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ABSTRACT
Multiuser detectionis a powerfultool for combatingco-

channelinterferencein multiple-accessommunication
systemd1]. In this paper we investigatethe feasibil-
ity of achievingincreasedspectal efficiencyin GSM-like
TDMA networksby applying multiuser detection. Two
specialcasesare consideed: In the first scenario,two
usess are servedsimultaneouslyn the samecell. In the
secondne two uses in adjacentcellsare servedon the
samefrequencyWe focuson downlinkoperation. Multi-
ple receiveantennasat the mobileterminalsprovide the
processinggain necessaryto enableefficient multiuser
detectionWe proposeanefficientiterativereceiverstruc-
ture that performsjoint channelestimationand data de-
tection. Theperformancas evaluatedby meansof simu-
lations.

1. INTRODUCTION
Existingcellularnetworksarefacedwith aneverincreas-
ing demandor higherthroughputjn termsof thenumber
of userghatcanbesimultaneouslgened. In aGSMnet-
work, thenumberof usersin acellis system-limited:ev-
erycellis assigne@setof frequengy bandsgachof them
canaccommodat® usersin differenttime slots. Adja-
centcellsusedifferentsetsof bandsin orderto minimize
inter-cell interference. Strict power control within each
cell furtherreducesnterferencdevel [2].

A physicalcommunicationchannelin a single cell
is uniquely definedfor eachuserwith a time slot num-
beranda pair of uplink anddownlink carriers. Physical
contentof a time slotis calledburst, with a structureas
shavnin Fig. 1. A midambledefinedby the Training Se-
guenceCode(TSC), placedin the centerof eachburst,
is usedfor estimationof radiochannelconditions.Here-
inafter, guardperiod (GP) andtail binary symbols(TB)
will beignored,andonly Ny,,...; = 142 usefulbinarysym-
bolswill bereferredto asausers burst.

In this paper we investigatethe casewhentwo users
sharethe samephysicalchannel.If a properlydesigned
recever can combatstrongco-channelinterferencethat
would arisein suchacasejt would allow significantim-
provementof the network throughput.

Two scenarioshouldbedistinguished:

o interferingusersbelongto the samecell (intra-cell

interference)

¢ interferinguserdelongto adjacentells(inter-cell
interference)

Our furtherattentionwill be mainly focusedon the latter

case. We will considerdownlink communicationfrom

the basestationto a multiple antennamobile recever.

Signalandchannelmodelaregivenin Section2. Chan-
nel estimationis addressedn Section3. The recever

structureis proposedn Sectiord. Section5 analyzeghe

recever’s performance. Finally, Section6 summarizes
ourwork.

2. SIGNAL AND CHANNEL MODEL

While propagatinghroughthe radio channelthe signal
is subjectto differenttime-varying distortionsdueto in-

terference fadingand noise. For our investigation,we

will considera simplified caseof a flat fading channel
that doesnot induce inter-symbol interference. In this

case,apartfrom additive noise, the channelintroduces
only an unknawn attenuationthat scalesthe signalam-
plitude. Thetotal attenuatioris the resultof several pro-

cesseshatareassumedo be mutuallyindependeni3]:

1. Pathloss: Signalpower decreaseaccordingo the
power law of the distancebetweerthe transmitter
andtherecever. In the generalcase the pathloss
attenuatiorcanbe expresseas|[4]:
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whereq is the pathlossexponentthat dependon
theervironment,a andag areamplitudeweightsat
distancer andreferencalistancerg, respectiely.

2. Large scalefading (shadowing is dueto large ob-
staclesin the propagatiorpaththat block the sig-
nal. It isaslowly varyingprocessmodelledstochas-
tically with log-normaldistribution:

201og(s) [dB] ~ N (s, 02)

3. Smallscalefadingis the resultof multipath prop-
agation. The amplitudeof the receved fadedsig-
nalis modelledasarandomvariablewith Rayleigh

distribution.
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Figurel: Normalburstin GSM




Two scenariosreof interest:

o Letusfirst consideitwo co-channeliserssenedby
thesamebasetransceier station(BTS). Thecell is
modelledas a circular areaof radiusR, with the
BTS in the centerandthe usersuniformly, inde-
pendentlyidentically distributed(i.i.d.) inside. Let
us denotethe mobile userof interestas M S; and

theinterferinguseras M S,, with all theassociated
parameterindexedcorrespondinglylf we assume

perfectpower control performedin the downlink,
the pathlossandshadaving attenuatiorof M S;’s
signalwill becompensatetbr. However, theinter
feringsignalwill berecevedat M S; attenuatedby
relative shadaving andpathlosscoeficientsgiven
respectiely by:
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Thebasebandignalmodelcanbe expresseds:

y(i) = zi(i) h1 + sp xo(i) ha +n (1)

wherey(i) is (1 x N,) vectorof therecevedsig-
nalsat N, antenna®of M S; ati-th symbolinter-
val,i = 1,2, ...Npyrst; 1,22 € {—1,+1} arei-th
transmittedsymbolsfrom BTSto M S; and M Ss,
n is a complex Gaussiamoisevector(zeromean,
with variances?) andh; andh, arechannelim-
pulseresponsevectorscontainingi.i.d. comple

Gaussiarcoeficients for eachreceving antenna.

Thus,they canbe viewed asuniquespatialsigna-
turescharacterizingachusers signalspacealmost
surely This is analogougo spreadingwith signa-
turesequences CDMA systemg5].

e Thescenariovhentwo interferingusersbelongto
two adjacentellsis illustratedin Figure?2. In this
case,the samesignalmodel givenwith (1) holds,

exceptthattherelative attenuatiorweightsaregiven

by:
S21 D21 T21 —a/2
S = — ’ = — = _ y 2
S2 P D2 ( T2 ) @

with thenotationcorrespondingo Figure2. Dueto
larger distancerangebetween) S; andthe inter-

feringbasestationBS,, 721 € [R, 3R], interference

canundegomuchlargerpathlossattenuatiorthan
in previouscase.

Path loss and shadeving are slowly varying pro-
cesseshatdo not changesignificantlyover several
time slots. That enablegeliable estimationof co-
efficientss andp, which arethereforeassumedo
be perfectly known to the recever in our model.

However, Rayleighfadingcoeficientsmaychange

rapidly from oneslotto anothetandthereforeneed

to beestimatedor eachburst. They areconsidered

to beinvariantduringoneburstduration.

Figure2: Two usersin adjacentells

3. CHANNEL ESTIMATION

3.1. Usersinthe SameCell

Sinceboth the usefulandthe interfering signalarrive to
the mobile recever from the sameBTS, burstswill be
completelyoverlappedasshowvn in Fig. 3. Dueto atten-
uation, powersdiffer significantly in general. The mi-
damblepartsd;, andds will be perfectlyaligned.There-
fore, in orderto enableidentificationand estimationof
differentchanneldor eachuser it is necessaryhat they
usedifferentmidambles. We assumethat M S; knows
theinterferers midambleds.

BSy —MSy dy

Data i Midamble | Data
| \

e H

BS1 — MSsy

Figure3: Overlappingbursts

If we stacklV; = 26 vectorsgivenby (1) into (N4 x N,)
matrix of midamblepart of the receved signal, we can
write

Yd=d1h1+8pd2h2+N, (3)

. . N\ T
where d; = (m((]’) m{ ... mgg) , i = 1,2 denoté
the midamblesequencesThis canbe written in matrix
form:

Y,=DH+N
Dogyo = [dy spds]; Haxn, =[hi hy]T. (4)

ThelinearleastsquaregLS) estimatoi{6] givesthe esti-
matedchannelmatrix:

ﬂE:D#Yg=<DTD)4DTY@ (5)

Jointchannelestimatiorfor bothusergakesinto account
non-zerocross-correlatiorbetweenthe midambles. In
casethe midamblesareorthogonalj.e. d} d; = 0, chan-
nel estimateof both userswill not be influencedby the
eachotherusers channelbut by noiseonly.

3.2. Usersin Adjacent Cells

The interfering signalnow arrivesfrom the basestation
in the neighbouringcell. A significantdifferencecom-
paredto the previous caseis lack of synchronizatiorbe-
tweendifferentbasestations. Thus,a randomoffset be-
tweensignalswill occut It canhave arbitraryvaluefrom

)T, (-)H denotematrix transpositionand Hermitian transpose,
respectiely.



0 to burst duration,but, for the sale of simplicity, it is
assumedherethatit cantake only integervaluesof sym-
bol durationT,;. Then,normalizedoffsetvaluesarein the
rangeof:

Toﬂset

=0,1...141.
T ’

Noﬁset =
Thevalueof theoffsetis consideredo beknown atthere-
ceiver side. Figure4 depictsthe casefor 59 < Nogser <
84, whenthemidamblepartof thesecondsignalis "split”
into two parts.

(n)-thslot

S| | - \

]
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Figure4: Offsetbursts

Oneburstwill be affectedby two unequalpower in-
terferersrom two adjacentime slots. They aretransmit-
tedwith differentpowers,but they sharethe samechan-
nel, sincethey arrive from the samebasestation. Then,
therecevedburston all theantennasanbewritten as

Y =21hy + Z2hs + N, (6)

where

@1 = [21(1) 21(2) ... £1(Npurst)]”

To= [Slp’:m(l, vy Norser) 8" @a(Nogroer+, .., Nburst)]T-

Obhviously, midamblesarenotalignedany more,but over-
lap with unknowvn databits. Therefore,channelestima-
tion shouldbe donejointly with datadetection[7]. A
simpleiterative methodis explainedin the next section.

4. RECEIVER STRUCTURE
A blockdiagramof theiterativereceveris shovnin Fig. 5.
Initial channelestimatesare obtainedseparatelyregard-
ing theothersignalasnoise:
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1
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whereYy, ande2 containthe midambleof userl and
user2, respectiely. Comparingestimatesn (7) andtak-

ing into accountknown attenuationof the interference,

it is determinedwvhich signalis stronger Iterationsstart
with detectionof that signal, settingthe wealer channel
estimatebackto zero. Without lossof generality let us
assumesignalfrom BS, is strongerandthereforewe set

0 . .
hg) = 0. In eachiterationstepj = 1,..., M, chan-
nelestlmatesareimprovedusingthepra/iouslyobtained

estimate®f the databits thatoverlapwith midambles:

2 (9 L oor _~(J D2 G-1)

R = 26d (Ydl by )

~ (1) _ V(J) ~ (7)

o= sd (Ya-#h). @®

For intermediatadecisionsusedasfeedbackinformation
in theiterative processasoftdecisionruleis applied.For

thebinarysignalsin Gaussiamoise,it canbeshowvn that
the optimal soft decisionfunction in termsof minimiz-
ing meansquareestimationerror(MSE) is thehyperbolic
tangentwith the slopedetermineddy signal-to-noisea-
tio (SNR),cf. Fig. 6. Thus,tentatize decisiondn thei-th
iterationaregivenby ([8], [9]):

4 A ) A
& :tanh{SNR Re[hf " (v-% A ”)]}

%9 = tanh {SNR ‘Re [h”m (Y— ;z&”ﬁi”)] }
The estimate®f SNRareupdatedn eachiterationas

, (J)

02

1 ~ ~
5 = Ftrace{Picy}, (20)

a

wherethe (N, x N,) signal covariancematrix andthe
projectionmatrix associatedavith the noisespacearede-
fined by

CC’/
Py

E{y"""} =HH" + 51 (11)
I-HH"H) 'HY (12)

takinginto accounthatin (1) y, h1, andh, weredefined
asrow vectors. The estimatedmatricesare obtainedin
thefollowing way:

Nyurst
s 1
c, = DH? 13
Yy Nburst lzzl (yz )(yz ) ( )
Py = I-Py=1-Q"Q,  (14)

whereQ = orth(H) spansthe sameestimatedsignal
subspacé{ as H, but hasorthogonakolumns.

The iterative processconvergesrapidly. Simulations
show thatafter M = 3 iterationschannekestimateseach
steadystate thusallowing to stoptheiterationswith final
datasymbolestimatesThey areobtainedoy applyingthe
harddecisionrule

~ H(M) <
1 sign {Re [hf{ (Y (M) th))] }

) 5D A
Gy = sign{Re [hf (Y—fng’hiM’)]}.
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Figure5: Block diagramof iterative recever
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Figure6: Softdecisionfunctionfor binarysymbols

5. BIT ERROR RATE PERFORMANCE

As aperformanceneasuref therecever, we obsenethe
bit error ratefor differentlevels of meansignal-to-noise
ratio (SNR),whichis definedas

E;
SNR Ny
whereE, is meanenegy persymbolandNj is one-sided
power densityspectrunof white noise.

The resultsfor the scenariowith usersin adjacent
cellsarediscussedirst. Attenuationweightsaredefined
via (2), where path loss exponentis a« = 4 and stan-
dard deviation of shadaeving is the samefor both cells
021 = oo = 10dB. Thesevalues,which are standard
for modellingurbanandsulurbanenvironment[10], lead
to hugevariationsof interferencepower. Averagedover
all possiblepathlossvalues(for all possiblerelative po-
sitions of the mobile users)signalto interference(SIR)
level amountsto —6 dB. In the performedsimulationsit
wasassumedhatthe positionsof the userschangefrom
oneburstto anotherthusleadingto independentdiffer-
entinstantaneoumterferencdevelsfor boththeinterfer
ers. Figure7 shavs resultsobtainedfor variablenumber
of iterationsin the recever that exploits N, = 4 anten-
nas.

The BER of therecever is comparedo the analyt-
ical resultfor probability of error for binary symbolsin
a Rayleighfading channelwith L statisticallyindepen-
dentdiversitybranchesA closed-formsolutionfor such
acases givenby [11]:

Pez(éa—u))L kg [(L‘}j’“)(éa ¥ u))k], (15)

whereL in our caseequalgo thenumberof antennasyv,,
and y is the function of the averageSNR per channel,

definedas:
_ SNR/N,
=\ T+ sNr/N,”

Notethatexpression15) assumeshe perfectknowledge
of the channelat the recever side and completely or-
thogonalusers’signatures.The recever approacheshis

boundafter M = 3 iterations. A performancegap of
lessthan1 dB is dueto non-idealchannekestimationand
highly variablepower of shadevedinterference.

The performancas highly dependenbn the relative
offset betweenthe signalsarriving from the servingand
the interfering basestation. Due to symmetry relative
offsetis definedas: Nyet = (Nogset — 5Nourst) €
{-71,...,0,...,70}. Theresultsshovn in Fig. 7 areob-
tainedfor N,.; = 2. In caseof perfectsynchronism
(Nye; = 0), the BER closelyfollows the bound(15) for
all SNRs. However, for higher valuesof temporaloff-
setstheperformancelecreasesignificantlyandtheBER
curveflattensout at high SNR.

The influenceof relative offset on BER is also de-
pictedby Fig. 8, which shavs the behaiour of the BER
for two levelsof SNR.For higherSNR (lower curwe),in-
terferencds dominantover noise,thereforethe recever
will bemuchmoresensitve to channelestimatiorerrors.
Both curvesshawv thatfor smallrelative offsets,whenal-
mostthewholeburstis affectedby thesamdevel of inter-
ference the recever is ableto mitigatethis interference
throughoutterations.

BER forN_ =4, 0_=10dB, N _=2; N
ant sf rel iter

0{1,2 3}

I —— liter.
107" : : —=— 2 iter.
R —o— 3iter.
BN . - - L=4bound

BER

10" L
0 2 4 6 8 10 12 14 16 18
SNR [dB]

Figure7: Influenceof numberof iterations

BER vs. offset, N. =4, 0_=10dB, N. =3
ant sf

iter

T
—=— SNR=5dB
107 —— SNR=15dB

107 e
% M L.

BER

/
b
+
|

*

4 L L L L L
-60 -40 -20 0 20 40 60
relative offset

Figure8: BER for differentrelative offset



In the light of shawn results,it is reasonablédo re-
quireonly acoarsesynchronizatiobetweerthetwo base
stations. It is enoughto achieve a relative offset thatis
not largerthan5 bit durations. Recallthat our recever
assumesrbitrary offset and thus considershe bits that
interferewith training sequencenitially unknowvn. Un-
derthe constraintof | N,.¢;| < 5, therecever canbefur-
therimproved by exploiting the knowledgeof the N; —
| N1 overlappingbits of known trainingsequencedni-
tial channelestimatescan be obtainedby applying the
leastsquaresnethod(5) on the overlappingpartsof mi-
dambles.They arefurtherimprovedthroughouthe iter-
ative processwhich leadsto asmallerbit errorrate.

Finally, the performancdor usersin the samecell is
assessedlheBERis shavnin Fig. 9. Notethattheusers
aresynchronizedo the sameBTS, i.e. N,.; = 0. In this
case,we have assumegerfectly orthogonalTSCs. Not
all the pairs of TSCsdefinedin [2] have this property
but four suchpairsdo exist. Dueto orthogonalityof the
midambles,the channelestimatesdo not improve with
thenumberof iterations.Theperformancés very similar
to the caseof usersin adjacentcells whenthe temporal
offsetis small,cf. Fig. 7.
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Figure9: BERin thesame-celkcenario

6. SUMMARY AND CONCLUSIONS

In this paper we proposeapplicationof multiuserdetec-
tion ontwo asynchronougowerimbalancedco-channel
usersin a GSM-like system.For a generalcaseof anar
bitrary relative offseta low-complexity iterative recever
structureis proposed.It performsjoint channelestima-
tion and datadetection. Soft decisionson databits are
usedasfeedbackinformationfor updatingchannelesti-
matesin the iterative process.Simulationsindicatethat
theiterationscorvergerapidly. Dueto large differences
betweerinterferencdevels,recever'sperformancetrong-
ly dependson the relative offset. It is shavn that for
small valuesof relative offsetsthe BER is closeto the
lower boundof single-userasen Rayleigh-aidingchan-
nel. Moreover, the simplifiedrecever canbe extendedo
handlemorethanoneinterferinguser
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