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Abstract— While PacketFair Queueing(PFQ) algorithms provide both
boundeddelay and fairness in wired networks, they cannot be applied di-
rectly to wirelessnetworks. The key difficulty is that in wirelessnetworks
sessionscan experiencelocation-dependent channelerrors. This may lead
to situations in which a sessionreceivessignificantly lessservicethan it is
supposedto, while another receivesmore. This resultsin large discrepan-
ciesbetweenthe sessions’virtual times, making it difficult to provide both
delay-guaranteesand fairnesssimultaneously.

Our contribution is twofold. First, we identify a setof properties,called
Channel-conditionIndependentFair (CIF), that a PacketFair Queueingal-
gorithm should have in a wirelessenvir onment: (1) delay and throughput
guaranteesfor error-fr eesessions,(2) long term fairnessfor error sessions,
(3) short term fairnessfor error-fr eesessions,and (4) graceful degradation
for sessionsthat havereceivedexcessservice.Second,wepresenta method-
ology for adapting PFQ algorithms for wirelessnetworks and weapply this
methodologyto derive a novel algorithm basedon Start-time Fair Queue-
ing, calledChannel-conditionIndependentpacketFair Queueing(CIF-Q), that
achievesall theaboveproperties.To evaluatethealgorithm weprovideboth
theoretical analysisand simulation results.

I . INTRODUCTION

As the Internetbecomesa globalcommunicationinfrastruc-
ture, new Quality of Service(QoS) servicemodelsand algo-
rithmsaredevelopedto evolvetheInternetinto atrueintegrated
servicesnetwork.At thesametime,wirelessdatanetworksare
becominganintegralpartof theInternet,especiallyasanaccess
networkingtechnology. An importantresearchissueis thento
extend the QoS servicemodelsand algorithmsdevelopedfor
wired networksto wirelessnetworks. In this paper, we study
how to implementPacketFair Queueing(PFQ)algorithmsin
wirelessnetworks.

PFQalgorithmsarefirst proposedin thecontext of wirednet-
worksto approximatetheidealizedGeneralizedProcessorShar-
ing (GPS)policy [2], [8]. GPShasbeenproven to have two
importantproperties:(a) it canprovideanend-to-endbounded-
delayserviceto a leaky-bucketconstrainedsession;(b) it can
ensurefair allocationof bandwidthamongall backloggedses-
sionsregardlessof whetheror not their traffic is constrained.
The formerpropertyis thebasisfor supportingguaranteedser-
viceswhile the later propertyis importantfor supportingbest-
effort and link-sharingservices. While GPSis a fluid model
thatcannotbeimplemented,variouspacketapproximationalgo-
rithmsaredesignedto provideservicesthatarealmostidentical
to thatof GPS.

Unfortunately, the GPSmodelandexisting PFQalgorithms
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arenot directly applicableto a wirelessnetworkenvironment.
The key difficulty is that thereare location-dependentchannel
errors in a wirelessenvironment. In GPS,at any given time,
all backloggedsessionssenddataat their fair rates. However,
in a wirelessenvironment,somemobile hostsmaynot beable
to transmitdatadue to channelerrors,while other hostsmay
have error-free channelsand can transmitdata. To be work-
conserving,it is impossibleto achieve the instantaneousfair-
nesspropertydefinedby theGPSmodelbecauseonly a subset
of backloggedsessionsareeligible for scheduling. That is, a
sessionwith anerror-freechannelmayreceivemorenormalized
amountof servicethanthatby a sessionwith anerrorchannel.
However, it is conceivableto achieve long termfairnessby giv-
ing moreserviceto a previously error sessionso that it canbe
compensated.Of coursethiscompensationcanonlybeachieved
by degradingthe servicesof othersessions,which may affect
theQoSguaranteesandfairnesspropertyfor thesesessions.It
is unclearwhatis theright modelandalgorithmto provideQoS
guaranteeandensurefairnessin awirelessnetwork.

In this paper, we identify a setof properties,calledChannel-
conditionIndependentFair (CIF), desirablefor any PFQalgo-
rithm in a wirelessnetwork: (1) delay and throughputguar-
anteesfor error-free sessions,(2) long term fairnessguarantee
amongerror sessions,(3) shortterm fairnessguaranteeamong
error-free sessions,and (4) gracefuldegradationin quality of
servicefor sessionsthathave receivedexcessservice.We then
presenta methodologyfor adaptingPFQalgorithmsfor wire-
lessnetworksandwe apply this methodologyto derive a new
schedulingalgorithmcalledtheChannel-conditionIndependent
packetFair Queueing(CIF-Q) algorithmthatachievestheCIF
properties. New algorithmic techniquesare introducedin the
CIF-Q algorithm. We prove that CIF-Q achieves all the prop-
ertiesof theCIF andshow thatit haslow implementationcom-
plexity. Finally, we usesimulationto evaluatetheperformance
of ouralgorithm.

The restof this paperis organizedasfollows. In SectionII
wedescribethenetworkmodelthatweareassumingandin Sec-
tion III, we discussin detail theproblemsinvolvedin applying
existing PFQalgorithmsin wirelessnetworks. We presentthe
CIF propertiesin SectionIV andthe CIF-Q algorithmin Sec-
tion V. We thenshow thattheCIF-Qalgorithmachievesall the
propertiesof CIF in SectionVI. Finally, we presentsimulation
resultsin SectionVII andconcludethepaperin SectionVIII.

I I . NETWORK MODEL

In this paper, we considera simplifiedshared-channelwire-
lesscellularnetwork(e.g.WaveLAN [10]) modelin whicheach



cell is servedby abasestation.Centralizedschedulingof packet
transmissionsfor acell is performedatthebasestation,andme-
dia access� control is integratedwith packetscheduling.Mobile
hostsmay experiencelocation-dependentchannelerrorsin the
sensethatthey cannotreceive or transmitdataerror-free. Error
periodsareassumedto beshortandsporadicrelative to thelife-
timesof thesessionssolong termfairnessis possible.Instanta-
neousknowledgeof channelconditions(erroror error-free)and
packetqueuestatusof all sessionsis assumedat the basesta-
tion. Under theseassumptions,the differencebetweena PFQ
algorithmin a wiredandwirelessenvironmentis thatin thelat-
ter a backloggedsessionmaynot beableto receive servicedue
to locationindependenterrors. Lu et al have given this broad
problema goodinitial formulationin [6], andhave effectively
addressedmany practicalissues. Therefore,in this paper, we
focuson thealgorithmicaspectsof theproblem.

I I I . GPS AND PFQ

In wired networks,PacketFair Queueing(PFQ)is basedon
theGPSmodel[8]. In a GPSeachsession

�
is characterizedby

its allocatedrate, ��� . During any time interval whenthereare
exactly � non-emptyqueues,theserver servesthe � packets
at theheadof thequeuessimultaneously, in proportionto their
rates.

EachPFQ algorithm maintainsa systemvirtual time ���
	�� .
In addition, it associatesto eachsession

�
a virtual start time
 ���
	�� , andavirtual finishtime ���
��	 � . Intuitively, ������� represents

the normalizedfair amountof servicethateachsessionshould
havereceivedby time � , 
 � ����� representsthenormalizedamount
of servicethat session

�
hasreceived by time � , and ��������� rep-

resentsthe sumbetween

 � ����� andthe normalizedservicethat

session
�

shouldreceive for servingthe packetat the headof
its queue.Since


 � ����� keepstrackof thenormalizedservicere-
ceivedby session

�
by time � , 
 � ����� is alsocalledthevirtual time

of session
�
, andalternativelydenoted��������� . Thegoalof all PFQ

algorithmsis thento minimizethediscrepanciesamong � � ����� ’s
and ������� . This is usuallyachieved by selectingfor servicethe
packetwith thesmallest


 ������� or ��������� . Notice that the role of
the systemvirtual time is to reset


 ���
	�� (or �����
	�� ) whenever an
unbackloggedsession

�
becomesbackloggedagain. More pre-

cisely,
 � ������� ��� �"! �#�������%$ 
 �����%&'��� �
becomesactive
 �%���%&(��)+*-, ./ . 021� finishes

(1)

� � ������� 
 � �����3)54 1"6�7� � � (2)

where 021� representsthe 8 -th packetof session
�
, and 4 1� repre-

sentsits length.
While GPSandPFQalgorithmsprovidebothguaranteedand

fairnessservicesin a wired network,they cannotachieve both
propertiesin a wirelessnetwork. The key differenceis that
thereare location-dependentchannelerrors in a wirelessen-
vironment.Thatis, somemobilehostsmaynotbeableto trans-
mit datadueto channelerrorsevenwhentherearebacklogged
sessionson thosehostswhile othersmayhave error-freechan-
nels and can transmitdatain that time. SinceGPSis work-
conserving,duringsucha periodwith location-dependentchan-

nel errors, error-free sessionswill receive more servicethan
their fair share,while a sessionwith errorswill receive no ser-
vice. Sincethevirtual time of a sessionincreasesonly whenit
receives service,this may result in a large differencebetween
the virtual time of an error session

�
and that of an error-free

session.Therearetwo problemswith this largediscrepancy be-
tweensessionvirtual times:

1. If session
�

exits from errors, and is allowed to retain
its virtual time, thenit will have the smallestvirtual time
amongall sessions.Theserver will selectsession

�
exclu-

sivelyfor serviceuntil its virtual timecatchesupwith those
of othersessions.In themeantime,all othersessionswill
receive no service.Sincea sessioncanbe in error indefi-
nitely, thelengthof suchzero-serviceperiodfor theerror-
freesessionscanbearbitrarily long.

2. If session
�
exits fromerrors,anditsvirtual timeis updated

to thesystemvirtual time ����	�� , thentheerror-freesessions
will not bepenalized.However, session

�
’s historyof lost

serviceis now completelyerasedandsession
�

will never
beableto regain theservice.This resultsin unfair behav-
iors.

To addresstheseproblems,in [6], Lu etalaugmentedtheGPS
modelandproposedtheWirelessFluid Fair Queueing(WFFQ)
servicemodelandtheIdealizedWirelessFair Queueing(IWFQ)
algorithmfor packetsystems.Their observation is that, to en-
surefairness,it is desirableto let sessionsthat fall behindto
“catch-up” with the othersessions.However, allowing an un-
boundedamountof “catch-up”canresultin denialof serviceto
error-freesessions.Therefore,in WFFQ,only boundedamount
of “catch-up” 9 is allowed. As a result,delayandthroughput
guaranteesto error-freesessionsbecomepossible.

The WFFQ modeland the IWFQ algorithm, while provide
limited fairnessandboundedthroughputanddelayguarantees
for error-freesessions,hasseveral limitations. First, thereis a
couplingbetweenthedelayandfairnessproperties.To achieve
longtermfairness,a laggingsessionshouldbeallowedto catch-
up asmuchaspossible,which requiresa large 9 . However, a
large 9 alsomeansthat an error-free sessioncanfacea large
“denial of service”periodandexperiencea large delay. Thus,
onecannothave perfectfairnesswhile at thesametimeachieve
a low delay boundfor an error-free sessionusing the WFFQ
model.In this paper, wewill show thatthesetwo propertiesare
in factorthogonalandbothcanbeachieved.

In addition, the serviceselectionpolicy usedin WFFQ and
IWFQ givesabsolutepriority to thesessionwith theminimum
virtual time. Consequently, aslongasthereexistsa laggingses-
sion in the system,all otherleadingor non-leadingsessionsin
the systemcannotreceive service.Underthis selectionpolicy,
compensationfor all laggingsessionswill takethesameamount
of time regardlessof theirguaranteedrate,contradictingthese-
manticsthat a larger guaranteedrate implies betterquality of
service.

We believe the root of the problemslies in the fact that the
virtual time parameterin GPSis not adequatefor performing
both schedulingfunctionsandfairnessenforcementin a wire-
lessenvironment. In the next sectionwe presentthe desirable
propertiesof a PFQalgorithmfor wirelessnetworks.



IV. THE CIF PROPERTIES

To implement PFQ algorithm in an environment with
location-dependenterrors,we needto addresstwo main ques-
tions: (1) How is the serviceof an error sessiondistributed
amongtheerror-freesessions?(2) How doesa sessionthatwas
in errorandbecomeserror-freereceive backthe“lost” service?
Althoughtheanswersto theabove questionsmaydependonthe
specificsof a particularalgorithm,in this sectionwe give four
genericproperties,collectivelycall Channel-conditionIndepen-
dentFair (CIF), thatwebelieveany suchalgorithmshouldhave.
Thefirst two are:

1 Delayboundandthroughputguarantees.Delayboundand
throughputfor error-freesessionsareguaranteed,andare
not affectedby othersessionsbeingin error.

2 Longtermfairness.During a largeenoughbusyperiod,if
asessionbecomeserror-free,then,aslongasit hasenough
servicedemand,it shouldget back all the service“lost”
while it wasin error.

Thus,a sessionwhich becomeserror-freewill eventuallyget
backits entire“lost” service.However, asimplied by the first
property, this compensationshouldnot affect the serviceguar-
anteesfor error-freesessions.

Next, we classifysessionsas leading, lagging, andsatisfied.
A sessionis leadingwhenit hasreceived moreservicethanit
would have received in an idealerror-freesystem,laggingif it
hasreceivedless,andsatisfiedif it hasreceivedexactly thesame
amountof service.Then,thelasttwo propertiesare:

3 Short term fairness. The differencebetweenthe normal-
ized servicesreceived by any two error-free sessionsthat
arecontinuouslybackloggedandarein thesamestate(i.e.,
leading,lagging,or satisfied)duringa time interval should
bebounded.

4 Gracefuldegradation. During any time interval while it is
error-free,a leadingbackloggedsessionshouldbeguaran-
teedto receive at leasta minimumfractionof its servicein
anerror-freesystem.

Thethird propertyis a generalizationof thewell-known fair-
nesspropertyin classicalPFQalgorithms.Therequirementthat
sessionsin the samestatereceive thesameamountof normal-
ized serviceimplies that (1) leadingsessionsshouldbe penal-
izedby thesamenormalizedamountduringcompensation,(2)
compensationservicesshouldbedistributedin proportionto the
laggingsessions’rates,and (3) whenservicesfrom error ses-
sionsareavailable,laggingsessionsreceivetheseservicesat the
samenormalizedrate,so do leadingsessionsandsatisfiedses-
sions. Finally, the last propertysaysthat in the worst casea
leadingsessiongivesup only a percentageof its service.This
way, anadaptive applicationmaycontinueto run.

V. THE CIF-Q ALGORITHM

In this sectionwe presentour Channel-condition Indepen-
dentPacketFair Queueing(CIF-Q) algorithmfor systemswith
location-dependentchannelerrors.

In order to accountfor the servicelost or gainedby a ses-
sion due to errors,we associateto eachsystem



a reference

error-free system

 /

. Then,a sessionis classifiedas leading,
lagging, or satisfiedwith respectto


 /
, i.e.,a sessionis leading

if it hasreceivedmoreservicein



thanit wouldhave received

Term Definition

Leadingsession A session: thathasanegative ;=<�>@?
Laggingsession A session: thathasapositive ;=<�>@?
Satisfiedsession A session: thathasazero ;-<A>@?
Lead Theabsolutevalueof anegative ;-<A>@?
Lag Thevalueof ;-<A>�?
Backloggedsession A sessionthathasaqueuelength B 0
Active session A sessionthatis eitherbacklogged

or unbackloggedwith anegativelag
Cansend A sessioncansendif it is backlogged

andexperiencesno errorat themoment
Excessservice Servicemadeavailabledueto errors
Compensationservice Servicemadeavailabledueto a

leadingsessiongiving up its lead
Additional service Excessor compensationservice
Lost service Servicelost dueto errorsthatis

receivedby anothersession
Forgoneservice Servicelost dueto errorsthatis

not receivedby anothersession

TABLE I

Definitionsof termsusedin thedescriptionof theCIF-Q algorithm.

in

 /

, lagging if it hasreceived less,andsatisfiedif it hasre-
ceived the sameamount.Theprecisedefinitionof


 /
depends

on the correspondingPFQalgorithmwe chooseto extend for
theerror system.Althoughtheoreticallywe canchooseany of
the well-known algorithms,suchasWFQ [2], [8], SCFQ[4],
WFC Q+ [1], EEVDF [9], for simplicity, in this paperwe use
Start-timeFair Queueing(SFQ)[5]. Thereasonfor this choice
is that in a systemwith location-dependentchannelerrors,it is
harderto doschedulingbasedonthefinishingtimesthanon the
startingtimes[7].

Thus,to every errorsystem



we associateanerror-freeref-
erencesystem


 /DFE�G with thefollowing properties:
1.

 /DHE�G employsanSFQalgorithm,i.e.,packetsareserved

in theincreasingorderof theirvirtual startingtimes,
2. Thesamesessionis selectedat thesametime in bothsys-

tems.
3. Whenever a sessionis selectedin


 /DHE�G , thepacketat the
headof its queueis transmitted. In contrast,whenever a
sessionis selectedin



, it is possiblethat the packetof

anothersessionis transmitted.This happenswhenthese-
lectedsessionis in error, or whenit is leadingandhasto
givebackits lead.

4. A sessionis active during thesametime intervalsin both
systems.In



a sessionis saidto be active if it is back-

logged,or as long as it is leading. In

 /DHE�G a sessionis

active only aslongasit is backlogged.
Therearetwo thingsworth noting. First, theschedulingde-

cisionsaremadein

 /DHE�G , andnot in



. More precisely, the

sessionthat hasthe smallestvirtual time in

 /DHE�G is selected

to be served in



. Second,no matterwhat sessionis actually
served7 in



, in

 /DHE�G the transmittedpacketis assumedto be

belongingto theselectedsession,andthereforeits virtual time
is updatedaccordingly.

Below wegive someof thekey techniquesintroducedby our
CIF-Qalgorithm.I Unlike otherPFQalgorithms,in CIF-Q,a session’s virtualJ

As impliedby 3, theselectedsessionmaynot beservedif it is in erroror has
to giveup someof its lead.



timedoesnotkeeptrackof thenormalizedservicereceived
by that sessionin the real system



, but in the reference

errorK -freesystem

�/DHE�G .I To provide fairness,weuseanadditionalparameter(called

lag) thatkeepstrackof thedifferencebetweentheservice
that thesessionshouldreceive in


 /DHE�G andtheserviceit
hasreceivedin



. Then,to achieve perfectfairness,thelag

of every sessionshouldbezero.I A leadingsessionis not allowedto leave until it hasgiven
upits lead.Otherwise,aswewill show later, this translates
into anaggregatelossfor theotheractive sessions.I To dealwith thecasewhenall active sessionsarein error,
weintroducetheconceptof forcedcompensation.Weforce
asessionto receiveserviceandwechargeit for thisservice,
evenif it cannotsendany packet.Thismakesit possibleto
ensuredelayandthroughputguaranteesfor error-freeses-
sions.

Finally, we notethatouralgorithmis self-clockingin thesense
that there is no need for emulatinga fluid flow systemfor
schedulingor keepingtrack of lead and lag. As a result, our
algorithmhaslower implementationcomplexity thanIWFQ [6]
which requirestheemulationof a fluid system.

For clarity, we first describea simpleversionof CIF-Q that
achieves the two most importantpropertiesof CIF: (1) delay
andthroughputguaranteesfor error-freesessions,and(2) long
term fairnessfor errorsessions.Definitionsof somekey terms
appearingin thissectionareshown in TableI.

A. CIF-Q: SimpleVersion

Besidesavirtual time L � , eachsession
�
in CIF-Qis associated

with anadditionalparameter4NMPO � that representsthedifference
betweentheservicethatsession

�
shouldreceive in a reference

error-free packetsystemand the serviceit hasreceived in the
realsystem.An active session

�
is saidto be lagging if its 4NMPO �is positive, leading if its 4NMPO � is negative, andsatisfiedother-

wise. In the absenceof errors, 4QM"O � of all active sessionsare
zero.Sincethesystemis work-conserving,thealgorithmmain-
tainsatall time thefollowing invariant:R�QS"T 4NMPO �U�WV2$ (3)

where X is the set of active sessions.The simple versionof
CIF-Q is shown in Figure1.

Whena session
�

becomesbackloggedandactive, its lag is
initialized to zero. Its virtual time is initialized to the maxi-
mum of its virtual time and the minimum virtual time among
otheractive sessionsto ensurethevirtual timesof all activeses-
sionsarebounded. The algorithmselectsthe active session

�
with theminimumvirtual time for service.If thatsessionis not
leadingandcansend,thenthe packetat the headof its queue
is transmitted;this ensureserror-free non-leadingsessionsget
their fair share.Its virtual time is advancedasfollowsto record
theamountof normalizedwork:L � �YL � )54 1�� � (4)

where4 1� is thelengthof the 8�ZN[ packetof session
�
and � � is the

rateof session
�
. However, if the sessionis leadingor cannot

on session: receivingpacket\ :
enqueue( ]�^F_#^F_
?A`�\ )
if ( :�abdc )e ?gfihkj%l"m e ?Q`nhko�p"q%r"sut e q%v%w ;;-<A>@?2fix ;c f c y t�:nv ; z%{ marksessionactive {%z

on sendingcurrentpacket: z%{ getnext packetto send{�z:|fihko�p"} . t�: b(c v ; z%{ selectsessionwith min. virtual time {%z
if ( ;=<�>@?�~�x and ( : cansend))z%{ sessioni non-leading,cansend{%z\�f dequeue( ]�^F_#^F_�? );e ?gf e ?F��\F� ;=_#�P>@�N�"z���? ;
else� f hkj�lA����� ,��#�N, t%� b(c�� � cansendv ;

if (
�

exists)\kf dequeue( ]
^F_�^F_Q� );e ?2f e ?H��\F� ;-_��">@�Q�"z���? ; z%{ chargesessioni {%z;=<�>@?2f ;=<�>@?"��\H� ;-_#�P>@�N� ;;=<�>���f�;=<�>��u�d\F� ;-_��">@�Q� ;
if ( :�af � and empty( ]�^F_�^F_Q� ) and ;-<A>���~ix )

leave(
�
);

else z%{ thereis noactivesessionreadyto send{�ze ?2f e ?H����z���? ;
if ( ;=<�>@?���x and empty( ]�^F_#^F_�? )) z%{ i is leading,unbacklogged {%z� fihkj%l������ ,����Q, t%� bdc v ;;-<A>@?�f�;-<A>@?"��� ;;-<A>��Uf�;-<A>������ ; z%{ forcedcompensation{%z

set time out(on sending, ��z�  );
if (empty( ]�^F_#^F_�? ) and ;=<�>@?�~�x )

leave( : );
leave( : ) z%{ sessioni leaves{%zc f c�¡ tA:�v ;

for (
� b¢c

) z%{ updatelagsof all activesessions{%z;-<A>��£f ;-<A>��¤��;=<�>@?g¥¢���Az�mn¦ q�r�s ��q�w ;
if ( § � b(c�¨ � �#�
©"ª�«�¬#­�mn]�^F_#^F_Q�@w�®(;=<�>��¯~�x )

leave(
�
);

Fig. 1. Simpleversionof theCIF-Q algorithm.

send,wesearchfor thesession° with thelargestnormalizedlag
that cansenda packet. If thereis sucha session° , the packet
at theheadof its queueis transmitted.That is, whenadditional
serviceis available,wefirst try to compensatethesessionthatis
normalizedlaggingthemost. Note thatsession

�
’s virtual time

(not sessions° ’s virtual time) is advancedand 4NMPO � and 4NMPO@±areadjusted.Thekey is thatby doingsowe charge thepacket
transmissionto session

�
(not ° ), andwe keeptrackof this by

adjustingthelagsof thetwo sessionsaccordingly. Thelagsad-
justmentsindicatethatsession

�
hasnow givenup 4 1± amountof

service,while session° hasnow received 4 1± amountof addi-
tionalservice.Thisselectionpolicy reducesto SFQin anerror-
freesystem.

To achieve long term fairness,in addition to compensating
lagging sessions,we needto addressthe following question:
Whatshouldhappenif a session

�
with a non-zerolag becomes

unbackloggedandwantsto leave theactive set?Clearly, if ses-
sion

�
is allowedto leave, we needto modify the lag of at least

oneother active sessionin order to maintainthe invariant (3)
of the algorithm. Our solutionis that whena laggingsession�

wantsto leave, its positive 4NMPO � is proportionallydistributed
amongall theremainingactivesessions° suchthateach4QM"O@± is
updatedaccordingto thefollowingequation:4QM"O@± � 4NMPO@± ) 4NMPO � � ±¦ 1 S�T � 1 $ (5)



whereX representsthesetof theremainingactive sessions.In
contrast,a leadingsessionis not allowedto leave theactive set
until it has

²
givenupall its lead.

Intuitively, when a lagging sessionbecomesunbacklogged
and wantsto leave, its positive lag is “unjustified” becauseit
doesnot have enoughservicedemandto attain such lag. In
addition, the leaving of a laggingsessiontranslatesinto gains
in servicesfor theremainingactive sessions.By updatingtheir
lagsaccordingtoequation( 5),wepracticallydistributethisgain
in proportionto theirrates.Therefore,suchlagcanbesafelyre-
distributedbackinto thesystem.In contrast,if a leadingsession
is allowed to leave, andits lead(negative lag) is redistributed
backinto thesystem,thentheremainingactive sessionsarepe-
nalized. If the leadingsession’s lead is not redistributedback
into thesystemandits leadhistoryis erased(resetto zero),the
remainingsessionsmay never regain their lost services;if the
leadhistory is retained,thentheleadingsessionmaybeunnec-
essarilypenalizedin thefuturewhenit becomesactiveagain[7].
Therefore,a leadingsessionis not allowedto leave.

With the mechanismsdiscussedso far, as long asthereex-
istsanactivesessionthatcansend,lostservicesby asessionare
alwaysreflectedasleadsin otheractivesendingsessions.There-
fore,if all theerrorsessionsexit fromerrorandremainerror-free
for a longenoughperiodof time,thenormalizedlagof all active
sessionsapproacheszeroandthelong termfairnesspropertyof
CIF is achieved. Thereis however a specialcasewhereno ac-
tivesendingsessionsareleft in thesystemto receive theexcess
servicefrom an error session.Suchserviceis said to be for-
goneandactive error sessionsarenot allowed to reclaimsuch
forgoneservices.In thiscase,thealgorithmadvancestheactive
error session’s virtual time usinga dummypacketof length ³
so that all active sessionscan be chosenby the serverC in the
correctorderevenwhennoneof themcansend.

A similar specialcaseexists for distributing compensation
service.Recallthata leadingunbackloggedsession

�
is not al-

lowedto leave until it hasgivenup all its lead. However, if all
otheractive sessionsarein errorandcannotreceive compensa-
tion servicefrom this leadingsession,this leadingsessionmay
bestuckin theactive setindefinitely. Usingthedummypacket,
weallow a leadingunbackloggedsession

�
to graduallygive up

its leadby forcinganactiveerrorlaggingsession° to “receive” ³
amountof compensationservice.In effect,weforcesession° to
forgo ³ amountof service.If theleadingunbackloggedsession
is not allowedto give up its leadby forcing the compensation,
the allocatedshareof this leadingsessioncanbe violatedat a
later time. Thus,thealgorithmensuresthat,givenenoughser-
vice demandfrom an error-free session,it alwaysreceives no
lessthanits guaranteedshareof service.As a result,thealgo-
rithm is capableof providing a delayboundto anerror-freeses-
sion whosesourceis constrainedby a leaky-bucketregardless
of thebehavior of othersessionsin thesystem.

In summary, in this simpleversionof the CIF-Q algorithm,
wehaveachievedtwopropertiesof CIF. First, longtermfairness
is ensured.Second,anerror-free sessionis alwaysguaranteed
its fair share,thusthereis adelayboundfor anerror-freesession
whosesourceis constrainedby a leaky-bucketthat is indepen-´

Recalltheserveralwayschoosesthesessionwith theminimumvirtual time.

Parameter Definitionµ Minimal fractionof serviceretainedby
anyleadingsession¨ ? Normalizedamountof serviceactuallyreceivedby
a leadingsession: throughvirtual time( e ? ) selection
sinceit becameleading¶ ? Normalizedamountof additionalservicereceivedby
a laggingsession:· ? Normalizedamountof additionalservicereceivedby
anon-laggingsession:

TABLE II

Definitionsof newparametersusedin thefull versionof CIF-Q.

dentof the behavior of any othersessionsin the system.As a
result,real-timeguaranteeandlongtermfairnessaredecoupled.
Thesepropertiesareshown in SectionVI.

B. CIF-Q: Full version

The simple versionof the CIF-Q algorithm hastwo major
drawbacks.First, theservicereceivedby a leadingsessiondoes
not degradegracefullywhenit is necessaryfor it to give up its
lead. In fact,a leadingsessionreceivesno serviceat all until it
hasgivenup all its lead. Theseconddrawbackis thatonly the
sessionwith the largestnormalizedlag receivesadditionalser-
vices.Thatis, shorttermfairnessis not ensured.Consequently,
duringcertainperiodsof time,a sessionwith a smallerguaran-
teedratecanactually receive betternormalizedservicethana
sessionwith a larger guaranteedrate. This contradictsthe se-
manticsthat a larger guaranteedrate implies betterquality of
service.

Thefull versionof theCIF-Qalgorithmwhichaddressesboth
of theseproblemsis shown in Figure2 and3. Severalnew pa-
rametersare introducedand their definitionscan be found in
TableII. For clarity, we have separatedout somegroupsof op-
erationsinto new functions. Functionsendpkt (° , � ) now con-
tainstheoperationsperformedwhentheserver servesa packet
fromsession° butchargetheserviceto session

�
. Becauseof the

changesin lagsresultingfrom thecharging technique,sessions’
statesmaychange.Therefore,several casesarelistedto check
for statechangesto updateeachparameteraccordingly. Opera-
tionsrelatedto sendinga dummypacket,which areidenticalto
thosein thesimpleversion,arenow in thesenddummy pkt (

�
)

function. In addition,parametersarealsoupdatedwhena ses-
sionexits from errorstateasshown in theprocessingof theon
exiting from error-modeevent, andwhena sessionleaves the
active setasshown in the leave(

�
) function.

To achieve gracefuldegradationin servicefor leadingses-
sions,we usea systemparameteŗ ( Vº¹»¸¼¹¾½ ) to control the
minimal fractionof serviceretainedby a leadingsession.That
is, a leadingsessionhasto giveupatmost �
½�&�¸u� amountof its
serviceshareto compensatefor laggingsessions.To implement
thispolicy, weassociateto eachleadingsession

�
aparameter¿ � ,

whichkeepstrackof thenormalizedserviceactuallyreceivedby
suchleadingsessionthroughvirtual time( L�� ) selection.Whena
session

�
becomesleading,¿ � is initialized to ¸uL � (seecase4 in

sendpkt andon exiting from error-mode).Thereafter, ¿ � is up-
datedwhenever a leadingsessionis servedthroughvirtual time



on session: receivingpacket\ :
enqueue( ]�^F_#^F_
?A`�\ )
if ( :�abdc )e ?2fihkj%l"m e ?Q`nhko�p"q%r"sut e q@v%w ;;=<�>@?�fix ;· ?�f hkj%l�m · ?�`Nhko�p"q%r"s�t · q � ;=<�>@q'À�x�®Á� cansendv%w ;c f c y t�:nv ; z%{ marksessionactive {%z

on sendingcurrentpacket: z%{ getnext packetto send{�z:|fihko�p"} . t�: b(c v ;if (( : cansend)and ( ;-<A>@?�~�x or ( ;=<�>@?���x and
¨ ?ÂÀ µ�e ? )))

sendpkt( :Q`�: ); z�{ sessioni servedthrough e ? selection{%z
else z%{ i cannotsendor i is leadingandnotallowedto send{%zz%{ selectlaggingsession

�
to compensate{%z� f�hko�p"Ã , t%� bdc�� ;=<�>@q'B�x�®Á� cansendv�Ä

if ( : cansend)
if (
�

exists)
send pkt(

� `�: ); z�{ servesessionj but chargeto i {%z
else z�{ thereis no laggingsessionthatcansend{�z

send pkt( :Q`N: ); z%{ servicegivenback to sessioni {�z
elsez%{ i cannotsend{�z

if (Å2� b(c � cannotsend)
send dummy packet(: );

else z�{ thereis at leastonesessionthatcansend{%z
if (
�

exists)
sendpkt(

� `#: ); z%{ servesessionj but chargeto i {%z
else z%{ noactivelaggingsession,andi cannotsend{%zz%{ selectsessionj to receiveexcessservice{%z� fihko�pFÆ , t�� b(c¼� session� cansendv ;

sendpkt(
� `#: ); z%{ servesessionj but chargeto i {%z

if ( :�af � and empty( ]�^F_#^F_�� ) and ;-<A>��Ç~�x )
leave(

�
); z%{ j becomesinactive {%z

if (empty( ]�^F_#^F_�? ) and ;=<�>@?�~�x )
leave( : ); z%{ i becomesinactive {%z

send pkt(
�
, : ) z%{ servesessionj but chargeto i {%z\Èf dequeue( ]�^F_�^F_#� );e ?�f e ?H��\F� ;=_#�">��N�"z���? ; z�{ chargesessioni {%z

if ( :2fuf � and ;=<�>@?���x and ¨ ?�À µ�e ? )z%{ sessioni is leadingandservedthrough e ? selection{�z¨ ?2f ¨ ?F��\F� ;-_��">@�Q�"z���? ;
if ( :�af � );=<�>��Uf ;-<A>��U�d\F� ;=_#�P>@�N� ; z%{ sessionj hasgainextra service{%z

if ( ;-<A>��ÇB�x )z�{ case1: j continuesto belagging {�z¶ �Çf ¶ ����\F� ;=_#�">��N�"z��#� ;
if ( ;-<A>��¤��\F� ;=_#�P>@�N�¢À�x and ;-<A>��ÇÀ�x )z�{ case2: j continuesto benon-lagging{%z· ��f · �¤��\F� ;=_#�P>@�N�"z���� ;
if ( ;-<A>��¤��\F� ;=_#�P>@�N�¢B�x and ;-<A>��ÇÀ�x )z�{ case3: j justbecomesnon-lagging{%z· ��f hkj%l�m · ��`Nhko�p"q%r"s�t · q � ;=<�>@q¯Àix�®Á� cansendv%w ;
if ( ;-<A>��¤��\F� ;=_#�P>@�N�¢~�x and ;-<A>��Ç��x )¨ �Çf µ|e � ; z%{ case4: j justbecomesleading {%z;=<�>@?�f ;-<A>�?H��\F� ;-_��">@�Q� ; z%{ sessioni haslostservice{%z
if ( ;-<A>@?��d\F� ;=_#�">��N�¢À�x and ;-<A>@?�B�x )z�{ case5: i justbecomeslagging {�z¶ ?�fihkj%l�m ¶ ?�`nhko�p"q%r"sut ¶ q � ;-<A>@q¯B�x�®¢� cansendv%w ;

send dummy pkt( : ) z%{ i wasselected,but nosessioncansend{%ze ?�f e ?H����z���? ; z�{ sendan infinitesimallysmalldummypacket {%z
if ( ;=<�>@?���x and empty( ]�^F_#^F_�? ))� f�hkj�lA����� ,P���Q, t%� b(c v ;;=<�>@?�f ;-<A>�?H��� ;;=<�>��Uf ;-<A>��U��� ; z%{ forcedcompensation{�z

set time out(on sendingpacket,��zA  );

on session: exiting from error-mode:
if ( ;=<�>@?�B�x )¶ ?2fihkj%lPm ¶ ?Q`Qhko�p@q�r�sut ¶ q � ;=<�>@q'B�x�®Á� cansendv%w ;
else· ?�f hkj%l�m · ?�`Nhko�p"q%r"s�t · q � ;=<�>@q'À�x�®Á� cansendv%w ;
if ( ;=<�>@?���x )¨ ?2f µ�e ?QÄ

Fig. 2. Thefull versionof theCIF-Qalgorithm(PartI).

leave( : ) z%{ sessioni leaves{%zc f c�¡ tA:�v ;
for (
� b¢c

) z%{ updatelagsof all activesessions{%z;-<A>�É� f ;-<A>�� ;;-<A>��£f ;-<A>��¤��;=<�>@?g¥¢���Az�m ¦ q�r�s ��q�w ;
if ( ;-<A> É� À�x and ;-<A>���B�x and

�
cansend)z�{ j just becomeslagging {%z¶ �Çfihkj%l�m ¶ ��`nhko�p"q�r�sut ¶ q � ;=<�>@q¯Bix�®(� cansendv%w ;

if ( § � b(c�¨ � �#�
©"ª�«�¬#­�mn]�^F_#^F_Q�@w�®(;=<�>��¯~�x )
leave(

�
);

Fig.3. Thefull versionof theCIF-Qalgorithm(PartII).

selection(seesendpkt ). Whenselectedbasedon L � , a leading
sessionis assuredserviceonly if the normalizedserviceit has
received throughvirtual time selectionsinceit becameleading
is no larger than ¸ of thenormalizedserviceit shouldhave re-
ceived basedon its share.That is, a leadingsessionis assured
serviceonly if ¿ � ¹Ê¸uL � . Intuitively, the larger the valueof ¸ ,
the moregracefulthe degradationexperiencedby leadingses-
sions. At the limit, when ¸ is set to one,no compensationis
givento laggingsessions.

To provide shortterm fairness,we distinguishthe two types
of additionalservicein thealgorithm: excessserviceandcom-
pensationservice. Excessserviceis madeavailabledueto ases-
sion’s error, while compensationserviceis madeavailabledue
to a leadingsessiongiving up its lead.

First of all, laggingsessionshave higherpriority to receive
additionalservicesto expeditetheir compensation.But wenow
distribute theseadditionalservicesamonglaggingsessionsin
proportionto thelaggingsessions’rates,insteadof giving all of
it to thesessionwith thelargestnormalizedlag. Thiswaya lag-
ging sessionis guaranteedto catchup, no matterwhat the lags
of theothersessionsare,andtheshorttermfairnesspropertyis
ensuredamonglaggingsessionsduringcompensation.Thispol-
icy is implementedby keepinga new virtual time Ë � thatkeeps
trackof the normalizedamountof additionalservicesreceived
by session

�
while it is lagging.Whena session

�
becomesboth

laggingandcansend,Ë � is initializedaccordingto (seecase5 in
sendpkt , on exiting from error-modeandleave):Ë � � ���P! �QË � $ ��Ì�Í1 S�T¯Î Ë 1�Ï 4NMPO 1�Ð VkÑi8 cansendÒ���Ó (6)

When additionalserviceis available, the lagging session°
with theminimum Ë ± thatcansendis chosento receive it. Ses-
sion ° ’s Ë ± is thenupdatedaccordingly(seecase1 in sendpkt ).
However, if suchsession° doesnotexist, thentherearetwo sce-
narios.First, if theadditionalserviceis a compensationservice,
thenthis serviceis givenbackto the original chosensession

�
.

Otherwise,it mustbe an excessservice. If noneof the active
sessionscansendat themoment,thensenddummy packet(

�
)

is called to advancethe virtual time L�� and perform any ap-
plicable forcedcompensation.But if thereareactive sessions
thatcansendleft in thesystem,thenthis excessserviceis dis-
tributedamongall non-laggingsendingsessionsin proportion
to their rates. This way, short term fairnessis ensuredamong
non-laggingsessionswhenexcessservicesareavailable. This
policy is implementedby keepinga virtual time Ô � that keeps
trackof the normalizedamountof excessservicesreceived by
session

�
while it is non-lagging. When a session

�
becomes



non-laggingandsending,Ô � is initialized accordingto (seeon
receivingpacket,case3 in sendpkt andon exiting from error-
mode):Ô���� ���"! �QÔ��%$ �iÌ�Í1 S"T Î Ô 1 Ï 4NMPO 1 ¹ÕVkÑ 8 cansendÒ���Ó (7)

To distributetheexcessservice,thenon-laggingsession° with
the minimum Ô ± that cansendis chosento receive it. Session° ’s Ô ± is thenupdatedaccordingly(seecase2 in sendpkt ).

In summary, usingthefour new parameters( ¸ , ¿ � , Ë � , and Ô � )
andtheassociatedmechanismspresentedabove,thefull version
of the CIF-Q algorithmnow achieves(a) gracefuldegradation
in servicefor leadingsessionsand(b) shorttermfairnessguar-
antee(thesepropertiesareshown in SectionVI) in additionto
(c) long term fairnessguaranteeand(d) error-freesessionsde-
lay bound/throughput guaranteethatareachievedby thesimple
versionof the algorithm. Thus, all the propertiesof CIF are
satisfied.

C. AlgorithmComplexity

In this sectionwe discussthealgorithmcomplexity. We are
interestedin the complexity of eachof the following five op-
erations: (1) a sessionbecomingactive, (2) a sessionbecom-
ing inactive, (3) a sessionbeingselectedto receive service,(4)
an active sessionenteringerror mode,and (5) an active ses-
sionbecomingerror-free. It canbededucedfrom Figure2 that
theseoperationsultimatelyreduceto thefollowingbasicsetop-
erations: adding,deleting,andqueryingthe elementwith the
minimumkey from theset. Sincetheseoperationscanbeeffi-
ciently implementedin Ö��n×�ØHÙÇÚ3� by usingaheapdatastructure,
a straightforwardimplementationof our algorithmwould beto
maintainthreeheapsbasedon L�� , Ô�� , and Ë�� , respectively. More
precisely, the first heapwill maintainall activesessionsbased
on L � , the secondonewill maintainall non-laggingerror-free
sessionsbasedon Ô � , andthe lastonewill maintainall lagging
error-freesessionsbasedon Ë � . Sincewith theexceptionof the
leaving operation,all the other four operationsinvolve only a
constantnumberof heapoperations,it follows that they canbe
implementedin Ö��n×�ØFÙ�Ú3� , whereÚ representsthenumberof ac-
tivesessions.

Regardingthe leaving operation,when the lag is non-zero,
this operationrequiresupdatingof the lagsof all otheractive
sessions.However, whena session’s lag changes,that session
mightchangeits statefrom leadingto lagging,whicheventually
requiresmoving it from oneheapto another. Thus,in theworst
casetheleaving operationtakesÖ��NÚ¢×�ØFÙ¯Ú3� .

Althoughtheleaving operationtakessignificantlylongerthan
that in an error-free PacketFair Queueingalgorithm,we note
that in wirelessnetworks,algorithmefficiency is not ascritical
as in wired networks. The main reasonfor this is that wire-
lessnetworksaremainly usedasaccesstechnology, they have
significantlylowerbandwidth,andsupporta significantlylower
numberof hostscomparedto wired networks.As anexample,
the currentWaveLAN technologyprovides2 Mbps theoretical
throughputandsupportson theorderof 100hosts[10]. These
figuresareseveralordersof magnitudesmallerthantheonesfor
a highspeedcommunicationswitch.

VI . FAIRNESS AND DELAY RESULTS

In this sectionwe show that our algorithmmeetsthe prop-
ertiespresentedin SectionIV. Specifically, Theorem1 says
thatthedifferencebetweenthenormalizedservicesreceivedby
two error-freeactive sessionsduringany time interval in which
they arein thesamestate(i.e., leading,satisfied,or lagging)is
bounded(Property3), Theorem2 saysthat the time it takesa
laggingsessionthatno longerexperienceserrorsto catchup is
bounded(Property2), andfinally, Theorem3 gives the delay
boundfor anerror-freesession(Property1). NotethatProperty
4 is explicitly enforcedby the algorithmvia the parameteŗ .
Thecompleteproofscanbefoundin [7].

Theorem1: The differencebetweenthe normalizedservice
received by any two sessions

�
and ° duringan interval Û � 7 $�� C �in which bothsessionsarecontinuouslybacklogged,error-free,

andtheir statusdoesnot changeis boundedasfollows:ÜÜÜÜ
Ý � ��� 7 $�� C �� � & Ý ± ��� 7 $�� C �� ± ÜÜÜÜ2Þ�ß�à¯áuâkã�ä� � ) áuâ�ãAä� ±æå $ (8)

where Ý � ��� 7 $�� C � representsthe servicereceived by session
�

during Û � 7 $#� C � , áuâ�ãAä is themaximumpacketlength,and ß �+ç
if bothsessionsarenon-leading,ß �èç¯)é¸ otherwise.

Theorem2: Consideran active lagging session
�

that be-
comeserror-freeafter time � . If session

�
is continuouslyback-

loggedafter time � , it is guaranteedto catchup after at mostê
, ê � ëì C� � � â ��í �
½¯&î¸U� ì 4NMPO � ) (9)ï ëì � ëìdð � � )�Úº&Y½�)�¸u�� â ��í �
½¯&�¸u� )éÚ�) ëì� â ��íuñ áuâkã�äì $

whereÚ is thenumberof activesessions,
ì

is thechannelcapac-
ity, á â�ã�ä is themaximumlengthof apacket, ëì is theaggregate
rateof all sessionsin thesystem,and � â ��í is theminimumrate
of any session.

Theorem3: The delayexperiencedby a packetof an error-
freesession

�
with rate �%� in anerrorsystem



is boundedby�QÚ�&é½@� á â�ã�äì )54 1�ìò) á âkã�ä� � $ (10)

where Ú is thenumberof active sessions,4 1� is thelengthof the8�ZN[ packetof session
�
, and

ì
is thechannelcapacity.

VI I . SIMULATION EXPERIMENTS

In this section,we presentresultsfrom simulationexperi-
mentsto demonstratethe delayboundguaranteesandthe fair-
nesspropertiesof CIF-Q. All the simulationslast for 200 sec-
ondsand thereareseven sessions:a real-timeaudio session,
a real-timevideo session,four FTP sessions,anda crosstraf-
fic sessionto model the restof the traffic in the system. The
propertiesof eachsessionare shown in Table III. The au-
dio andvideosessionsareconstant-bit-rate(CBR)sourcessuch
that their packetsareevenly spacedat 50 ó�¿ apartô andtheir
throughputsare160Kbpsand1.25Mbpsrespectively. Thefourõ

To bemorerealisticandto avoid theworstcasebehavior of SFQ,thepacket
spacinghasasmallprobabilityof drifting slightly



Pkt size Guaranteedrate Srcmodel Error
Audio 1 KB 160Kbps CBR None
Video 8 KB 1.25Mbps CBR None
FTP-1 3 KB 2 Mbps Greedy None
FTP-2 3 KB 2 Mbps Greedy Pattern1
FTP-3 8 KB 2 Mbps Greedy Pattern2
FTP-4 8 KB 2 Mbps Greedy Pattern1
Cross 4 KB 10 Mbps Poisson None

TABLE III

Propertiesof the7 sessionsusedin thesimulations.

Max Min Mean StdDev
Audio 46 ms 0.40ms 4.1ms 4.4ms
Video 49 ms 3.2ms 6.9ms 4.3ms

TABLE IV

Packetdelaystatisticsfor theaudioandvideosessionswhen µ is 0.9.

2 MbpsFTPsessionsareall continuouslybacklogged.Finally,
thecrosstraffic sessionis a Poissonsourcewith anaveragerate
of 10Mbps.

For clarity in showing the effectsof channelerrorsand for
easeof interpretation,we chooseto modelerrorsassimplepe-
riodic error burstsratherthanusinga morerealisticmodel[3].
During the 200 secondperiodsof our simulationexperiments,
channelerrorsoccuronly during the first 45 seconds,leaving
enougherror-free time to demonstratethe long term fairness
propertyof our algorithm. Error pattern1 representsa peri-
odic errorburstof 1.6 secondwith 3.2 secondsof intermediate
error-freetime. Error pattern2, a lesssevereerrorpattern,rep-
resentsa periodicerror burst of 0.5 secondswith 5.5 seconds
of intermediateerror-free time. NoticesessionFTP-2andses-
sionFTP-4experienceidenticalerrorpatternbut have different
packetsizes,while sessionFTP-1experiencesnoerroratall. In
the following, we presenttwo setsof simulationresultsusing
differentvaluesasthethesystemparameteŗ .

A. ¸��WV2Ó�ö
An ¸ valueof 0.9intuitivelymeansthatleadingsessionswill

give up up-to 10 percentsof their serviceratesto compensate
for laggingsessions.TableIV showsthepacketdelaysstatistics
for the two real-timesessionsunderthis compensationpolicy.
For comparisonpurpose,if the audioandvideo sessionswere
served by an error-free fluid GPSsystem,their packetswould
have a delayboundof 50 ói¿ . Clearly, the delaysexperienced
by the audio andvideo packetsunderour algorithm compare
favorablyagainstthe GPSdelayboundandarewell below the
worstcasedelayboundof our algorithm.Theworstcasedelay
boundis muchlargerthan50 ói¿ dueto theSFQdisciplineused.
However, a packetexperiencestheworstcasedelayonly when
the startingvirtual time of all sessionsare perfectlysynchro-
nized. This is avoided in the simulationby introducingsmall
infrequentdrifts into thepacketspacingto portraita morereal-
istic situation.

In additionto providing delayboundguarantees,anequally
importantaspectof ouralgorithmis onfairness.To demonstrate
the fairnessproperties,considerthe behavior of the four FTP

Max Min Mean StdDev
Audio 43 ms 0.40ms 4.1ms 4.4ms
Video 51 ms 3.2ms 7.0ms 4.5ms

TABLE V

Packetdelaystatisticsfor theaudioandvideosessionswhen µ is 0.0.

sessionsasshown in Figure4. Figure4(a)shows theamountof
servicereceivedby eachFTPsessionover theperiodof thesim-
ulation.RecallthatsessionsFTP-2,3,4experienceerrorsduring
thefirst 45secondsof thesimulationasevidencedby theflat pe-
riodsin theirserviceprogressions.SessionsFTP-2,4experience
identicalerrorsandsessionFTP-3experiencesslightererrors.
SessionFTP-1is error-freeduringthesimulation.

Themostnotablefeaturein Figure4(a)is thefactthattheser-
vicereceivedby all four FTPsessions,regardlessof theamount
of errorsthey have experienced,convergesgraduallywhenthe
systembecomeserror-free. This demonstratestheperfectlong
term fairnessguaranteeover a busy periodprovidedby our al-
gorithm. To seethechangesin leadsandlagsmoreeasily, we
show in Figure 4(b) the differencebetweenthe actualservice
received by the FTP sessionsand the correspondingexpected
amountof service.Theexpectedamountof serviceis computed
astheproductof theoverall throughputandtime. A leadingses-
siongivesup its leadto laggingsessionsat a rateof ½¯&÷¸ that
of its actualservicerate.Notice thegive-upratesandcompen-
sationratesvariesslightly sincethePoissontraffic of thecross
traffic sessionaffectstheactualservicerates.

Finally, noticein both Figure4(a) and(b), the lines for ses-
sionsFTP-2andFTP-4almostoverlapeachotherandthelines
for sessionsFTP-1andFTP-3paralleleachotherwhile they are
bothleading.This shows theshorttermfairnessguaranteepro-
videdby our algorithmwhich statesthat thedifferencein nor-
malizedservicesreceived by two sessionsduring a period in
which they are in the samestate(leadingor lagging,error or
error-free) is bounded. This ensuresthat all leadingsessions
in thesameerrorstategive up their leadsat approximatelythe
samenormalizedspeedandthatall laggingsessionsin thesame
errorstategetcompensatedataboutthesamenormalizedspeed.
Onemight incorrectlyassumethat the lines for sessionsFTP-
2 andFTP-4shouldcompletelyoverlapeachothersincethey
experiencethe sameerrors. The reasonthey do not is that the
differencein the amountof normalizedservicesreceived may
drift apartwhen the sessionschangestatesas can be seenin
Figure 4(b). Nonetheless,it is importantto note that the two
linesareparallelduringperiodswherethe two sessionsdo not
changestate.

B. ¸ø�WV2Ó�V
In this experiment,the valueof ¸ is zero. This meansthat

a leadingsession
�

will receive no serviceaslong asthereex-
ists a lagging error-free sessionin the system. This absolute
priority compensationbehavior is similar to thebehavior of the
algorithmproposedin [6], except that we have not put an ar-
tificial upperboundon this zero-serviceperiod and that real-
time requirementsare still guaranteed.Although we believe
suchaggressive compensationis not desirable,it is worthwhile
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Fig. 4. Behaviorof theFTP sessionswhen µ is 0.9. (a) Servicereceivedby eachFTP session.Notethat FTP-2,4are thebottomtwo linesthat virtually overlap
eachother. (b) Differencebetweentheactualservicereceivedby theFTPsessionsandthecorrespondingexpectedamountof service.Notethis is not thesame
astheleaddefinedin theCIF-Q algorithm
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Fig. 5. Behaviorof the FTP sessionswhen µ is 0.0. (a) Servicereceivedby eachFTP session.(b) Differencebetweenthe actualservicereceivedby the FTP
sessionsandthecorrespondingexpectedamountof service.

to demonstratethebehavior of our algorithmunderthis policy.
Even thoughsuchan aggressive compensationpolicy is used,
the delaysexperiencedby real-timepacketsareunaffectedun-
derour algorithm(SeeTableV). Thus,delayboundsfor real-
time sessionsareguaranteedindependentof the valueof ¸ or
whethercompensationis bounded.Thevalueof ¸ only affects
the fairnesspropertiesof the system. That is, real-timedelay
boundguaranteeand fairnessguaranteesare decoupledunder
ouralgorithm.

In Figure5, we show the behavior of the four FTP sessions
Clearly, theservicesreceivedby thefour FTPsessionsconverge
very rapidly aftereacherrorperiod. However, theprice to pay
for suchabsolutepriority compensationis theabruptchangesin
theavailablebandwidthexperiencedevenby error-freesessions
(e.g. FTP-1). Despitethe abruptness,it is clearfrom Figure5
that the long term andshort term fairnessguaranteesprovided
by our algorithmstill hold. Onething worth explaining is that
in Figure5(b), thelinesconvergeto avalueabove zeroandthen
slowly dropto zerotogether. This is dueto thechangingactual
serviceratescausedby thePoissontraffic of thecrosstraffic ses-
sionin thesystem.Nevertheless,theconvergenceof theservices
sufficiently showsthefairnesspropertiesof ouralgorithm.

VI I I . CONCLUSION

In thispaper, wemaketwomaincontributions.First,weiden-
tified four key properties(CIF) thatany PFQalgorithmshould
have in order to work well in a wirelessnetworkwherechan-
nel errorsare location-dependent.Specifically, the properties
are (1) delay guaranteesand throughputguaranteesfor error-
freesessions,(2) longtermfairnessguaranteefor errorsessions,
(3) shorttermfairnessguaranteefor error-freesessions,and(4)
gracefuldegradationin qualityof servicefor sessionsthathave
receivedexcessservice.As a secondcontribution,wepresenta
methodologyfor adaptingPFQalgorithmsfor wirelessnetworks
andweapplythismethodologyto deriveanew schedulingalgo-
rithm calledCIF-Q that provably achievesall the propertiesof
CIF. Fournovel algorithmictechniquesareintroducedin CIF-Q
to makeachieving theCIF propertiespossible.We demonstrate
the performanceof CIF-Q in simulationand show how com-
pensationratecanbe tunedto suit specificneeds.As possible
furtherwork, theCIF-Q algorithmmaybeextendedto support
hierarchicallink-sharingservice.
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