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Abstract

Precoderhas beenshownto be able to provide source di-
versity and more freedomin design. In this paper we employ
precodingtechniquesfor block transmissionbasedon a multirate
filterbank structure. To meetmultiusercommunicationrequire-
mentfor varioushigh data-rates,differentfilterbanksare usedas
precoders with correspondingcoefficientsandup/downsampling
rates. However, due to high speedcommunicationin the pres-
enceof unknownmultipath,different interferencesexist in there-
ceiveddata,such as multiuserinterference, intersymbolinterfer-
enceandinterblock interference. To estimatethemultipathchan-
nel for a desireduser, wegeneralize thesubspacemethodby em-
ployingall signaturesassociatedwith this channelin thecurrent
system.In thiswaya betterperformancefor channelestimatecan
beachieved.Thedelayfor that usercanalsobejointly estimated
togetherwith channelestimation.

1. Introduction

Thereis increasinglysignificantinterestin designingnew wire-
lesscommunicationnetworkswhich canprovide multimediaser-
vices. The new network will supportnot only traditional voice
communication,but alsoimage,videoanddatatransmissionat a
muchhigherrate. To sharethechannelresourceamongdifferent
users,multiusercommunicationschemeshaveto bedeployedsuch
asTDMA, FDMA, CDMA or hybrid schemes.Underbandwidth
constraint,CDMA provideslargercapacity. It maybewell noticed
thatCDMA builds moreredundancy into thechannelinput. Each
bit information is repeatedmany times (equalto the processing
gain)beforetransmissionwhichequivalentlycreatessourcediver-
sity. This highly redundantschemeoffers the low-ratesystema
uniquecapabilityto combatmultipatheffectsandmakesISI neg-
ligible. However, new wirelessnetworks requireaccommodation
of multiratesourcesfrom differentusers.Most currentproposals
suggesteithermulticode(MC) or multipleprocessinggain(MPG)
mechanism[4], while restrictingthemselvesto dataratesof inte-
gralmultiplesof somebasiclow-rate.In orderto supportvariable
bit ratetransmissionhowever, a comprehensive schemeneedsto
beinvestigated.

Fromsignalprocessingperspective,multiraterequirementcan
beeasilysatisfiedby designinganappropriatemultiratefilterbank
atthetransmitterwith adjustableupsamplingrate

�
anddownsam-

pling rate � (assume��� � ). Theseprecodersusuallydealwith
blocktransmissions,wheredatastreamis dividedinto consecutive

equalsizeblocks.Suchtransmitterswith precodinghavebeende-
rived jointly with the receiver by minimizing theMSE subjectto
a constrainton the transmitpower [7]. With precoders,various
modulationschemescanbeunified[7], [8]. Precodersthemselves
can be orthogonalto eachother, or in a Vandermondestructure
to guaranteesuccessfulequalizationof thechannelirrespective of
channelzerolocations[8].

In this work, weproposeamoregeneralschemeto gainmore
flexibility in systemdesignandunify variousmultipleaccessmeth-
ods.Differentfrom [8], weexplicitly considerin thereceiveddata
the interblockinterference(IBI) in additionto multiuserinterfer-
ence(MUI) andintersymbolinterference(ISI), which is a typical
scenariofor high speedcommunicationsin the presenceof un-
known multipath. For sucha system,the multipathchannelcan
be estimatedby conventionalsubspacemethod. To obtaina bet-
ter estimate,we generalizethesubspacemethodby employing all
signaturesof thedesireduser’s bits andbuild a new costfunction
basedon thenoisesubspace.Similar ideahasbeenusedin [10] in
adifferentscenariobasedonsubspaceintersectiontechniquefor a
long observationwindow equalto severalsymbolperiods.Its ex-
tensionto multirateCDMA systemsis brieflydiscussedthereinbut
with somerestrictionson thelengthof thechannel.Our approach
is moregeneralandapplicableto variablebit ratecommunication
system.Theproposedcostfunction is parameterizedby bothun-
known channelandtimedelayfor thedesireduser. By minimizing
this function, theseunknowns canbe obtained. The identifiabil-
ity conditionsarealsoinvestigated.Due to finite datasamplesin
estimatingthenoisesubspace,theminimummeansquareerrorof
the channelestimateis provided as a function of the numberof
datasamplesbasedon perturbationanalysis. Simulationresults
show thatsignificantimprovementover theconventionalsubspace
methodis observed.

2. Multirate precoding framework in multiuser
communications

Let us assume� usersaresimultaneouslyprovided services
in a wirelesscommunicationsystem.User � hasi.i.d. bit stream���
	���


to transmit(seeFigure1). This streamis partitionedinto
consecutive blockswith eachblock � � bits and convertedinto� � parallelsub-streams.In the

�
-th block, let

� ��� ��� 	���

denote

the � � -th bit
���
	�� � ��� � ��
 . The � � -th branchis followedby

a downsamplerby factor � � andanupsamplerby factor
�

with
filter coefficients � ��� ��� 	���
 . By design,the precodingfilters are
assumedto be FIR with length

�
for all usersand linear time-
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Fig. 1. Multirateprecoderfollowedby antennadiversity

invariant(LTI). Weadoptcommonupsamplingrate
�

for all users
but differentdownsamplingrates( � ��� � ). In sucha way vari-
ablebit ratesof users’informationareconvertedinto afixedtrans-
missionrateto reachchannel’scapacityunderpracticalbandwidth
requirement.For simplicity of description,we still term signals
after precodersby “chips” as in CDMA communications.If we
denotethe bit periodfor user � by ��� � andcommonchip period
by �! , thenwithin � � bit periods,thereare

�
chipsto be trans-

mitted. By simplecalculation,we canfind that � ��"$#�%#�& � � , or

equivalently � � "(' & �' % � in termsof the bit rateandchip rate.
By adjusting� � for eachuser, its informationratecanbeeasily
satisfied.

Thestructurein Figure1 is a typical multiratefilterbank. Its
outputis asuperpositionof signalsfrom � � branches(e.g.,[8])
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(1)
Thesecodedchipsarethensentto thedestinationthrougha wire-
lessenvironment. In the currentwork, the physicalchannelis
assumedto be FIR and LTI. If @ antennasare employed at the
receiver, thecompositechannelimpulseresponsefor the A -th sub-
channelincludingphysicalchannelandtheantennaresponsecan
be combinedtogetheranddenotedby B ��� CD	���
 . Also we assumeB ��� C 	���
 hasorder E � andfactorit by

�
as E � "GF � � �IH � whereF �

and
H �

arebothintegerswith J�� H ��� � . Hencethenoise-
freedatafrom user � of A -th sub-channeland � -th branchcanbe
expressedby

K�1 ��3��� C 	���
>"ML ��N�O!P5�- Q .�R B ��� C 	 E 
 7-8 .09 7
� ��� � 	�;<
 � ��� � 	��S= E =T; � 
 (2)

To explicitly revealthechannelinput/output(I/O) relationship,we
will employ matrixrepresentation.Let uscollect U chipsamplesofK 1 �V3��� C 	���
 in avectorW 1 ��3��� C 	���
 from K 1 ��3��� C 	�� � 
 to K 1 ��3��� C 	�� � � U =6X�
 .
Sincethechannelspansat most

F � � � � =YX
chip periods,U is

chosenas U "ZF �
with its minimum to be []\�^ 	 � �GF � � �� 
_" []\�^ 	`F � �bac
 � . We also arrangechannelcoefficients

and precodingfiltering coefficients in different vectors d ��� C "e B ��� C 	 J 
54gfhfhf�4 B ��� C 	 E � 
<i # , j ��� � " e � ��� � 	 J 
54hfhfhfg4 � ��� � 	 � =MX�
<i # .
After carefulcalculation,theconvolutionin (2) canbenicelywrit-
tenin amatrix form as W 1 ��3��� C 	���
>"Mkl��� �m	���
 d ��� C where

kl��� �2	���

hasthestructurein Fig. 2 with subblocks(in dasheddottedbox)
associatedwith differentbits. Eachsubblockis theproductof the
correspondingbit andashift versionof UVn 	 E � �]X�
 filteringmatrix
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Fig. 2. structureof matrix
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with shift (upor down) to beamultipleof

�
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Theshift operationcanbemadebya UxnxU Jordanmatrix y with allXhz � in thefirst diagonalbelow themaindiagonal.For convenience,
we will usethesymbol y 9�/ to denotey # althoughy is singular

([7]): y 9�/�{" y # anddefiney R asanidentitymatrix. Assumethe� -th userarrivesat the receiver in a quasi-synchronousway with
delay| � in chipperiods.Considering� � branchesof W 1 �V3��� C 	���
 for

user� andputting @ datavectorsof W 1 ��3��� C 	���
 successively in abig
vectorandsimilarly for thechannelsub-vectorsd ��� C respectively,
it canbeshown thatthereceiveddatavectorhasthefollowing form

} 	���
>"�~- �h.:/ +
�-��.:/ L 9�/-� .09 1 L ��O /<3��

��� � � � d � � ��� � 	����l��
��_�>	���
 (4)

where � ��� � � � is acodefiltering matrix

� ��� � � � "����S��	 y N � O!��� o ��� � 
 (5)

“
�

” representsthe Kronecker product,and
�*	���


is AWGN. The
I/O model(4) showsthat } 	���
 includesnotonly ISI within ablock
(indexed by � ), but alsoIBI (indexed by

�
) from the sameuser.

Thesignatures� ��� � � � d � of user � for different
�

and � all con-
tain the channelinformation d � . Basedon this framework and
subspacemethod,wewill deriveacostfunctionto blindly estimate
channelvector d � anddelay | � next. Without lossof generality,
user1 is assumedto bethedesireduser.

3. Blind channel estimation

It is well known that subspacemethodis a powerful tool for
blind channelestimation. It wasoriginally proposedby [6], and
hasbeensuccessfullyappliedto singlerateCDMA systems[2].
The methodhasbeenimproved basedon subspaceintersection
idea [10] for a long observation window equal to several sym-
bol periods. Its extensionto multirateCDMA systemsis briefly



discussedthereinbut with somerestrictionson the lengthof the
channel.It hasbeenshown thatit is alsoapplicableto blockequal-
ization [7] in a precodedsystemwith limited IBI andfixed data
rate. We will extendthis ideato channelanddelayestimationin
variablehigh ratemultiusercommunicationscenarios.

To guaranteeidentifiability of channelvector d / , somecon-
straintson thesizeof relatedvectorsandmatriceshave to be im-
posed.It is observedthatthedatavector } 	���
 in (4) is @ F � n X
to which user � contributes � � 	`F��MF � ��X�
 signaturescorre-
spondingto bits from both inter- andintra-blocks(summationin
termsof

�
and � ). Thesignaturecorrespondingto bit

�h��� �m	��?�S��

is � ��� ��� � d � anddenotedby � ��� ��� � . It is theproductof thecode
filtering matrixandchannelvector. If wecollectthesevectorsin a
matrix � � columnby column� � " e � ��� ��� � i`4��2"�=6	`F � ��X�
54�fhfhfh4�FM=YXc� � "�Xc4hfhf�fh4 � �

(6)
andalsoput

� ��� � 	��l�Y��

in a vector � � 	���
 at time

�
, then the

output(4) is simplifiedas

} 	���
�" ~- �h.:/ � � � � 	���
��_�*	���
 (7)

Withoutlossof generality, weassumesignaturewaveforms��� ��� ~�h.:/
arelinearly independent.The datacorrelationmatrix � is com-
putedfrom (7)

� "�� � } 	���
 }0� 	���
���" ~- �h.:/¡  � � � � �� �_¢:£¤ � (8)

where   � is thesignalpower of user � , ¢ £¤ is thenoisepower. To
obtainthenoisesubspace,eigendecompositionof � yields� "�k¦¥5§m¥5k �¥ �sk©¨ª§m¨«k �¨ (9)§ ¥ "�¬�;`­ B 	¯® £8 �_¢ £¤ 
54°§ ¨ "�¢ £¤ �
It is well known that

k©¥
spansthesignalsubspacewhich is also

arangespaceof
e � / 4gfhfhfh4 � ~ i and

k ¨
spansthenoisesubspace.

Thedimensionof thenoisesubspaceis ± {" @ F � =�² ~�h.:/ � � 	`Fm�F � �YX�

. To guaranteetheexistenceof noisesubspace,weshould

have @ F ��³ ~- �g.0/ � �ª	`FY�sF2����X�
 (10)

Theseparationof noisesubspacefrom signalsubspacefacili-
tatestheestimationof channelvector d / . For user1, all signatures� /´� ��� � lie in thesignalsubspace,thusthey areorthogonalto

k¦¨
which leadsto k �¨ � /´� ��� � "�k �¨ � /´� ��� � d / "�µ (11)

for all possible
�

and � . It is aconventionalsubspaceapproachby
picking a particular

�
and � . To guaranteea uniquesolution,it is

requiredthat
k �¨ � /´� ��� � have full columnrank. This matrix has

dimension±_n¶@ 	 E / �GX�
 . Thus ±�·�@ 	 E / �GX�
 . Togetherwith
(10),we require

@ 	`F � = E /�=IX�
 ³ ~- �h.:/ � � 	`F��_F � ��X�
 (12)

(12)providesusaflexible choiceof parametersbasedonthetrade-
off betweendesigncomplexity andsystemcapacity. If someusers
have low rateinformationsources,thenthesystemcanaccommo-
datemoreusers.If wehavemoreantennas(large @ ), thenweneed
shortdatarecords(small

F
). Sinceconventionalsubspacemethod

ignoresrestof thesignaturesfrom thedesireduser, we proposeto
employ all possibleinformationrelatedto the unknown channel.
Basedon (11), we cansimilarly build our costfunctionwith un-
known channelvector[6], but considerall signaturesof thedesired
user¸

/h	 d 
>" d � e +�¹-��.0/ L 9�/-� .:9 1 L�¹ O /<3��
� /´� �?� � k©¨ªk �¨ � /´� ��� � i d (13)

Undersomeconditions(similar to thosein thesubspacemethod)
anda unit norm constraint,for any given delay, minimizationof
thecostfunction(13)will guaranteeauniquesolution d / within a
scalarambiguity. This is establishedin thefollowing theorem.

Theorem1: Let
o

beacodematrixconstructedbystacking� /´� ��� �
for all

�
, � in the row-wise andsimilarly º be an interference

matrixwhosecolumnsconsistof signaturesfrom all interfererso " e � /´� ��� � i`4 º " e � £ 4hfgf�fh4 � ~ i
Under(10)andif

e o º i hasfull columnrank,then d / is aunique
minimumpointof (13)within ascalarambiguity.
Proof: For simplicity of presentationandwithout lossof general-
ity, we may assume@ "»X

, � /T"¼X
. The proof canbe easily

extendedto generalscenarios.Thenwecandenote� /´� � � � by � �
and

o /´� �
by
o /

for notationalconvenience.
Theproofcanproceedby contradiction[7],[9]. Supposethere

is anothervector ½ d / which makes � � ½ d /s¾ k¦¥
for ¿ � . Since

span� k ¥ � = span� e � / º iÀ� , � � ½ d / canbeexpressedby different
linearcombinationsof columnvectorsin � e � / º iÀ� for different�
. By stackingvectors � � ½ d / for all

�
in a matrix, thenwe can

concludethatthereexistsmatricesÁ / and Á suchthato ¬�;`­ B 	 ½ d / 
>" o ¬�;`­ B 	 d / 
 Á /:� ºÂÁ (14)

where � /�" o ¬�;¯­ B 	 d / 
 hasbeenusedand
¬�;`­ B 	�f 
 represents

a block diagonalmatrix with diagonalentry to be the argument
inside.Since

e o º i hasfull columnrank,from (14)wehave¬�;`­ B 	 ½ d / 
>"�¬�;`­ B 	 d / 
 Á / (15)

By equatingeachsub-blockof bothsidesof (15)weobtain Á /x"Ã � and ½ d / " Ã d / . Ä
After consideringall

�
and � , eq. (11) becomesa general-

izedsubspacemethodapplicableto thecurrentprecodedmultirate
multiusercommunicationsystems. Different from previous ap-
proaches,it employs all availableinformationassociatedwith the
unknown channel.However, thedelay Å / for user1 is not a priori
known andthusneedsto beestimated.Taking into account(13),
thejoint estimationof thedelayandchannelvectorfor thedesired
usercanbeformulatedasfollows

	ÇÆ Å /h4¯Æ d / 
*" \�È�Éx[�ÊÌËÍ � d d � e +�¹-��.:/ L 9�/-� .09 1 L:¹ O /<3��
� /´� ��� � k¦¨ªk �¨ � /´� �?� � i d

(16)



where� /´� �?� � is afunctionof thedelayandgivenby (5). Thenorm
constrainton d shouldbeimposedto avoid trivial solution.Since
chipsynchronizationis assumed,it only requirescheckingall pos-
sible integersin [ J , � =YX ] for thedelay. For eachpossiblevalue,
thenormalizedchannelvectoris theeigenvectorof thematrix in-
sidethebracketscorrespondingto its minimumeigenvaluewithin
a phaseambiguity. Due to theunknown multipathdistortion,the
estimationof anarbitrarydelayis moreinvolvedandneedsfurther
investigation.

4. Asymptotic Performance Analysis

It can be observed that to perform channelestimation,the
noisesubspaceis required. It is obtainedfrom eigendecompo-
sition of � which is estimatedfrom Î datasamplevectors

Æ� "/Ï ² Ï¨�.0/ } 	���
 } � 	���
 . Thefinite datasampleswill determinethe
accuracy of the subspaceestimate,thus affect the performance
of the estimator. In this section,we studythe mean-square-error
(MSE)of ourchannelestimatorasafunctionof Î . Theanalysisis
basedontheperturbationtechniquewhereapplicabilityconditions
areassumedvalid ( ÎÑÐ»Ò ). Sincechannelparametersarejointly
estimatedwith time delay, theperformanceis alsodeterminedby
the delay estimationerror. However, this joint problemwill be
simplifiedby assumingperfecttiming in thefollowing derivation
(for example,[1]). Dueto lack of space,we will only presentma-
jor steps,referencesandresults,while omitting theproof.

Ourmethodis basedonthenoisesubspaceof estimatedcorre-
lationmatrixinsteadof thedatamatrixasusedin [1], thereforethe
resultsthereinarenotdirectlyapplicable.However, similarproce-
durescanbefollowed.In thissense,thefollowing analysisis more
relevant to [3]. An estimationerror

/ |�� is introducedin estimat-
ing � dueto finite datasamples[3]:

Æ� " � � |�� . In thecurrent
context, it is reasonableto assumethat |�� is Hermitianandis a
smallperturbationwhen Î is largeenough.Thisperturbationwill
causeanerrorin theestimateof noisesubspaceandfinally transfer
anerrorto thechannelestimate.

For notationalconvenience,letÓ " � =Ô¢ £¤ �T"�k ¥hÕ k �¥ 4 Õ "�¬�;`­ BÖ� ® £8 �
× /V" +�¹-��.:/ L 9�/-� .09 1 L:¹ O /<3��

� /´� ��� � k¦¨ªk �¨ � /´� ��� � (17)

It canbe shown [5] that the first-orderperturbationof the noise
subspaceis givenby| k¦¨�Ø�=?k°¥ Õ 9�/ k �¥ |c� k¦¨�"�= ÓmÙ |c� k¦¨ (18)

with
	�f 
´Ù

denotespseudo-inverse.
Our channelestimateis the eigenvectorof

× /
in (17) corre-

spondingto its uniquenull eigenvalue. It canbeeasilyfoundthat
thefirst-orderperturbationof

× /
hastheform

| × / Ø +�¹-�V.0/ L 9�/-� .:9 1 L�¹ O /<3��
� /´� ��� � e | k ¨ k �¨ �Ik ¨ | k �¨ i � /´� ��� �

(19)/
We will use

ÆÛÚ
to representtheperturbedversionof theargument,and

a compositetermwith Ü beforetheargumentto representits perturbation
next.

Assumethefirst-orderperturbationof d / is |cd / . Then |�d / hasthe
following form [1] [3] |�d / Ø�= × Ù / | × / d / (20)

After substituting(18) in (19) andthen(19) in (20), andnoticing
that � /´� �?� � d / is orthogonalto

k¦¨
, weobtain

|cd / Ø +�¹-��.:/ L 9�/-� .:9 1 L:¹ O /<3
×�Ù/ � � /´� ��� � k¦¨ªk �¨ |�� ÓSÙ � /´� �?� � d /

(21)
Eq. (21)shows that |�d / is directly relatedto |c� . Usingtheresult
aboutstatisticsfor |�� in [3], it can be shown that the MSE of
channelestimatesatisfies� �«Ý5|�d / Ý £ ��Ø ¢ £¤Î -� ¹ � �VÞ

-� ¹ � � Þ¡ß
� ¹ � �VÞ�� � ¹ � � Þ�àDác­
âhã ��ä � ¹ � �xÞ�� � ¹ � � Þ��

(22)
where

àDác­
âgã
is a traceoperatorfor amatrix,

ß � ¹ � �VÞ�� � ¹ � � Þ�" d � / � � /´� �VÞ�� � Þ k¦¥hå 9�/ k �¥ � /´� � ¹ � � ¹ d /åZ"�¬�;¯­ BÖ� ®¡æ8® £8 �_¢ £¤ �ä � ¹ � �VÞ�� � ¹ � � Þ�" ×MÙ/ � � /´� � ¹ � � ¹ k¦¨«k �¨ � /´� �VÞ�� � Þ ×�Ù/
In is clearthat theMSE is proportionalto ç ÞèÏ which is similar to
the resultsobtainedin [1]. TheMSE is inverselyproportionalto
thepower of thetransmittedsignalapproximatelydueto thetermå

.

5. Simulations

First we testthe proposedgeneralizedsubspacemethod(16)
by simulatinga variableratesystemwith 5 users.Eachuserhas
i.i.d. binarybits to transmit.Hadamardcodesof length

� "�é
are

chosenfor eachof thefive precoders.Differentinformationrates
areobtainedby choosingdownsamplingfactors( � � ) for different
filterbanksas

e a
4�X�4ëê
4hX�4�X5i
respectively. Channelsare randomly

generatedwith unit normfor differentusersandhave orders( E � )e ì 4�X�Xc4�X�í
4�X�í«4�Xhé�i
.
F

can be chosenas 4 and finally U "îê�a
.

To satisfy (12) for estimationof channel1, we use3 antennas
( @ "ïê

) at the receiver. Delaysare
e Xc4ëê«45a�4 J 45a�i . The ð0Î©ñ is

set to be
a J ¬
ò . With theseparameters,we testthe effect of the

input datalength(in blocks)on the MSE of estimationfor chan-
nel 1. We comparethe proposedmethod(16) with conventional
subspacemethod(11) basedon the averageresultsfrom 50 real-
izations(

�2" J and� "�X
is chosenfor theconventionalsubspace

methodto haveafull signature).Thechannelestimationerrorver-
susthe numberof blocksof the input is plotted in Fig. 3. The
dashed-dottedline representsthe conventionalsubspacemethod,
thesolid line for theproposed,andthedashedline is from thethe-
oreticalresult(22). It canbeobservedthattheexperimentalresult
coincideswith our performanceanalysis.If only partial informa-
tion relatedto thechannelvectorisusedasin thesubspacemethod,
theerror is muchlargerthantheproposedmethod.Togetherwith
channelestimation,delaysarealsoestimatedandshown for four
usersin Fig. 4. It is seenthat for user1 to 3, estimatesarereli-
able,while for user4, it doesnot give a properestimate.This is
not surprisingsincethesimilar conditionfor user4 as(12) is not



satisfied. However, in this caseeven (12) is violatedfor user3,
thedelayestimateis still correct.It is alsoobserved in our exper-
imentsthat our channelestimatefor user3 is reliable,while the
subspacemethodfails. We alsotestthecodeeffect on theperfor-
manceby choosingdifferentcoefficientsfor theprecoderssuchas
Hadamardcodes,realrandomcodesin therange

	 J 4hX�
 andbinary
randomcodesfrom ��ó X�� . TheMSEsareplottedin Fig. 5. It can
be seenthat with severemultipathdistortions,the randomcodes
give betterperformance.However, the choiceof the precoders
basedonsomecriteriais still underinvestigation.
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Fig. 3. Datalengtheffecton channelestimationerror.
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