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Abstract

We investigatetheuseof anantennaarrayat the receiver
in FDMA/TDMA systems,to let several usersshareone
communicationchannelwithin a cell. A decisionfeed-
backequalizerwhich simultaneouslydetectsall incoming
signals(multiuserdetection)is comparedto a setof de-
cision feedbackequalizers,eachdetectingonesignaland
rejectingtheremainingasinterference.We alsointroduce
theexistenceof azero-forcingsolutionto theequalization
problemasan indicatorof near-far resistanceof different
detectorstructures.Simulationsindicatethatmultiuserde-
tectionin generalprovidesbetterperformancethaninter-
ferencerejection.

1 Intr oduction

In a cellularcommunicationsystem,multi-elementanten-
nas,alsoknown asantennaarrays, canbeusedat there-
ceiver to increasethecapacity. It mayevenbepossibleto
employ reusewithin a cell, i.e. to let several usersshare
eachchannelin onecell. In this paper, we illustrate,com-
pareandexploretwo waysof usinganantennaarrayat the
receiver to accomplishchannelreusewithin a cell:

1. Detectdatafrom oneuserat a time while treating
theotherusersasinterference.In thefollowing, this
approachwill be denotedinterferencerejectionor
interferencecancellation[1, 2].

2. Detectthedatafrom all userssimultaneously. This
will becalledmultiuserdetection[3].

As will becomeevident in the following sections,the
performanceof (nonlinear)multiuserdetectorsis mostly
superiorto thatof interferencecancellers,for two reasons:

1. They cansuppressinterferencemoreefficiently than
non-linearinterferencecancellers.

2. Thechannelestimationis improved,which leadsto
moreprecisetuningof thedetector.

We will illustrate the influenceof thesetwo factors
by comparingtwo typesof decisionfeedback equalizers
(DFEs) in FDMA/TDMA systems:

1. The DFE presentedin [2], which rejectsinterfer-
ence.

2. TheDFEof [4], whichdetectsall signalssimultane-
ously.

2 Channelmodels

Thechannelmodelsuponwhichwebasethedesignof the
detectorsareassumedto belinear, time-invariantandsam-
pledat thesymbolrate.We consideracasewith

�
trans-

mittersand � receivers1. For uplink transmission,the
�

transmittersaredifferentmobilesin thecell, while the �
receiversarelocatedat thebasestation. In thedownlink,
we assumethat a separatemessageis transmittedfrom
eachof

�
antennaelementsat thebasestation.Eachmo-

bile is equippedwith � receivers,whichareusedto detect
oneor severalof themessages.In bothlinks,wethushave�

transmittersand � receivers. Assumingthat �����
	�� is
thesymbolsequencesentfrom transmitter
 , while ������	��
is thesignalat receiver � and ������	�� representstheadditive
noise,wedefine����	������� � � �
	���� �!�
	��#"$"%"&�(')�
	���*%+ (1a)�,��	�� �� � � � ��	��-� � ��	��#"%"$".�0/1�
	��2* + (1b)����	������� � � �
	��3������	��4"%"$".� / ��	���*%+ " (1c)

Furthermore,wedefinethescalarchannelfromtransmitter
 to receiver �5 �6���87�9 � �:�� 5<;�=�?> 5 ��6� 7�9 � >A@%@$@ > 5CB�DFE�=� 7�9 B DFE
where

5CG�=� arecomplex-valuedconstantsand 7 9 � repre-
sentsthe unit delay operator. Finally, we introducethe
polynomialmatrix

H ��7 9 � ���� IJK 5 ��� ��7 9 � � "%"$" 5 � ')�87 9 � �
...

...
...5 / � �87 9 � �#"%"$" 5 / 'L��7 9 � �

M$NO " (2)

Using(1a), (1b), (1c)and(2), wecannow expressthesig-
nal receivedat theantennaarrayby theMIMO model�P��	�� � H �87 9 � �����
	�� > �0�
	�� (3a)�RQ ; ���
	�� >S@$@$@(> Q B:����	UTWV?� > �0�
	��?" (3b)

1Thereceiverscanrepresentmultiple antennasor polarizationdiver-
sity branches.Fractionallyspacedsamplingis alsoa meansof introduc-
ing several“equivalent” receivers.Finally, whenthesignalconstellation
is one-dimensional,the real and imaginarypartsof the received base-
bandsignalsprovide two measurementsfor eachsymbolto bedetected,
leadingto adoublingof theequivalentnumberof receivers.
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Themultiuserdetectoris basedonthemodel(3a). In (3b),X
representsthe maximumorder of all scalarchannels.

The vector Y�Z�[�\ of noisesamplesis characterizedby the
matrix-valuedcovariancefunction]_^ `�acbdRegf Y0Z
[�\hYji1Z8kl\hm (4)

andcanbebothspatiallyandtemporallycolored.
If we explicitly modelthesignalfrom only oneof the

users,wehave to handlesignalsfrom theremainingusers
asinterference.Assumingsignalnumber1 to beof inter-
est,we definea disturbancevector ngZ�[�\ asthesumof all
co-channelinterferenceandnoise:

ngZ�[�\ dpoqr�sut�v r Z8w `yx \�z r Z
[�\u{|Y0Z
[�\ (5)

wherev r Z8w `yx \ is column} in (2). TheinterferencengZ
[�\
is characterizedby its matrixvaluedcovariancefunction~]_^ `�a bdRegf n�Z�[�\2n i Z�k<\�mg� (6)

Theinterferencerejectiondesignis basedon themodel� Z�[�\ d v x Z8w `yx \2z x Z�[�\u{�n�Z�[�\)� (7)

Remark 1. If we only modeloneof the signalsexplic-
itly, estimationof the matrix-valuedcovariancefunction
of ngZ�[�\ is vital. This becomesa majorproblem,sincedi-
rect estimationof

~]�a
will provide poor accuracy for the

shorttraining sequencestypically presentin cellular sys-
tems.In fact,theestimatesof thecovariancefunctionwill
be so unreliablethat we in Subsection4.2 are forced to
exploit only thespatialstructureof thecovariancematrix,
i.e. wewill assumethat egf n�Z�[�\2n i Z�k<\�m dR� for [L�d k .

3 The multi variable DFE

3.1 The equalizerstructure

A multivariableDFE with a transversalfeedforwardfilter
anda transversalfeedbackfilter�z�Z�[U�)��� [�\ d�� Z�w `:x \ � Z
[�\����CZ�w `:x \ �z�Z�[U�)����� \�z�Z
[U�L�%\ d�� Z �zjZ�[1�L��� [�\2\ (8)

will beused.Theoutput � Z
[�\ of thearrayis usedasinput
to theequalizerand �z!Z
[��W���A�(\ arethedecisionsprevi-
ouslymadeby theequalizer. Thesoft estimate

�z�Z
[U�L��� [�\
is passedthroughthe decisionnon-linearity � Z�� \ to pro-
ducethe hardestimate �z�Z�[<���%\ . The feedforward filter� Z8w `yx \ is of order}u� , whereasthefeedbackfilter �LZ8w `yx \
is of order }y� . In general,(8) representsa MIMO DFE,
which will beusedfor multiuserdetection.With

�z scalar,
i.e. for � d � , we obtaina MISO DFE, which will be
usedfor interferencerejection. A setof � MISO DFEs

canbe representedby (8), with � beingdiagonal. Note
thatthefeedforwardfilter is causal,andthatthedecisions
aremadeafterafinite delay � . ThismeansthattheDFE is
alwaysrealizable,in contrastto theDFE presentedin [1].
Theuseof FIR filters in (8) andof model-based(indirect)
designof theequalizeris motivatedin [5]. We adoptthe
commonassumptionthat all previousdecisionsaffecting
thecurrentsymbolestimatearecorrect, i.e. that�z�Z�[U�)����}u\ d z�Z
[��)���)}u\ } d ��¡$�$�%��¡�}y�L{S��� (9)

Thecoefficientsof � Z�w `:x \ and �LZ8w `yx \ canbeadjustedto
obtainzero-forcing(ZF) or minimum mean-squareerror
(MMSE) designs.

3.2 Zero-forcing and MMSE designs

A multiuserzero-forcingequalizercanbe defined[1] as
a filter which eliminatesall intersymbolinterferenceand
co-channelinterference:

Definition 1 Considerthechannelmodel(3b)anda mul-
tivariableequalizerwhich formstheestimate

�z�Z�[��U��� [�\ of
a transmittedsymbolvector z�Z
[U�L�%\ . If�z�Z�[U�)��� [�\ d z�Z�[U�)�%\y{W¢�Z
[�\ (10)

where ¢�Z�[�\ is uncorrelatedwith all transmittedsymbol
vectors z�Z�k<\?£Ck , thenthe equalizeris said to be zero-
forcing.

By substituting(3a) and(9) into (8), thezero-forcing
condition(10) implies:� Z8w `yx \ v Z�w `:x \�z�Z�[�\¤���<Z�w `:x \�z�Z�[P�¥�����(\ d z�Z
[P�¥�%\��
A DFE will thusbe zero-forcingif andonly if � and �
constituteasolutionto theDiophantineequation� Z�w `:x \ v Z8w `yx \��Ww `�¦�`:x �LZ�w `:x \ d w `�¦¨§ o � (11)

Thecoefficientsof anMMSE equalizeraredetermined
to minimize© dSe�f �ª� z�Z
[��)�%\�� �z�Z�[1�L��� [�\%�«� t m (12)

wheretheexpectationis takenover thesignalvector z�Z�[�\
in (1a)andthenoisevector Y�Z�[�\ in (1c) (MIMO case)orngZ�[�\ in (5) (MISO case).Assuming(9), thedesignequa-
tions for the multivariableMMSE DFE can be obtained
from two coupledDiophantineequations,whicharetrans-
formedinto a linearsystemof equations[5], [7].

Underconditionswhichwill discussedin thenext sub-
section,theMMSE DFEreducesto theZF DFEwhenthe
noisevariancegoesto zero. In general,anMMSE equal-
izer providesbetterperformancethana ZF equalizer, and
in thesimulationsection,we will only utilize theMMSE
DFE.
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3.3 Near-far resistance,well-posednessand
zero-forcing solutions

An MMSE DFE optimally balancessuppressionof inter-
symbol interferenceand co-channelinterferenceagainst
noiseamplification. When the power of the interfering
usersis large, rejectionof thesestrongsignalsis of para-
mount importance,whereassuppressionof the noise is
lessimportant.Thissituationhasbeenstudiedextensively
for CDMA multiuserdetectors,in which casethe abil-
ity to copewith stronginterferersis callednear-far resis-
tance[6].

WemaythenaskunderwhatconditionsareMIMO and
MISO MMSE DFEsnear-far resistant?To investigatethis
question,welet thenoisecovariance¬�­ tendto zeroin (4)
andin (6). If all intersymbolandco-channelinterference
canberemoved,thentheMMSE equalizerwill reduceto
aZF equalizer, andtheestimationerrorwill vanish.In this
case,perfectequalizationis possible,for anypowerof the
interferingusers.If no ZF equalizerexists,all intersym-
bol andco-channelinterferencecannotberemoved,sothe
estimationerrorwill not vanish.

We can thereforeusethe existenceof a ZF DFE as
anindicationof near-far resistancefor theMMSE MIMO
DFE or the MMSE MISO DFE. In moregeneralterms,
theexistenceof a zero-forcingsolutionalsoindicatesthat
theequalizationproblemis well-posedin thesensethat it
canprovide a usefulsolution: Goodperformancecanbe
guaranteed,for sufficiently low noiselevels.

Under mild conditions,DFEs which fulfill the zero-
forcing condition(11) exist. However, it remainsto spec-
ify the filter degreesof suchDFEs. This is the topic of
Theorem1 below. As a prerequisite,we needthefollow-
ing definitions:®�¯_°± thepropagationdelayof user²³ ¯ °± thedegreeof thegreatestcommonpolynomialfac-

tor in thecolumn ´ ¯�µ8¶�·y¸$¹
otherthan

¶�·�º�»¼½�¯ °±¿¾�À¤ÁÂ ½ Â ¯�Ã ® ¯ÄÃ ³ ¯
We arenow readyto formulateTheorem1.

Theorem1 ConsidertheMIMO channelmodel(3b)withÅ
sourcesand Æ sensors with

Å Ç Æ and assumea
zero-forcingsolutiontoexist. Agenericallynecessarycon-
dition for the existenceof a zero-forcing MIMO DFE (8)
with decisiondelay È and feedforward filter degree ÉuÊ is
thenthat ÉuÊ�Ë Å µ È_ÌSÍ ¹ Ã|ÎSÏÐ�Ñ ¸ ® ÐÆ Ã Í�Ò (13)

TheconditionÉuÊ�Ë Î�ÏÐ�Ñ ¸ ¼½ Ð ÌWÈÓÌSÍ Ã ¼½ ¯ Ã ®¤¯ÆÔÌSÍ Ã�Å Ã Í (14)

is generically necessaryfor the existenceof a set of
Å

MISO DFEs with decisiondelay È and feedforward filter
degree É Ê .

Proof: See[5].

Wheneitherthecondition(13) or thecondition(14) is vi-
olated,the correspondingdetectorwill not have enough
degreesof freedomto completelycancelall theinterfering
signals.

Theimpactof aviolationof theinequality(14)will be
demonstratedin Subsection4.1.2.

4 Monte Carlo simulations

Theperformanceof theMIMO DFEis comparedby simu-
lationwith theperformanceof theMISODFE.TheMIMO
DFEjointly detectsall thesignals,whereastheMISODFE
only detectsoneof them.In bothDFEs,thesmoothinglag
andfeedforwardfilter lengthsequalthelengthof thechan-
nel, È ± ÉuÕ ± ½

.
In our scenario,one, two, threeor four BPSK mod-

ulatedsignalsimpingeon an antennaarraywith four an-
tennaelements.Eachsignalpassesthrougha frequency
selective, three-tapRayleighfadingchannelandthe taps
of thechannelsfadeindependently. Thechannelsaretime-
invariantoverthedurationof aTDMA burst.Thechannels
from differenttransmittersto agivenreceiverareindepen-
dent,andso arethe channelsfrom any given transmitter
to differentreceivers.2 All signalsarereceivedin thepres-
enceof additive Gaussiannoise,which is both spatially
andtemporallywhite.

The performanceof the algorithmswill be addressed
asa functionof theaverageSNRperbit [8]¼Ö ¯× ± ÍÆÙØgÚÜÛ Ý ÞÂ ¯ Û ß Ì Û Ý ¸Â ¯ Û ß Ì Û Ý ßÂ ¯ Û ßáà ØgÚªÛ Õ ¯�µ�â�¹ Û ß$àØ�ÚªÛ ã Â µ
â�¹ Û ß à Ò (15)

We assumethat
¼Ö ¯× is equalat differentantennaelements

andthusindependentof ä .
4.1 Known channelsand noisecovariances

In this subsectionwe shall studythe idealizedcasewhen
all channelcoefficientsareexactlyknown. Effectscaused
by differencesin detectorstructurecan herebe studied
in isolation,sinceeffectsof channelestimationerrorsare
avoided.

4.1.1 Equal averageSNR

We will hereassumethat all usershave the sameaver-
ageSNR.This canbeaccomplishedby usingslow power
control, which compensatesfor the propagationlossand
shadow fading,but not for thefastfading.

Fig. 1 shows the estimatedBER asa function of the
averageSNR per bit. With four users,the performance

2Theseassumptionsmay not alwaysbe valid. However, successful
multiuserdetectiondoesnot requireuncorrelatedchannelsto different
receivers (uncorrelatedantennas).Seee.g. [5],[7] for a discussionof
how antennacorrelationaffectstheperformance.
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Figure 1: Comparisonof the MIMO DFE (MU) and the
MISODFE (SU)for knownchannels.Thenumbers to the
right of thegrapharethenumberoferrorsusedtoestimate
theBERfor theaverageSNRperbit çè�é =15 dB.

of the MIMO DFE at çè�êélëíì î dB is around6 dB better
thanthe performanceof the MISO DFE. This difference
arisesfrom thefactthattheMISO DFE usesup all its de-
greesof freedomto canceltheinterferencefrom theother
users.Thistaskis easierfor theMIMO DFEsinceits feed-
backfilter takescareof someof the interferencesuppres-
sion. For fewer users,thedifferencebetweenthe two ap-
proachesis smaller. For example,in thecaseof threeusers
thegainis approximately3 dB andfor two usersaround1
dB.

4.1.2 UnequalaverageSNR

In Subsection4.1.1,we assumedthat power control was
usedtocompensatefor thepropagationlossandtheshadow
fading. In thescenarioinvestigatedin this subsection,we
will relaxthisassumption:Eventheaveragereceivedpow-
erswill differ amongtheusers.This will generatetheso-
callednear-far problem.

We estimatedthe BER of a userhaving an average
SNR per bit of 10 dB in a scenariowherethereareone,
two or threeadditionalusers,eachhaving anaverageSNR
perbit thatis between0 dB and10dB higher, i.e.between
10 dB and20 dB. The result from this simulationis de-
pictedin theright half of Fig. 2.

In aMIMO DFE,decisionsconcerningoneuseraffect
future symbolestimatesof all users. Incorrectdecisions
on thesymbolsfrom a weakuserwill thusimpair thede-
cisionsof other, strongerusers.In this case,a MISO DFE
may yield betterperformancesince (possibly incorrect)
decisionsof the weaker users’symbolsdo not influence
theestimatesthestrongerusers’symbols.

To investigatethis effect, we estimatethe BER of a
userhaving anaverageSNRperbit of 10dB in ascenario
wheretherewereone,two or threeadditionalusers,each
having an averageSNR per bit which wasbetween0 dB
and 10 dB lower, i.e. the SNR per bit of the remaining

usersvariedbetween10dB and0 dB. Theresultfrom this
simulationis depictedin the left half of Fig. 2.
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Figure 2: Comparisonof the MIMO DFE (MU) and the
MISODFE (SU) for knownchannelsand differenttrans-
mitter powers. In this simulation,25000channelswere
randomlyselected.Overeach channel,1000symbolswere
transmitted.Usernumber1 hasanSNRperbit of çèuòé ëóì%ô
dB, while theSNRper bit çè�êé of theotherusers are equal
andvaries.

Fromtheleftmostpartof Fig. 2, it is clearthatfor the
investigateddifferencesin power levels,errorpropagation
is not so severe that the BER of a MIMO DFE exceeds
the BER of a MISO DFE. On the other hand,from the
rightmostpart of Fig. 2, it is evident that for the MIMO
DFE,four userscanco-exist in thecell, evenwhenthere-
ceived averagepowersdiffer substantially. However, the
performanceof the MISO DFE is seriouslyaffectedby
the increaseof the power levels of the interferingusers,
sincethis MISO DFE doesnot comply with the ZF con-
dition (14). Insertingnumericalvaluesinto (14), we find
that completesuppressionof all co-channelinterferersis
impossiblewhenever õ öø÷ . As the transmitterpowers
of theseusersincrease,theestimationerrordueto residual
interferenceincreases,resultingin anincreasedBER.The
MIMO DFE on the otherhandis capableof completely
removing the interferencefrom the strongerusers,at the
expenseof aslightly increasednoiseamplification.

4.2 Estimatedchannelcoefficients

To demonstratehow theMIMO DFE worksin a morere-
alistic case,channelestimationis introduced. The data
is transmittedin bursts,with a structuresimilar to thatof
GSM:A trainingsequenceof 26symbolsis locatedin the
middle of eachburst. Togetherwith datasymbols,tail
symbolsandcontrol symbols,this resultsin a total burst
length of 148 symbols. The channelestimationis per-
formed using the off-line leastsquaresmethod,and the
spatialcolorof thenoiseis estimatedfrom theresidualsof
thechannelidentification.Thetemporalcolorof thenoise
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is neglecteddueto thelimited amountof data.Apart from
this, thesimulationconditionsarethesameasin Subsec-
tion 4.1.1Theresultsareindicatedin Fig. 3.
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Figure 3: Comparisonof the MIMO DFE (MU) and the
MISODFE (SU)for estimatedchannels.

Whenwe compareFigs.1 and3, we seethat thedif-
ferencebetweenthe MIMO DFE and the MISO DFE is
greaterwhenthe channelshave to be estimated.The in-
ability to estimateandsubsequentlyusethetemporalcolor
of the interferenceleadsto a larger performancedegra-
dationfor interferencerejection. Again, thedifferencein
performanceis largerwith moreactiveusers.3

5 Discussionand conclusions

In our investigationof receiveralgorithmsdesignedto ac-
complishchannelreusewithin cells,MIMO DFEswhich
work asmultiuserdetectorshavebeencomparedto theuse
of interferencerejection, implementedby MISO DFEs.
In summary, simulationsindicatethatmultiuserdetection
providessuperiorperformance.

Differencesin performancebetweenmultiuserdetec-
tion andinterferencerejectionarepartly dueto thedetec-
tor structures: A multiuser(MIMO) DFEutilizesfeedback
from previously estimatedsymbolsfrom all users,while
the interferencerejecting(MISO) DFE performsdecision
feedbackfromtheuserof interestonly. Thedifferencealso
resultsfrom the preconditionsfor channelestimation: In
themultiusercase,input-outputtransferfunctionscanbe
estimated.For interferencerejection,theco-channelinter-
ferenceconstitutescolorednoise. The multivariatenoise
modelsestimatedfrom shortdatarecordswill have poor
accuracy.

Multiuser detectorsand interferencerejectingMISO
DFEscanboth be madenear-far resistant.However, the

3For caseswith BER @BADC %, theBER canbereducedsignificantly
both for the MIMO andMISO DFE by usinga multi-pass“bootstrap”
algorithm[9], wheredecisioneddataareusedto improve estimatesof
thechannelandnoiseparameters[7].

conditionsfor this,asindicatedby theexistenceof azero-
forcing solution,aresomewhatmorerestrictive for inter-
ferencerejection.

In [5], [7], theMIMO andMISO DFEsareappliedto
experimentalmeasurementsfromanantennaarraytestbed.
Theresultsfrom this trial confirmtheresultspresentedin
this paperand indicatethat reusewithin a cell is indeed
possible,usingeitheran eight elementarrayantenna,or
a conventionalsectorantennawith two polarizationdiver-
sity branches.
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