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Abstract

We investigatethe useof anantennaarrayat the recever
in FDMA/TDMA systemsto let several usersshareone
communicationchannelwithin a cell. A decisionfeed-
backequalizewhich simultaneouslygetectsall incoming
signals(multiuserdetection)is comparedo a setof de-
cisionfeedbackequalizerseachdetectingone signaland
rejectingtheremainingasinterferenceWe alsointroduce
the existenceof azero-forcingsolutionto the equalization
problemasanindicatorof nearfar resistancef different
detectosstructuresSimulationgndicatethatmultiuserde-
tectionin generalprovidesbetterperformancehaninter

ferencerejection.

1 Intr oduction

In a cellularcommunicatiorsystemmulti-elementanten-
nas,alsoknown asantennaarrays canbe usedat there-
ceiverto increasehe capacity It mayevenbe possibleto
emplgy reusewithin a cell, i.e. to let several usersshare
eachchannein onecell. In this paperwe illustrate,com-
pareandexploretwo waysof usinganantennarrayatthe
receverto accomplistchannereusewithin acell:

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

2. Detectthe datafrom all userssimultaneouslyThis
will becalledmultiuserdetection3].

As will becomeevidentin the following sectionsthe
performanceof (nonlinear)multiuserdetectords mostly

superiorto thatof interferencecancellersfor two reasons:

1. They cansuppresiterferencenoreefficiently than
non-linearinterferencecancellers.

2. Thechannelestimationis improved,which leadsto
moreprecisetuning of thedetector

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

1. The DFE presentedn [2], which rejectsinterfer
ence.

2. TheDFE of [4], whichdetectsall signalssimultane-
ously.

2 Channelmodels

Thechannemodelsuponwhich we basethedesignof the
detectorareassumedbo belinear, time-invariantandsam-
pledatthesymbolrate.We considera casewith M trans-
mittersand N recevers'. For uplink transmissionthe M

transmitteraredifferentmobilesin the cell, while the N

receversarelocatedat the basestation. In the downlink,

we assumethat a separatemessages transmittedfrom

eachof M antennaelementsatthebasestation.Eachmo-
bile is equippedvith N recevers,whichareusedto detect
oneor severalof themessagedn bothlinks, wethushave
M transmittersand N recevers. Assumingthats; (k) is

the symbolsequencesentfrom transmitterj, while z; (k)

is the signalat receveri andv;(k) representshe additive
noise we define

T

s(k)2 (s1(k) sa(k) .. sm(k)) (1a)
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Furthermorewe definethescalarchannefrom transmitter
j toreceveri

_1\ A _ Li; _L::
Hij(¢ ) =H)+Hyq "+ + H;j g

where H;; are comple-valuedconstantsand g~ repre-
sentsthe unit delay operator Finally, we introducethe
polynomialmatrix
Hui(g™) Him(g™)
-1\ & . .
H(q 1) = : : . @
Hpni(g™) Hym(q™t)
Using(1a) (1b), (1c)and(2), we cannow expresshesig-
nalreceivedattheantennarrayby the MIMO model
o(k) = H(q *)s(k) +v(k) (3a)
=Hos(k) +---+Hgs(k—L) +v(k). (3b)

1Thereceverscanrepresenmultiple antenna®r polarizationdiver-
sity branchesFractionallyspacedsamplingis alsoa meansof introduc-
ing several“equivalent” recevers. Finally, whenthe signalconstellation
is one-dimensionalthe real and imaginary partsof the receved base-
bandsignalsprovide two measurement®r eachsymbolto be detected,
leadingto adoublingof the equivalentnumberof recevers.



Themultiuserdetectoiis baseconthemodel(3a). In (3b),

L representdhe maximumorder of all scalarchannels.

The vectorv(k) of noisesampless characterizedy the
matrix-valuedcovariancefunction

Yeem = Elo(k)v™ (m)] 4)

andcanbebothspatiallyandtemporallycolored.

If we explicitly modelthe signalfrom only oneof the
userswe have to handlesignalsfrom the remainingusers
asinterference Assumingsignalnumberl to be of inter
est,we definea disturbancesectorV (k) asthe sumof all
co-channeinterferenceandnoise:

M
V(k) =Y Hu(g ")sn(k) +v(k) (5)

whereH ,,(¢~1) iscolumnn in (2). Theinterferencd’ (k)
is characterizedy its matrix valuedcovariancefunction

- A
Ph-m = E[V(E)VT (m)] . (6)
Theinterferenceejectiondesignis basedn themodel

(k) = Hi(q )si(k) + V (k) . ()

Remark 1. If we only modelone of the signalsexplic-
itly, estimationof the matrix-valuedcovariancefunction
of V' (k) is vital. This becomes majorproblem,sincedi-
rect estimationof v,,, will provide poor accurag for the
shorttraining sequencegypically presentn cellular sys-
tems.In fact,the estimate®f the covariancefunctionwill

be so unreliablethat we in Subsectiort.2 are forcedto
exploit only the spatialstructureof the covariancematrix,
i.e.wewill assumehat E[V (k)VH (m)] = 0 for k # m.

3 The multivariable DFE

3.1 Theequalizerstructure

A multivariableDFE with atrans\ersalfeedforwardfilter
andatrans\ersalfeedbacKilter

8(k — llk) = S(q")w(k) —
3(k — 0) = £(5(k — £|k))

Qu™ik—¢=1) o

will beused.Theoutputz(k) of thearrayis usedasinput
to theequalizerand s(k — £ — 1) arethe decisiongprevi-
ously madeby theequalizer Thesoft estimates(k — ¢|k)
is passedhroughthe decisionnon-linearityf(-) to pro-
ducethe hard estimate3(k — £). The feedforward filter
S(¢~ 1) is of ordern,, whereaghefeedbacKilter Q(¢g~1)
is of orderng. In general,(8) representa MIMO DFE,
which will beusedfor multiuserdetection.With § scalar
i.e.for M = 1, we obtaina MISO DFE, which will be
usedfor interferencerejection. A setof M MISO DFEs

canberepresentethy (8), with Q beingdiagonal Note
thatthefeedforwardfilter is causal andthatthe decisions
aremadeafterafinite delay/. ThismeanghattheDFE s
alwaysrealizable jn contrasto the DFE presentedn [1].
Theuseof FIR filtersin (8) andof model-basedindirect)
designof the equalizeris motivatedin [5]. We adoptthe
commonassumptiorthat all previous decisionsaffecting
thecurrentsymbolestimatearecorrect i.e. that

Sk—t—n)=s(k—L—n) n=1,...,ng+1. (9)

Thecoeficientsof S(¢~1) andQ(¢~') canbeadjustedo
obtain zero-forcing(ZF) or minimum mean-squarerror
(MMSE) designs.

3.2 Zero-forcing and MMSE designs

A multiuserzero-forcingequalizercan be defined[1] as
a filter which eliminatesall intersymbolinterferenceand
co-channeinterference:

Definition 1 Considerthechannelmodel(3b)anda mul-

tivariable equalizemwhich formstheestimates(k — £|k) of

atransmittedsymbolvectors(k — £). If
(k —Llk) = s(k—0) +e(k) (10)

whee (k) is uncorrelatedwith all transmittedsymbol
vectos s(m) V m, thenthe equalizeris said to be zeo-
forcing.

By substituting(3a) and (9) into (8), the zero-forcing
condition(10) implies:

S H(@")s(k)-Q(q™)s(k—L—1)=s(k—0) .

A DFE will thusbe zero-forcingif andonly if S and@
constitutea solutionto the Diophantineequation

SeHH(@™") -7 Q™) = ¢ In .

Thecoeficientsof anMMSE equalizelaredetermined
to minimize

(11)

J = El|s(k — £) — 3(k — £|k)||’] (12)
wherethe expectationis taken over the signalvectors(k)
in (1a) andthe noisevectorv(k) in (1c) (MIMO case)or
V (k) in (5) (MISO case).Assuming(9), thedesignequa-
tions for the multivariableMMSE DFE can be obtained
from two coupledDiophantineequationswhich aretrans-
formedinto alinearsystenof equationg5], [7].

Underconditionswhichwill discussedh thenext sub-
sectionthe MMSE DFE reducego the ZF DFE whenthe
noisevariancegoesto zero. In generalan MMSE equal-
izer providesbetterperformancehana ZF equalizeyand
in the simulationsection,we will only utilize the MMSE
DFE.



3.3 Near-far resistancewell-posednessand
zero-forcing solutions

An MMSE DFE optimally balancesuppressiomf inter-
symbol interferenceand co-channelinterferenceagainst
noise amplification. When the power of the interfering
usersis large, rejectionof thesestrongsignalsis of para-
mount importance,whereassuppressiorof the noiseis
lessimportant.This situationhasbeenstudiedextensiely
for CDMA multiuserdetectors,in which casethe abil-
ity to copewith stronginterferersis callednearfar resis-
tance[6].

We maythenaskundemwhatconditionsareMIMO and
MISO MMSE DFEsnearfar resistant?lo investigatethis
guestionwe let thenoisecovariancey,, tendto zeroin (4)
andin (6). If all intersymbolandco-channelnterference
canberemored,thenthe MMSE equalizetwill reduceto
aZF equalizerandtheestimatiorerrorwill vanish.In this
case perfectequalizatioris possible for any power of the
interferingusers. If no ZF equalizerexists, all intersym-
bol andco-channeinterferenceeannotberemoved,sothe
estimatiorerrorwill notvanish.

We can thereforeusethe existenceof a ZF DFE as
anindicationof nearfarresistancdor the MMSE MIMO
DFE or the MMSE MISO DFE. In more generalterms,
the existenceof a zero-forcingsolutionalsoindicatesthat
the equalizatiorproblemis well-posedn the sensehatit
canprovide a usefulsolution: Good performancecanbe
guaranteedor 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
Theoreml below. As a prerequisiteye needthe follow-
ing definitions:

d; 2 the propagatiordelayof userj

gj Lthe degreeof the greatestommonpolynomialfac-
tor in thecolumnH ; (¢~ ") otherthang =%

= A
Lj = mzfcl,XLz'j - dj —gj
We arenow readyto formulateTheoreml.

Theorem1 Considerthe MIMO channelmodel(3b) with
M sourcesand N sensos with M < N and assumea
zeo-forcing solutionto exist. A genericallynecessargon-
dition for the existenceof a zeo-forcing MIMO DFE (8)
with decisiondelay ¢ and feedforwad filter degreen, is
thenthat

S ME+) - Y dn

ng > N —1. (13)
Thecondition
M - _
nszzmzle+£+1—LJ—d]_1 (14)

N+1-M

is generically necessaryfor the existenceof a setof M
MISO DFEswith decisiondelay ¢ and feedforwad filter
degreen.

Proof: Se€[5]. |

Wheneitherthe condition(13) or the condition(14) s vi-
olated, the correspondingletectorwill not have enough
degreesof freedomto completelycancelall theinterfering
signals.

Theimpactof aviolation of theinequality(14) will be
demonstrateth Subsectior.1.2.

4 Monte Carlo simulations

TheperformanceftheMIMO DFEis comparedy simu-
lationwith theperformancef theMISO DFE. TheMIMO
DFEjointly detectsll thesignalswhereasheMISO DFE
only detectooneof them.In bothDFEs,thesmoothindag
andfeedforvardfilter lengthsequalthelengthof thechan-
nel,/ =ns = L.

In our scenario,one, two, threeor four BPSK mod-
ulatedsignalsimpinge on an antennaarraywith four an-
tennaelements. Eachsignal passeghrougha frequeny
selectve, three-tapRayleighfading channelandthe taps
of thechanneldadeindependentlyThechannelsretime-
invariantoverthedurationof aTDMA burst. Thechannels
from differenttransmitter¢o agivenreceverareindepen-
dent,andso arethe channeldrom ary given transmitter
to differentreceivers? All signalsarerecevedin thepres-
enceof additive Gaussiamoise,which is both spatially
andtemporallywhite.

The performanceof the algorithmswill be addressed
asafunctionof theaverageSNR perbit [8]

1 B[HG? + | H[” + [HG )]s (k)]
"N Ellvi(k)P?]

. (15)

We assumahatﬁg is equalat differentantennaelements
andthusindependentf i.

4.1 Known channelsand noisecovariances

In this subsectiorwe shall studythe idealizedcasewhen
all channekoeficientsareexactly known. Effectscaused
by differencesin detectorstructurecan here be studied
in isolation,sinceeffectsof channelestimationerrorsare
avoided.

4.1.1 Equal averageSNR

We will hereassumethat all usershave the sameaver-
ageSNR. This canbe accomplishedby usingslow power
control, which compensatefor the propagatiorlossand
shadav fading,but notfor thefastfading.

Fig. 1 shavs the estimatedBER as a function of the
averageSNR per bit. With four users,the performance

2Theseassumptionsnay not always be valid. However, successful
multiuserdetectiondoesnot requireuncorrelatecchannelgo different
recevers (uncorrelatedantennas). Seee.g. [5],[7] for a discussionof
how antennaorrelationaffectsthe performance.
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Figure 1: Comparisonof the MIMO DFE (MU) andthe
MISODFE (SU)for knownchannels.Thenumbesto the
right of thegrapharethenumberof errorsusedo estimate
the BERfor theaverage SNRper bit 74,=15 dB.

of the MIMO DFE at3] = 15 dB is around6 dB better
thanthe performanceof the MISO DFE. This difference
arisesfrom thefactthatthe MISO DFE usesup all its de-
greesof freedomto canceltheinterferencedrom theother
users.Thistaskis easiefor theMIMO DFE sinceits feed-
backfilter takescareof someof the interferencesuppres-
sion. For fewer usersthe differencebetweernthe two ap-
proachess smaller For example,in thecaseof threeusers
thegainis approximately3 dB andfor two usersaroundl
dB.

4.1.2 UnequalaverageSNR

In Subsectior.1.1, we assumedhat power control was
usedo compensattor thepropagatioossandtheshadev
fading. In the scenaridnvestigatedn this subsectionywe
will relaxthisassumptionEventheaverageecevedpow-
erswill differ amongthe users.Thiswill generatehe so-
callednearfar problem

We estimatedthe BER of a userhaving an average
SNR perbit of 10 dB in a scenariowvherethereareone,
two or threeadditionalusersegachhaving anaverageSNR
perbit thatis betweerD dB and10dB higher, i.e. between
10 dB and 20 dB. The resultfrom this simulationis de-
pictedin theright half of Fig. 2.

InaMIMO DFE, decisionsoncerningoneuseraffect
future symbol estimatef all users. Incorrectdecisions
on the symbolsfrom aweakuserwill thusimpairthe de-
cisionsof other, strongerusers.In this caseaMISO DFE
may yield better performancesince (possiblyincorrect)
decisionsof the wealer users’symbolsdo not influence
the estimateshe strongemsers’symbols.

To investigatethis effect, we estimatethe BER of a
userhaving anaverageSNR perbit 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

usersvariedbetweerll0 dB and0 dB. Theresultfrom this
simulationis depictedn theleft half of Fig. 2.
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Figure 2: Comparisonof the MIMO DFE (MU) andthe
MISO DFE (SU)for knownchannelsand differenttrans-
mitter powers In this simulation, 25000 channelswere
randomlyselectedOveread channel, 1000symbolsvere
transmitted Usernumberl hasan SNRperbit of 74 = 10
dB, while the SNRper bit "yl{ of the otheruses are equal
andvaries.

Fromtheleftmostpartof Fig. 2, it is clearthatfor the
investigatedlifferencesn powerlevels,errorpropagation
is not so severethat 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 evidentthat for the MIMO
DFE, four userscanco-&ist in the cell, evenwhenthere-
ceived averagepowersdiffer substantially However, the
performanceof the MISO DFE is seriouslyaffected by
the increaseof the power levels of the interfering users,
sincethis MISO DFE doesnot comply with the ZF con-
dition (14). Insertingnumericalvaluesinto (14), we find
that completesuppressiomf all co-channeinterferersis
impossiblewhenerer M > 3. As the transmitterpowers
of theseusergancreasetheestimatiorerrordueto residual
interferencancreases;esultingin anincreasedER. The
MIMO DFE on the otherhandis capableof completely
removing the interferencefrom the strongerusers,at the
expenseof aslightly increasedoiseamplification.

4.2 Estimated channelcoefficients

To demonstratéowv the MIMO DFE worksin amorere-
alistic case,channelestimationis introduced. The data
is transmittedin bursts,with a structuresimilar to that of
GSM: A trainingsequencef 26 symbolsis locatedin the
middle of eachburst. Togetherwith datasymbols,tail
symbolsand control symbols,this resultsin a total burst
length of 148 symbols. The channelestimationis per
formed using the off-line leastsquaresmethod,and the
spatialcolor of thenoiseis estimatedrom theresidualf
thechanneidentification.Thetemporalcolor of thenoise



is neglecteddueto thelimited amountof data.Apartfrom
this, the simulationconditionsarethe sameasin Subsec-
tion 4.1.1Theresultsareindicatedin Fig. 3.
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Figure 3: Comparisonof the MIMO DFE (MU) andthe
MISODFE (SU)for estimatedthannels.

Whenwe compareFigs. 1 and 3, we seethatthe dif-
ferencebetweenthe MIMO DFE andthe MISO DFE is
greaterwhenthe channelshave to be estimated.The in-
ability to estimateandsubsequentlysethetemporalcolor
of the interferenceleadsto a larger performancedegra-
dationfor interferencerejection. Again, the differencein
performancés largerwith moreactive users’®

5 Discussionand conclusions

In ourinvestigationof recever algorithmsdesignedo ac-
complishchannelreusewithin cells, MIMO DFEswhich
work asmultiuserdetectoriave beencomparedo theuse
of interferencerejection, implementedby MISO DFEs.
In summarysimulationsindicatethat multiuserdetection
providessuperiomperformance.

Differencesn performancebetweenmultiuserdetec-
tion andinterferenceejectionarepartly dueto the detec-
tor structues A multiusefMIMO) DFE utilizesfeedback
from previously estimatedsymbolsfrom all users,while
theinterferenceejecting(MISO) DFE performsdecision
feedbackromtheuserof interestonly. Thedifferencealso
resultsfrom the preconditiondor channelestimation In
the multiusercase input-outputtransferfunctionscanbe
estimatedFor interferenceejection the co-channeinter
ferenceconstitutescolorednoise. The multivariatenoise
modelsestimatedrom shortdatarecordswill have poor
accurag.

Multiuser detectorsand interferencerejecting MISO
DFEscanboth be madenearfar resistant. However, the

3For caseswith BER < 10%, the BER canbe reducedsignificantly
both for the MIMO and MISO DFE by usinga multi-pass*bootstrap”
algorithm[9], wheredecisioneddataare usedto improve estimatesof
thechannelndnoiseparameter§r].

conditionsfor this, asindicatedby theexistenceof a zero-
forcing solution,are somavhat morerestrictve for inter-
ferencerejection.

In [5], [7], the MIMO andMISO DFEsareappliedto
experimentameasuremenfsom anantennarraytestbed.
Theresultsfrom this trial confirmthe resultspresentedn
this paperandindicatethat reusewithin a cell is indeed
possible,using eitheran eight elementarray antennapr
a cornventionalsectorantennawith two polarizationdiver
sity branches.
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