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ABSTRACT

SignalstransmittedthroughMultiple-Input-Multiple-Output(MIMO) systemssuffer from multiple accessnterference
(MAI), multipathpropagatiorand additive noise. For suchsystemsjterative multi-userreceiersoffer a goodtradeof
betweenperformanceand complexity. In this paper the completestructureof suchaniterative receier is presentedlt
compriseschannelestimatoy multi-userdetectoranda bankof decoders.We focuson iterative channelestimationand
investigateits influenceon the overall recever performance.The recever performancds evaluatedby simulationsfor
differentparametesetups.

INTRODUCTION

In MIMO systemssereralusersaccesshe transmissiormediumsimultaneousiyn orderto sendandreceve data. Thus,
eachusercreatesMAI for all otherusers. In communicationsystemswherethe symbol durationis smallerthan the
delay spreadof the channel,intersymbolinterferenceg(ISI) occurs. Thesetwo effects, MAI andISlI, arethe dominant
signalimpairments.In recentyears,iterative recever structureshave beenproposedasa solutionto combatMAI while
maintainingmodesttomplexity (see[1-11] andreferencesherein). Theiterative recever consistsof a multi-usersignal
detectorfollowed by a bankof soft-input-soft-outpu{SISO)decoders.The soft decodersbutputsareusedasfeedback
informationfor improving the detectors estimatesn the next iteration. Most of the proposedschemeshowever, assume
flat fading,without ISI, or the perfectknowledgeof the channekttherecever.

We considera MIMO systemin frequeng selectve fading. Performingchannelestimationwithin the iterative loop
improvesthe recever performance.Not only the known pilot symbols,but also estimateddatasymbolscan be used
for estimatingthe channel,if the channelcoherencdime is sufficiently long. Iterative channelestimationfor frequeny
selectve MIMO channelss addresseth [10], whereestimatioris performedusingpilot symbolsaswell asharddecisions
on datasymbolswhich wereclassifiedasreliablein previousiterations.In this paperwe considersoft decisionfeedback
of all datasymbolsfrom thedecodeto thechannekstimatorandthemulti-userdetector Thisapproacheadsto improved
overallrecever performance.

MIMO DATA MODEL

ConsideraMIMO systemwith K transmitantennasind N receive antennasAntennak transmitsblocksof M cornvolu-
tionally encodedandrandomlyinterleaved symbolsb,[m], wherem is discretesymboltime. The modulationschemes
BPSK,i.e., by[m] € {+1, —1}. Signalspropagatehrougha frequeng selectve fadingchannelith L taps. Consecutie
blocks are separatedby a guardinterval, which preventsinter-block interferencgIBl). Eachblock containsP training
symbols.Thesignalreceivedat then-th antennain them-th symbolinterval is givenas

ynlm] = ynlm] = Z_: Bk (1] bi[m — 1] + va[m], (1)
k=1 k=1 1=0

where h,,;[!] is the I-th tap of the channelimpulseresponsdrom the k-th transmitto the n-th receive antenna. The
additive Gaussiamoisev,, [m] is spatiallyandtemporallywhite, with zeromeanandknown variances2. Theparameters
that needto be estimatedat the recever are the channelcoeficients h,,;[I]. Under the block-fading assumptionthe
channelis constantover the block of M symbols. As thereis no IBI, M transmittedsymbolsfrom the k-th transmit
antennawill resultin M + L —1 receved symbolson the n-th receve antennagdefinedby (1). Stackingtheminto an
(M+L-1) x 1 vectory,,,, we obtain:
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whereBy, isa (M +L—1)x L Toeplitzmatrix of datasymbols,andthevectorh,,; containghe L channekaps.Thetotal
recevedsignalon then-th antennds givenby
hnl

K
Y, = Y, = [Bi B ... Bg] : +v, £ Bh, +v,. (3)
k=
! hnK

Finally, we collectthesevectorsfor all N receve antennasnto asingle N(M + L — 1) x 1 vectory:
y=I®B)h+v=Bh+wv, (4)

T
wherey = [yT yT ..y%]" b = [th hl . h%] v = [vl ol .. vL]7, Tisthe N x N identity matrix and is
the Kronecler product. In this way, all the N K L unknavn channelparametersrecollectedin the vectorh, while the
transmitteccodeddatasymbolsconstitutethe block-diagonalV (M + L—1) x NK L matrix B.

ITERATIVE RECEIVER ALGORITHM

The structureof the investigatedterative receier is shavn in Fig.1. Theiterative processstartswith theinitial channel
estimationbasedon the knowledgeof pilot symbols. The estimatedvector of channelcoeficients h, is forwardedto
the multi-userdetectoy whichis followed by a bankof K SISOdecodersGiventhe channelestimatesandthereceved
symbolsequencehe detectorcomputeghelog-likelihoodratios(LLRS) for all codesymbols:

Pr (be[m] = +1]y,h)

Pr (bufm] = —1|1.)
Basedon detectoroutputsandcodeconstraintgc. c.) for eachuser thedecodersomputea posteriori LLRs A [10]:
As (by[m]) = log Pr (bg[m] = +1| Ay (bg[m]) ,c.c.) ©

Pr (bg[m] = —1| A1 (bg[m]) ,c.c.)

This posteriorLLR consistsof two parts: a priori LLR A;, deliveredby the detector andextrinsic LLR A», which is
additionalinformationfrom thedecodersAs(-) = A1(:) + A2(+).

SISO Multi-User Detector

The detectorin our schemds a Soft InterferenceCanceller(SIC) followed by a bankof Minimum MeanSquarederror
(MMSE) filters. Thedetailedalgorithmcanbefoundin [10], thusonly the mainprinciplewill be explainedhere.
Basedon extrinsicinformationfed backfrom the decodersthe detectorcalculateghe soft symbolestimatess

br[m] = E {bx[m]} = tanh (s (bx[m]) /2) . (7)

Usingthesedataestimatesandthe channekoeficients’ estimatesa soft replicaof theinterferencas computedor each
of the K datastreamsandthensubtractedrom the total receved signaly. The remainingsignalis processedy the

Y Channel 1 : 1I - interleaver
Estimator | : 0 | -1 - deinterleaver
R bm)
1[m]] M) [ ] Aaltylml) o Ra(alm) 7 J
* Decoder II 4
b
o R L Sl G Kl
MMSE | A (b [m]) T Socoder Az bK(m))@ Az(bx [m]) % o Wim[m]

Ex[m]f

Figurel: Iterative recever— block structure



MMSE filter—bankto further suppresdhe residualinterference.In the lastiteration, the decoderdinally computehard
decisiononinformationbits.

Channel Estimation

Maximum A Posteriori (MAP) Joint Channel and Data Estimation: Basedon N (M + L — 1) obsenations(collectedin
vectory), we needto estimate/ N L channelcoeficients(collectedin h) and K M datasymbolsb,[m]. The optimum
approachs joint estimationof all the parametersThejoint estimatordoesnottake into accounthecodeconstraintsThe
solutionto this estimationproblemis obtainedby maximizingthe joint posteriorprobability densityfunction (pdf) of B
andh giventherecevedsequencey:

_ f(yah|B)PI‘(B) _ f(y’hlB) M-1 K i
f(h,B|y) = @) =" EOIEP (b [m]) @)

The latter equality holds underthe assumptiornthat codeddata symbolsare independentwhich is valid for random
interleaving. For eachdatablock there exist 25 possiblehypothesesn transmittedsymbols. Due to prohibitive
compleity of this approachwe will focuson severalsuboptimunsolutions.

Soft Discrete Symbol Approximation: Theprobabilitymasgunction(pmf) of eachsymbolis determinedy the probability
Pr(bx[m]=1). We replacethis pmf by a singlediscretesoft value,definedby the meanvalueb,[m] calculatedasin (7),
but usingtheposteriol.LR A, insteadof theextrinsicLLR As. In thecontext of previoussection thisreduceshenumber
of possibledatasequencefrom 25 to 1XM — 1. Let B denotethe matrix obtainedby replacingthe unknavn data
symbolsin matrix B by their soft meanvalues.The conditionalpdf of therecevedsignalgiventhechannelectorh and
thedatamatrix B is an N (M + L— 1)—dimensionatomplex Gaussiardistribution:

FIB, k) = (702) VY exp (—o, 2 (y — BR)! (y — BR)). ©)

Thefunctionwe wish to maximizeequalgo (9) with B insteacbf B. We assuméhatchannetoeficientsareindependent,
identically distributed(i.i.d.), complex Gaussiarrandomvariables,with zero meanand unit variance. Sincethe signal
model(2) is linear Gaussianthe MAP andMMSE estimatorareequialent:

~ - ~H ~ -1 _
harisr (y) = argmax{In f(y|h) +In £(k)} = argmin {0 %[y — BAI* + |n|*} = (B"B+021) By. (10)

If we assumaeno prior statisticaknowledgeof thechannelthe coeficientsh,, (1) aremodelledasdeterministicunknovn
parametersThelik elihoodfunctionof therecevedsymbolhasthesameform as(9). Theleast-squared.S) lik e solution
yieldsthefollowing estimator:

hus(y) = argmax {In f(y; h)} = argmin {|ly — Bh|*} = (8"8) "8". (11)

This resultis just a specialcaseof (10) for no prior knowledgeon h. Unlike MMSE, the LS estimatordoesnot require
knowledgeof the noisepower, i.e., the signal-to-nois¢ SNR) ratio.

Gaussian Symbol Approximation: In [9] it wasproposedo replacethediscretepmf of eachdatasymbolby thecontinuous
Gaussiarpdf with samemeanvalueandvariance We foundthis approactoo complex.

SIMULATION RESULTS

We simulatedthe iterative recever for aMIMO systemwith 2 usersand?2 receive antennasThe userstransmitteddata
blocksencodedwith a convolutional codeof rate1/2 andconstrainiength3. Eachblock was precededy a short(15
symbols)or long (50 symbols)training sequence We limited the numberof iterationsto 4. Fig.2. shows the relative
channekstimatiorerrorin theinitial andthefinal iteration,for LS andMMSE estimatotusingsoftdecisionfeedback For
bothcasessignificantimprovementof the channekestimatehroughoutheiterative processs obvious. For largenumber
of pilot symbolsprior statisticaknowledgeof thechanneis notinfluential,thusMMSE performsalmostidenticallyasLS.
For smallnumberof pilots, however, theinitial MMSE channelestimatds muchbetter sinceit exploits the knowledgeof
thenoiselevel. After 4 iterationsbothestimatorcornvergeto thesameaverageerror. ThisimpliesthatsimpleLS estimator
(thatdoesnot requireSNR estimatecanbe employedandthatpilot sequenceanbereducedvithout performanceoss.
Fig. 3 shavsthe Bit Error Rate(BER) afterfinal iterationfor iterative recever with LS channelestimatorusingone
of the threetypesof datadecisionfeedback:soft estimatef all the symbols hardestimatesf all the symbols,or hard
estimateonly of "reliable” symbols,asproposedn [10]. Thereliability thresholdwvassetto LLR level of 0.5. All three
curvescoincidefor large numberof pilot symbols,sincetheinitial channelestimateis alreadygoodenoughandleadsto
the sameperformanceHowever, for shortpilot sequencesoft feedbacloutperformsbothhardfeedbackapproachedn
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low SNRs,very smallnumberof symbolsexceedshe reliability thresholdthus,the "reliable hard” feedbackperforms
worst. In high SNRs thethreefeedbackypesbecomesquivalent,asexpected.Our simulationsshow thatthe superiority
of soft feedbackncreasesvith the numberof usesin a system(theresultsarenot shovn heredueto lack of space).

SUMMARY AND CONCLUSIONS

An iterative recevver is proposedfor MIMO systemsn frequeng-selectve fading channels. The recever consistsof

the channelestimatoy soft interferencecancellerfollowed by an MMSE filter-bank and SISO decoders.We focus on

the iterative channelestimationand derive modified LS and MMSE estimatorsthat use the whole block of receved

datafor estimatingthe channel. The unknavn datasymbolsare replacedby their soft estimates. Simulationsshov

thatthe performance®f both estimatordbecomeidenticalafter 4 iterations. For SNR higherthan4 dB, dueto iteration
gainthe numberof pilot symbolscanbe significantlyreducedwithout increasingthe channelestimationerror. Finally,

we comparedhe performanceof the receiver emplogying LS channelestimatorthat usessoft dataestimateswith the

equivalentreceiver employing all hardestimatesr only reliablehardestimateslt is shavn that soft feedbackapproach
outperformsbothsolutionswith harddecisionfeedback Theadvantageof the soft feedbacks particularlysignificantfor

lower SNRlevelsandfor highernumberof users.
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