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Abstract—
With the advent of the IEEE 802.11wirelessnetworks that provide high

speedconnectivity, demandfor supporting multiple real-time traffic appli-
cationsover wirelessLANs hasbeenincreasing. A natural questionis how
to provide fair resource allocation to real-time traffic in wirelessLANs.
Wirelessnetworks are subject to unpredictable location-dependenterror
bursts,which is different fr om wirednetworks. Weproposea fair real-time
schedulingmodel whosegoal is to minimize the maximum lossrate among
all the flows and additionally to maximize the overall throughput. We de-
velop algorithms for this schedulingmodel that takesthe wirelesschannel
error characteristicsinto consideration.

I . INTRODUCTION

Wirelesscommunicationtechnologyhasgainedwidespread
acceptancein recentyears. The IEEE 802.11standard[7] has
gearedwirelesslocal areanetworks (LANs) into greateruse.
With the advent of the IEEE 802.11a[8]and 802.11b[9]sup-
plementsthat provide high speedconnectivity, the demandfor
supportingmultiple time-critical high-bandwidthtraffic appli-
cations,suchasvideo-ondemandandinteractivemultimedia,in
wirelessLANs hasbeenincreasing.Thisraisestheissueof how
to providefair resourceallocationto real-timetraffic in wireless
LANs.

Many real-timepacketschedulingandfair packetscheduling
algorithmshave beendevelopedfor wired networks. However,
it it not obvious how well thesealgorithmswork for wireless
networks, sincewirelesschannelsaresubjectto unpredictable
location-dependentand bursty errors,which is different from
wired networks. In this paper, we considertheproblemof fair
schedulingof real-timepacketswith deadlineconstraintsover
wirelessLANs, taking the characteristicsof wirelesschannel
errorsinto consideration.

Therehasbeenprevious work on providing QoSguarantee
over wirelesslinks [3], [4], [5], and on adaptingpacket fair
schedulingalgorithmsto a wirelessdomaintaking careof lo-
cation dependenterror bursts[10], [11], [13]. To our knowl-
edge,however, thereis no previouswork thataddressesthe is-
suesof deadline-basedreal-timeschedulingconsideringfairness
andwirelesschannelerrors.

This paperis organizedasfollows: SectionII describesour
schedulingmodelandalgorithms,andSectionIII presentsthe
simulationresultsof thealgorithms.SectionIV providessome
theoreticalresultsthatgive aninsightinto thedifficulty of find-
ing goodschedulesin thepresenceof unpredictableerrors,and
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SectionV concludes.

I I . FAIR REAL-TIME SCHEDULING OVER WIRELESS LANS

A. SchedulingModel

Weconsiderapacket-switchedwirelessnetwork thatconsists
of multiple cells. Eachcell is assumedto consistof a basesta-
tion (BS) andmultiple mobilehosts(MHs) thathave real-time
datapacketsto transmit.TheBSperformstheschedulingof the
packet transmissionsby polling the MHs. Eachtranmissionis
eitheruplink (from a MH to the BS) or downlink (BS to MH)
andis modeledasa flow �������
	��
	�� . Eachflow is associ-
atedwith a channelwhich,atany giventime � , canbein oneof
two states,namely, error stateor error-freestate. A flow being
in errorstatemeansthateitherthesourceor thedestinationfor
theassociatedchannelexperienceanerrorburst.For simplicity,
weassumethatthepacketsareof fixedsize � andaregenerated
with a specificrate.Eachflow, � � , is alsocharacterizedby three
parameters( � � ��� � ��� � ), whicharemadeknown to theBS:� ��� is the interval betweenthe arrival time of two successive
packets,� eachpacket mustbe scheduledwithin � � time units from its
generationat thesource,and� ��� is themaximumacceptablepacket lossrate.

Let � � bethetotalnumberof packetsthatflow � � is supposed
to transmitand ���� be the numberof packetsthat actuallyget
transmittedsuccessfully. Thenthethroughputfor flow ��� , say��� ,
is definedto betheratio of ���� to � � , andtheoverall through-

put is
����! #"%$'&��(��) *"+$ � . We call ,-�
./�'01���20(��� the loss rate for

flow ��� . Let ,43 �65 be the maximum ,-� for �7	8�9	8� . Thus
eachflow transmitsat least :;� �4< �=0>� � 0?, 3 �65+@BA packets.The
objective of our schedulingalgorithmis to maximizetheover-
all throughputsubjectto minimizing , 3 �65 . In otherwords,our
goalis to determinethesmallest,-3 �65 for which we canensure
that ����7C :D� ��< �E0F� � 07, 3 �65*@GA andmaximize

�(H�!IKJ ���� . We
measurethethroughputof ourschedulingalgorithmastheover-
all throughputandits fairnessas ,-3 �65 .
B. SchedulingAlgorithms

Eachpacket LNM� of flow ��� is associatedwith an arrival timeO < LNM� @ , at which it arrives or is ready to be transmittedand
a deadline P < LNM� @ , beyond which LNM� cannotbe scheduled.A
packet is consideredlost (dropped)if its deadlineexpiresand



was not trasmittedsuccessfully. We considerthe following
schedulingQ algorithms:R EarliestDeadlineFirst (EDF)
Thepacket with theearliestdeadlineis scheduledfirst. At timeS
, apacket TNUV is scheduledsuchthat WYXZTNUV+[2\ S and ]7XZTNUV+[ is the

minimumamongthe deadlinesof thepacketsto bescheduled.
This policy is known to give the maximumoverall throughput
whenthereis nochannelerror.R GreatestLossFirst (GLF)
Theflow thathasthegreatestlossrateis scheduledfirst. At timeS
, a packet TNUV is scheduledsuchthat WYXZT^UV [_\ S and ` Vba `-c_d6e .

Intuitively, this is expectedto resultin minimizing `-c_d6e .R Hybrid
To achieve simultaneouslyboth theabove goals,we considera
hybridalgorithm.At time

S
, it considersamongall theunsched-

uled packets T^UV with arrival time WYXZT^UV [f\ S
, thosethat have

deadline]fXgTNUV [ a SKh�i
. If suchpacketsexist, it schedulesthe

flow j V with thegreatestlossrateamongthepackets.Otherwise,
it choosesaccordingto GLF.

C. WirelessError Handling

The presenceof errorsraisesthe issueof how to handlethe
situationwherea flow is scheduled,but failed its packet trans-
missiondueto channelerror. It is desirableto re-schedulethe
packetsometimelatersothatit will notmissits deadline.Since
errorsareunpredictable,however, it is not clearhow long the
re-schedulingof thepacket shouldbedelayed.We call this re-
schedulingdelaybackoff time.

We definethe re-schedulingpolicy accordingto the backoff
time, k V , for eachflow j V , suchthatit is longenoughto escapea
potentialburstyerror.

k V a1l VBm�n%o�p-q (1)

where r V is is thenumberof failedtransmissions,sincethelast
succesfultransmission,for flow j V .

Initially k V ats , that assumethat all flows have initially an
error-free channel. Using the polling mechanism,the channel
conditionis probed.If it is bad,adifferentflow is scheduled.If a
packet transmissionfails,or is deferred,thebackoff mechanism
is usedto re-schedulethepacket beforeits deadline.A flow j V
is polledat time

S
only if k Vbu S , whichmeansthatits channelis

predictedto beerror-freeat thattime.

I I I . SIMULATION RESULTS

A. SimulationEnvironment

All the simulationswere done in rwv , which is a discrete
event simulatordevelopedby the VINT projectat the Univer-
sity of California at Berkeley [6]. The CMU Monarchexten-
sions[2] addedwirelessandmobility supportsto rwv , including
a CSMA/CA mediumaccessmechanismdefinedin the IEEE
802.11.We addedthe802.11point coordinationfuction (PCF)
protocolto simulateouralgorithmover thePCFprotocol.

The capacityof the wirelessmediumis 11 Mbps following
IEEE802.11b. Eachsimulationtime is 60seconds.

We usedthefollowing errormodel.For eachflow j V , wecre-
atedblackout period kxUV where

i \�yF\{z . Any packet trans-
missionfor flow j V that is overlappedwith a blackoutperiod k|UV

is consideredasa failed transmission.Thedurationof eachk UV
is uniformly chosenin [2.5,15] msec.Theerrordurationrateis
theratioof }�~U6�K� kxUV to thetotal simulationtime.

A real-timetraffic flow is modeledto have a deadlineof 10
msec,a packet interval of 15or 20msec,anda packet lengthof
1460bytes.Simulationshave beenperformedwith 12 flows to
compareEDF, GLF, andHybrid algorithmswith varying error
durationrates.
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Fig. 1. Overall Throughput(
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Fig. 2. MaximumLossRate( ®G¯±°-² )
B. SimulationResults

Figure 1 plots the overall throughputsof the variousalgo-
rithms.ThefirgureshowsthatEDFprovidesabetterthroughput
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Fig. 3. Maximumof × ØÚÙÜÛYØÞÝ�×
thanGLF. It is interestingto seethatHybrid generatesacompa-
rablethroughputwith EDF.

Figure2 plotsthemaximumlossrateamongall flows, ß-à_á6â .
While it is expectedthat GLF would provide a smallermaxi-
mumlossratethanEDF, it is surprisingthatHybrid providesa
smaller ß à_á6â thanGLF. Our possibleexplanationfor this phe-
nomenonis thehigherthroughputof theHybrid algorithm.

Figure3 showsthemaximumdifferenceamongthelossrates
of all flows, ãåä*æKç4è ß-éKêëß�ì*è í . Accordingto thefigure,GLF pro-
vides the smallestvalueof ãåä*æKç�è ß é êîß ì è í , EDF providesthe
largestvalue,andHybrid providesmediumvalues.

IV. THEORETICAL RESULTS

We now establishsometheoreticalresultsthatgiveaninsight
into thedificulty of findinggoodschedulesin presenceof errors.
Westartwith somesimpleresultsconcerningtheworst-casebe-
haviour of onlinealgorithmsfor our problem. We measurethe
performanceof any onlinealgorithmusingthecompetitiveanal-
ysisframeworkof SleatorandTarjan[12]. Wesaythatanonline
algorithmis ï -competitive if on any input sequence,it is guar-
anteedto produceasolutionthatis at least

¹�ð ï timesasgoodas
anoptimalsolution.Thusa

¹
-competivealgorithmgivesessen-

tially anoptimalsolutionitself. The following propositioncan
beeasilyproven.

Proposition1. For any ßòñ ³
, theredoesnot exist a ç µ ê>ß6í -

competitiveonlinealgorithmfor throughputmaximizationeven
whenthesystemcontainsonly two hosts.

In fact, the lower boundabove is tight for throughputmaxi-
mization.

Proposition2. Thereexistsa
µ
-competitiveonlinealgorithm

for throughputmaximization.
Giventhedificulty of theonlinecaseevenfor thesimplergoal

of throughputmaximization,a naturalquestionto askis if the
problemremainsintractablewhen the errorsareall known in
advance(i.e., an offline setting). We next show that this case

is essentiallyequivalent to the maximumflow problem,well-
known to besolvableefficiently in polynomialtime(see[1], for
instance).

Theorem1: Thereis apolynomialtimeoffline algorithmthat
determinesanoptimalfair schedulewith maximumthroughput.

Proof. We will reduceour problemto the maximumflow
problem. For any ßóñ ³

, let ô�õéëö/÷ ô é ç ¹ êùø é êùß6íGú where¹1ûýüëûÿþ
. Roughly speakinga scheduleis said to be ançDß�� � í -scheduleif (i) it schedulesat least ô�õé packetsfor each

flow
ü
, and (ii) it sendsat least

���é��	� ô�õé Ñ � packets over-
all. Our goal is to determinea pair ç;ß�
�� � 
�í suchthat (i) for
any ß ñ ß

 theredoesnot exist an çDß�� ³ í -schedule,and(ii) for
any � ñ � 
 , theredoesnot exist an ç;ß�
�� � í -schedule.We will
constructan instanceof the maximumflow problemfor every
candidatepair ç;ß�� � í andoutput the solutioncorrespondingto
thebestsuchpair found.Let � denote

� �é��	� ô é , thetotal num-
berof packets. It is easyto verify that thereareonly �'ç�� Ã�� �Ní
candidatepairsneedto beconsidered.Wefirst usebinarysearch
overtheset � ¹�ð �	� µ*ð ����������� ¹�� to identify thesmallestß for which
an ç;ß�� ³ í -scheduleexists. Then anotherbinary searchon the
set � ¹ � µ ����������� � determinesthe largest � for which this sched-
ule staysfeasible.Thusfrom hereon, we assumewithout loss
of generalitythatweknow theoptimalvaluesof ß and � .

We constructa directedgraph � ö ç����! í asfollows. The
vertex setof � containstwo specialvertices,namelya source"
anda sink # , vertices"$�%���������&" � for eachof the

þ
flows, a ver-

tex ' , vertices( � ���������)(+* correspondingto thepacketsgenerated
by the variousflows, andvertices, � �������������),�- correspondingto
thevarioustime slotsthatareavailablefor schedulingpackets.
Thereis a directededgefrom a vertex (^é to a vertex ,ºì if the
packet correspondingto ( é could be scheduledat the . th time
slot (i.e., the corrspondingflow is in goodstateandthe dead-
line of the packet hasnot yet expired). Thereis an edgefrom
any vertex "ºé to avertex (�ì if (�ì correspondsto thepacketgen-
eratedby the

ü
th flow. Thereareedgesfrom eachvertex , ì to

the vertex # . All edgesdescribedthusfar have a capacityof
¹

on eachedge.Finally, thereareedgesfrom thesourcevertex "
to eachof the "ºé ’s aswell asto the vertex ' . The vertex ' is
connectedto each( é ’s by an edgeof capacity

¹
. The directed

edge ç/"0�&" é í hascapacityequalto ô�õé andthe edge ç/"0�1' í has
capacityequalto � .

It is now aneasyconsequenceof our constructionthat there
exists an " - # flow of value

� �é��	� ô�õé Ñ � if andonly if there
existsan çDß�� � í -schedule.

Ö

V. CONCLUSION

In this paper, we proposea fair real-timeschedulingmodel
whosegoalis tomaximizetheoverallthroughputsubjecttomin-
imizing themaximumlossrateamongall theflowsanddevelop
algorithmsfor theschedulingmodelthat take wirelesschannel
error characteristics.We arecurrently refining andevaluating
thesealgorithms.
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