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ABSTRACT

In futurepacletbasedvirelesscommunicatiorsystems,
transmissiorin thedownlink will oftendominatethetraf-
fic load. High bit-rateapplicationdike WWW-browsing,
file transfer andfull motionvideowill imposestrongre-
guirementson the systemcapacity An obstaclein this
contet is the time-variability of the channel:For mobile
usersfrequentlyoccurringfadingdipswill causeunnec-
essaryandcapacitydegradingretransmissions.

To achieve ahighthroughputalsooverfadingchannels,
adaptve methodsfor adjustmentbf e.g. the modulation
alphabet,and the coding compleity, canbe used. The
ideais to malke efficient use of the bits: Wheneer the
channelconditionsare adequatetransmissiorof redun-
dantbits shouldbe avoided.

In this paperwe shallinvestigatethe effect of adaptve
modulationalongwith time-slotschedulingin ascenario
involving severalmobilesandonebasestation.

We found that the bit error rate can be kept at an ad-
justablelow level, well suitedfor Forward Error Correc-
tion (FEC)codes Moreover,themoremobilesthatsharea
frequeng channelthemoreefficiently thescheduleuses
thechannebandwidth.

1 INTRODUCTION

Fading channelsconfront us with the problem of lost
paclets and the needfor frequentretransmissionsOne
stratgly to combattime-variability is to use averaging:
Spread-spectrursignallingcanaverageout variationsof
the noiseand interferencdevel, while codingandinter
leaving cancompensatéor the temporaryloss of signal
strengthdueto fadingdipsprovidedthatmodemsynchro-
nisation can be maintained. Such stratgies can com-
bat bad signalling conditions, but are inefficient when
the channelconditionsare good. In this paperwe ex-
plore a stratgy, wherethe time-variationsof the channel,
dueto short-termfading,areestimatedcandthe signalling
schemads adaptedaccordingly We canexploit temporar
ily goodtransmissiomronditionsto obtainhigherthrough-
put, while reducingthe demandn the channelWwhenits
conditionis bad. Assuminga systemmakinguseof ei-
ther Frequeng Division Duplex (FDD) or Time Division
Duplex (TDD), with separatéideal)controlchannelsthe
currentchannelparameterganbe estimatedand predic-
tions abouttheir future evolutionscanbe storedfor sub-
sequentransmissionn the controlchannel. The bit-rate
canbe tailoredto the currentchannelconditionsby e.g.
adjustingthe modulationcompleity, while keepingthe

transmittedsymbol enegy at a constantievel. The fur-
therinto thefuturetheterminalcanperformaccuratepre-
dictionsof the channelparametersthe moreflexible and
efficientthe selectionof the modulationalphabetwill be.
Moreover, the traffic on the control channelcan be effi-
ciently plannedo minimizethesignallingoverhead.

For apredictedvalueof the Signalto Noiseandinterfer
enceRatio(SNIR)of eachchannelthemodulatiorlevelis
maximizedunderthe constrainof a certainprobability of
symbolerror, for example,Pys < 10~°. If no modulation
level attainsthe requirederror probability, thentransmis-
sionis deferreduntil laterwhenthe SNIR is higher thus
avoiding retransmissionsThereasorfor usingthis strat-
egy is thatit will stabilizetheerrorprobability, thuskeep-
ing theerrorrateat alow andconstantevel, avoiding re-
transmissionsThe averagingstratgiesmentionecabove
donothavethisfeature.Onthecontrary they wouldyield
ahighertraffic loadwhenconditionsarebad,sincethein-
creasingerrorratewould increasaherequestgor retrans-
missions. In the casewhenmary mobilesare connected
to the samebasestation,sharingthe samefrequeng, the
stratgy usedherewill insteadbe to allocatethe channel
to themobilethatcanmake the bestuseof it.

Similar approacheso adaptve modulationhave been
proposedby Ue, Sampeiand Morinaga[1], Chuaand
Goldsmith[2], andWebbandSteel€d3].

We assumehat accuratdong-termpredictionsof the
channelSNIR are available, allowing us to schedulethe
transmissionfor oneor moreusers.A non-lineamethod
for achierzing accuratébroad-bandhannelconditionpre-
dictionsis describedoy Ekmanand Kubin in [4]. It is
demonstratedo be capableof making accuratepredic-
tionsfartherthan10ms aheadn time, thusseeingoeyond
thenext fadingdip.

The proposedschemaewill resultin someoverheaddue
to the transmissiorof schedulingdecisionsover separate
controlchannels.lt is crucial to the performanceof this
systemthat the controlinformationis correctlytransmit-
ted. TorranceandHanzodiscusshis problemin [5].

A nicefeatureof ourapproachs thattheadaptve mod-
ulationstratgy is embeddedn the schedulingoperation.
The decisionon the modulationformat is merely a first
naturalstepin theschedulingorocess.

2 SYSTEM DESCRIPTION

We outlineandinvestigatea systenthatexploitsthetime-
variationsin the channelinsteadof fighting their effects
onthedatabeingtransmitted.The systempresentedhere
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Figurel: TDD downlink dominantsystemoverview.

is intendedto demonstratehe achievable performance
gainswhenusingan adaptve approactto the problemof
digital transmissiorover time-varyingchannels.

We suggestwo variantsof the system:TDD for assy-
metrictraffic, andFDD for symmetrictraffic.

2.1 TDD systenfor asymmetridraffic

Time Division Duplex is a strat@y for synchronizingup-

link and downlink transmissions.The basestationand

themobileshareacommonfrequeng, andtheuplink and

downlink transmissionarecloselyspacedn time. It can

thenbeassumedhatthechannetonditionsarecorrelated
for the two transmissionslUnderthe assymetryassump-
tion, the dominantpartof thetraffic will be carriedin the

downlink channel.

Thecurrentdownlink SNIRis thenestimatedn themo-
bile andfed into its predictor The predictionsare per
formedregularly, sothatthe mobileis ableto make a de-
cisiononwhich modulationlevel to preferfor eachSNIR
value.Thisdecisiononly involvesatablelookup,whichis
matchingthe SNIR to therequiredBER. The decisionof
the mobileterminalarecollectedin a buffer beforetrans-
mitting its contentgo the basestationvia the controlup-
link channelThefinal decisiononthechoiceof thedown-
link modulationis madeby the basestation which signals
its decisionto the mobile, which in turn preparedor re-
ceptionaccordingly

Sincewe usea TDD system the downlink channelcan
be estimatedby analysisof the uplink transmissionput
sincewe assumeanasymmetridraffic, thiswould require
frequenttransmissiorof pilot signalsin the uplink. We
thereforeproposethatthatthe estimatorand predictorof
thedownlink quality shouldbeplacedn themobilein this
type of system. Although the traffic in the uplink does
not requiremuch transmissiortime, its quality needsto
be guaranteed.For this reasonthe uplink modulationis
alsoadaptedo the channelconditions. The total system
is schematicallyescribedn Figurel.
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Figure2: FDD symmetricsystemoverview.

2.2 FDD systenfor symmetridraffic
A differentscenariowvould be that of a high, symmetric,
traffic load. This would requireequalresourcesn both
the uplink and the downlink. A naturalway to accom-
plishsuchsymmetricresourcalistributionis throughFre-
queng Division Duplex. In FDD, the uplink anddown-
link channelsareindependentactingon separatérequen-
cies,so they cantransmitsimultaneouslywithout affect-
ing eachother In this case we have two differentchan-
nels. Their characteristicsieedto be estimatedandpre-
dictedto make theadaptve modulationwork efficiently.

The compleity andfrequeny of the predictorparam-
eterupdatingis a topic for furtherresearchbut it would
probablyrequireconsiderableomputationsFor thisrea-
son,theadaptoiis locatedat the basestation.

Forthecaseof FDD, seeFigure2, thepredictorhasalso
beenmovedto the basestation,sincethereis a potential
adwantagein providing the basestationwith the down-
link SNIRinformation:If the SNIR informationis known
to the basestation,it cancontrolthedifferentconnections
moreefficiently. Thepriceto bepaidis anincreasén traf-
fic on the control uplink channelcausedby the transmis-
sionof estimateddownlink SNIRsfrom the mobile chan-
nel estimatorto the basestationchannelpredictor

Thus the basestationdecideson both the uplink and
downlink modulationformats,andsignalstheresultto the
mobile overthe controldownlink channel.

3 ADAPTIVE MODULATION

In traditionalcommunicationsystemsthe radiotrans-
missionmethodis designedo copewith channelvaria-
tionsin a worst-casemanner For wirelesssystemshis
implies the use of a simple modulationscheme,and a
complec errorcorrectingcode. Whenthe codingfails to
compensatéor temporanbadconditionshigherlayersin
the protocolwill ensurethat the informationis correctly
andcompletelytransmittedpy requiringaretransmission
of the erroneouglata. We wish to avoid this by adapting
ourdemand®n the channeksit varies.By changinghe
modulationformatasthe channelSNIR (SIR) varies,we
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accomplisHessretransmissions.

The modulationalphabetis chosenin adwance,since
we assumeccuratepredictionsof the channelquality to
be available. The decisionis madeon a frame-by-frame
basis,eachof which contains48 time-slots,whereeach
time-slotcorresponddo one outputvalue from the pre-
dictor. For eachtime-slot,aburstof 512 symbolsis trans-
mitted. Usingapredictionhorizonof 10ms we cancollect
the predictionsduring 5ms, thenusethe remainingsms
to makethedecisionandtransmitit to theothersideof the
link, seeFigure3.

3.1 Findingthedecisionthresholds

For a given symbol error probability we can calculate
the requiredSNIR for the different modulationformats
used.Thus,we candecidethethresholdsvherewe should
changefrom one modulationformatto another A tight
upperboundon the symbolerror probabilityfor M-QAM

modulationis givenby [6]:
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Heretheaveragesymbolenegy E,,,, thenoisepower, Ny,
andthemodulationformat, M, areassumedo beknown.
The Gaussiarcumulatie distribution function,Q (z), can
be calculatedaccordingo:
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By solving (1) for % andusing(2) and(3), we getthe

SNIRrequiredfor acoertainsymbolerrorprobability Py,

andagivenM:
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Furthermore sincewe measureand predictthe average
signalenegy, whereaghe constraint$ have to be applied
to the maximumsignal enengy, the value E,,, hasto be
modified by a factor &y, accordingto Table 1, yielding
Enaz = &m X Eqy.
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Table 1: Corversionfactorfrom averageenepgy to peak
enegy for M-QAM.

In this investigationwe use64-QAM asthe maximum
modulationlevel, thus transmittingsix bits per symbol
whenthe channelis asits best. When the channelde-
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Figure4: SNIR trendandmodulationlevel relatedto the
errorprobability.

gradesower powersof two are usedwith BPSK being
thelowestlevel. In Figure4, the left handdiagramillus-
tratesthe SNIR-variation of a typical channelwhile the
right handpartillustrateshow thelevel of modulationcan
be selectedfor a pre-specifiedsymbol error probability.
As an examplewe note that for an SNIR > 22dB we
cantransmitduring 150 time-slots(time-slot390 to time-
slot 540) with a modulationlevel of 16-QAM ata symbol
errorprobabilityof Pyy < 1075,

Slow power controlis assumedo compensatéor long-
termfading,thusholdingthelong-termaverageof there-
ceivedpowerataconstantevel.

4 SCHEDULING

Oneway to make useof thechannepredictionds to sim-

ply choosethe modulationformat for a userduring the

nearesfuture,in orderto satisfythe demandf alow and
constanbit errorrate.Ontheotherhand,it canseemlike

awasteof time,andthusbandwidth to choosealow mod-

ulationformat(or notto transmitat all) whenthe channel
conditionfor aspecificlink is poor: We couldallocatethat
time-slotto anotheruser probablywith betterconditions.
Moreover, ausemmaynotneedall its allocatechandwidth.
Suchinefficienciescanbe avoidedby the useof a sched-
uler. The schedulemworks on a specificphysicalchannel

1RF amplifiershave a constrainton the maximuminput amplitude,
for operationin the domainof linear amplification,whichis requiredin
multi-amplitudemodulation



(suchasa frequenyg band),whereseverallinks aremain-
tained,andthe userscompeteor transmissiortime.

In orderto efficiently distribute the channelbandwidth
betweendifferent concurrentuserson a TDD/TDMA
channel,we make useof the predictorin a way thatis
a naturalextensionfrom the original adaptive modulation
approach.The predictedSNIR valuesare now not only
usedfor the selectionof modulationformat, but alsofor
time-slotdistribution amongthe usersso that the system
throughpuis maximized.

4.1 Maximizationof systenthroughput- Passl

First, the schedulingprocedureallocateseachtime-slot
to the userthat cantransmitmostefficiently in that par
ticular slot. This approachactuallymaximizeshe system
throughput(for a givenerrorprobability), but it maybea
very unfair way of allocatingtime-slotsamongdifferent
users. Evenin this case,a usermay be allocatedmore
bandwidththanis required whereasatthe sametime, an-
otherusermay not be allowedto transmitat all. To com-
pensatefor this unfairness.a re-distritution of the time-
slotstakesplace.

4.2 Equalizeusersatisfaction Pass2
In mostcasegherewill beusershathave recevedmore
time-slotsthan they need,and usersthat have receved
less. The re-distribution procedurestartsby identifying
the “richest” user thatis, the userwith the largestover
allocationof bandwidth. The richestuseroffersits poor
est time-slotsto the schedulefor distribution amongthe
remainingusers.Thetime-slotsaregivento theusershat
can usethem best, only this time the set of competing
userds limited to the onesthatneedmorebandwidth.
This is only one example of mary possiblestratgies

for transmissiorscheduling. The methodoutlinedabove
hasa numberof parametershat canbe adjusted.Oneis
theorderin whichthescheduleshouldprioritize between
differentfeaturesof eachuserandtime-slot. The features
implementedn theexperimentdescribedelow are:

e PredictedSNIR
e Allowedmodulationformat
e Userpriority

Othermethodsto optimize the allocationdecisioncan
be consideredge.g. linear programmingalgorithms[7],
and, generalization®f existing routerschedulingalgo-
rithms to take the varying channelquality into account.
The drawvbackof linear programmingmethodss thatthe
procedurss iterative. Thusno upperlimit canbe given
for the numberof operationgequired. Moreover, in the
linear programmingcase we would needto definea cost
functionthatis to be minimizedin orderto optimizethe
schedulingdecision.

5 EXPERIMENTS

To evaluatethe proposedsystemsolutions,a simulation
seriesvasconductedassumingnebasestationtransmit-
ting to a numberof mobile terminals. We assumethat

2|n the sensef poortransmissionateor poortransmissiomuality

the channelconditionsare predictedfor 10 milliseconds
aheadin time. Moreover, perfectsynchronizationand

transmissiomtaconstanmaximumamplituderegardless
of themodulationalphabetjs assumedTheexperimenis

applicableto both TDD andFDD systemsprovidedthat

accuratepredictionsof thechannekonditionsexist.

For eachprediction of the SNIR at the recever, the
modulationalphabeis selectedor 512 consecutie sym-
bols (onetime-slot) for eachuser This impliesthatthe
channekestimatorandthe predictorwork at a rate of g’%
wherebw is thechannebandwidth.Thedatabit streanis
thenmodulatedandtransmittedvith aconstantmaximum
amplitudeover the noisy channel.White GaussiarNoise
(AWGN) with varyingvariances addedo simulategood
andbadchannelconditions.At therecever, the signalis
demodulatecndthe obtainedbit streamis comparedo
theoriginal one. The numberof errorsis counted aswell
asthenumberof transmittedbits.
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Figure 5: Using a constantmodulationresultsin error
bursts, with a high error rate, when the channelexperi-
encegdeepfades.

In Figuresb-7 the outcomeof six simulationsareplot-
ted. The top graphsshaw the bit throughputrepresented
by a vertical bar for eachframe. The maximumachie/-
ablethroughputfor 64-QAM is just below 15 x 10* bits
per frame. The bottom diagramsshawv the resultingbit
error rate (BER). Eachframe consistsof 48 time slots.
Eachtime slot correspond$o oneoutputsamplefrom the
channepredictor Theschedulings optimizingthetrans-
missionwithin eachframe.

As expected the adaptve modulationapproactresults
in a relatively constant(adjustable)error rate, seeFig-
ure 6. On the otherhand,the useof non-adaptie mod-
ulation resultsin high peaksin the error rate when the
recever encounterg fadingdip, seeFigureb.

6 CONCLUSIONSAND FUTURE WORK

The adaptve modulationapproachprovides a relatively
constanterror rate (Figure 6), which in turn providesan
excellentbasisfor ForwardError Correction(FEC)codes,
suchas convolutional codesor block codes. Note that



x 10° x 10

i
o
N
a

=
1S}
=
S

5

Transmitted bits in each frame
@

Transmitted bits in each frame

o
o

10 20 30 0 10 20 30

5
o

IS
IS

w
w

N

Bit Error Rate
~

Bit Error Rate

[N
-

10 20 30
Frame Number

o
o

o
[S)

10 20 30
Frame Number

Figure 6: Transmissionperformancefor two transmis-
sions using adaptve modulation with different error
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Figure 7: Transmissiorperformanceor five userswith
adaptve modulationandcompetitve scheduling Thedif-
ferentusersaredepictedn differentnuance®f grey. On
theleft we seethe schedulingesultafter Pass1(seeSec-
tion 4.1), and on the right, the resultingthroughputand
BER afterPass2(seeSectiond.2) with the samedata.

FEC hasnot beenincludedin this work, so the achies-
able BER is considerablylower. For the non-adaptie
case,clearly, the error rate peakswhenthe recever en-
tersa fadingdip (Figure5). This behaior canprobably
notbecompensatetbr by FECs,unlesdonginterleasing
is usedto averageout the errorsover time. The remain-
ing errorsafterthedecodingporocesswill resultin retrans-
missions,nvokedby higherlayersin the communication
system. Obviously, suchtransmissionwvill increasethe
traffic overthechannel.
By introducingadaptve modulationwe gain:

1. Theerrorrateis keptataconstantevel, thusfeeding
the FECalgorithmswith manageabldata.
2. Radiotransmissioris postponedvhenchannelcon-

ditionsarebad,thusreducingtheinterferenceffect-
ing otherterminals.
By addingthemultiple accesschedulerkeepingmultiple
links on asinglefrequeng, we gaintwo morethings:

1. Systenthroughputanbemaximizedfor agivenfre-
queng band(Figure7, left). Themoreuserswve add,
themoreefficiently we usethefrequeng band.

2. User throughputbecomesthe centralissue, rather
than the allocation of somefixed numberof time-
slotsin avaryingernvironment(Figure7, right).

Thefollowing topicswill beinvestigatedn thefuture:

e Schedulingnvolving morethanonefrequeng band
atatime. High-priority userschoosebetweerseveral
independenthannelon differentfrequencies.

¢ More realistic traffic (IP) and channel(Multipath)
modelswill be incorporatedin orderto find better
schedulingriteria.

e Theperformanceainsasafunctionof predictioner
ror levelsandpredictionhorizonwill be quantified.

e A deeperanalysisof the requiredsignalling over
head,the predictorinitialization procedureandthe
requiredhardware,will be carriedout andincluded
in theevaluationsof the proposedystems.
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