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Abstract

Precoderhas beenshownto be able to provide souce di-
versity and more freedomin design. In this paper we employ
precodingtechniquesfor block transmissiorbasedon a multirate
filterbank structue. To meetmultiusercommunicatiorrequire-
mentfor varioushigh data-rates,differentfilterbanksare usedas
precodes with correspondingcoeficientsand up/downsampling
rates. However, dueto high speedcommunicationin the pres-
enceof unknownmultipath, differentinterferencesexistin there-
ceiveddata, sud as multiuserinterference intersymbolinterfer-
enceandinterblo interference To estimatethe multipathchan-
nel for a desied user we genealize the subspacenethodby em-
ployingall signatuesassociatedvith this channelin the current
systemln this waya betterperformanceor channelestimatecan
be achieved. Thedelayfor that usercanalsobejointly estimated
togetherwith channelestimation.

1. Introduction

Thereisincreasinglysignificantinterestin designingnew wire-
lesscommunicatiometworks which canprovide multimediaser
vices. The new network will supportnot only traditional voice
communicationput alsoimage,video anddatatransmissiorat a
muchhigherrate. To sharethe channelresourceamongdifferent
usersmultiusercommunicatiorschemesave to bedeplgredsuch
asTDMA, FDMA, CDMA or hybrid schemesUnderbandwidth
constraintCDMA provideslargercapacity It maybewell noticed
that CDMA builds moreredundang into the channeinput. Each
bit informationis repeatednary times (equalto the processing
gain)beforetransmissionwhich equivalently createsourcediver
sity. This highly redundanschemeoffers the low-rate systema
uniquecapabilityto combatmultipatheffectsandmalkes|S| neg-
ligible. However, new wirelessnetworks requireaccommodation
of multiratesourcesfrom differentusers.Most currentproposals
suggeseithermulticode(MC) or multiple processinggain(MPG)
mechanisnj4], while restrictingthemselesto dataratesof inte-
gral multiplesof somebasiclow-rate. In orderto supportvariable
bit rate transmissiorhowever, a comprehense schemeneedsto
beinvestigated.

Fromsignalprocessingerspectie, multiraterequirementan
be easilysatisfiedby designinganappropriatamultiratefilterbank
atthetransmittemwith adjustableipsamplingate P anddovnsam-
plingrateM (assumey/ < P). Theseprecodersisuallydealwith
blocktransmissionsyheredatastreams dividedinto consecutie

equalsizeblocks. Suchtransmittersvith precodinghave beende-
rived jointly with the recever by minimizing the MSE subjectto
a constrainton the transmitpower [7]. With precodersyarious
modulationschemeganbeunified[7], [8]. Precodershemseles
can be orthogonalto eachother or in a Vandermondestructure
to guarantesuccessfukqualizatiorof the channelrrespectie of
channekerolocationg[8].

In this work, we proposea moregenerakchemeo gainmore
flexibility in systemdesignandunify variousmultipleaccesseth-
ods.Differentfrom [8], we explicitly consideiin thereceveddata
theinterblockinterferencdIBI) in additionto multiuserinterfer
ence(MUI) andintersymbolinterferencelSl), whichis atypical
scenariofor high speedcommunicationsn the presenceof un-
known multipath. For sucha system,the multipath channelcan
be estimatecby conventionalsubspacenethod. To obtaina bet-
ter estimatewe generalizehe subspacenethodby emplagying all
sighaturef the desiredusers bits andbuild a new costfunction
basednthenoisesubspaceSimilarideahasbeenusedin [10] in
adifferentscenaridasedn subspacintersectiortechniquefor a
long obserationwindow equalto severalsymbolperiods.Its ex-
tensionto multirateCDMA systemss briefly discussethereinbut
with somerestrictionson thelengthof the channel.Ourapproach
is moregeneralandapplicableto variablebit ratecommunication
system.The proposectostfunctionis parameterizethy bothun-
known channelndtime delayfor thedesireduser By minimizing
this function, theseunknavns canbe obtained. The identifiabil-
ity conditionsarealsoinvestigated.Dueto finite datasamplesn
estimatingthe noisesubspacethe minimummeansquareerror of
the channelestimateis provided as a function of the numberof
datasamplesbasedon perturbationanalysis. Simulationresults
shaw thatsignificantimprovementover the corventionalsubspace
methodis obsered.

2. Multirateprecoding framework in multiuser
communications

Let usassumeK usersare simultaneoushprovided services
in a wirelesscommunicatiorsystem.Userk hasi.i.d. bit stream
br(n) to transmit(seeFigure 1). This streamis partitionedinto
consecutie blockswith eachblock M}, bits and corvertedinto
M;, parallelsub-streamsln the n-th block, let bg,m, (n) denote
the my-th bit by (n M}, + my). Themy-th branchis followed by
a dowvnsampleby factor M, andanupsampleiby factor P with
filter coeficients sx,m, (n). By design,the precodindfilters are
assumedo be FIR with length P for all usersand linear time-



Fig. 1. Multirate precoderfollowedby antennaliversity

invariant(LTI). We adoptcommonupsamplingate P for all users
but differentdovnsamplingrates(Mj, < P). In suchaway vari-
ablebit ratesof users’informationarecorvertedinto afixedtrans-
missionrateto reachchannek capacityunderpracticalbandwidth
requirement. For simplicity of description,we still term signals
after precoderdy “chips” asin CDMA communications.If we
denotethe bit periodfor userk by T, andcommonchip period
by T., thenwithin M, bit periodsthereare P chipsto betrans-
mitted. By simplecalculation,we canfind that M} = LP or

equialently My, = ”’C P in termsof the bit rateandchlp rate.
By adjustingM;, for eachuser its informationratecanbe easily
satisfied.
The structurein Figurel is a typical multiratefilterbank. Its
outputis a superpositiorof signalsfrom M, branchege.g.,[8])
Z b, m (3)Sk,m (n—iP)

My,
()= w ), w (n
m=1 i=—00 (1)

Thesecodedchipsarethensentto the destinatiorthrougha wire-

lessenvironment. In the currentwork, the physicalchannelis

assumedo be FIR andLTI. If L antennasare emplo/ed at the

recever, the compositechanneimpulseresponséor thel-th sub-

channelincluding physicalchannelandthe antennaesponse&an

be combinedtogetherand denotedby gx,:(n). Also we assume
gr,1(n) hasorderg, andfactorit by P asq, = Qx P + nx where
Qr andn;, arebothintegerswith 0 < n, < P. Hencethe noise-
free datafrom userk of I-th sub-channedndm-th branchcanbe

expressedy

QrP+np )
M= D gei(@) D bem(D)simn—g—iP) )
q=0 i=—o00

To explicitly revealthechannelnput/output(l/O) relationshipwe
will emplgy matrixrepresentatioriet uscollectr chipsample®f
a:fc”})( )in avectorx,(f,'}) (n) from m(m)(nP) to x(m)(nP+u—1).
Sincethe channelspansat mostQy P + P — 1 chip periods v is
chosenasy = QP with its minimumto be max(P + QP +
P) = max(Qr + 2)P. We also arrangechannelcoeficients
and precodingfiltering coeficients in differentvectorsg, , =
[9k,1(0), -+ -, gk,1(@)]™ s Skym = [8,m (0), -+, sk,m (P — 1)]T.
After carefulcalculation the corvolutionin (2) canbenicely writ-
tenin amatrixform asx,(c";)( ) = Uk,m(n)gy, ; whereUy, m (n)
hasthe structurein Fig. 2 with subblocks(in dashedjottedbox)
associatedvith differentbits. Eachsubblockis the productof the
correspondin@it andashift versionof v x (g + 1) filtering matrix

b

Fig. 2. structureof matrix U y m ()

S k,m with shift (up or down) to beamultiple of P rows

Sk,m(0) 0 .
: o sem(0)
Stm=| sem(P—1) : 3)
0 L spm(P—1)
L : 0 0 |

Theshift operatiorcanbemadeby av x v JordamrmatrixJ with all
1’s in thefirst diagonabelav themaindiagonal For corvenience,
we will usethesymbolJ ~* to denoteJ 7 althoughl is singular

([7D): It 2 JT anddefine] © asanidentity matrix. Assumethe
k-th userarrivesat the recever in a quasi-synchronousay with

delaydy, in chipperiods.ConsideringV/;, branchegfx,(c,"[)(n) for

userk andputting L datavectorsof x(’")( ) successely in abig
vectorandsimilarly for the channelsub- -\ectorsg,, ; respectely,
it canbeshavn thatthereceved datavectorhasthefollowmg form

K My

vy => > Z Ak jmBibim(n+3) +v(n) (4)

k=1 m=1j=—(Qx+1)

whereA ; ., is acodefiltering matrix
Ak,j,m =Ir® (J Pj+6ksk,m) (5)

“®" representshe Kronecler product,andv(n) is AWGN. The

I/0 model(4) shavsthaty (n) includesnotonly ISI within ablock

(indexed by m), but alsolIBI (indexed by j) from the sameuser

ThesignaturesA ;... g, of userk for different;j andm all con-

tain the channelinformationg,. Basedon this framavork and

subspacenethodwewill derive acostfunctionto blindly estimate
channelvectorg, anddelayd, next. Withoutlossof generality

userl is assumedo bethedesireduser

3. Blind channel estimation

It is well known that subspacenethodis a powerful tool for
blind channelestimation. It was originally proposedy [6], and
hasbeensuccessfullyappliedto singlerate CDMA systemgq?2].
The methodhas beenimproved basedon subspacéntersection
idea [10] for a long obseration windowv equalto several sym-
bol periods. Its extensionto multirate CDMA systemss briefly



discussedhereinbut with somerestrictionson the length of the
channellt hasbeenshavn thatit is alsoapplicableo block equal-
ization [7] in a precodedsystemwith limited IBI andfixed data
rate. We will extendthis ideato channelanddelayestimationin

variablehigh ratemultiusercommunicatiorscenarios.

To guaranteadentifiability of channelvectorg,, somecon-
straintson the size of relatedvectorsand matriceshave to beim-
posed.It is obseredthatthe datavectory (n) in (4) is LQP x 1
to which userk contritutes M (Q + Qr + 1) signaturesorre-
spondingto bits from both inter andintra-blocks(summationin
termsof 5 andm). Thesignaturecorrespondingo bit b, (n + j)
is Ak m,;8;, anddenotedy cy, ;. It is the productof the code
filtering matrixandchannelector If we collectthesevectorsin a
matrix C; columnby column
Ck = [Ck,m,j]v .7: _(Qk+1)17Q_11 m = 17“'7Mk

(6)
andalsoput by m (n + j) in avectorby(n) attime n, thenthe
output(4) is simplifiedas

y(n) = Crbi(n) +v(n) (7)

k=1

Withoutlossof generalitywe assumaignaturavaveforms{C  }%_,
arelinearly independent.The datacorrelationmatrix R, is com-
putedfrom (7)

K
R =E{y(n)y" ()} =Y GCiCi +071 (8)

k=1

where(y, is the signalpower of userk, o2 is the noisepower. To
obtainthe noisesubspacegigendecompositiorof R, yields

R :UsAsUf +UnAnU71L{ (9)

A; = dz'ag()\? + 03), A, =021

It is well known that U ; spansthe signalsubspacevhich is also
arangespaceof [Cy,- - -, Cx] andU,, spanghenoisesubspace.

Thedimensiorof thenoisesubspaces 2 LQP—ZkK:1 M (Q+
Qr + 1). To guarantegheexistenceof noisesubspaceye should
have

K
LQP > Mi(Q+ Qi +1)
k=1
The separatiorof noisesubspacérom signalsubspacéacili-
tatestheestimatiorof channelectorg, . For userl, all signatures
C1,m,; lie in the signalsubspacethusthey areorthogonako U,
whichleadsto

(10)

U cimi =UpAim;g =0 (11)
for all possiblej andm. It is acorventionalsubspacepproactby
picking a particularj andm. To guarante@ uniquesolution,it is
requiredthatUZ A, ,, ; have full columnrank. This matrix has
dimensionu x L(q1 + 1). Thusy > L(q1 + 1). Togethemwith
(10), werequire

K
LQP-q—1)> Y Mi(Q+Qi+1)

k=1

12)

(12) providesusaflexible choiceof parameterbasednthetrade-
off betweerdesigncompleity andsystemcapacity If someusers
have low rateinformationsourcesthenthe systemcanaccommo-
datemoreusers.If we have moreantennaglarge L), thenwe need
shortdatarecordgsmallQ). Sinceconventionalsubspacenethod
ignoresrestof the signaturegrom the desireduser we proposeo

empla all possibleinformationrelatedto the unknavn channel.
Basedon (11), we cansimilarly build our costfunction with un-

known channelector[6], but considemll signaturesf thedesired
user

My

Q-1
a@=¢">_ >, AL U.UTALm g

m=1j=—(Q1+1)

(13)

Undersomeconditions(similar to thosein the subspacenethod)
anda unit norm constraint,for ary given delay minimization of
the costfunction(13) will guarante@ uniquesolutiong, within a
scalarambiguity Thisis establishedh thefollowing theorem.

Theoeml: LetS beacodematrixconstructedby stackingA 1.,
for all j, m in the row-wise andsimilarly H be aninterference
matrix whosecolumnsconsistof signaturegrom all interferers

S =[Aim,;], H=[Cs,---,Cxk]

Under(10) andif [S H ] hasfull columnrank,theng, is aunique
minimum pointof (13) within a scalarambiguity
Proof: For simplicity of presentatiomndwithout lossof general-
ity, we may assumel, = 1, My = 1. The proof canbe easily
extendedo generakcenariosThenwe candenoteA 1, by A ;
andS1,., by S for notationalconvenience.
Theproofcanproceeddy contradictior{7],[9]. Supposehere
is anothervectorg, which makes A ;g, € U, for V5. Since
spaqU,} =spaf{[C1 H]}, A;g, canbeexpressedy different
linearcombinationof columnvectorsin {{C1 H ]} for different
j. By stackingvectorsA ;g, for all j in a matrix, thenwe can
concludethatthereexistsmatricesD ; andD suchthat
S diag(g,) =S diag(g,) D1 +HD (14)
whereC;1 = S diag(g,) hasbeenusedanddiag(-) represents
a block diagonalmatrix with diagonalentry to be the agument
inside.Since[S H ] hasfull columnrank,from (14) we have
diag(g,) = diag(g;) D1 (15)
By equatingeachsub-blockof bothsidesof (15) we obtainD ; =
al andg, = ag;. O

After consideringall j andm, eq. (11) becomesa general-
izedsubspacenethodapplicableto the currentprecodednultirate
multiuser communicationsystems. Differentfrom previous ap-
proachesit emplgs all availableinformationassociatedavith the
unknavn channel.However, thedelayr; for userl is nota priori
known andthusneedsto be estimated.Takinginto account(13),
thejoint estimatiorof thedelayandchannelectorfor thedesired
usercanbeformulatedasfollows

M,

Q-1
(7.8 =argming” (D Y, Al UaUtAvnlg
' m=1j=—(Q1+1)
(16)



whereA ., ; is afunctionof thedelayandgivenby (5). Thenorm
constrainton g shouldbeimposedto avoid trivial solution. Since
chipsynchronizatioms assumedt only requirescheckingall pos-
sibleintegersin [0,P — 1] for thedelay For eachpossiblevalue,
thenormalizedchannelvectoris the eigervectorof the matrix in-
sidethe bracletscorrespondingo its minimumeigervaluewithin
a phaseambiguity Dueto the unknavn multipathdistortion,the
estimatiorof anarbitrarydelayis moreinvolvedandneedgurther
investigation.

4. Asymptotic Performance Analysis

It can be obsered that to perform channelestimation,the
noisesubspacas required. It is obtainedfrom eigendecompo-
sition of R which is estimatedrom N datasamplevectorsf{ =
~ E _,y(n)y H (). Thefinite datasampleswill determinghe
accurag of the subspaceestimate,thus affect the performance
of the estimator In this section,we studythe mean-square-error
(MSE) of ourchannekstimatoasa functionof V. Theanalysids
basedntheperturbatiortechniquevhereapplicabilityconditions
areassumedalid (N — 00). Sincechanneparameterarejointly
estimatedvith time delay the performancas alsodeterminedy
the delay estimationerror. However, this joint problemwill be
simplified by assumingperfecttiming in the following derivation
(for example,[1]). Dueto lack of spacewe will only presenima-
jor stepsreferencesindresultswhile omitting the proof.

Ourmethodis basednthenoisesubspacef estimatedorre-
lation matrixinsteadof thedatamatrixasusedin [1], thereforeghe
resultsthereinarenotdirectly applicable However, similar proce-
durescanbefollowed. In this sensethefollowing analysiss more
relevantto [3]. An estimatiorerror §\R is introducedin estimat-
ing R dueto finite datasampleg3]: R = R +6R.. In thecurrent
contet, it is reasonabléo assumehatéR is Hermitianandis a
smallperturbatiorwhenN is largeenough.This perturbatiorwill
causeanerrorin theestimateof noisesubspacandfinally transfer
anerrorto thechannekestimate.

For notationalconvenience)et

Z =R -0l =UQUY, Q=diag{)\}}

My

Xi=) Z AT U UT AL

m=1j=—(Q1+1)
It canbe shawvn [5] that the first-orderperturbationof the noise
subspacés givenby

U, ~-U,Q 'UHsRU,

7

=-Z'"RU, (18)
with ()" denotegpseudo-iverse.

Our channelestimateis the eigevectorof X ;1 in (17) corre-
spondingto its uniquenull eigevalue. It canbe easilyfoundthat
thefirst-orderperturbatiorof X ; hastheform

My

Xim ) Z A UL UE 4 UL6UT AL,

m=1j=—(Q1+1) (19)

Lwe will use- to representhe perturbedversionof the agument,and
a compositeermwith § beforethe argumentto represenits perturbation
next.

Assumethefirst-orderperturbatiorof g, is dg, . Thendg, hasthe
following form [1] [3]

g, = —X 16X g, (20)

After substituting(18) in (19) andthen(19) in (20), andnoticing
thatA1,,,, ;g, is orthogonato U ,,, we obtain

My
g1~ Y Z XA U UFSRZ AL g,
m=1j=—(Q1+1)
(21)
Eq. (21)shavsthatdg, is directlyrelatedto dR.. Usingtheresult
aboutstatisticsfor 6R. in [3], it canbe shavn that the MSE of
channekestimatesatisfies

2
2 a.
E{]|og]I"} = Nv Z Z/3m1,m2,j1,j2t""ace{Bm1,m2,j1,j2}
mi,m2 71,72
(22)
wheretrace is atraceoperatorfor amatrix,

UsA~ IU Ay ,m1,i181

IBM1,m2,j1,j2 =8 1 ,ma,jo

4

A + o3
H

Bm1,m2,11,]2_x Al m1,]1UnU Al m25j2

In is clearthatthe MSE is proportionalto % WhICh is similar to
theresultsobtainedin [1]. The MSE is |nverselyprop0rt|onalto
the power of the transmittedsignalapproximatelydueto theterm
A.

A = diag{

5. Smulations

First we testthe proposedyeneralizedsubspacenethod(16)
by simulatinga variablerate systemwith 5 users.Eachuserhas
i.i.d. binarybits to transmit.Hadamardodesof lengthP = 8 are
choserfor eachof the five precoders Differentinformationrates
areobtainedoy choosingdowvnsamplingactors(M;,) for different
filterbanksas|[2, 1, 3,1, 1] respectiely. Channelsare randomly
generatedvith unit normfor differentusersandhave orders(qx)
[6,11,19,19,18]. @ canbe chosenas4 andfinally » = 32.
To satisfy (12) for estimationof channell, we use 3 antennas
(L = 3) attherecever. Delaysare[1,3,2,0,2]. The SNR is
setto be 20dB. With theseparametersye testthe effect of the
input datalength (in blocks)on the MSE of estimationfor chan-
nel 1. We comparethe proposednethod(16) with corventional
subspacenethod(11) basedon the averageresultsfrom 50 real-
izations(j = 0 andm = 1 ischoserfor thecornventionalsubspace
methodto have afull signature) Thechannekestimatiorerrorver
susthe numberof blocks of the input is plottedin Fig. 3. The
dashed-dottetine representshe corventionalsubspacenethod,
thesolidline for the proposedandthedashedine is from thethe-
oreticalresult(22). It canbeobseredthatthe experimentaresult
coincideswith our performanceanalysis.If only partialinforma-
tionrelatedto thechannelectoris usedasin thesubspacenethod,
theerroris muchlargerthanthe proposednethod. Togethemwith
channelestimation delaysarealsoestimatedand shavn for four
usersin Fig. 4. It is seenthatfor userl to 3, estimatesrereli-
able,while for user4, it doesnot give a properestimate.This is
not surprisingsincethe similar conditionfor user4 as(12) is not



satisfied. However, in this caseeven (12) is violated for user3,
thedelayestimatds still correct.lt is alsoobseredin our exper
imentsthat our channelestimatefor user3 is reliable, while the
subspacenethodfails. We alsotestthe codeeffect on the perfor
manceby choosingdifferentcoeficientsfor the precodersuchas
Hadamaratodesyealrandomcodesn therange(0, 1) andbinary
randomcodesfrom {+1}. The MSEsareplottedin Fig. 5. It can
be seenthatwith severe multipathdistortions,the randomcodes
give betterperformance. However, the choiceof the precoders
basedn somecriteriais still underinvestigation.
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