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Abstract

Theefficientmanagenentof theradioresourceof a 3-G systemis importantfrom anoperators perspectie. This, howvever,
cannotbe the only concernwhenquality of service(QoS)negotiationshave beenmadefor varioususersandthe operatorhas
to upholdthese. This leadsto a fairnessobjective that the operatorhasto keepin mind. In this paperwe outline a scheme
to perform paclet-level schedulingand resourceallocationat the wirelessnode that takes into accoun the notionsof both
efficiengy andfairnessand presentsa meansto explore the trade-of betweenthesetwo notions. As a part of this schemewe
seethe schedulingproblemasdecidingnotjust the paclet transmissiorscheduleout alsothe power allocation,the modulation
andcodingschemaeallocationandthe spreadingcodedeterminatiorsincethe latterthreedirectly influencetheradioresources
consumed Using a utility maximizationformulation basedon the data-rateghat the mobilescantransmitat, we decideon
the weightsfor a weightedpropationally fair allocationbasedschedulingalgorithm. We also shav howv one canadaptthe
weightsandthealgorithmfor atime-varyingchannel We concludewith asimulationbasedrerformancenalysidor infinitely-

backloggdsourcesandTCP sourceson anEDGE system.

1 Introduction

Theexplosionof multimediaserviceson the Intemetis leadingto a demandof the sameservicesn the nontetheredvireless
space.Thereare,however, mary peculiaritiesthata wirelesschanmel possessewhich makessuppating suchservicesmuch
tougher thanon wireline networks. One of the key elementsn this is the scheduleusedat various nodes. Schediling in
traditiond wireline networksconsistamainly of decidingthe orderin whichusersaccesshechamel. Thisis becaseit is quite
easyto usethesechanrls very closeto their (informationtheoretic)capacityat ary givenpower (usedon the chamel). Thus,
it is bestto operteat the maximumcapacityby usingthe maximun power all thetime. In addition the channelsandthusthe
datarates,are not time-varying either On wirelesschamels, however, therearemary consideationswhich do not allow for
sucha moce of operatiam. The bandvidth availablefor transmissioron a wirelesschannéandthe power levelsallowed (both
regulated) puta hardlimit onthecapacity:. Anotherimportantelemenis themobility of theend-serequipmentwhichresults
in time-varyingmultipathandfading.Further thesize,batterypower, andprocessingower of theenddevicesplaceadditioral
constrainton systemperformarce. Limited batterycapacityalsomakesit necessaryo usetransmissiorschemeshatwould
prolorg batterylife asmuchaspossible Finally, themultiusematuie of awirelesschannémalesit interference-limited.Thus,
one usertransmittingat maximumpower could seserely impair the transmission®f other users. Thus, using a traditioral

1The propagaibn chamcteistics of the atmosplere, andother media arealsodeciding faciorsfor the bandof operaton andhence the bandwidh.



wireline schedulefis notagoad appr@achonawirelesschamel.

Somerecentdevelgpmentsin wirelesslink schedling includethe work by Holtzman([7], Jalaliet al. [9], Tse[16],
Shaklottai andStolyar[15], Chawla et al. [14], Leelahakiengkai [12], andBerry andGallager[6]. All of theseworksshav
that substantiabenefitsare achiesed whenthe highe layersare aware of the radio conditilns andcanadap the powers, the
moduation schemesthe coding schemesand spreathg gains(and hencethe datarates)baseduponthis knowledge. The
upshotof this is that schedulingpolicies shouldbe devised usingthe knovledgeof channelconditiors. In a cellular context
thereis anadditioral benefitto the network layer contrd of transmissiorstratgies. In sucha situationit is possibleto trade
capacityamory cells (by changimy the power levels, for instance)o alleviate periods of congestionor high demand From
the discussiorabore it is clearthata schedulethatjointly perfoms paclet-level scheduliig andradio-lesourceallocationis
the solutionfor the wireless-linkscheduliig prablem. To be able to implemen suchschediing policiesit is necessaryo
have a systemthathascontrds in placeto allow for changng the transmissiorparaneterseasily Thethird-generation(3G)
technolgiesareafirst stepin thisdirection Nandaet al. [13] provide afairly comprehensie overview of the3G techrologies
and how they have beendesigred with multimediatype servicesin mind. In all proposalsit is possiblefor connetionsto
not only chosefrom a variety of dataratesbut alsochang the dataratein a flexible andquick fashion. Thereis alsoadded
feedbak, in termsof morefrequenterrorandmeasurerantrepats, whichin conjurction with flexible datarateallocation can
in turn beusedfor abettermonitaing of QoSguarateesandprovisioningof resouces.

Sincethe radioresourceas quite expersive the efficient managerant of this resources critical. This, however, canna
be the only concen whenQoS paranetershave beenagreedo for various usersandwhenthe operato is obligedto uphold
them. Thus, it is imperatve to have somefairnessin the arbitration of resouicesamongst the varioususers. In this paper
we outline a schemeo perfam paclet-level schedulingandresourceallocationat the wireless(accesshoce that takesinto
accoumthenotiors of bothefficiency andfairnessaandpresenteameango explore thetradeeff betweerthesetwo notiors. This
trade-df betweerefficieng andfairnessvasnota conernof earliercellularsystemsecause&oicewasthe majorapplication
andthus,only coverage(which is in reality just anaher termirology for fairness)yvascritical. It is only with the emegence
of the 3G technolgiesandpacletizeddataserviceshat sucha tradeeff malkesary sense.In wireline networking thereare
two broad philosophies when QoS provisioning is consideed. One follows the IntServ apprach and attemptsto provide
strict QoSguaanteeq2]. Anothe appra@chusestheideasin DiffServto provide a class-basedifferentiation of serviceq3].
Differertiated servicesare suppoted throudh variows perhop-betaviors (PHBs)in DiffServ capablenetworks. For instance,
expedted forwardng (EF) is aimedat suppating real-timeapplicatiors suchasvideo conferencing Other PHBs, suchas
assuredorwarding (AF) [4] andbesteffort (BE), suppat nonreal-timeapplicatimsthatdo notrequire strict delayguaantees.
AF canfurther have differen servicesfor instanceGold, Silver, andBronzeservices.

Thework in [15, 12] is morein the IntServcontext andthey schedle usershasedupm their curren backla to satisfy
statisticaldelayguaanteesWith suchschedulig mechanismeneneedsagoodadmissiorcontrd policy andpolicingmecha-
nismin place.Thework in this paperis basedn the DiffSewv philosophywherewe provide a differentiationbaseduponboth
classandchanml-state. Further we restrictour attentionto nonreal-time(rate-aéptive) services. The reasorwe chooseto
provide a servicedifferentiationbasediponchannéstateis becausehis deternineshow muchnetwork resourcas utilized by
the application. Thisis very muchin keepingwith similar differentiationin wireline with protccolslike TCP usingquantities
like rourd-trip time estimatesand hop-court as surrogaitesfor measung how much of the network resouce is utilized by
variows applicdions. Theworkin [7, 9, 16, 14] alsoadhereso the DiffServphilosophy In the proposedalgorithm in this paper



we proposea flexible way of tradingoff efficiengy for fairnessaswell asaflexible way of exploiting tempoary fluctuatiors in
channéconditims.

In Section2 we give a detailedintrodiction to the wirelesslink schedulingprodem. Therafter we introducea related
resourceallocationprodem in Section3 andpresentour schedulingalgoithm in Section4. A perfamanceanalysisof the
algorithmwith andwithout TCP sourcess discussedh Sectionb. Finally, we conclucak in Section6.

2 TheWirdessLink Scheduling Problem

Considera cellularsystem.In a givencell b let J, bethe setof userson the downlink. Time is slottedinto radio blocks(in
GPRSandEDGE)or framesin (cdma®00andUMTS) of fixedduration (20, 10, or 3.33 msdepeing onthetechnolay). We
shallreferto thesetime slotsasframesherafter Thewirelesslink scheduliig prodemis oneof decidingwhich of theseusers
transmitin eachframe.In aTDMA systemlike GPRSandEDGE only oneuseris allowedto transmitin aframe,whereasn a
CDMA systemnlike cdma&000or UMTS multiple useramaytransmitin aframe.Whenausertransmitswe alsoneedto decice
whatpowerlevel, modulationandcodingschemetime slot (in caseof TDMA) andspreadig factor(in caseof CDMA) it will
use.

Dueto different basesite to userdistancesshadaev fadingandmultipath,the chanrmel corditions of the different users
vary with time. This fluctuatian in channelcondtions resultsin a variation of the effective data rate (per channel per unit

power) ﬁj(t) availableto the differentusersj € Jy in differert framest = 0, 1, .... This effective datarateperunit resoure

may be calculatedn avariety of ways.We give two simpleonesbelow:

Considerthe signalto interfererce plusnoiseration(SINR) of userj

SINR;(t) = @

Zi;éj Pi(t)Gij(t) + 02’

whereo? is the receier noisevarianceand G5 (t) is the enegy gain from basestationof mobile stationi to mobile station
j. OnceSINR;(t)'s areavailablefor the users(eitherusingthe above formula or direct measurments),onecancompute the
dataratesandframe errorrates(FER) correspadingto different choicesof moduation andcodng schemeg¢MCSs)and/or
spreadindgactors(SFs).Hence onecanfind thechoiceof MCS and/orSFthatmaximizes R (1 — FER), whereR; andFER are
thedatarateandframeerra rateof userj correspadingto theMCS and/a SF, respectiely.

In caseof a TDMA systemwherewe do not sharethe transmitpower of the basestationacrossmultiple usersin the

sameframe,we may considerthe transmitpower fixed. In this casetheresultingoptimum abose maybe considerd to bethe

effective datarateperunit resouce ﬁj (t).

In aCDMA systemwe mayconsidetheEy /Ny givenby:

(N_o)j = oSN = RO T PGy 1) 1 o2 &

whereW is thechamelbandvidth andW/R; is userj’s spreathg factor As asurrogiteto contrdling theFERwe mayattempt

to satisfyanEy /Ny tamgetl;. Let thesmallestit rateallowed (coresponéhg to the largestSF)beR in. We maythink of this



asa CDMA chamel. Thenwe candefinethe effective datarateperchanrel perunit powver as

ﬁ(t) _ R; (t)/Rmin _ w ij(‘t)
) P;(t) Rminl5 2_ 45 Pi(t)Gyj(t) + 0?2

®3)

Whatfollows doesnotdepeml on preciselyhow ﬁj (t) is definedandmeasued. Thekey ideais thatit will bemondoni-
cally increasingn theusers’own chamel gan anddecreasingn interferenceplusnoise.

Let M, chamelsbe availableandlet Py, be the power available per chanrel at basesite b. In eachframet we have

to decice what fraction p;(t) > 0 of the resouces(chamelsand powers)will be allocatedto the differentusersj € Jy;
Zjelb p;(t) < 1. In which caseit getsa throudputr;(t) = ﬁj(t)pj(t)Pbe (if all of the chamel and power resouces

aregiven to userj, thenit would geta throughpu r; = ﬁj (t)P,Myp). Typically therewill be additiond constrainton p;(t)
depenthg onthetechndogy asdescribedelow.

In aTDMA systemlike GPRSor EDGE,M, dendesthenumbe of time slot chanmrlsavailable(Mp =1, ..., 8). One
andonly oneusercantransmitin atime slotin aframe,so p;(t)M, mustbeaninteger Additional restrictionson allocation
of time slotsto usersmayfurther constrén p;(t).

In a CDMA systemlike cdma®00 or UMTS, M, may be the numter of spreadig codes(a coce representig the
smallestdatarateallocationR,i,,) availableandPy, bethe power percodeavailable,in which caseM 1, Py, is thetotal power
budgetatbasesiteb. Let f;(t) bethefraction of spreathg codesgivento userj andletp;(t) bethefractionof percodepower
to beusedby userj. Thenf;(t)My will bethe numter of codesgiven to userj andmustbeaninteger (it mayevenhaveto be
apowerof 2). p;(t) maybeanarbitraryrealnumker; p;(t)Py will bethepowerpercoce andf;(t)Mpp; (t)Pp thetotal powver
givento userj. We mayrequirethatthe power percodegiven to userj besuchthatit satisfiesa certaink , /N, target(2). Of
coursewe will needthatzjelb f;5(t)Mpp;(t)Pp < MpPy orthatzjelb p;(t) < 1, wherep;(t) = f;(t)p;(t).

In summay, the wirelesslink schedling problemrequires thatin eachframe t we decidewhatfractionp ;(t) > 0 of
theresourcegchannelsandpowers) will be allocatedto the differentusersj € Jy; Z].E]b p;(t) < 1,in which caseit getsa

throudhputr;(t) = ﬁ,- (t)p;(t)PpMy. Sinceﬁj(t) varieswith boththeuserandtime wewouldlik eto dotheschedulilg in such

away thatwe capitalizeon thesevariatiors to gethigh systemthroudhputwhile providing somelevel of QoSdifferentiation.

3 BasicAlgorithm

In the previous sectionwe have corsideredthe resourceallocationproblem on a frame-by-framebasis. This requiesthat the
numter of resoucesallocatedto the usersneedbe aninteger However, in the following sectionsasa first stepof designing
the schedulilg algorithmwe relaxthis constraim andconsidetthe framewnork wherewe areinterestedn finding the fraction of
resourceto beallocatedo theusersoverasuficiently largeperiod

Giventhe effective datarate per unit resoure R; of the usersasdescribedn section2 we compute the fraction of the

resourcethatwill beallocatedo eachuserj for transmissiorby solvingthefollowing optimizationprodem:

ﬁ;aX Z Uj (p]' ﬁijMb) (4)
' j€Jb



subjecto  } p <1, p >0,
j€

wherel; (+) is theutility functionof userj asafunction of thethroughputit receves. Theoptimizationproblemin (4) compues

the solutionthatmaximizeshe aggegateutility of the usersgiventheresourceandnonnegaivity constraints.

We first chamcterizethe solutionof (4) with the mostcommanly usedutility functions of

Wi(ry) =falri) = { ;Soggr((z%; re, :]1: zigjhx <1 -

With theutility functionsof f(-), onecanshav thatthe solutionof the optimization problemin (4) is givenby

(R;)B-"

" Foe e = ®

Pj

wheref = 1l—a Notethatif « is greaterthanzerq the allocationfavors userswith higher ﬁj, andif « is lessthanzerq the
allocationfavorsuserswith lower ﬁ,-. Thevalueof x equalto oneleadsto efficiency only solutionin thatall slotsareallocated

to the userswith the highestﬁ,-, while a valueof « closeto —co yields a fairnessonly solutionin that every userreceves
apprximately the samerate. In this sensethe paraneter « contmols the extentto which this biasis enfored andhencehow
efficienqy, i.e., throuchput,is tradedoff in favor of fairness.

After compuing thesolutionp™ to (4) we computethecreditsC; for theuserswherethecreditof userj is C; = pj -ﬁj.
Note thatthe credit, C;, of userj would be the throwghpt of the usernormdized by P ,My if it indea receved pj of the

resource. However, dueto various systemconstraintsa user’ throuchput may differ from its credit. For instancejn EDGE
usersare placedon one or moretime slots, deendingon whetherthey are single or multiple slot capalte. A users actual
ratedepend bothonits p3 andtime slot configuration. In a CDMA systemonly the usersthat satisfythe power budget are

allowedto transmit. Incorporating thesesystemconstraits into the optimization prablem leadsto a weightedproportionally

fair? (WPF)with weights%—_j asprovedin thefollowing propasition.

Proposition 3.1 The weighted proportionally fair rates with the weights %—?s are also the optimal solution to the problemin
]

(4) with the addition of the constraintsin Section 2 where the rate of user j is given by pjﬁijMb.

Proof: See[5].

Furthernotethat, asin weightedfair queueig (WFQ), we only needunrormalizedversion of p ;'s, which canbe easilycom-
putedfrom (6). Thisis becasethe ratesof the usersdepei on the ratio of their credits,but not on their exactvalues. This
malesit easyto compute users’credts.

2A vedor of rates r* is saidto be weighted proportionally fair with p if andonly if it is feasble andfor ary otherfeasble rate vecta r it satisfies
;-1

ijj 'r.*J <o0.

]




4 The Class and Channel Condition based Weighted Proportional Fair (C3WPF)
Scheduler

In our algorithmthatis describedn this sectionwe useusers creditsto allocatethe available bandvidth. Theideabehind
thealgorithm is to mimic the behaior of weightedfair queueiy (WFQ) without explicitly conputingthevirtual timesfor the

arriving protom! dataunits (PDUs). The creditsC; aresimilar to the weightsé; in WFQ. We shav thatour algorithmleads
to weightedproportionally fair (WPF)rateallocationin the sensehatthe usershathave the samesetof bottleneck or system
constraintseceve ratesthatareproportioral to their credits.

We first considerthe simple casewherethe channé condtions andthusthe effedive dataratesper unit resourceof the
usersaretime-invariant soasto explain thekey ideabehird ouralgoithm. Then we describeheactualalgoithm thatusesthe
valuesof current andaverageeffective dataratesperunit resourceof the users.

4.1 A SimpleAlgorithm for Time-invariant Channels

Eachuserhasatraffic classassociateavith its comection.For instancejn EDGEtherearesix traffic classescorversationg
streamingjnteractive best-efort (11, 12, andl3), andbackgoundbest-efort. Associatedvith eachtraffic classis aweightw.
This weightmay reflectthe price chagedto thetraffic classperunit time of usagd10, 11] andis usedin the computationof
creditsin order to provide differentiatedservicesamongthetraffic classes.

The schediing algorithm describecbelov attemptsto deliver throughtputs proportionalto creditsC ; = wy ﬁf, which

reflectsbothusers'’traffic classesandchannelcondtions. However dueto additioral constrainton slots,powers,codes etc.,
this preciseproportion maynotbeobtainalke. We would therebrelik e to obtan theweighted proportional fair (WPF) solution
with weightsequé to the credits.In orderto achieve this we usethefollowing algorithmdescribd below:

Let Wj(t) be the total throughput of userj up to time t. Let Wj(t) = Wj(t)/C; bethe throudput nomalizedby

credits. At time t + 1 we sortusersin increasiig order of their Wj(t). In caseof tieswe give preferenceto userswith higher
creditvalues.Any further ties areresohed by ordeing the usersin thetie in arandan manrer. The schedulethenpicksthe

userat the front of this list andschedulest for transmissiorin framet 4 1. At the sametime it determirsthe chanrel and
power resoucesneead for this user Shouldresourcesemain,it goesdown the sortedlist, in order to selectadditioral users
for transmissionn thatframe Usersselectedor transmissiorshouldobviously have datato sendin thatframe. Note thatby

favoring userswith low V\_/(t) for transmissionthis algorithmtriesto equalizehenormdized throughputsVT/,- (t) overall users
j € Jp astimet — oo soasto getthroughputspropational to their creditsC ;. However asmentiored earlierthis maynotbe

feasibledueto additioral constrants. Thebestachievalde in thatcasewould bethe WPFthroughpu allocationin thesensehat

theuserswith the samesystemconstraims would receve ratespropational to their credits.We showv belaw thatthis algorithm

doesdeliverthe WPFthrowghpus asymptotically

W;(t)

Proposition 4.1 The average throughputs of the users, i.e., —5—, converge asymptotically to the weighted proportionally fair

rates with the weights %—_"’sast — 00.
)

Proof: See[5].



Fromthis we have thefollowing cordlary.

Wi;(t)

Corollary 4.1 The average throughputs of the users, i.e., ——, converge asymptotically to the optimal ratesast — oo.

4.2 TheActual Algorithm for Time-varying Channels

In the algolithm describe abose we have assumedhat the chanrel conditiors, ascapturedn the effective datarate per unit
resourceﬁj , do notvary with time. We now describghe actualalgoiithm thatcantake advantag of the time-varying chanrel
conditicns of the usersto improve the systemthrouchput. Thekey chang is in the values of ﬁ,- usedabore andin the upcate
equationfor V\_/j. Let ﬁj(t) bethe curren effective datarate perunit resourcebasedn currentchannekcondtions. Let ﬁ?"(t)

becorrespodingaverage obtainel usinggeometic IIR filtering, i.e.,
RY(t+1) =1 -RY(t) + (1 - )R (1) . )

Thecreditscalculateciseboth R; (t) andR®(t) as

)
Cj(t) = w; (R¥(1))P (f?;"—((tt))> = w; (R¥())BY(R; (1)) = C] (1)C (1) (8)
j

where0 < vy < B. Thevalueof y shoulddepenl on how accurateor reliable ﬁ]- (t)'s are. We usedifferentfactorizatims of
C;(t) into C; (t) andC; (t) to constructlifferert schedulig algorithns.

Let D;(t) betheamour of datatransmittedn frame t for user;j. Wis updatedasperthefollowing algorithm

- - Dj(t)

Wit +1) =¢ - W;(t) + (1 —¢) Q)

In keepirg with the algoithm describedearlier at the beginning of time frame t + 1, we sort usersin increaing order of

W;(t + 1)/C(t) andselectusersfor transmissiorbasecbn availableresources.

Currentlywe have threedifferentschediing algoritrms:

e Variant 1: For thiswe useC]] (1) =G5(t) andC].Z(t) = 1. Notethatthisis basedupan the algoiithm analyzecearlier

o Variant 2: Herewe useC} (t) = w; (R¥(t))P andC?(t) = ().

j
e Variant 3: Herewe useCj (t) = Cj(t) andC] (t) = 1.
Note thatchoosingthe creditsasdescrited above does two things. Sincethe effective datarateper unit resouce ﬁ,— (t)

is time varying, it usesan estimateﬁ;?“’ (t) for its average. The estimateis basedon anlIR filter; otherestimateanay easily

be substituted If we sety = 0 abore, thenwe will simply be biasingthe throughput in proportionto this average (raisedto



the power B). However, by dividing by non-unity valuesof the factor C 2(j(t) (in variants2 and3), we tendto favor those
usersthat have betterchamel condtions relative to their own average condtions. This secondideais alsoexploitedin the
schedulig algorithms proposedby Holtzman[7], andJalaliet al. [9]. In factthealgoiithm proposedis similar to the Variant
3 propsedabore with f =y = 1. Onemajor differences thatthey useatime-areragecompuation of W insteadof the IR
filter estimatorin (9). Thetime constantn thelIR filter estimatorfor theaverage mustbe chasendepemling onhow frequently
channécondition measuremntsareavailableandthetime constantsnvolved in the channéfluctuationg(distancebasedbath
loss,shadev fading,andfastfading).

Amongthethreevariantswe exped Variants2 and3 to out-peform Variantl. A closeinspectio of Variantl reveals
that the currert chamel conditins are only reflectedfor userswho getscheduledvhereaghe in the othertwo Variantsthe

relative gairs of all theuserscome into play (with anon-unity C )2 (t) factor)

5 Performance Analysis

In this sectionwe describeour experimentswith the proposedschedulig algorithm. In additionto evaluatingthe periormane

of the algoithm in a simplistic setting,we arealsointerestedn comparing the perfamanceof a schedulingalgoritm that
is awareof the chanrl corditions with a schedulig appra@achthatdoespaclet-level schedulingseparatdérom radio-resoure

allocation. This would help us documentthe gainswe getwith the schedulebeingawareof the radioconditiors. Hencefath

in this documentwe referto the classof schediersthatarenot awareof chamel condtions assplit-schedlers. The specific
split-schedler thatwe conside is onethattries to equalizethe dataratesthat all the usersget. Note that this canbe easily
achieved in the framework of our algoiithm by setting = 0. This is equivalentto a WFQ schedler with equalweights.
Throwghou the perfamanceanalysis sectionwe concerrateon an EDGE/GPRSsystem.

5.1 Simulation Set-up

In thissub-sectia we describagheset-upfor ourperiormarceanalysis Firstwe descrile thephysicalconstrints, andthereafter
thenetwork-level charactdsticslik e traffic sourcesfragmentatiorandARQ-mechaisms.

We conside 7 cells, which usethe samecarrierandthe samesectorand9 mobilesin eachcell. The positiors of the
mobilesin eachcell arechoseratrandm, spatiallyuniformwithin eachcell. Thedistancedbetweerthecellscanbecalculated
from the reusepattern. Thereusepatternconsideedis a4/12 reusepatternwhich meanswe have 3 sectorgperbase-siteand

areusefactorof 4. Fromthis we canfind the matrix of distancedetweeneachof the base-sitesndmoliles. Oncethis is
doneonecancalculatethe distance-bsedpropagationlosstermandfrom the earliernumter the propagationlossbetweerthe

basestationscanalsobe deternined. In our expeimentsthe propagtionlossmodelis suchthatat distanceof onemeterwe
getagainof 1. For eachmoble we thendeterminea log-normalshadw-fadingterm which hastwo terms,one,depentihg
on the transmittingbase-siteandthe otherindepeentacrossmolhiles. We alsointrodwce a time-corelationin the second
termby moduating it usinga Markov process.Whenerer the Markov proceshangsstateswve choseanindepenlentgain
value,which s thenheldfixedtill the next transition. The transitionprobability betweerthe statess a funcion of the speed
of the mobile. The speedalsofixesthe Dopplerfrequeng for eachmoble, which is thenusedto generatehe fast-fading
gain coeficients for eachradio block [8]. This helpsusfix the propagatim modé. The noisetermincludesrecever noise,



interferencefrom cells outsidethefirst ring andadjacenthamel interfererce. Theinterferencefrom othercellsis calculated
accouting for the effects of sectorizatio assuminga 20dB lossfor the backlobe. The power from adjacen chanrels is

assumedb suffera20dB lossaswell. Thesequartities allow usto deterninethe SINR ateachof therecevers. Themoduation

andcodingschemads choserbasedon link curves (SINR to FER). We usea link adaptatio mechaism thatassigngo each
userthe MCS with the besteffective data-ratesuchthatthe FER is below 0.1. Thesamelink curvesareusedto deternine the
accurag of transmission\We usea V\_/-updatealgorithn in (9) basedonly upm the averag creditvalueanduseexponential
averagirg for the updatewith ¢ = 0.02. Theaverag effective datais not updatedusingan averagng mechairsm but we use
just the shadaev fadingtermsandthe propagationlosstermsto calculatethis at reguar pointsin the simulation. The interval

betweenwo successie recalculatiorpointsis assumedo be480 framesor 1.2 secondsDuringthis time we holdtheaverag

ratefixed at the numter calculatedat the beginning of this interval. The paranetersusedin the simulationaresummaizedin

theTablel.

We usens-2 [1] to geneatethetraffic for our simulationexpeiments.This givesustheflexibility of trying variowstraffic
sourcedike TCP-basedraffic or a UDP flow aswell asallows usto moritor the perfamanceatall layersof the pratocol stack.
At eachradionetwork controller thepacletsfrom ns-2 arestoredin separatguees;onefor eachmobileattachedWe assume
thatwe getinstantaeousfeedbak for the transmissios on the wirelesschannelandthe erraneousframeis immedately put
backat the headef-thedine for transmission Thus,we areassuminghatour ARQ meclanismtransmitspacletstill they are
correctlyreceized. The ARQ mechaism alsoreactsinstantaneosly to MCS changesecomnendedby the link-adaptation
algorithmfragmanting in a way suchthat it transmitsthe right numter of bits in eachframe. The pratocol stacksat the

implemerted componeris areshovn in Figurel.
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Figurel: Implementedorotocd stacks

5.2 Experiment 1

In our first setof expelimentswe restrictour attentionto infinitely-backlogyedsourcegransfering datato the mokles. This
would helpus docunentthe perfamanceof the schedier without ary effectsthat higherlevel pratocolsor the on-df natue
of traffic might introduce. In this set-upwe try = 0, 1, and 2, which would allow usto comparethe split-schedler with
aschedulethatusesU(x) = log(x) (B = 1) asthe utility function andanotherthatusesl(x) = 4/x asthe utility function
(B = 2). We keepthe numter of mobilesfixedat 9 percell makirg it atotal of 63 users.We assumehatonly 4 time-slotsout
of the 8 possibleareavailableto the EDGE compmnentof the system.The slot numkersareassumedo bethe sameacrossall

3Theradionetwork controller is equivalent of MSU in cellular telephory systems.



Parameters Values
ReusePattern 4/12
Cell Radius 1Km
Back-lobelossdueto sectorization 20dB
Adjacentchamel powerloss 20dB

PromgationLossModd

36log10(d)dB with d in meters

Log-normalshadaving variarce

8dB

Fast-idingmodel

Jales’ simulatorwith 30 interfelers- depend onspeed

Trarsmit power - Mobile

10 Watts

Transmitpower - Base-site

100 Watts

Speed Uniformin [0, 60] mph
Dopder Frequegy In [0 — 100] Hz depenéhg on speed
Recever noiselevel - Mobile —116dBm
Recevernoiselevel - Base-site —120dBm

Tablel: Systemparaméersusedfor simulatiors.

p=0.0 p=1.0 =20
W/O slotconstrintsno TCP | 874Kbps | 1000Kbps | 115 Kbps
W/O slotconstraintsvith TCP | 827Kbps | 1003Kbps | 1134 Kbps
W slot constraims with TCP | 909Kbps | 1064Kbps | 118 Kbps

Table2: Compaisonof total systemthroughpu with andwithout TCP traffic.

thecells. Therestareassumedo beusedby voice. We consicer a systemwhereall the 9 userscantransmitonall the available
slots. Eachframe is 2.5 millisecond long andwe run the simulationsfor 100 to 150 second which translatego 20, 000 and
30,000 framesavailableto EDGErespectiely. The answersve seekaretherate-dstanceprofilesin eachcell aswell assum

throudhputin eachcell.

As describeckarlierwe assumehat all mobilescanuseall the availableslots. This would be a systemwith no extra
constraintsandwe except the resultsto follow the analysisin Section3 excep for effeds of the time-varying chanmel. The
total systenmthroughptt tells ushow mary bits aresened Thelargerthisis the moreefficientthe system.On the otherhanda
throudhputdistanceprofile gives anindicationof thefairnessthelessskewedtheprofile themorefair thesystemns. Compaing
thetotal systemthroughpus in Table2 we have thatthe systemwith B = 2 is the mostefficientandthe systemwith § = 0 is
theleastefficient. FromFigure2(a)we canseethat 3 = 0 is mostfair andp = 2 givesmuchhigherthroughpu to usersclose
to the base-site Theimportart pointto noticeis thatthe sacrificein throudhputfor the usersat the edgeis muchsmallerthan

thegainsfor theuserscloseto the center

5.3 Experiment 2

Sofarwe have only considerednfinitely backoggedsourcs andhave notincorporatedary protacol or traffic dynamcsin the
perfamanceanalysis. In this seriesof experimentsave assumehatthetraffic is geneatedby openendedtp sourceswith TCP-
renoasthetransprt layerprotacol. SinceTCPrequilesacknavliedgmers to be deliveredbackto thesourcewe implemen the
sameschedler andARQ mecharsm ontheuplink aswell. Therestof the set-upis exactly the sameasin Section5.2
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Figure2: Performanceof algorithm without andwith TCP traffic.

For thefirst simulationrun we assumehatall mobilescanuseall the availableslots. We excepttheresultsto follow the
analysisin Section5.2 excep for effectsof the time-vatying chanrel. Comparig the total systemthrouchputsin Table2 we
againhavethatthesystemwith f = 2 is mostefficientandthe systemwith § = 0 is theleastefficient. As expectedthroughpu
with TCPis very closeto the infinitely-backlogged case.From Figures2(a) and2(c) we canseethat 3 = 0 is mostfair and
B = 2 givesmuchhigherthroughputto userscloseto the base-site.

In our secondsimulationrun we consicr the systemwith slot constraims described The first three usersare 2-slot
capableandtherestareonly singleslot capable Theseexperimentswill helpusvalidae the WPFalgoithm onatime-varying
channéaswell ashelp us explore theimpactof slot-restrictios.Table 2 alsodisplaysthe total systemthroudhput valuesfor
this case Theanswersve seekarethe W valuesfor the mobilesin onecell andcorrespadingthroughpu values.

The W valuesfor the differert  valuesareshown in Figures3(a) 3(b), and3(c). Fromthe problemformulationwe

expecttheuserdo split-upinto partitiors suchthateachpartitiors shares unique setof slotsdisjointfrom the slotsof theother
partitions.Within the slotsassociateavith eachpartitionthe usersin eachpartitionobey their slot restrictiors aswell. Froma

closeinspectim of the W valueswe find thatthe usersfall into the following partitions:

e 3=0:{2,3,7,8,9}, (1,6}, and{4, 5};
e B=1:{1,2,3,4,5,6,7,8,9}; and
e B=2:{1,4,5},{2,6}, and{3,7,8,9).
Thenunerical calculationof theweightedproportionally fair allocationassuminga staticchannelwith therates R given
by the averages obtainedfrom simulationabove, yields the samepartitiors. The throwghpus obtaired from the simulations

arealsoin agreemenwith the nunberscompued usinganalysis. A typical rate-distancerofile is shavn in Figure4. This
expetimentreinforcesour belief thatthis algorithm will bewell-betaved evenwith time-varying chanrels.

Anotherinterestingmeango seethe WPF solutionis to look atthe usageof the slotsby thevarious users.In Table3 we
list the slot usagefor the differentusersfor the caseof B = 0. Differentpartitions areindicatedby differentfonts. It is clear

from this thatafteraninitial transienceperiodthe userssettleinto the partitiors describeckarlier

Figuresb(a),and5(b) displaytheevolution of the TCP corgestionwindow andthe TCP round-trip time estimatefor the
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Figure4: Comparisa of throughput for various userswith slot constrairs for differentutility functions.

nearesandfarthestusersn oneparticdar cell for differentvaluesof 3. Thefirst thingto noteis thatowing to thelosslesARQ
mechaism thereis onetimeoutafterwhichthecongetionwindow evolvesasin steadystate.Thisis alsoafeatureof the ARQ
mecharsm in the EDGE standard Thus, a similar behaiour canbe expectedunlessthefile sizeis too smallor the buffer size
attheRNC is too small. Themainthing to noteis thatthe periodof thewindow sizeevolution depend onthethroudputand
henceis very similar for nearandfar usersin the 3 = 0 case.In contrastfor 3 = 2 the periodof far useris muchlargerthan
thatof nearuser Notethatasexpectedthe maximumcongestionwindow valuesaredeteminedby therecever window size.

Mobile Slotl | Slot2 | Slot3 | Slot4 w
2 0 207 | 1136 0 0.30411
6 0 1306 0 0 0.248013
3 0 0 591 | 1023 0.311836
8 0 0 0 1658 0.31396
9 0 0 0 2157 0.31®m27
7 0 0 3110 0 0.30aL73
5 2282 0 0 0 0.208691
4 2469 0 0 0 0.207404
1 195 | 3432 0 0 0.247868

Table3: Slotusagenumtersfor thedifferentusersfor f = 0.
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Figure5: Congestiorwindow andround-trip time estimateavolution for differentutility functions.

6 Conclusion

We have proposeda schedulingalgoithm that provides a flexible mears of trading off efficiency for fairnessaswell asa
flexible way of exploiting tempoary fluctuationsin chanrel conditians. Fairnesstradeoff is basedon the utility optimization
with appropriatechoicesof utility functionsandthus parametes. The exploitation of the variationin channé conditinsis

basedon biasingthe algoiithm in favor of userswith betterrelative currert chanrel condtion.

The analysisshows that with an apprgriate choiceof utility fundion a substantiagainin systemthroughpt canbe
achieved while maintainirg reasonhle fairnessamongt the users. This improvemen in systemthroughpt is obtaired with

bothTCP andUDP conrections.
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