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Abstract

Adaptive transmissiorhasemegedasa candidatgechnologyfor bandwidth-andpower-ef cient high
speedcommunicationsystems By adaptingtransmissiorratesto the channelconditions,a signi cant
gainin spectralef ciency can be obtained.Corversely a lower transmit power is requiredto achieve
a desiredquality of service.However, the performancegains offered by adaptve transmissioncan be
compromisedoy the quality of the channelstateinformation (CSI) that is available to the transmitter
For example,in frequeng division duplex (FDD) systemsthe feedbackchannelis the bottleneckto CSI
acquisitionat the transmitterIn this paper we describetheimpactof the feedbackconstraintson adaptve
transmissionWe also examinethe role of signal processingechniquesin mitigating the performance

degradationcausedby feedbackchannelimperfections.

. INTRODUCTION

The growth of wireless networks in recentyears, coupled with applicationsdemandinghigh data
ratesunderscoreshe fact that the communicationsystemis bandwidth-and power-limited. Therefore,
an efcient utilization of the radio spectrumis of paramountimportance,particularly in developing
bandwidth-and power-ef cient communicationsystemsAdaptive transmissiorhasemegedasa viable
approachto boosttransmissiorratesin a communicationsystem.In a nutshell, adaptive transmission
refersto signalingstratgiesthat adaptsomecombinationof the modulation,transmitpower and coding
schemdn responseo channelvariations.This is ratherdifferentfrom the traditionaldesignmethodology

wherea transmissiorpower mawgin is provided to ensurereliable communicationin the eventof a deep
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fade. The signi cant spectralef ciency gainsprovided by AMC hasresultedin its adoptionin current
and proposedwirelessstandardsncluding the WCDMA high speeddownlink paclket acces{HSDF)

[1], CDMA2000, third generation(3G) long term evolution [2], IEEE 802.11wirelesslocal areanetwork
(WLAN) andIEEE 802.16broadbandvirelessaccessstandards.

A fundamentalimitation to the gainspromisedby adaptve transmissioties in the acquisitionof CSI
for resourceaallocationandtransmitteradaptationThis is alsotrue for sometransmitdiversity and spatial
multiplexing systemswhich requireCSI to optimizetransmitpower andto computea transmitprecoding
(or beamforming)matrix or vector Furthermorein multiuserTDMA systemsCSl is requiredto schedule
the bestuserbasedon someschedulingpolicy. For downlink broadcassystemsCSil is requiredto cancel
or mitigate interferenceduring simultaneoudransmissiorto multiple users.The effort requiredin CSI
acquisitiondepend®n the particularsystemunderconsiderationFor time division duplex (TDD) cellular
systemsthe transmittercaninfer downlink (forward) channelconditionsfrom an estimateof the uplink
(reverse)channelsince the samefrequeny is usedin both directions. Therefore,the main problemin
CSl acquisitionfor TDD systemsis the channelestimationat the transmitter and the delay beforethe
transmitteresourcesanbe adaptedbasedon the computedchannelestimate Frequeng division duplex
(FDD) systemspresenta greaterchallengesincethe forward and reversechannelsoperateon different
frequenciesln FDD wirelesssystemsgdownlink rateand/orpower adaptatiordepend®n the quality of the
channelestimatethatis provided by the mobile station(MS) throughthe reverse(feedback)channel.The
channelmustbe estimatedat the MS, andtransmittedover a feedbackchannelwhich, beinga wireless
channeljs characterizedy bandwidthconstraintsfadingand additive noise.The channelfadingrateis
alsoof concernbecauseadaptatiormay be meaningles# the channelchangedasterthanthe transmitter
can receve estimatesrom the MS. Furthermore channelestimationis limited by the accurag of the
particularestimationschemethat is employed.

In this paperwe examinethe role that signal processingplays in realizing the bene ts of adaptie
transmissioror FDD systemsWe describan detailthe factorsaffecting CSlacquisitionnamely channel
estimationerror, feedbackdelay quantizationerror due to bandwidthconstraint,and feedbackerror In
multiuser systems,CSl is requiredfrom eachuserfor joint rate and user selectionaccordingto some
schedulingpolicy. Here,feedbackand quantizationerrorsmay causethe scheduletto selecta userthatis
not optimal and/ora rate that is too high given the actualfadinglevel on the channel.We shall discuss
the joint effect of quantizationand feedbackerrorson the performanceof a TDMA multiusersystem.

This paperis organizedas follows. An overvien of adaptve transmissionis presentedn Sectionll

including a surwey of the researcHiterature on ideal CSI feedback.Channelmodeling,feedbackdelay
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Fig. 1. A genericadaptve transmitterwith an ideal feedbackchannel.

and channelestimationissuesare presentedn Sectionlll, while the effect of bandwidth constraints
on CSI feedbackis presentedn SectionV. SectionlV describeghe impactand solutionsto feedback
channelerrors,and an extensionto multiusersystemss presentedn SectionVI. SectionVIl discusses

someopenproblemsin adaptve transmissiorand SectionVIll concludeshe paper

Il. OVERVIEW OF ADAPTIVE TRANSMISSION

The basicprinciple of adaptve transmissions capturedin Fig. 1. The objective hereis to optimize
the systemspectralef ciency (SE) subjectto a bit errorrate (BER) constraint.Towardthis end,thereare

transmissiormodesavailable, namely , which could be somecombinationof
modulation transmitpower andcodingrate.This set  is availableto both the transmitterandrecever.
Incominginformationbits, aremappedo oneof thesetransmissiormodesbasedon the transmitters
knowledgeof the channelconditions.Giventhe receved CSl, the recever selectshe modewhich would
maximizethe downlink spectralefciency suchthat the averageor instantaneou8ER or packet error
rateis below atamgetlevel denotecby BER or PER. By adaptingto the channelconditionsa higherrate
is choseronly if the BER is lower thanthe speci ed target for the givenchannelrealization.The spectral
efciency of a hon-adaptie systemcanbe increasedwith a higherrate modulationbut this implies that
a larger transmitpower is required.On the other hand, adaptve transmissionsystemscan get by with
smallerpower by only increasingtransmissiorratesin favorablechannelconditions.

Theadaptve transmissiortonceptwas rst proposedverthreedecadesigoto vary transmissiorpower
[3] or symboltransmissiorrate [4]. At the time, practicalimplementationsnay not have beenpossible
giventhelimitationsin the availablehardwaretechnology Secondlywirelesscommunicatioraswe know
it todaywaspracticallynoneistentat the time andthatreducedthe needfor adaptie transmissionWith

adwancesin microprocessotechnology the adaptie transmissiorconceptwas rekindledin the nineties
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with adaptve coding [5] and variable QAM transmission6]. Goldsmithand Varaiya[7] presentecan
information-theoretidoundationfor adaptve signaling, shaving that the Shannoncapacityis achieved
with both power and rate adaptation From a communicatiortheory perspeciie, a completeanalysisof

practical power and rate adaptationwith all possibledegreesof freedomwas presentedn [8], where
all combinationsof continuous/discret@ower and continuous/discreteate adaptationwere computed
for averageandinstantaneouBER constraintsFor multiple antennasystems AMC in conjunctionwith

diversity combiningwas shown in [9]. It wasshawn in [8] thatjoint rate and power adaptatiorhasonly

a slight gain comparedo only rate adaptationThus,we will focuson rate adaptationand speci cally

discreterate adaptatiorsincethis is more practical.

While the literature cited above focusedon at fading channelsthereare also resultsfor frequeng
selectve channelqseee.g.,[10] for Rake-recever-assistedAMC systems)An extensionof AMC to an
orthogonalfrequeng division multiplexing (OFDM) systemwas shown in [11]. IncorporatingOFDM
with AMC raisesa new question,namely how shouldthe power and information bits be allocatedto
the differentsubcarriersThis questionwas investigatedn [12], wherea loading algorithmis described
to optimize the total systemspectralef ciency. AMC-OFDM hasalso beenproposedor 3G long term
evolution [2]. In interference-limitedsystemssuch as cellular systems,a new performancemetric, the
areaspectralef ciency (ASE) wasintroducedin [13]. With ASE, the authorsin [13] shaw thata tradeof
exists betweenincreasingthe communicationlink spectralefciency and reducingthe interferenceto
otherusersor cells.

In this paperwe considera wirelesssystem,where the forward channeltransmissiorrate is varied
basedon short-termor small-scalefading. The MS informs the basetranscever station(BTS) aboutits
channelinformationvia the reversechannel.Initially, we assumehatperfectCSl is availableto boththe
transmitterandrecever. For a single-inputsingle-outpuystem(SI1SO)the received SNR, denotedby
is sufcient channelinformationfor rateand/orpower adaptationThis is alsotrue for a transmitdiversity
systemsuchasspaceime block coding,wherethe antennasignalingschemedoesnot dependon channel
stateinformation. The MS computesthe receved power that is requiredto achieve an instantaneousr
averageBER constraint BER [8]. This BER constraintis usedto computea set of SNR thresholds

, which correspondo the modesin , by inverting the BER expressionto obtain
the requiredtransmitpower. The SNR canbe quantizedinto a setof discretestates :
where . Hence,for , the th mode s usedfor transmissionThe threshold
computationbearssomesimilarity to scalarsourcequantization.The differenceis that while in source

quantizationthe thresholdsare selectedto minimize, for example,the meansquareerror (MSE) [14],
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Fig. 2. lllustration of the spectralef ciency gainsoffered by adaptve modulationin Rayleighfading, with BER

in AMC the thresholdsare chosento achieve a taget BER constraint.Furthermorefor a time-varying
channelthereis a time constrainton CSI feedbackfor rate adaptationto be meaningful. For coded
systems,approximateexpressionsfor the instantaneou8ER can be obtainedby curve tting of the
simulatedBER curves [15]. Therefore,without loss of generality we will focus on rate adaptationfor
an uncodedQAM-modulatedsystembecausehe BER expressionsare easily obtained.

To illustratethe performancegainsofferedby AMC, considera systemwith four transmissiormodes,
namely BPSK (1bps/Hz),QPSK (2bps/Hz),16-QAM (4bps/Hz)and 64-QAM (6bps/Hz)operatingover
a at fading Rayleigh channel.Fig. 2 showvs the spectralefciency for an uncodedsystemover a
Rayleighfading channelwith an instantaneou8ER constraint.For comparisonthe spectralef ciency
of a continuousrate systemis alsoshavn. Thereis a dB differencebetweencontinuousand discrete
ratecurvesat SE  bps/Hz This is the price paid by practicaldiscreterate systemsThis performance
gap would be smallerwith ner quantization.for example, if and QAM are also used.Fig. 2

also shows the performanceof nonadaptie BPSK, QPSKand -QAM signaling (horizontallines) for
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Fig. 3. An adaptve transmittershaving the causesof noisy CSl including feedbackdelay fading and additive noise on the

reverse(feedback)channel.

BER . Theseresultsareobtainedoy computingthe transmitpower requiredto obtainBER

for therespectre modulationg16], [17]. TheaverageSNRrequiredfor -QAM, i.e., 6 bps/Hz,is larger

than  dB (not shown in the gure) while for the continuousrate system6 bps/Hzis achiezed with an

averageSNR of dB. Notice thatthereis an SNR gainof about  dB for discreteratetransmission
over nonadaptre transmissionat 1 bps/Hz (BPSK), which highlights the signi cant gain offered by

adaptve modulation.Thereare smallergainsof  and dB for QPSKand QAM respectiely.

Thesegainsare achieved by assumingthat perfectCSl is available to the transmitter In the following

sectionswe discusghe feedbackconstraintsn adaptve transmissiorandthe signalprocessingechniques

that have beenproposedo mitigate the performancedegradationcausedby thesefeedbackconstraints.

I11. CHANNEL ESTIMATION AND MODELING

A practicaladaptie transmissiorsystemis shown in Fig. 3. Both the forward and reversechannels

and aresubjectto time selectve at fadingcharacterizedy the Dopplerfrequeny . The reverse
channelis alsoimpactedby feedbackdelay denotedby , andby feedbackerrorsdueto additive noise
andfading. Channelestimationis requiredat the recever both for symbol detectionandfor sendingthe
desiredtransmissiormodeindex to the transmitter The time variationof the forward channelmay be fast
enoughsuchthat the channelrealizationwould have changedby the time the transmittercan adaptits
signaling.A useful measureof this channelvariationis the normalizedDoppler frequeng , Wwhere

is the transmittedsymbol duration. In general,feedbackdelay can degradethe performanceof an

adaptve transmitterrelying on CSI feedback.The impact of a delayed,but otherwiseaccuratechannel
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realizationwasinvestigatedy [16], [18] and[19] for AMC-MIMO. It wasshowvnin [16] thatanormalized
feedbackdelay can be toleratedwithout signi cantly degradingthe BER performancevhen
aninstantaneouBER constraintis usedfor thresholdcomputationFor this case althoughthe transmitter
adaptsto the delayedCSl it receves, the spectralefciency is not affectedby feedbackdelay because
both the delayedandtrue CSI have the samestatistics[16]. However, the BER performances certainly
worseif a higherrate modeis selected(due to feedbackerror) when the channelcan only supporta
lower rate mode. It should be clear that a lower rate should be chosenin order to achiese the tamget
BER. This canbe accomplishedy computingthe thresholdsusing a BER expressionthat accountsfor
the feedbackdelay[20], or using an averageBER constraint,e.g.,[21]. We now describesomedetails
of channelestimation,which alsoincludeschannelprediction.

For a SISO system let the received signal at the MS be given by

(1)

where is the datasymbolwith unity averageeneny, is thechannekealization, istheadditive
white Gaussiamoiseand s the transmittedpower 1. Model-basedestimationis typically done by
making some assumptionsabout the channelstatistics.For a at fading SISO channel,the following
assumptionsre made:
1) Theforwardandreversechannelsaaremutuallyindependentgircularly-symmetriczero-meanunity
variance,complex Gaussiardistributed variables.
2) The channelis temporally correlated.The correlationfunction dependson the normalized
Dopplerfrequeny
Two importantremarkscan be madeaboutthe secondassumptionFirst, the correlationbetweentwo
channelsamplesdecreasesvith an increasein Doppler or, equivalently, an increasein mobile speed.
Hence,for a x edfeedbackdelay thereis a limit on mobility to realizethe gain of rate adaptationThis
limit can be relaxed with channelprediction [20]. The maximum feedbackdelay (or equivalently the
maximummobile speed)that can be toleratedfor an AMC systemdependson the Doppler estimate If
it is underestimatedhis would resultin signi cant degradation.On the otherhand.,if it is overestimated
somespectralef ciency will be lost becausahe systemwould not take full advantageof the dynamic

rangeof the channelvariation.

IFor simplicity, pathloss and shadeing effectsare includedin
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Fig. 4. lllustration of pilot symbolinsertionfor channelestimation.P denotespilot symbolswhile D denotesdatasymbols.

To facilitate channelestimation pilot symbolsareinsertedwith a period, , in the datastreambefore
transmissiona techniqueknown as pilot symbol assistedmodulation(PSAM) [22]. Fig. 4 shows the
PSAM techniquewhere one pilot symbolis assignedo a block of datasymbols.The receved

signalmodelis now given by

)

B ®3)

for . The rst equationis the receved pilot signalwith a known pilot signal , While
the secondequationdescribeghe receved datasignalsin eachtransmittedblock. For simplicity,

is assumedo be constantfor both pilot and datasignalsbut the optimal power allocationbetween
training and datasymbolscanalso be computed(see[20]). Givenalength  obsenationvectorat time

, , the objective is to estimatethe channelat time

The value of determineghe estimationtechnique: implies channelsmoothing,while channel
predictionis performedwhen . Sincethe pilot obsenationof (2) is a linearfunction of )it
is straightforvardto shav that and arejointly GaussianThereforethe optimalchannel

estimatein the meansquareerror sensds the linear minimum meansquareerror estimate(LMMSE) of

. The MMSE for channelpredictiondependson the predictionrange , the lter length ,
the pilot power andthe Dopplerfrequeng. The predictionerror usually resultsin a conserative choice
for the thresholdsj.e., a reductionin the spectralef ciency. This performanceeductiondependson the
prediction Iter length,the normalizedDoppler frequeng, pilot power and the predictionrangeusedto
compensatéor feedbackdelay The effect of predictionerrorin MIMO-AMC systemswas investigated

by [23].
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IV. FEEDBACK CHANNEL ERRORS

A practicalfeedbackchannelis characterizedy noiseandfading as shovn in Fig. 3. However, it is
commonlyassumedn mostadaptve transmissiorschemeghat the feedbackchannelis errorfree. This
is justi ed by assuminghata sufciently powerful error control codecanbe employed sincea low data
rateis usually employed for the feedbackchannel. However, it shouldbe pointedout that for practical
feedbackschemestherewould still be a nonzerofeedbackerror probability, e.g.,the WCDMA standard
speci esa feedbackBER of . Moreover, the feedbackchannelreducegshe power and bandwidthfor
the datachannelgransmittedon the reverselink. This is particularlyimportantsinceenegy conseration
is critical for a MS. It shouldalsobe notedthat decodingtime increaseswith lower coding rates(more
parity bits) which in turn increaseghe feedbackdelay This may limit error protectionfor the feedback
channelto simpleerror control codingschemesin this sectionwe analyzethe impactof noisy feedback
channelson the performanceof a single userFDD AMC system.Prior work in this areaincludesthe
adaptve trellis-codedQAM systemof [24], where the feedbackinformation is protectedby an error
control code.In this section,the feedbackchannelis characterizedby an error probability matrix, which
dependson the feedbackdetectionschemeemployed. A result of this characterizatioris that system
performanceanbe shovn for arny feedbackransmissiorsystemirrespectve of theinclusion,or the lack
thereof,of an error control codingschemeByYy optimizing the switchingthresholdshasedon an average
BER constraintit can be shavn [25] that there exists an outageregion at low SNR, where adaptve
modulationis not feasible.

To focus on feedbackchannelimperfections,perfect CSl is assumedat the recever, though some
feedbackdelay is allowed. Given that thereare  modesavailable for selectionat the transmittey
de ne

u u

asthe set of feedbackvectors,where is transmittedto the BTS whenthe th index is selected.The
impactof the reversechannelcanbe characterizedy an error probability matrix
, Where is the probability that is selectedfor transmissionrwhen  is the true state.The

exactvalueof  dependson the feedbackdetectionschemeemployed.
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Fig. 5. Spectralefciency for an adaptve modulationsystemaccountingfor feedbackerror and feedbackdelay

A. Thresholdoptimization

In this sectionwe accountfor bothfeedbackdelayandfeedbaclerrorby computingthe SNRthresholds

subjectto an averageBER constraint.The constrainecbptimizationproblemcan be statedas follows:

¢ SEt subjectto BER BER 4)

wherethe optimizationvariablet is the SNR thresholdvector andSE t explicitly denotesthe spectral
efciency as a function of t. This problem can be solved using the Lagrangemultiplier method (see
[26, Sec.6.4.4] for the perfectCSI caseand [21] for feedbackdelay). In [25], the impact of feedback
error and feedbackdelay is shovn for an adaptve modulationsystem.Comparedto ideal CSI [26] the
existenceof a feasibleregion cannotbe guaranteediue to feedbackerror.

To illustrate the impact of feedbackerror combinedwith feedbackdelay consideran adaptve mod-
ulation systemwith maximumlikelihood detectionof the feedbackchannel, QAM and
BER . Let denotethe reversechannelBER which is representatie of the desiredreverse

channelquality. Fig. 5 [25] shows the spectralef ciency versusthe averageSNR on the forward channel
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Fig. 6. lllustration of one-stepboundedtransitionpropertyof the FSMC model.

(in stepsof 1 dB) for and . The solid linesindicatea normalizeddelay while
the dashedines are for . For , thereis an outage(infeasible)region when
dB. This outageregionincreasesipto  dB for . The existenceof an outageregion canalsobe
explainedby studyingthelimiting casef low andhigh averageSNR, . As : is themostlikely
rate, thus, transmissiornshould be turned off. Feedbackerror would causea higher constellationto be
transmittedwhich signi cantly increaseghe instantaneouBER. As a result,the averageBER constraint
may not be satis ed implying that adaptve modulationis impracticalin this region. Corversely when
, is the mostlikely rate,as such,feedbackerror would not increasethe averageBER but
would reducethe spectralef ciency sincea lower constellationis erroneouslhtransmitted Nevertheless,
it is importantto notethatfor high , afeasiblet canbe found to satisfythe constraintof (4).

The impactof feedbackdelay can be interpretedas an SNR loss, while feedbackerror introducesan
outageregion asshowvn in Fig. 5. Sincefeedbackdelay affectsthe true channelstatethereis a smoother
performancedegradationcomparedto feedbackerror which affects the quantizedchannelstatethat is
sentto the transmitter Subsequentlywe will consideronly theimpactof feedbackerrorandwe describe

feedbackreceversthat will reducethe outageregion.

B. Markov-BasedDetection

The Finite StateMarkov Channel(FSMC) model [27], which is known to be a good approximation
to a slow time-selectie Rayleighfading channel,can be usedto improve maximum likelihood (ML)
feedbackdetection.The FSMC model hasthe key featurethat statetransitionsonly occurto adjacent

statesas shown in Fig. 6. Mathematicallythis meansthat

for 5)
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where denotesthe channelstateat time  and is the statetransition probability Therefore,
for a slowly fading channel,at mostthreeeventsneedto be characterizedt eachtime instant,namely

a transitionto the right (higher SNR region), oneto the left (lower SNR region), or no change.These
propertiesof the FSMC model were usedto designthe following feedbackrecevers [17], [28]: 1)

differential feedback- two bits are sufcient to fully describeall channelstatetransitions,2) full state
feedbackof bits - the feedbackrecever can utilize this boundedstatetransition propertyto correct
somefeedbackerrors.The resultsof [17], [28] shav thatthe performancdossdueto feedbackerror can

be mitigatedby emplo/ing FSMC-basedecevers.

C. BayesianDetection

In mostcommunicatiorsystemsiransmittedsymbolsareassumedo be equallylikely implying thata
minimum probability of error recever is equivalentto an ML detector However, this is not the casefor
the AMC feedbaclkchannekonsidereerebecausdeedbackransmissiors coupledto theinstantaneous
SNR, ontheforward channel.The stateprobabilitiescan be computedat the transmitterif the average
SNR is known. ThisimpliesthatML feedbaclkdetectionmay be suboptimato MAP, or moregenerally
Bayesiandetection.The elementsf the error probabilitymatrix ~ canbe obtainedby solving a classical

multiple hypothesegestingproblem,wherethe th hypothesids de ned as

(6)

From detectiontheory , Which is the probability that the transmitterdecides  when
is true. The optimum solutionis obtainedby minimizing the Bayesrisk [29]. The derivation of the
feedbackerror probability is given in [17]. For most Bayesiandetectionproblems , Where
is the cost of choosing  when is the optimal transmissionmode. For the AMC feedback
detectionproblemthe cost of choosinga high-ratemode when a lowerrate modeis optimal is more
critical to systemperformanceg(in term of the BER) than selectinga low rate when a high rate mode
is optimal. It makes senseto apply unequalweightsthat re ect the impact of erroneousdecisionson

systemperformanceln [25] a costfactor is de ned suchthat

(7)

We now comparethe performanceof the Bayesianand FSMC-basedeedbackreceversfor anaverage
BER criterion. For comparisorwe alsoconsidera cyclic redundang check(CRC) error detectionscheme

emplgying a (7,3) Hammingcode. For this CRC schemewhenthe feedbackinformationis detectedo
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Fig. 7. Spectralefciency for an adaptve modulationsystemfor different feedbackdetectionschemes(BER

).

bein error, it is discardedand the transmissiormodeis not changedThe error probability matrix  is
obtainedby simulationfor the BayesianFSMC and CRC receversandis substitutedn (4) to compute
the optimal switching thresholds.The performanceof thesefeedbackschemeds shown in Fig. 7 [25]
for . The Bayesianrecever with eliminatesthe outageregion completelywith a
negligible drop in spectralef ciency. The FSMC-basedeceier compareswell with the CRC-recever
andthe outageregion is reducedby dB comparedo the ML detectionemployed in Fig. 5 (see[17],

[25] for moreresults).

V. BANDWIDTH CONSTRAINTS

An importantquestionin CSl acquisitionfor wirelesssystemds: how muchfeedbacknformationdoes
the basestationor schedulerequirefor anoptimalallocationof systemresourceso a mobile station?For
the single antennaAMC system bits is sufcient to achieve maximumspectralef ciency in
the absencef estimationand feedbackerrors.However, it shouldbe notedthat the numberof feedback

bits grows with the numberof transmissiormodesthat are employed. For AMC systemgq30] computes
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the numberof feedbackbits from the channelentropy. For MIMO systems practicalfeedbackschemes
mustquantizea channelmatrix or vectorat the recever beforesendingto the transmitterfor adaptation.
The bandwidth-constraineteedbackproblemcan be statedas follows: givena nite feedbak rate of
bits per channeluse designa codebook with cardinality to minimizethe performanceloss
compaedto perfectCSl feedbak.

An early studyof MIMO feedbackbasedon sourcecodingprincipleswaspresentedn [31]. For equal
gain transmission32] shawed that signi cant performancecould be obtainedby quantizingonly the
relatve channelphaseinformation for multiple transmitantennasA similar techniqueto this partial
phasefeedbackwas standardizedor WCDMA closedloop transmitdiversity [33]. With the increased
focuson MIMO single-userand multi-usersystemsn the last few years,codebookdesignwith limited
CSI feedbackhasbecomeand an active areaof researchln [34] codebooksare designedto minimize
outageprobability This designcriterion is shavn to be similar to an SNR maximizationdesign,which
was independentlyproposedin [35]. It was shavn in [35] that codebookdesigncan be relatedto the
problem of Grassmanniatine packing.Both theseschemesassumecderrorfree feedbackchannels. A
noisy feedbackchannelis consideredin [36] for an orthogonalspace-timeblock coded system.The
capacityof MIMO channelswith nite rate feedbackis studiedin [37]. Limited feedbackis also of
signi cant interestfor OFDM systemgatrticularlywhenmultiple antennasre usedbecausehereis now
an addeddimensionof multiple subcarriersCodebookdesigncanexploit the time-frequeng correlation
propertiesof OFDM by groupingcorrelatedsubcarriersand only sendingback one quantizedvalue for
eachsubcarriergroup. This hasthe potentialto signi cantly reducethe amountof feedbackinformation
especiallyfor channelsthat exhibit a high degree of frequeng selectvity, i.e. channelswith highly
correlatedfrequeng bins. Suchan approachs takenin [38], whereCSl is sentper subcarriergroupand
the transmitterreconstructghe CSI for all subcarrieraisinginterpolation.

For a MIMO-AMC system,the problemis to designa codebook,wherethe th index representa
joint selectionof rate and precodingvector This is basicallya vector quantizationproblem[14], which
would be familiar to the sourcecodingcommunity Initial work in this eld wasby Xia etal. [39], where
they useLloyd-Max conceptdo designthe codebook However, the goal hereis to optimize the spectral
efciency and not necessarilyto minimize the MSE. Recently the limited feedbackproblemhasbeen
extendedto MIMO broadcastystems(see[40] and referencedherein).In [40] randomquantizationis

usedby eachmobile to sendits CSlI to the basestationover a low rate feedbackchannel.
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V1. MULTIUSER CSI FEEDBACK

CSI acquisitionis also important for multiuser systemsto facilitate user schedulingin addition to
resourceallocationat the transmitter For downlink (also called broadcastsystems,t hasbeenshovn
thatindependencamongthe channeldinking the BTS anda groupof usersleadsto multiuserdiversity
gain [41], [42], wherebythe BTS transmitsto the userwith the bestchannel.ln additionto the delay
bandwidthconstraintandfeedbaclkerrorsdescribedearlierfor singleusersystemsthefeedbackchannels
now interference-constraineb multiple usershave to inform the BTS or scheduleabouttheir respectre
channelestimates.

Researchnto feedbackiransferfor multiusersystemshasfocusedon the impactof quantization43],
and on the bandwidthconstraintof the reverse channel[44] but possiblemultiple accessnterference
(MAI) was not explored. This MAI problemwas partly addressedn [45] where multiple thresholds
are employed so that with high probability only one usermay needto sendbackits CSI information.
However, this schemeequirespolling betweerthe BTS andthe users,andthe ensuingdelaymay not be
practicalfor time-selectre fadingchannelsin [46] multiple antennasndspreadingcodesare employed
to cancelout MAI. For SISO systemsijt is shavn in [47] that feedbackinformationis proportionalto
the numberof active usersin the system.As a result, although,multiuser diversity gain increaseswith
the numberof active users,CSl acquisitionplacesa limit on this number

Eachuseronly needsto inform the BTS of the discreterateit can supportgiven a BER constraint.
For a zero-errorfeedbackchannel,quantizationerror may causethe BTS to selecta userin the same
guantizationregion as the maximum SNR user However, in contrastto the capacityresultsin [43], the
spectralef ciency is not affectedbecausehe sametransmissiormodewould be selectedor discreterate
adaptation.Thus,what is of interestis the combinedeffect of quantizationand feedbackerrors.Fig. 8
shovs a TDMA systemof  active users,i.e., usersfor which the schedulehasinformationto transmit
to. After decodingall users'feedbackinformation,the th useris selectedf andonly if its requestedate
is the highestamongall users.In the eventof atie betweentwo or more users,one can be picked with
uniform probability [43]. Feedbackchannelerrorswould leadto the twin error eventsof erroneoususer
selectionand erroneousconstellationselection.Not only could the requestedate be wrongly decoded,
but the selectedusermay not be the bestuser

The combinedeffect of quantizationandfeedbackerror for a zero-delayfeedbackchannelis shovn in
Fig. 9 [17] for and . The solid lines show the spectralef ciency for

userswhen ML feedbackdetectionis employed, while the dashedlines are for Bayesiandetection.
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Fig. 8. A multiusersystemshaving multiaccessnterferencein the feedbackchannel.

Similarly to the single usercasethat was shavn in Fig. 7, thereis an outageregion at low to medium

SNRfor ML feedbackdetection.For thereis the additionaleffect of wrong userselectionwhich

widensthe outageregion as  increasesComparedo Bayesianfeedbackdetection,it canbe seenthat

ML detectionresultsin anoutageregionupto  dB for andincreaseso  dB for

This shaws that feedbackerror hasa more seriouseffect asthe numberof usersincreasedecausef the

doubleeffect of wrong userandwrong constellationselectiondue to quantizationand feedbackerrors.
Therefore,a morestringentquality of serviceis requiredfor the feedbackchannelasthe numberof users
increaseskor example,the feedbackBER shouldbe smaller and/orreverselink power shouldincrease

with

VIl. OPEN PROBLEMS

1) Channelmodelingerrors:the conventionalstatisticalmodelsadoptedfor channelestimationmay
be inadequatdor a speci ¢ wirelessscatteringervironment.Much of the channelestimationwork
for AMC hasassumedhe Jales' isotropic scatteringchannelmodel [48]. While the Jakes model
is robust, it may be overly pessimisticin somewirelesservironmentsbecausahe assumptiorof
uniform scatteringmay be valid only for rich scatteringenvironmentssuch as urban microcells.
Abdi et al. [49] have shown thata differentangle-of-arwval distribution, modeledon the von Mises

probability densityfunction (pdf), is realisticin somewirelesservironments.
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2)

3)

4)

5)

Other modelingerrorsare possible.For example,Nakagamifading channelsare characterizedy

the Nakagamiparameter , where for the Rayleighchannel.The Rayleighchannelis the

worst casein termsof spectralef ciency [16]. Therefore,if the thresholdsare computedbasedon

a Rayleighchannelsomegain is lost if . It may be worthwhile to investigatethe impact of

channeluncertainty/modelingerrorson AMC systems.

Enegy minimization: very little work hasbeendoneto quantify the amountof enegy expended
for feedbackransmissionA differentdesignobjective maybeto computethe switchingthresholds
to minimize the enegy usedfor feedback.

Multiuser feedbackwe have consideredhe TDMA case whereonly one useris scheduledat ary

time instant. This could be extendedto multi-antennabroadcastsystems where transmissionis

scheduledo more than one usersimultaneously

MIMO-AMC feedbackquantizedCSl for rateand precodingselectioncanbe studiedfor spatially
correlatedchannelsfeedbackdelay and feedbackerror.

OFDM systems:our studieson the impact of feedbackerror could be extendedto multicarrier
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systems.For such systems,a dual problemto the forward channelis also evident for feedback
channelsj.e., how shouldfeedbackbandwidthand power be allocatedto sendCSI estimatesof

eachsubcarrierto the BTS?

VIII. CONCLUSION

In this paperwe have presentedhe feedbackconstraintsthat limit the potentialof AMC and MIMO
systemsfor FDD systems.It has beenshavn that while adaptve transmissionef ciently utilizes the
availablebandwidthandtransmitpower, feedbackconstraintould be a signi cant impediment.Channel
predictioncanbeemployedto compensatéheimpactof feedbaclkdelaybut its effectivenessvould depend
on the accurag of the channelmodel. We also shaved that feedbackerrorscould causeoutageregions
whereAMC is not feasibleand could alsoimpactthe bene ts of multiuserschedulingLimited feedback
is a major issuefor MIMO-AMC systemsbecausechannelstate information grows with the rank of
the MIMO system,the numberof transmissiomrmodes,and the numberof usersfor broadcassystems.
Sincefeedbacktransmissiorconsumegesourcedhat could otherwisebe usedfor datatransmissioron
the reversechannel,feedbackdesignis extremely importantespeciallyfor power-limited devices such
asmobile stations. Finally, we outlined someopenproblemsthat are of interestto adaptve transmission

systems.
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