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ABSTRACT

SignalstransmittedthroughMultiple-Input-Multiple-Output(MIMO) systemssuffer from multiple accessinterference
(MAI), multipathpropagationandadditive noise. For suchsystems,iterative multi-userreceiversoffer a goodtradeoff
betweenperformanceandcomplexity. In this paper, thecompletestructureof suchan iterative receiver is presented.It
compriseschannelestimator, multi-userdetectoranda bankof decoders.We focuson iterative channelestimationand
investigateits influenceon the overall receiver performance.The receiver performanceis evaluatedby simulationsfor
differentparametersetups.

INTRODUCTION

In MIMO systemsseveralusersaccessthetransmissionmediumsimultaneouslyin orderto sendandreceivedata.Thus,
eachusercreatesMAI for all other users. In communicationsystemswherethe symbol durationis smallerthan the
delayspreadof the channel,inter-symbolinterference(ISI) occurs. Thesetwo effects,MAI andISI, arethe dominant
signalimpairments.In recentyears,iterative receiver structureshave beenproposedasa solutionto combatMAI while
maintainingmodestcomplexity (see[1–11] andreferencestherein).Theiterative receiver consistsof a multi-usersignal
detectorfollowedby a bankof soft-input-soft-output(SISO)decoders.Thesoft decoders’outputsareusedasfeedback
informationfor improving thedetector’sestimatesin thenext iteration.Most of theproposedschemes,however, assume
flat fading,without ISI, or theperfectknowledgeof thechannelat thereceiver.

We considera MIMO systemin frequency selective fading. Performingchannelestimationwithin the iterative loop
improvesthe receiver performance.Not only the known pilot symbols,but also estimateddatasymbolscanbe used
for estimatingthechannel,if thechannelcoherencetime is sufficiently long. Iterative channelestimationfor frequency
selectiveMIMO channelsis addressedin [10], whereestimationis performedusingpilot symbolsaswell asharddecisions
on datasymbolswhichwereclassifiedasreliablein previousiterations.In this paper, we considersoft decisionfeedback
of all datasymbolsfrom thedecoderto thechannelestimatorandthemulti-userdetector. Thisapproachleadsto improved
overall receiverperformance.

MIMO DATA MODEL

Considera MIMO systemwith � transmitantennasand � receiveantennas.Antenna� transmitsblocksof � convolu-
tionally encodedandrandomlyinterleavedsymbols����� ��� , where � is discretesymboltime. Themodulationschemeis
BPSK,i.e., ����� ���! "
$#&%('�)*%$� . Signalspropagatethrougha frequency selective fadingchannelwith + taps.Consecutive
blocksareseparatedby a guardinterval, which preventsinter-block interference(IBI). Eachblock contains, training
symbols.Thesignalreceivedat the - -th antenna,in the � -th symbolinterval is givenas.(/ � ���10 23�54 � .(/ � � ���60 23�54 � 718 �3 9 41:<; / � � =	�>� � � �?)@=A��#CB / � ����' (1)

where ; / ��� =	� is the = -th tap of the channelimpulseresponsefrom the � -th transmitto the - -th receive antenna.The
additiveGaussiannoiseB / � ��� is spatiallyandtemporallywhite,with zeromeanandknown varianceD �E . Theparameters
that needto be estimatedat the receiver are the channelcoefficients ; / � � =	� . Under the block-fadingassumption,the
channelis constantover the block of � symbols. As thereis no IBI, � transmittedsymbolsfrom the � -th transmit
antennawill result in �F#G+H)I% received symbolson the - -th receive antenna,definedby (1). Stackingtheminto anJ �K#L+M)N%�OQP@% vector R / � , we obtain:
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where z � is a
J �}#~+�)M%�O$Pd+ Toeplitzmatrixof datasymbols,andthevector { / � containsthe + channeltaps.Thetotal

receivedsignalon the - -th antennais givenbyR / 0 2��54 � R / � 0 � z � z ������� z 2 � ��� { / �...{ / 2
���� # | /N� z { / # | / � (3)

Finally, wecollectthesevectorsfor all � receiveantennasinto a single � J ��#C+b)�%YOwP@% vector R :R�0 J��d� z O�{I# | ��� {I# | ' (4)

where R�0���R&�� R&�� ����� R&���� � , {�0t�	{ � � { �� ����� { ���� � , | 0�� | � � | �� ����� | ��<� � ,
�

is the ��P�� identity matrix and
�

is

the Kronecker product. In this way, all the � ��+ unknown channelparametersarecollectedin the vector { , while the
transmittedcodeddatasymbolsconstitutetheblock-diagonal� J �K#¡+")N%YO¢P£� ��+ matrix � .

ITERATIVE RECEIVER ALGORITHM

Thestructureof the investigatediterative receiver is shown in Fig.1. The iterative processstartswith the initial channel
estimationbasedon the knowledgeof pilot symbols. The estimatedvectorof channelcoefficients ¤{ , is forwardedto
themulti-userdetector, which is followedby a bankof � SISOdecoders.Giventhechannelestimatesandthereceived
symbolsequence,thedetectorcomputesthelog-likelihoodratios(LLRs) for all codesymbols:¥ � J � � � ���	OQ0§¦�¨(©"ª¬«w­ � � � ���60®#¯%¢°�Rf' ¤{f±ª¬«w­ ����� ���60²)³%¢°�Rf' ¤{f± (5)

Basedon detectoroutputsandcodeconstraints(c.c.) for eachuser, thedecoderscomputea posteriori LLRs
¥ � [10]:¥ � J � � � ���AOQ0§¦�¨!© ªQ« J � � � ���60®#¯%¢° ¥ � J � � � ���AO1'�´ � ´ � OªQ« J ����� ���60²)³%¢° ¥ � J ����� ���AO1'�´ � ´ � O (6)

This posteriorLLR consistsof two parts: a priori LLR
¥ � , deliveredby the detector, andextrinsic LLR µ � , which is

additionalinformationfrom thedecoders:
¥ � J�¶ O¬0 ¥ � J�¶ O�#·µ � J�¶ O .

SISO Multi-User Detector

Thedetectorin our schemeis a Soft InterferenceCanceller(SIC) followedby a bankof Minimum MeanSquaredError
(MMSE) filters. Thedetailedalgorithmcanbefoundin [10], thusonly themainprinciplewill beexplainedhere.
Basedon extrinsic informationfed backfrom thedecoders,thedetectorcalculatesthesoft symbolestimatesas¸� � � ���10 E 
Y� � � ���¹��0»º]¼(½¿¾ J µ � J � � � ���AOÁÀ$Â!O � (7)

Usingthesedataestimatesandthechannelcoefficients’ estimates,a soft replicaof theinterferenceis computedfor each
of the � datastreams,andthensubtractedfrom the total received signal R . The remainingsignal is processedby the
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Figure1: Iterativereceiver– blockstructure



MMSE filter–bankto further suppressthe residualinterference.In the last iteration,the decodersfinally computehard
decisionson informationbits.

Channel Estimation

Maximum A Posteriori (MAP) Joint Channel and Data Estimation: Basedon � J �Ø#�+¡)»%�O observations(collectedin
vector R ), we needto estimate��� + channelcoefficients(collectedin { ) and ��� datasymbols � � � ��� . Theoptimum
approachis joint estimationof all theparameters.Thejoint estimatordoesnot take into accountthecodeconstraints.The
solutionto this estimationproblemis obtainedby maximizingthe joint posteriorprobabilitydensityfunction(pdf) of �
and { giventhereceivedsequenceR :Ù J {w' � °_R&OQ0 Ù J R¢']{£° � O ª¬« J � OÙ J RÚO 0 Ù J R¢']{£° � OÙ J RÚO Û�8 �ÜÝ 4*: 2Ü�54 � ªQ« J ���¿� ���	O (8)

The latter equality holds under the assumptionthat codeddatasymbolsare independent,which is valid for random
interleaving. For eachdatablock thereexist Â 2�Û possiblehypotheseson transmittedsymbols. Due to prohibitive
complexity of this approach,we will focuson severalsuboptimumsolutions.

Soft Discrete Symbol Approximation: Theprobabilitymassfunction(pmf) of eachsymbolis determinedby theprobabilityª¬« J ����� ����0¯%YO . We replacethis pmf by a singlediscretesoft value,definedby themeanvalue
¸����� ��� calculatedasin (7),

but usingtheposteriorLLR
¥ � insteadof theextrinsicLLR µ � . In thecontext of previoussection,thisreducesthenumber

of possibledatasequencesfrom Â 2�Û to % 2�Û 0Þ% . Let ß� denotethe matrix obtainedby replacingthe unknown data
symbolsin matrix � by their soft meanvalues.Theconditionalpdf of thereceivedsignalgiventhechannelvector { and
thedatamatrix � is an � J �K#L+M)C%�O –dimensionalcomplex Gaussiandistribution:Ù J Rs° � ']{fOQ0áà¹â*D �E(ã 8 � � Û¢ä>7Y8 ���<åçæ�è à�)�D 8 �E J R ) � {fO�é J R ) � {QO ã � (9)

Thefunctionwewishto maximizeequalsto (9) with ß� insteadof � . Weassumethatchannelcoefficientsareindependent,
identically distributed(i.i.d.), complex Gaussianrandomvariables,with zeromeanandunit variance.Sincethe signal
model(2) is linearGaussian,theMAP andMMSE estimatorareequivalent:ê{fë�ë�ì�í J RÚOQ0§¼ « ©¬îd¼ æÔ 
ç¦�½ Ù J Rs° {¬Oï#¡¦�½ Ù J {fO5�Ò0»¼ « ©Qîdð�½Ôòñ D 8 �E °�° R ) ß� {�°�° � #�°�° {�°�° ��ó 0 ­ ß� é ß� #CD �E � ± 8 � ß� é R � (10)

If weassumenoprior statisticalknowledgeof thechannel,thecoefficients ; / � J =¹O aremodelledasdeterministicunknown
parameters.Thelikelihoodfunctionof thereceivedsymbolhasthesameform as(9). Theleast-squares(LS) likesolution
yieldsthefollowing estimator:ê{Úô ì J RÚOQ0�¼ « ©fîN¼ æÔ 
ç¦�½ Ù J R¬õö{fOö�Ò0�¼ « ©fîdð�½Ô ñ °�° R ) ß� {�°�° ��ó 0 ­ ß� é ß� ± 8 � ß� é R � (11)

This resultis just a specialcaseof (10) for no prior knowledgeon { . Unlike MMSE, theLS estimatordoesnot require
knowledgeof thenoisepower, i.e., thesignal-to-noise(SNR)ratio.

Gaussian Symbol Approximation: In [9] it wasproposedto replacethediscretepmf of eachdatasymbolby thecontinuous
Gaussianpdf with samemeanvalueandvariance.We foundthis approachtoocomplex.

SIMULA TION RESULTS

We simulatedthe iterative receiver for a MIMO systemwith 2 usersand2 receive antennas.Theuserstransmitteddata
blocksencodedwith a convolutionalcodeof rate %�À(Â andconstraintlength3. Eachblock wasprecededby a short(15
symbols)or long (50 symbols)training sequence.We limited the numberof iterationsto 4. Fig.2. shows the relative
channelestimationerrorin theinitial andthefinal iteration,for LS andMMSE estimatorusingsoftdecisionfeedback.For
bothcases,significantimprovementof thechannelestimatethroughouttheiterativeprocessis obvious.For largenumber
of pilot symbolsprior statisticalknowledgeof thechannelisnotinfluential,thusMMSEperformsalmostidenticallyasLS.
For smallnumberof pilots,however, theinitial MMSE channelestimateis muchbetter, sinceit exploits theknowledgeof
thenoiselevel. After 4 iterationsbothestimatorsconvergeto thesameaverageerror. ThisimpliesthatsimpleLSestimator
(thatdoesnot requireSNRestimate)canbeemployedandthatpilot sequencecanbereducedwithout performanceloss.

Fig. 3 shows theBit Error Rate(BER) afterfinal iterationfor iterative receiver with LS channelestimatorusingone
of thethreetypesof datadecisionfeedback:soft estimatesof all thesymbols,hardestimatesof all thesymbols,or hard
estimatesonly of ”reliable” symbols,asproposedin [10]. Thereliability thresholdwassetto LLR level of 0.5. All three
curvescoincidefor largenumberof pilot symbols,sincetheinitial channelestimateis alreadygoodenoughandleadsto
thesameperformance.However, for shortpilot sequences,soft feedbackoutperformsbothhardfeedbackapproaches.In
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low SNRs,very small numberof symbolsexceedsthereliability threshold,thus,the ”reliable hard” feedbackperforms
worst. In high SNRs,thethreefeedbacktypesbecomeequivalent,asexpected.Oursimulationsshow thatthesuperiority
of soft feedbackincreaseswith thenumberof usesin a system(theresultsarenot shown heredueto lackof space).

SUMMARY AND CONCLUSIONS

An iterative receiver is proposedfor MIMO systemsin frequency-selective fadingchannels.The receiver consistsof
the channelestimator, soft interferencecancellerfollowed by an MMSE filter-bankandSISOdecoders.We focuson
the iterative channelestimationand derive modified LS and MMSE estimatorsthat usethe whole block of received
datafor estimatingthe channel. The unknown datasymbolsare replacedby their soft estimates.Simulationsshow
that theperformancesof bothestimatorsbecomeidenticalafter4 iterations.For SNRhigherthan ÷ dB, dueto iteration
gain the numberof pilot symbolscanbe significantlyreducedwithout increasingthe channelestimationerror. Finally,
we comparedthe performanceof the receiver employing LS channelestimatorthat usessoft dataestimates,with the
equivalentreceiver employing all hardestimatesor only reliablehardestimates.It is shown thatsoft feedbackapproach
outperformsbothsolutionswith harddecisionfeedback.Theadvantageof thesoft feedbackis particularlysignificantfor
lowerSNRlevelsandfor highernumberof users.
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