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ABSTRACT

In futurepacletbasedvirelesscommunicatiorsystems,
transmissiorin thedownlink will oftendominatethetraf-
fic load. An obstaclan this context is thetime-variability
of thechannel.

To achieve a highthroughputalsooverfadingchannels,
adaptve methoddor adjustmenbf, for example themod-
ulationalphabetandthe codingcompleity, canbeused.

In this papemwe investigateheeffectof adaptve modu-
lation, alongwith time-slotschedulingf IP-like traffic in
ascenaridnvolving severaltypesof mobilehostsandone
basestation. We extenda studyof theimpactof adaptie
modulationandschedulingonthebit-errorrate toinclude
modelsfor paclet lengthandpaclet inter-arrival, to find
the queueingdelayimposedby our proposedscheduling
algorithm.

Ourschedulekeepghebit errorrateatattractively low,
prespecifiedevels,well suitedfor Forward Error Correc-
tion (FEC)codes Moreover, theschedulesplitstheband-
width betweerdifferenttypesof traffic in adesirablevay,
accordingo thetraffic situation.

1 INTRODUCTION

Fading channelsconfront us with the problem of lost
paclkets and the needfor frequentretransmissionsOne
stratgy to combattime-variability is to use averaging:
Spread-spectrursignallingcanaverageout variationsof
the noiseand interferencdevel, while codingandinter
leaving cancompensatéor the temporaryloss of signal
strengthdue to fading dips. Such stratgies can com-
batbadsignallingconditions but areinefficientwhenthe
channelconditionsare good. In this paperwe explore a
stratgy, wherethe time-variationsof the channeldueto
short-ternfading,areestimate@ndthesignallingscheme
is adaptedaccordingly This doesnot excludethatadap-
tation to slower variationscantake placesimultaneously
suchasslow power controlto compensatéor long-term
fading and shadaev fading, though,in this paper we fo-
cus at the fast variations. We can exploit temporarily
goodtransmissiorconditionsto obtainhigherthroughput,
while reducingthe demand®n the channelwhenits con-
dition is bad. Assuminga systemmaking useof either
Frequenyg Division Duplex (FDD) or Time Division Du-
plex (TDD) with separatéideal)controlchannelsthecur
rentchannelparametersanbe estimatedandpredictions
abouttheir future evolutionscanbe storedfor subsequent

transmissiorin the control channel. The bit-rate canbe
tailoredto the currentchannelconditionsby, for exam-
ple, adjustingthe modulationcompleity, while keeping
the transmittedsymbol enegy at a constantlevel. The
further into the future the terminalcanperformaccurate
predictionsof the channelparametersthe more flexible
andefficient the selectionof the symbolalphabetwill be.
Moreover, the traffic on the control channelcan be effi-
ciently plannedo minimizethesignallingoverhead.

For apredictedvalueof the Signalto Noiseandinterfer
enceRatio(SNIR)of eachchannelthemodulatiorlevelis
maximizedunderthe constraintof a requiredprobability
of symbolerror, for example,Py; < 1075, If nomodula-
tion level attainsthe requiredprobability of symbolerror,
thentransmissioris deferreduntil laterwhenthe SNIR is
higher The reasonfor usingthis stratayy is thatit will
stabilizethe error probability, thuskeepingthe error rate
atalow andconstantevel, avoiding retransmissionslhe
averagingstratgiesmentionechboredonothavethisfea-
ture. On the contrary they would yield a highertraffic
load when conditionsare bad, sincethe increasingerror
rate would increasethe requestdor retransmissionsin
the casediscussedhere,whenmary mobileterminalsare
connectedo the samebasestation,sharingthe samefre-
queng, the stratgy will beto allocatethe channelto the
mobilethatcanmake the bestuseof it.

We assumehat accuratdong-termpredictionsof the
rapidly varying channelSNIR are available, allowing us
to schedule the transmissiongor one or more users. A
non-lineamethodfor achieving channepredictionss de-
scribedby EkmanandKubinin [3]. Channelpredictions
aredemonstratetb be accurateor horizonsfartherthan
10ms aheadin time. It will be possibleto allocatere-
sourceslsobeyondthenext fadingdip.

Similarapproacheto adaptve modulationwhichcom-
pensatédor fastfading,have beenproposedy Ue, Sampei
and Morinaga[1], and, Chuaand Goldsmith[2]. How-
ever, they useaninstant estimate of the channebasedn
therecevedpowerinsteadof predicting it, and,they esti-
mate the receved symbolalphabetinsteadof scheduling
thetransmission.

Our proposedschemaewill resultin someoverheaddue
to the transmissiorof schedulingdecisionsover separate
controlchannels.It is crucial to the performanceof this
systemthatthe controlinformationis correctlytransmit-
ted. This was alsoindicatedby Torranceand Hanzoin



[4].

A nicefeatureof ourapproachs thattheadaptve mod-
ulation strategyy is embeddedn the schedulatioropera-
tion. The decisionof the modulationformat is merely
a first naturalstepin the schedulingprocesswherewe
decidewhich throughputdifferent userscan achieve in
eachtime-slot. The following stepsusethis information
to make afair resourcedistribution.

2 SYSTEM DESCRIPTION

The eraof wirelessinternethasjust started andit will
besupportedy theWirelessApplicationProtocol(WAP).
This protocol ensureghat a minimal amountof datais
transmittecdover thewirelesschanneto save bandwidth.

In the future, however, in fourth generationwireless
(4GW) systemsapplicationswill notdistinguishbetween
wired andwirelessterminals.If IP is choserto bethepro-
tocol of thefuture,thenit will alsohaveto reachwireless
terminals.This doesnt meanthatwe shouldjust consider
the wirelesslink asary other(wired) connection.Radio
bandwidthis still a preciousresourceandwe needto be
carefulwhenusingit.

In ourapproachwe assumehatwe have aproxy-sener
thatwill handleretransmissiondueto errorsin the back-
bonenetwork (Internet),beforepassingthe paclet to the
mobile terminal over the wirelesschannel. In this way;,
we will avoid retransmissionsver the wirelesschannel
dueto errorscausedy thewired network.

Thekey innovationsintroducedn our systemare:

e A channel estimator/predictor that givesaccurate
predictionsof the channelquality for a considerable
extentof time.

e A scheduler which performs efficient allocation,
basedon the channelquality, the mobile hosts de-
siredbandwidthand,its priority.

For the predictorto work, either fast TDD, or a feed-
back/controbthannels required sincethepredictomeeds
to befed with accurateneasurmentsf the currentchan-
nel conditions.For moredetails,se€[5].

3 ADAPTIVE MODULATION

In traditional communicationsystemschannelvaria-
tions are dealt with in a worst-casemanner For wire-
lesssystemshis implies the useof a simple modulation
schemeanda comple errorcorrectingcode. Whenthe
codingfails to compensatéor temporarybadconditions,
higherlayersin the protocolwill ensurehattheinforma-
tion is correctlyandcompletelytransmitted by requiring
aretransmissiowf the erroneouglata. We wish to avoid
this by adaptingour demand®on the channelasit varies.
By changingthe modulationformatasthe channelSNIR

(SIR) varies,we hopeto accomplisHessretransmissions.

The symbolalphabetis decidedin adwance,sincewe
assumeaccuratepredictionsof the channelquality to be
available. The decisionis madeon a frame-by-frameba-
sis, eachof which contains48 time-slots. Eachtime-slot
corresponds$o one outputvaluefrom the predictor thus
thechannels assumedo beconstanturingthetime-slot.

Now
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Figurel: Basedon measured¢hannelSNIRs,predictions
of future SNIR are madeand storedin a buffer until a
frameof 5ms isfilled. Theschedulingalgorithmthenhas
5ms to make thedecisionsandtransmitthemto the other
endof thelink. Then,basedon thesedecisionsthe data
transmissiorstarts.

For eachtime-slot,a burstof 512 symbolsis transmitted.
Using a predictionhorizon of 10ms we can collect the

predictionsduring 5ms, thenusethe remainingsms to

male the decisionandtransmitit to the otherside of the

link, seeFigurel.

3.1 Finding the decision thresholds

For a given symbol error probability we can calculate
the requiredSNIR for the different modulationformats
used.Thus,we candecidethethresholdsvherewe should
changefrom one modulationformat to another A tight
upperboundonthesymbolerrorprobabilitydueto Gauis-
siannoisefor M-QAM modulationis givenby [6]:
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Heretheaveragesymbolenegy E,,, thenoisepower, Ny,
andthe modulationformat, M, areassumedo be known.
The Gaussiartumulatize distribution function,@(z), can
becalculatedaccordingo:

Py<1-—

0) = 1 —erf(%)

2, @

whereerf(z) is theerrorfunction:

erf(z) = % /OgC e dt. (3)

By solving (1) for % andusing(2) and(3), we obtain
the SNIR requiredfor a certainsymbolerror probability,

Py, andagivenM:
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In this investigationwe use64-QAM asthe maximum
modulationlevel, thus transmittingsix bits per symbol
when the channelis asits best. Whenthe channelde-
gradesower powersof two are usedwith BPSK being
thelowestlevel. In Figure2, the left handdiagramillus-
tratesthe SNIR-variation of a typical channelwhile the
right handpartillustrateshow thelevel of modulationcan
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Figure2: SNIR trendandmodulationlevel relatedto the
errorprobability.

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 amodulationlevel of 16-QAM atasymbol
errorprobabilityof Py, < 1075,

4 SCHEDULING

Oneway to make useof thechannepredictionds to sim-
ply choosethe modulationformat for a userduring the
nearesfuture,to satisfythedemandf alow andconstant
bit errorrate.Onthe otherhand,it is a wasteof time, and
bandwidth,to choosea low modulationformat (or to not
transmitat all) whenthe channelconditionfor a specific
link is poor: We could allocatethat time-slotto another
user which hasbetterconditions. Moreover, a usermay
notneedall of its allocatechandwidth.Suchinefficiencies
canbe avoided by the useof scheduling.Our scheduler
workson a specificphysicalchannelsuchasafrequeny
band),whereseveral links are maintained andthe users
have to competeor thetransmissiortime.

In orderto efficiently distribute the channebandwidth
betweendifferent concurrentuserson a TDD/TDMA
channel,we malke useof the predictorin a way thatis
a natural extensionfrom the original adaptve modula-
tion approach. The predictedSNIR valuesare now not
only usedfor the selectionof modulationformat, but also
for time-slotdistribution amongthe usersso that system
throughpuis maximized.Oneof mary possiblestratgies
for transmissiorschedulingwill beinvestigatechere.

4.1 Maximization of system throughput - Pass 1
First,theschedulingprocedurellocatessachtime-slotto
the userthat cantransmitmostefficiently in that partic-
ular slot. This approachactually maximizesthe 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-
pensatdor this unfairnessa re-distritution of the time-
slotstakesplace.

4.2 Equalize user satisfaction - Pass 2

In mostcasegherewill be usersthathave receved more
time-slotsghanthey need anduserghathaverecevedless
thanthey require. We call these'rich” and“poor” users,
respectiely. There-distrikution procedurestartsby iden-
tifying the richestuser thatis, the userwith the largest
over-allocationof bandwidth. The richestuseroffersits

worst time-slotsto the scheduleffor distribution among
the poor users. The time-slotsaregivento the usersthat
canusethembest. This procedurds repeatedaslong as
therestill remainsbothrich andpoorusers By notletting

a previously rich userbecomepoor, andvice versa,this

secondpassis guaranteedot to redistribute eachtime-

slotmorethanonce.Theguarante®f limited run-timeof

eachschedulingpasds animportantadvantageover other
methodssuchaslinearprogramming.

This secondpasswill generallyreducethe total allo-
cateddatarateascomparedo passl. Thereasorfor this
is thatthe userreceving a time-slotin the first passwill
mostlikely beableto useahighermodulationformatthan
all otherusersin thattime-slot. However, thereis no rea-
sonto letauseroccupy atime-slotwhenhedoesnt really
needit, justbecausdehasgoodtransmissiorguality.

Themethodoutlinedabore hasa numberof parameters
that needto be selectedand adjustedn a particularsys-
tem.

1. Allowedmodulationformat(asin Figure?2)
2. Userpriority (asin Tablel)
3. PredictedSNIR

Thesefeaturesare taken into accountin the scheduling
processhy comparingthemamongthe competingusers,
onefeatureatatime. If two usershave the samevaluein
thefirst feature thenthe seconneis comparedo find a
winning user For userswith equalmodulationformatand
priority, the third featureto compareshouldbe the mea-
sured/predicte8NIR. Thiswill allocatethechannetothe
userthatmostprobablywill generatéhefewesterrors.all
otherthingsbeingequal.

Theorder in which theschedulecomparesheallowed
modulationformatandpriority of eachuserandtime-slot
will affect the way in which the schedulerallocatesthe
bandwidth. For example,by comparinguser priority be-
fore modulation format, theschedulewill alwaysallocate
thechanneto the higherpriority useraslong asthatuser
hassomethingo transmit.Thisreconfiguratiorcapability
canbe exploited to adaptthe scheduletto differenttraf-
fic situations:In normal (low-mediumtraffic) situations
it canfavor user priority higherthanmodulation format,
whereasvhentraffic startscongestingthesetwo features
canchangeplacesin orderto achieve higherthroughput,
thusflushingout pendingjobsfrom the queue.

Other methodsto optimize the allocation decision
can be consideredfor examplelinear programmingal-
gorithms [9], and generalizationsof existing router
schedulingalgorithmsto take the time-varying channel
quality into account. The drawback of linear program-
ming methodss thatthe procedurds iteratve. Thusno

1In the senseof low transmissiomateor low transmissiomuality



upperlimit canbe givenfor the numberof operationge-
quired. Moreover, in the linear programmingcase,we
would needto definean appropriatecostfunctionthatis
to be minimizedin orderto optimizethe schedulingdeci-
sion.

5 EXPERIMENTS

To evaluatethe proposedsystemsolutions,a simulation
serieswas conducted,assumingone basestation trans-
mitting to a numberof mobile terminals. We will only
considerthe downlink here,sincewe expectit to be the
bottleneckin future wirelesscommunicatiorsystems.In
thisidealizedscenarioywe assumehatthe channekondi-
tionsarepredictedvithouterrorfor 10 millisecondsahead
in time. Moreover, perfectsynchronizatiorandtransmis-
sion at a constantmaximumamplitude regardlessof the
symbolalphabetjs assumedThe experimentis applica-
bleto bothTDD andFDD systemsprovidedthataccurate
predictionsof the channekonditionsexist.

Thereis noimplementatiorof ForwardError Correcting
codes(FEC), nor Automatic RepeatreQuest(ARQ), in
this experiment.Thesefeaturesareintendedo bebuilt on
top of this proposedchedulingsystem.

For eachprediction of the SNIR at the recever, the
modulationalphabets selectedor 512 consecutie sym-
bols (onetime-slot) for eachuser This implies thatthe
channelestimatorandthe predictorwork at a rateof 5’%
wherebw is thechannebandwidth.Thedatabit streams
thenmodulatedandtransmittedvith aconstanmaximum
amplitudeover the noisy channel. White Gaussiamoise
with varying varianceis addedto simulategoodandbad
channelconditions. Thus,we usea one-tapfadingchan-
nel, wherethe fadingis simulatedby varying the noise
variance. At the recever, the signalis demodulatechind
the obtainedbit streamis comparedo the original one.
Thenumberof errorsis counted aswell asthe numberof
transmittedbits.

Theincomingtraffic is generatedisinga Poissordistri-
bution for the paclet inter-arrival time, anda Paretodis-
tributedpaclet size,exceptfor the“V OICE” traffic class,
whichwaschoserto have afixed pacletsize. The paclet
sizeis generatedn blocksof 512 bits. Thusthe fixed
paclet size (=1) for the VOICE classmeansthat each
VOICE pacletis 512 bits long. The Poissoncumulatve
distribution functionis givenby (5), andthe Paretocumu-
lative distribution by (6).

Fit)y=1—-e* (5)

Foy=1-y, iz ©
The parameterare A, which is the inverseof the mean
inter-arrival time, k is the minimum paclet size in the
Paretodistribution, and,« is a shapeparameter[78]. For
a < 1 thedistribution hasinfinite mean,andfor a < 2
infinite variance.

In Figures3-4 the outcomeof two simulationsareplot-
ted. In Figure 3, the top graphsshaw the bit through-
put representedy a vertical bar for eachframe, and a
differentcolor/nuanceof gray for eachof 25 users. The

Class || P(err) | Prio || Interarrival Paclketsize
VOICE | 1072 5 A=0.5 Fixed,1
MEDIA || 103 4 A=0.5 k=4,a=1.03

DATA 10—* 2 A=0.06 | k=20,a=1.03

Table1: The differenttraffic classeauisedin the simual-
tions and how their parametewalueswere chosen. A
high valueon £ meandarge paclets. Larger A generates
pacletsmoreoften. A highervalueon the priority means
higherpriority.
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Figure3: Schedulingandtransmissiomesultafterrunning
the scheduleion two equalsetsof 25 usersandtheir re-
spectve channelsput with differentsettingson the order
of comparison of theparameterm theschedulingprocess.
To theleft, modulation format wascomparedeforeuser
priority. To theright, user priority wascomparedefore
modulation format. Thisis reflectedn theresultinglower
throughputattheright.
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Figure4: Thedelay profile for the 25 differentusersin-
cludedin the simulationdepictedin Figure 3, averaged
over ten simulations. To the left, the averagedelay is
lower, sincemodulation format is comparedbeforeuser
priority. To the right, we seea more differentiatedde-
lay profile, sincehigher priority usersalways getaccess
to the channelbeforelower priority users.The usersbe-
longto theclasseMEDIA, VOICE,VOICE,...,MEDIA,
VOICE, VOICE,MEDIA from left to right.

bottomdiagramsshav theresultingbit errorrate (BER).

Eachframeconsistof 48 time slots. Eachtime slot cor

respond$o oneoutputsamplefrom thechannepredictor

Theschedulings optimizingthetransmissionvithin each
frame.




The schedulingalgorithm was modified betweenthe
two simulationspy interchangingheparametersisedfor
classificationof the differentusersandchannels.To the
left, modulation format is comparecheforeuser priority,
and, to the right, vice versa. As indicatedby Figure 3,
theparametersisedin theschedulingproceshave alarge
impacton the performancef the scheduler

Thedelayperformancef thescheduledecisionss de-
pictedin Figure4. Thedelayis measuredrom thearrival
of the paclet, to the end of the time-framein which the
pacletwascompletelptransmitted Theabsoluteraluesof
thedelaysshouldnotbegiventoo muchimportancesince
they dependon the paclet size, the paclet inter-arrival
time, the time-framesize,andthe desirederror probabil-
ity. Oneshouldinsteadcomparehetwo diagramsn Fig-
ure 4, andrealizethat the scheduleperformancecanbe
adaptedo thetraffic conditions.

6 CONCLUSIONSAND FUTURE WORK
Using a constantmodulationformat will resultin error
burstsdueto fading, which the FEC codescannotcom-
pletelycopewith. Thisis concludedn [5]. For datatrans-
missionsgrrorswill resultin re-transmissionsnvokedby
an ARQ mechanism.The adaptve modulationapproach
providesarelatively constanerrorrate(Figure3, bottom),
which in turn providesan excellentbasisfor FEC codes,
suchascorvolutionalcodesor block codes.

By introducingthe adaptve modulationapproachwe
gain:

1. Theerrorrateis keptataconstantevel, thusfeeding
the FECalgorithmswith manageabldata.

2. Radiotransmissioris postponedvhenchannelcon-
ditionsarebad,thusreducingtheinterferenceffect-
ing otherterminals.

By addingthemultiple accesschedulerkeepingmultiple
links onasinglefrequeng, we gaintwo morethings:

1. Systemthroughputanbemaximizedor agivenfre-
gueng band(Figure3, left). Themoreusersve add,
themoreefficiently we usethefrequeng band.

2. User satishction becomesthe centralissue, rather
than the allocation of somefixed numberof time-
slotsin avaryingenvironment(Figure3, right).

Exploiting theflexibility of thescheduleby changinghe
orderin whichit compareshedifferentusers’parameters,
we can adaptthe schedulingperformanceo the current
traffic situation:

1. Comparingpriority before modulation resultsin a
schedulingdecisionthat morestrictly obeys the pri-
ority demandgFigure4, right). This is mostcorve-
nientfor low or mediumtraffic loads.

2. Doingit theotherway, comparingmodulation before
priority, will generate higherthroughpuin thesys-
tem. This is corvenientto alleviate the effectsof a
high systemoad.

The following topicswill be investigatedn theimme-
diatefuture:

¢ Schedulingnvolving morethanonefrequeny band
at a time. High-priority userscan choosebetween
several independenthannelson different frequen-
cies.

e Theperformanceainsasafunctionof predictioner
ror levelsandpredictionhorizonwill be quantified.

¢ A deeperanalysisof the requiredsignalling over
head,the predictorinitialization procedureandthe
requiredhardware,will be carriedout andincluded
in the evaluationsof theproposedystems.
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