesubspacstruc-
tureof WCDMA signalsandtheorthogonalityof space-timeodes
with afew pilot symbols.The decodingprocedurdor differential
modulationfor CDMA systemss given.
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