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ABSTRACT

In futurepacketbasedwirelesscommunicationsystems,
transmissionin thedownlink will oftendominatethetraf-
fic load. High bit-rateapplicationslike WWW-browsing,
file transfer, andfull motionvideowill imposestrongre-
quirementson the systemcapacity. An obstaclein this
context is the time-variability of thechannel:For mobile
users,frequentlyoccurringfadingdipswill causeunnec-
essaryandcapacitydegradingretransmissions.

To achieveahighthroughputalsoover fadingchannels,
adaptive methodsfor adjustmentof e.g. the modulation
alphabet,and the codingcomplexity, can be used. The
idea is to make efficient useof the bits: Whenever the
channelconditionsareadequate,transmissionof redun-
dantbitsshouldbeavoided.

In this paperwe shall investigatetheeffect of adaptive
modulation,alongwith time-slotscheduling,in ascenario
involving severalmobilesandonebasestation.

We found that the bit error ratecan be kept at an ad-
justablelow level, well suitedfor ForwardError Correc-
tion (FEC)codes.Moreover, themoremobilesthatsharea
frequency channel,themoreefficiently thescheduleruses
thechannelbandwidth.

1 INTRODUCTION
Fading channelsconfront us with the problem of lost
packetsand the needfor frequentretransmissions.One
strategy to combattime-variability is to use averaging:
Spread-spectrumsignallingcanaverageout variationsof
the noiseand interferencelevel, while codingand inter-
leaving cancompensatefor the temporarylossof signal
strengthdueto fadingdipsprovidedthatmodemsynchro-
nisation can be maintained. Such strategies can com-
bat bad signalling conditions, but are inefficient when
the channelconditionsare good. In this paperwe ex-
plorea strategy, wherethetime-variationsof thechannel,
dueto short-termfading,areestimatedandthesignalling
schemeis adaptedaccordingly. We canexploit temporar-
ily goodtransmissionconditionsto obtainhigherthrough-
put, while reducingthedemandson thechannelwhenits
condition is bad. Assuminga systemmakinguseof ei-
therFrequency Division Duplex (FDD) or Time Division
Duplex (TDD), with separate(ideal)controlchannels,the
currentchannelparameterscanbe estimatedandpredic-
tions abouttheir future evolutionscanbe storedfor sub-
sequenttransmissionin thecontrolchannel.Thebit-rate
canbe tailoredto the currentchannelconditionsby e.g.
adjustingthe modulationcomplexity, while keepingthe

transmittedsymbolenergy at a constantlevel. The fur-
therinto thefuturetheterminalcanperformaccuratepre-
dictionsof thechannelparameters,themoreflexible and
efficient theselectionof themodulationalphabetwill be.
Moreover, the traffic on the control channelcanbe effi-
cientlyplannedto minimizethesignallingoverhead.

For apredictedvalueof theSignalto NoiseandInterfer-
enceRatio(SNIR)of eachchannel,themodulationlevel is
maximizedundertheconstraintof acertainprobabilityof
symbolerror, for example,

���������
	��
. If nomodulation

level attainstherequirederrorprobability, thentransmis-
sion is deferreduntil laterwhentheSNIR is higher, thus
avoiding retransmissions.Thereasonfor usingthis strat-
egy is thatit will stabilizetheerrorprobability, thuskeep-
ing theerrorrateat a low andconstantlevel, avoiding re-
transmissions.Theaveragingstrategiesmentionedabove
donothavethisfeature.Onthecontrary, they wouldyield
ahighertraffic loadwhenconditionsarebad,sincethein-
creasingerrorratewouldincreasetherequestsfor retrans-
missions.In the casewhenmany mobilesareconnected
to thesamebasestation,sharingthesamefrequency, the
strategy usedherewill insteadbe to allocatethechannel
to themobilethatcanmake thebestuseof it.

Similar approachesto adaptive modulationhave been
proposedby Ue, Sampeiand Morinaga [1], Chua and
Goldsmith[2], andWebbandSteele[3].

We assumethat accuratelong-termpredictionsof the
channelSNIR areavailable,allowing us to schedulethe
transmissionsfor oneor moreusers.A non-linearmethod
for achieving accuratebroad-bandchannelconditionpre-
dictions is describedby Ekmanand Kubin in [4]. It is
demonstratedto be capableof making accuratepredic-
tionsfartherthan

������
aheadin time,thusseeingbeyond

thenext fadingdip.
Theproposedschemewill resultin someoverheaddue

to the transmissionof schedulingdecisionsover separate
control channels.It is crucial to the performanceof this
systemthat thecontrol informationis correctlytransmit-
ted.TorranceandHanzodiscussthisproblemin [5].

A nicefeatureof ourapproachis thattheadaptivemod-
ulationstrategy is embeddedin theschedulingoperation.
The decisionon the modulationformat is merelya first
naturalstepin theschedulingprocess.

2 SYSTEM DESCRIPTION
Weoutlineandinvestigateasystemthatexploits thetime-
variationsin thechannel,insteadof fighting their effects
on thedatabeingtransmitted.Thesystempresentedhere
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Figure1: TDD downlink dominantsystemoverview.

is intendedto demonstratethe achievable performance
gainswhenusinganadaptive approachto theproblemof
digital transmissionover time-varyingchannels.

We suggesttwo variantsof thesystem:TDD for assy-
metrictraffic, andFDD for symmetrictraffic.

2.1 TDD systemfor asymmetrictraffic

Time Division Duplex is a strategy for synchronizingup-
link and downlink transmissions.The basestationand
themobileshareacommonfrequency, andtheuplink and
downlink transmissionsarecloselyspacedin time. It can
thenbeassumedthatthechannelconditionsarecorrelated
for the two transmissions.Underthe assymetryassump-
tion, thedominantpartof thetraffic will becarriedin the
downlink channel.

Thecurrentdownlink SNIRis thenestimatedin themo-
bile and fed into its predictor. The predictionsare per-
formedregularly, sothatthemobile is ableto make a de-
cisiononwhich modulationlevel to preferfor eachSNIR
value.Thisdecisiononly involvesatablelookup,whichis
matchingtheSNIRto therequiredBER.Thedecisionsof
themobileterminalarecollectedin a buffer beforetrans-
mitting its contentsto thebasestationvia thecontrolup-
link channel.Thefinaldecisiononthechoiceof thedown-
link modulationis madeby thebasestation,whichsignals
its decisionto the mobile,which in turn preparesfor re-
ceptionaccordingly.

Sincewe usea TDD system,thedownlink channelcan
be estimatedby analysisof the uplink transmission,but
sinceweassumeanasymmetrictraffic, thiswould require
frequenttransmissionof pilot signalsin the uplink. We
thereforeproposethat that theestimatorandpredictorof
thedownlink qualityshouldbeplacedin themobilein this
type of system. Although the traffic in the uplink does
not requiremuchtransmissiontime, its quality needsto
be guaranteed.For this reasonthe uplink modulationis
alsoadaptedto thechannelconditions.The total system
is schematicallydescribedin Figure1.
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Figure2: FDD symmetricsystemoverview.

2.2 FDD systemfor symmetrictraffic
A differentscenariowould be thatof a high, symmetric,
traffic load. This would requireequalresourcesin both
the uplink and the downlink. A naturalway to accom-
plishsuchsymmetricresourcedistribution is throughFre-
quency Division Duplex. In FDD, the uplink anddown-
link channelsareindependent,actingonseparatefrequen-
cies,so they cantransmitsimultaneouslywithout affect-
ing eachother. In this case,we have two differentchan-
nels. Their characteristicsneedto be estimatedandpre-
dictedto make theadaptivemodulationwork efficiently.

Thecomplexity andfrequency of the predictorparam-
eterupdatingis a topic for further research,but it would
probablyrequireconsiderablecomputations.For this rea-
son,theadaptoris locatedat thebasestation.

For thecaseof FDD,seeFigure2, thepredictorhasalso
beenmovedto thebasestation,sincethereis a potential
advantagein providing the basestationwith the down-
link SNIRinformation:If theSNIRinformationis known
to thebasestation,it cancontrolthedifferentconnections
moreefficiently. Thepriceto bepaidis anincreasein traf-
fic on thecontroluplink channelcausedby the transmis-
sionof estimateddownlink SNIRsfrom themobilechan-
nelestimatorto thebasestationchannelpredictor.

Thus the basestationdecideson both the uplink and
downlink modulationformats,andsignalstheresultto the
mobileover thecontroldownlink channel.

3 ADAPTIVE MODULATION
In traditionalcommunicationssystems,theradiotrans-

missionmethodis designedto copewith channelvaria-
tions in a worst-casemanner. For wirelesssystemsthis
implies the use of a simple modulationscheme,and a
complex error-correctingcode. Whenthecodingfails to
compensatefor temporarybadconditions,higherlayersin
the protocolwill ensurethat the informationis correctly
andcompletelytransmitted,by requiringaretransmission
of theerroneousdata.We wish to avoid this by adapting
our demandson thechannelasit varies.By changingthe
modulationformatasthechannelSNIR (SIR) varies,we
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accomplishlessretransmissions.
The modulationalphabetis chosenin advance,since

we assumeaccuratepredictionsof thechannelquality to
be available. The decisionis madeon a frame-by-frame
basis,eachof which contains48 time-slots,whereeach
time-slot correspondsto oneoutput value from the pre-
dictor. For eachtime-slot,aburstof 512symbolsis trans-
mitted.Usingapredictionhorizonof

�������
wecancollect

the predictionsduring � ��� , thenusethe remaining � ���
to makethedecisionandtransmitit to theothersideof the
link, seeFigure3.

3.1 Finding thedecisionthresholds
For a given symbol error probability we can calculate
the requiredSNIR for the different modulationformats
used.Thus,wecandecidethethresholdswhereweshould
changefrom onemodulationformat to another. A tight
upperboundon thesymbolerrorprobabilityfor M-QAM
modulationis givenby [6]:

� � ����� � �����������  �!#"%$&(' �)�*,+.-0/21�354 (1)

Heretheaveragesymbolenergy ! "%$ , thenoisepower,
+ -

,
andthemodulationformat,

'
, areassumedto beknown.

TheGaussiancumulativedistribution function,
� &76 *

, can
becalculatedaccordingto:� &86 *:9 ���<;�=,> &#?@ 3

*� A (2)

where
;�=,> &86 *

is theerrorfunction:;�=,> &76 *B9 �C DFE ?-HG 	JI7KML�N 4 (3)

By solving (1) for OQPSRTVU andusing(2) and(3), we get the
SNIRrequiredfor acertainsymbolerrorprobability,

�V�
,

anda given
'

:!#"%$+ -XW � &(' �Y�Z* [ ;\=]> 	Q^#_a` �����V�cbed 3 4 (4)

Furthermore,sincewe measureand predict the average
signalenergy, whereastheconstraints1 have to beapplied
to the maximumsignalenergy, the value !#"%$ hasto be
modifiedby a factor f � , accordingto Table1, yielding!hg�" ? 9 f ��i !#"%$ .'

2 4 16 64f � � � ` jlk � ` mnk  
Table1: Conversionfactorfrom averageenergy to peak
energy for M-QAM.

In this investigationwe use64-QAM asthemaximum
modulationlevel, thus transmittingsix bits per symbol
when the channelis as its best. When the channelde-
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Figure4: SNIR trendandmodulationlevel relatedto the
errorprobability.

grades,lower powersof two areusedwith BPSK being
thelowestlevel. In Figure4, the left handdiagramillus-
tratesthe SNIR-variationof a typical channelwhile the
right handpartillustrateshow thelevel of modulationcan
be selectedfor a pre-specifiedsymbol error probability.
As an examplewe note that for an SNIR W �n� L�o

we
cantransmitduring

� � � time-slots(time-slot  j � to time-
slot �qp � ) with a modulationlevel of 16-QAM ata symbol
errorprobabilityof

� � �r���0	J�
.

Slow powercontrolis assumedto compensatefor long-
termfading,thusholdingthelong-termaverageof there-
ceivedpowerataconstantlevel.

4 SCHEDULING
Onewayto makeuseof thechannelpredictionsis to sim-
ply choosethe modulationformat for a userduring the
nearestfuture,in orderto satisfythedemandof a low and
constantbit errorrate.On theotherhand,it canseemlike
awasteof time,andthusbandwidth,to choosealow mod-
ulationformat(or not to transmitat all) whenthechannel
conditionfor aspecificlink is poor:Wecouldallocatethat
time-slotto anotheruser, probablywith betterconditions.
Moreover, ausermaynotneedall its allocatedbandwidth.
Suchinefficienciescanbeavoidedby theuseof a sched-
uler. Theschedulerworkson a specificphysicalchannel

1RF amplifiershave a constrainton the maximuminput amplitude,
for operationin thedomainof linear amplification,which is requiredin
multi-amplitudemodulation



(suchasa frequency band),whereseverallinks aremain-
tained,andtheuserscompetefor transmissiontime.

In orderto efficiently distribute thechannelbandwidth
betweendifferent concurrentuserson a TDD/TDMA
channel,we make useof the predictor in a way that is
a naturalextensionfrom theoriginaladaptivemodulation
approach.The predictedSNIR valuesarenow not only
usedfor the selectionof modulationformat,but alsofor
time-slotdistribution amongthe usersso that thesystem
throughputis maximized.

4.1 Maximizationof systemthroughput- Pass1
First, the schedulingprocedureallocateseachtime-slot

to the userthat cantransmitmostefficiently in that par-
ticular slot. Thisapproachactuallymaximizesthesystem
throughput(for a givenerrorprobability),but it maybea
very unfair way of allocatingtime-slotsamongdifferent
users. Even in this case,a usermay be allocatedmore
bandwidththanis required,whereasat thesametime,an-
otherusermaynot beallowedto transmitat all. To com-
pensatefor this unfairness,a re-distribution of the time-
slotstakesplace.

4.2 Equalizeusersatisfaction- Pass2
In mostcasestherewill beusersthathave receivedmore
time-slotsthan they need,and usersthat have received
less. The re-distribution procedurestartsby identifying
the “richest” user, that is, the userwith the largestover-
allocationof bandwidth.Therichestuseroffers its poor-
est2 time-slotsto theschedulerfor distributionamongthe
remainingusers.Thetime-slotsaregivento theusersthat
can usethem best,only this time the set of competing
usersis limited to theonesthatneedmorebandwidth.

This is only one exampleof many possiblestrategies
for transmissionscheduling.Themethodoutlinedabove
hasa numberof parametersthatcanbeadjusted.Oneis
theorder in whichtheschedulershouldprioritizebetween
differentfeaturesof eachuserandtime-slot.Thefeatures
implementedin theexperimentsdescribedbelow are:s PredictedSNIRs Allowedmodulationformats Userpriority

Othermethodsto optimizethe allocationdecisioncan
be considered,e.g. linear programmingalgorithms[7],
and, generalizationsof existing router-schedulingalgo-
rithms to take the varying channelquality into account.
Thedrawbackof linearprogrammingmethodsis that the
procedureis iterative. Thusno upperlimit canbe given
for the numberof operationsrequired. Moreover, in the
linearprogrammingcase,we would needto definea cost
function that is to beminimizedin orderto optimizethe
schedulingdecision.

5 EXPERIMENTS
To evaluatethe proposedsystemsolutions,a simulation
serieswasconducted,assumingonebasestationtransmit-
ting to a numberof mobile terminals. We assumethat

2In thesenseof poortransmissionrateor poortransmissionquality

the channelconditionsarepredictedfor 10 milliseconds
aheadin time. Moreover, perfect synchronizationand
transmissionataconstantmaximumamplitude,regardless
of themodulationalphabet,is assumed.Theexperimentis
applicableto bothTDD andFDD systems,providedthat
accuratepredictionsof thechannelconditionsexist.

For eachprediction of the SNIR at the receiver, the
modulationalphabetis selectedfor 512consecutivesym-
bols (one time-slot) for eachuser. This implies that the
channelestimatorandthepredictorwork at a rateof t(u�v^ 3 ,wherew%x is thechannelbandwidth.Thedatabit streamis
thenmodulatedandtransmittedwith aconstantmaximum
amplitudeover thenoisychannel.White GaussianNoise
(AWGN) with varyingvarianceis addedto simulategood
andbadchannelconditions.At thereceiver, thesignalis
demodulatedandthe obtainedbit streamis comparedto
theoriginalone.Thenumberof errorsis counted,aswell
asthenumberof transmittedbits.
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Figure 5: Using a constantmodulationresultsin error
bursts,with a high error rate, when the channelexperi-
encesdeepfades.

In Figures5-7 theoutcomeof six simulationsareplot-
ted. The top graphsshow the bit throughputrepresented
by a vertical bar for eachframe. The maximumachiev-
ablethroughputfor 64-QAM is just below

� � iY����y bits
per frame. The bottomdiagramsshow the resultingbit
error rate (BER). Eachframe consistsof 48 time slots.
Eachtimeslot correspondsto oneoutputsamplefrom the
channelpredictor. Theschedulingis optimizingthetrans-
missionwithin eachframe.

As expected,theadaptive modulationapproachresults
in a relatively constant(adjustable)error rate, seeFig-
ure 6. On the otherhand,the useof non-adaptive mod-
ulation resultsin high peaksin the error rate when the
receiverencountersa fadingdip, seeFigure5.

6 CONCLUSIONS AND FUTURE WORK
The adaptive modulationapproachprovidesa relatively
constanterror rate(Figure6), which in turn providesan
excellentbasisfor ForwardErrorCorrection(FEC)codes,
suchas convolutional codesor block codes. Note that
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Figure 6: Transmissionperformancefor two transmis-
sions using adaptive modulation with different error-
probabilitythresholdsfor thechoiceof modulationalpha-
bet.

� �
is set to

���0	Jz
at the leftmost simulation,and��
	 3 at theright.
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Figure 7: Transmissionperformancefor five userswith
adaptivemodulationandcompetitivescheduling.Thedif-
ferentusersaredepictedin differentnuancesof grey. On
theleft we seetheschedulingresultafterPass1(seeSec-
tion 4.1), andon the right, the resultingthroughputand
BER afterPass2(seeSection4.2)with thesamedata.

FEC hasnot beenincludedin this work, so the achiev-
able BER is considerablylower. For the non-adaptive
case,clearly, the error ratepeakswhen the receiver en-
tersa fadingdip (Figure5). This behavior canprobably
notbecompensatedfor by FECs,unlesslong interleaving
is usedto averageout the errorsover time. The remain-
ing errorsafterthedecodingprocesswill resultin retrans-
missions,invokedby higherlayersin thecommunication
system. Obviously, suchtransmissionswill increasethe
traffic over thechannel.

By introducingadaptivemodulationwegain:

1. Theerrorrateis keptataconstantlevel, thusfeeding
theFECalgorithmswith manageabledata.

2. Radiotransmissionis postponedwhenchannelcon-

ditionsarebad,thusreducingtheinterferenceaffect-
ing otherterminals.

By addingthemultipleaccessscheduler, keepingmultiple
links onasinglefrequency, wegaintwo morethings:

1. Systemthroughputcanbemaximizedfor agivenfre-
quency band(Figure7, left). Themoreusersweadd,
themoreefficiently weusethefrequency band.

2. User throughputbecomesthe central issue, rather
than the allocationof somefixed numberof time-
slotsin a varyingenvironment(Figure7, right).

Thefollowing topicswill beinvestigatedin thefuture:s Schedulinginvolving morethanonefrequency band
atatime. High-priorityuserschoosebetweenseveral
independentchannelsondifferentfrequencies.s More realistic traffic (IP) and channel(Multipath)
modelswill be incorporatedin order to find better
schedulingcriteria.s Theperformancegainsasafunctionof predictioner-
ror levelsandpredictionhorizonwill bequantified.s A deeperanalysisof the requiredsignalling over-
head,the predictorinitialization procedure,andthe
requiredhardware,will be carriedout andincluded
in theevaluationsof theproposedsystems.
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