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Abstract

For wireless channels, interference mitigation tech-
niguesaretypically appliedat thepadkettransmissiorevel.
In this paper we presentthe HavanaFramevork for sup-
porting integratedadaptive-QOShat also respondgo im-
pairmentsover multiple time scalesthat are presentat the
ow/sessionlevel. Our framavorkis basedon threediffer-
ent mehanismshat operate over distinct adaptationtime
scales. At the padket transmissiortime scale a channel
predictor determineswhetherto transmita padet or not
dependingon the state of the wirelesschannel. At the
padket schedulingtime scale a compensatorcredits and
compensatews that experiencebad link quality. Over
evenlonger time scalesan adaptorregulates ows taking
into accountthe ability of wirelessapplicationsto adaptto
changesin availablebandwidthandchannelconditions.

1. Introduction

There has beenconsiderablediscussionin the mobile
networking researchcommunity about the most suitable
servicemodelfor the delivery of mobile multimediaover
wirelessnetworks. Oneschoolof thoughtbelievesthatthe
radio can be simply engineeredo provide wireline type
hard-QOSassurancege.g., guaranteedlelay or constant
bit rateservices).While othersarguethatthe wirelesslink
cannot beviewedin this mannemecausef inherenttime
varying ervironmentalconditionsevidentin radiocommu-
nications(e.g.,fading). In this case wirelessservicedend
themselesto moreadaptve QOSapproachef3] or better
thanbest-efort serviceparadigmg11].

In this paper we take our lead from the “adaptive
camp” and proposethe Havana Frameavork for applica-
tion and channeldependenQOS control. Our approach
incorporatesadaptationtechniquesfor paclet scheduling
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andapplication-leel ratecontroltaking into accountwire-
lesschannelconditionsandthe ability of applicationlevel
o ws/sessiongo adaptto these conditions over multi-
ple time scales. We argue that an adaptve-QOSservice
paradigmis suitablefor thedeliveryof voice,videoanddata
to mobile devices.

We introduce an integrated adaptve-QOS model
foundedon the notion of exchangingstateinformationbe-
tweenmechanismsapableof respondingo differenttime-
varying wirelesscharacteristics.Thesemechanism®per
ateover threedistincttime scalesandincludea predictor,
compensator andadaptor. An arbitrator monitorsthe
state of each componentcoordinatingtheir operationin
an integratedand systematiomanner Channelprediction
allows the arbitratorto defer transmissionto mobile de-
vices experiencingtime varying conditions(e.g., fading).
Channelprediction, however, can not compensatenobile
devicesthat have previously experienced outages'dueto
poor channelconditions. To addressthis issuethe arbi-
trator interworks with a compensatoto deliver enhanced
throughputto mobile devices. The compensatoattempts
to resole ary unfairnessissuesexperiencedby different
spatially distributed receivers and operateson the paclet
schedulingtime scale. When persistenfading conditions
exceedthe operationakangeof the compensatqrthe arbi-
trator activatesthe adaptomoduleto supportfurtheradap-
tive actions. The adaptoris designedo operateover even
longertime scaleghanthecompensatatakinginto account
applicationspeci c semanticge.g.,paclet prioritieswithin
a o wi/session)in the caseof severe channeldegradation
or variationsin availablebandwidth. Ideally the integrated
adaptve-QOSmodel shouldbe usedin conjunctionwith
adaptve modulation/codingechniquesand otherinterfer
encemitigationtechniquege.g.,smartantennasnulti-user
detectionpower control)in orderto achieve optimumper
formancefrom theapplicationlevel to thephysicalcommu-
nicationlink.



In this paperwe presenthedesign,implementatiorand
evaluationof the Havana Framevork which includesthe
predictor compensatoandadaptommodulesoperatingover
a simulatedwirelessIP network supportinglEEE 802.11
lasthopwirelessLANs. The paperis organizedasfollows.
Section2 discussegprevious work in the areaof channel
prediction,compensatiomndadaptation.In Section3, we
presen@anoverview of the HavanaFrameavork for wireless
communications.Section4 presentghe evaluationof the
systemandits component#n anincrementafashion.First,
we analyzethe performancef the predictormodulein iso-
lation. Next, we addthe compensatomoduleto the pre-
dictorandshav thebene ts of compensatingo ws undera
variety of wirelesschannelconditions.Finally, we addthe
adaptomoduleto the predictorandcompensatoandshav
how the fully integratedsystemworksin unisonto deliver
applicationandchanneldependen@QOSover wirelessnet-
works. We concludein Section5 with some nal remarks.

2 Reated Work

Previous work in the areaof channelprediction,com-
pensatiorandadaptatiorhasmainly focusedon the perfor
manceof individual mechanismsndtheir operationin iso-
lation. In contrast,we arguethat a integratedview of the
problemmustconsiderprediction,compensatiomndadap-
tation mechanismsvorking in unison. Suchan approach,
we argue,will leadto amorecomprehensie solutionto the
delivery of mediato mobile hostsover wirelesspaclet net-
works.

Much of the literature that discussescompensation
mechanismgor o ws in responséo fadingconditionsas-
sumeeitherperfectpredictionof the channelstateor some
aprioriknowledgeof thechannebehaior. In [1] for exam-
ple, fadeperiodsare consideredo last betweens0 to 100
msec.Giventhisassumptionthescheduledeferstransmis-
sionto a mobile device for a periodof 50-100msecwhen
a fadeoccurs. In [3], the basestationassumest hasin-
stantaneouknowledgeof channelconditions. In [12] link
layeracknavledgmentsareusedto determinef a pacletis
receved correctlyor not. A paclet exchangeprotocolthat
usesRequest-9-Send(RTS) and ClearTo-Send(CTS) as
achannelpredictoris proposedn [5]; however, no evalua-
tion of the schemds discussed|n this paper we evaluate
the useof RTS-CTSasa channelpredictorand show the
limits of suchanapproach.

A mechanisnfor compensationf o wsin wirelessnet-
worksis presentedn [12]. Flows unableto transmitpack-
etsdueto channefadingconditionsare creditedfor future
transmissionsvhenthe link returnsto a good stateagain.
This strateyy, however, hasthe dravbackthata o w com-
ing out of a fade conditionwill be immediatelycompen-
satedn oneoperation.Thisraisesanumberof performance

issues. Even if the maximum compensationis bounded,
it will introducedelaysfor other o ws having good link
gualities. This problemis resohed in [3] by limiting the
amountof bandwidththat ‘leading ows' (i.e., ows re-
ceving morebandwidththanrequestedprovideto “lagging
ows' (i.e., o wsreceving lessbandwidththanrequested
dueto pastfadingconditions)as part of the compensation
stratgy. In this paper the compensatolimits the amount
of one-timecompensationWe do not, however, couplethe
amountof compensatiogivento lagging o wswith “lead-
ing' bandwidth.Ratherwe baseour compensatiostratey
on the availability of unusedbandwidthin the systemand
limit compensatiomivenduring periodsof high load. Our
schemetherefore,doesnot maintain state associatewith
“leading o ws' to computecompensatiogivento ‘lagging
ows'. Thisresultsin agreatlysimpli ed compensatode-
sign. The compensatomechanisndiscussedn this paper
is basedn De cit RoundRobin(DRR)[14], animplemen-
tation of Fair Queuingwhich providesthroughputfairness
among o ws.

The adaptomrmechanisnproposedn this paperis capa-
ble of operatingon an end-to-endand wirelesshop basis.
The end-to-enccomponentis applicationspeci c andreg-
ulatestraf c at bottleneckwirelessaccesgoints over the
end-to-endime scale.The othercomponenbf the adaptor
is similar to mechanismsuchasRandomEarly Detection
(RED) [4] or RED with “In' and Out' priorities (RIO) [2]
in the sensethat the adaptordrops paclets whenthereis
congestiordueto pacletlosstriggeredby badchannekon-
ditions. Themaingoalof RED andRIO is to maximizethe
utilization of anoutputlink sharedby several o ws. This
differs from the designof our adaptoy which attemptsto
maintainbuffer occupanyg at a level that assuresigh pri-
ority paclets(e.g.,’In' trafc) canbeforwardedwith high
probability even when unexpectedbad channelconditions
or bursty dataare obsened. The adaptorattemptsto meet
this goal without droppingpacletsprematurelyin orderto
achieve good utilization acrosswirelesslinks. The buffer
drop level in our adaptorscheme(as discussedn Section
3.3)canbedynamicallysetusingameasurement-basedo-
tocolin comparisorito RED andRIO wheredropmarksare
typically staticallycon guredin advance.

We arguethatthe prediction,compensatiomndadapta-
tion mechanism$eedto operatein anintegratedand sys-
tematicmanneto meetthechallengeof deliveringreal-time
servicesover wirelesspaclet networks.

3 TheHavana Framework

Network dynamicdoundin wirelessnetworksarethere-
sult of several differentsysteminteractionsoperatingover
multiple time scales Thesegtime scalegangefrom receved
signal strengthvariationsin the order of nanosecond$o



deepfadesituationsor variationsin availablebandwidthoc-

curringanywherebetweerhundredof millisecondsto min-

utes.lIt is well known thatseveralmechanismsuchasmod-

ulation, forward error correction,automaticrepeatrequest
(ARQ) andinterlearing arevery usefulin dealingwith fast
radio channelimpairmentsat the paclet transmissiorievel

time scale. It is unclear however, which mechanismsre
themostappropriatavhenchannelmpairmentdbecomese-
vereandgofarbeyondtheoperationatangeof thesemech-
anisms.Theadaptve-QOSmodelintroducedn thissection
attemptdo take this time-varyingbehaior into accountoy

operatingoverthreedistincttime scalesn responséo wire-

lessnetwork dynamics.
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Figure 1. TheHavanaFramevork

Figure 1 (a) and (b) illustrates the wireless network
modelandthe HavanaFramavork, respectiely. Thewire-
lessnetwork modelassumeshatgatevay routers(GW) in-
terconnecta setof cellular accessetworks to the global
Internetasillustratedin Figurel (a). A cellularaccesset-
work comprisesoneor moreforwardingnodesthatcanbe
con gured to provide accesoints (AP) to mobile hosts.
The main controllerof the HavanaFramevork is a central
arbitratorpresentit eachwirelessaccesointasillustrated
in Figurel (b). The accesgoint modelcomprisesa data
path, which includesa paclet classi er, statedependent
paclet schedulerand MAC asillustratedin Figure 1 (b).
In additionto the datapatha control plane comprisesa
numberof QOS mechanismghat supportthe datapath's
buffering, paclet processin@ndforwardingcapability An
arbitratorcoordinateg@ndpassestateinformationbetween
thepredictor compensataandadaptor Beforeapaclketcan
be transmitted the arbitratorrequestghe predictorto test
the stateof thewirelesslink. Dependingon the stateof the
channelthe arbitratorwill eitherinitiate the transmission
of a paclet or arrangeto buffer the paclet andtrigger the
compensataio “credit' the o w-state.Whena o w's buffer
is aboutto over ow, the arbitratorinvokesthe adaptorto
con gure suitable lters in the adaptorto droplow priority

paclets. In whatfollows, we will brie y describethe oper
ationof predictor compensatoandadaptor For full details
of theframawork see[6].

3.1 The Predictor

Channepredictionallows atransmitteito probethestate
of the wirelesschannelbeforetransmittinga paclet. If the
predictordetectsthat the channelis in a “bad' statethen
the paclet remainsqueuedn the scheduleffor latertrans-
missionandthe o w-stateis “credited'accordingly If the
channelis detectedo bein a “good' statethena pacletis
transmitted5]. Previouswork on channebpredictioneither
assumeshatthe stateof the channelor the durationof bad
link periodsareknown in advance[5] [3] [12] asdiscussed
in Section?. In practice however, thestateof wirelesdlinks
cannotbe entirely predictedn advance.

To estimatethe state of the channel,we have imple-
menteda simple handsha& probingprotocolbasedon the
RTS/CTS mechanism. Our channelpredictoroperatesas
follows. Beforethe startof paclket transmissiorto a mo-
bile device a shortprobing RTS paclet is sentto the des-
ignatedreceiver. The mobile device responddy sendinga

wireless access point and mobile device architectur€ TS paclket asanacknaviedgmentto the RTS. If the CTS

pacletis recevedintactthe stateof the channeis assumed
to be good. If on the otherhand,the CTS s not receved
aftera giventimeoutthenthe channektateis consideredo
bebad. Theassumptions thatthe RTS or CTS couldhave
beencorruptedjostorincorrectlyrecevedbecauselegrad-
ing channekonditionsmay manifestasincreasedit errors
andlossof signalattherecever.

In IEEE802.11 RTS-CTSis usedin DCFmodeto com-
pensatdor thehiddenterminalproblem whichcanleadto a
veryhighnumberf collisionsfor channeldhatareheavily
loaded. However, evenif RTS-CTSfails becausef chan-
nel errors,the transmittingmobile device always assumes
theproblemis aresultof hiddenterminalsandwill back-of
beforetrying again.During PCFoperationtheaccespoint
is ableto acquirethechannebeforeary neighboringnobile
devicesin the coveragearea.Therefore thereis no needto
useRTS-CTSto preventcollisionsin this instance Rather
ary pacletrecevedin errorin the PCFmodeis unambigu-
ously the resultof channelconditions. In our framework
thepredictoroperatesn PCFmodeto verify the stateof the
channelln thelEEE 802.11PCFmodetheaccespointal-
waysinitiate transmissiorfor both downlink (transmitting
the paclet) or uplink (polling a mobile device). Therefore,
RTS-CTScanbe usedfor both downlink/uplink transmis-
sions.

Sincethepredictoravoids unwarrantedmultiple retrans-
missionsto a recever in a bad channelstate,the channels
throughpuis enhancedln Sectiord, we presentanevalua-
tion of the predictormechanismChannelprediction,how-



ever, doesnot provide any compensatioechniquegor re-
ceversthathavedeferredransmissiorn thepastdueto bad
channelstateconditions[1]. Althoughreceversin a good
statecanbene t from thedeferredransmissiorof recevers
in a bad state,they are not typically re-compensatedfter
the stateof the deferredrecever becomegyood. Therefore

this end, even if the channelhasestimateda bad channel
state(hencethe datapaclet is not transmitted) the de cit
counterfor the recever is decreasedby the quantumsize.
In returnfor this decreas¢he compensatioicounterfor the
sessioris increasedy the quantunsize?.

Flow Queues pC Q cC
flow #1 250\ 1@) 200 300 150 400
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amechanisnto “credit' and compensate’o ws/sessions
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3.2 The Compensator

flow #3 40 200 200 flow #3 200 0 20 50

Our compensatousesa modi ed version of De cit
Round Robin (DRR) [14] to “credit' and "compensate’
o Wws in responseo potential unfairnessexperiencedby
mobile devicesdueto differentchannelconditions. Trans-
missionof datapacletsusingDRR is controlledby the use
of aquantum (Q) andade ficit counter (DC) [14]. The
“quantum‘accountgor thequotaof bytesgivento eacho w
for transmissiorin eachround,whereaghe de cit counter
keepdgrack of thetransmissiorcredithistoryfor each o w.
A “round' is de ned asthe procesof visiting eachof the
gueuesin the scheduleronce. At the beginning of each
round, a quantumis addedto the de cit counterfor each
o w. Theschedulewisits each o w comparingthe size of
thede cit counterwith the sizeof the paclet at the headof
the queue. As long asthe paclet sizeis smallerthanthe
de cit counterthe pacletwill betransmittedoverthe wire-
lesslink andthe de cit counterreducedby the pacletsize.
Whenthe paclet sizeis greaterthanthede cit counterthe
transmissiorof the pacletis simply deferred.In this case,
the schedulerdoesnot decrementhe de cit valuein the
0 w-statetablefor the next roundbut simply movesto the
next ow in aroundrobin order As long asthe quantum
sizeis larger thanthe maximumpaclet size the systemis
work-conserving14].

In the casewherethe quantumsizefor all o ws is the
same,an equalallocationof the wirelesslink is achieved.
Making the quantumsizefor some o ws differentleadsto
WeightedRoundRobin (WRR), which allows for apropor
tional sharingof the wirelesslink accordingto the weights
givento each o w [14].

We have modi ed De cit Round Robin by adding a
compensation counter (CC) thatis maintainedfor each
recever. The compensatocountermaintainsthe necessary
stateinformationwhenthe mobile device deferstransmis-
sion. For eachround,aCC; additionalbytesareallocated
if the compensatiorcounterfor flow; is positve, where
«a is avalue between0 and1. The value of « represents
thefraction of the compensatiomrreditgivenin oneround.
Eachtime aC'C' bytesareconsumedo compensata o w
its compensatioounteris decreasetly the sameamount.
This action compensatesecever sessionghat were de-
ferredin previousroundsdueto badchannekonditions.To
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Figure 2. CompensatoDperation

An illustration of the operationof the compensatois
shawvn in Figure 2. The gure shows a snapshotf the
schedulerat the beginning of a round and after the quan-
tumandcompensatiobyteshave beenadded.Thescenario
shavsthreeactive o wsassociateavith threedifferentmo-
bile deviceswith the sumof the allocatedratesequalto the
systemcapacity(i.e., the systemis fully loaded). In this
example DC™** = 2 x @); for each flow;. Figure2(b)
illustratesthe stateof the schedulerat the end of the rst
round. The following eventstake placeduring the round:
(i) channebpredictionfor o w #1 detectsabadchannebnd
the scheduledefersthe transmissiorof the paclet, update
the compensatiogounterby the quantumsizeandreduced
the de cit counterby the sameamount;(ii) predictionfor
o w #2 indicatesa good channelandthe schedulertrans-
mits the paclet reducingthe de cit counterby the paclet
sizewhichis a normalweightedroundrobin operationand
nally (iii) predictionfor ow #3 indicatesa goodchannel
andtwo pacletsaretransmittedandthe de cit counterde-
creasedby thepacletsize.Figure2(c)illustratesthe stateof
the schedulemt the beginning of next roundwhen@; plus
aCC; bytesareaddedto the de cit counterfor each ow
i if the compensatiorounterss positive. Notethatonly a
portionof CCfor flow; and flows is addedo theirde cit
countersothatDC; < DCM™®.

The choiceof DC™** is a designparameter Choos-
ing a small DC™** will reducethe lateng boundbut in-
creasea O Ww's compensatioriime. In contrast,choosing

1Compensatiorior the proposedschemewill vary between0 andthe
quantunmsizeaccordingo the obsered systemoad.



alarge DC™2* increaseshelateny boundduring periods
of heary load but decreasethe compensatiotime. Since
only afractionof C'C'is usedfor compensationCC canbe-
comelarge without affecting the latengy boundof o wsin

the system.Becausef this obsenationwe do notlimit the
maximumsizeof the compensatioicounter

3.3 The Adaptor

The nal componentof our integrated adaptve-QOS
modelexploitstheability of applicationgo adapto channel
dependentonditionsor variationsin available bandwidth
over longertime scales.The adaptorincludestwo compo-
nentsthat supportthe notion of adaptve wirelessservices;
theseare:

ebuf fer controller, which operatesover the wireless
hop;and

eregulator, which operate®n anend-to-endasis.

The buffer controllerrespondgo adwersenetwork con-
ditionsby droppinglow priority packetswhile theregulator
performsend-to-endate control over longertime scalesf
adwersenetwork conditionspersist. The buffer controller
and regulatorwork in unisonto deliver adaptve wireless
servicego mobiledevices. Theregulatorassumethatthere
is a buffer controller at the accesspoint which responds
to severenetwork conditionsexperiencedver thewireless
hop. Corversely the buffer controllerassumeshatthereis
aregulatoroperatingon an end-to-endasisthat maintains
low buffer occupanyg ratesatthewirelessaccessoint.

The HavanaFrameavork supportsthe delivery of adap-
tive wirelessservicesto mobile devicesthat requiremini-
mumandmaximumbandwidthassurancesAdaptive wire-
lessservicesareregulatedby the buffer controllerandend-
to-endregulatorand attemptto keepthe servicesemantics
meaningfuto theuserduringperiodsof changesn channel
conditionsor available bandwidth. Minimum bandwidth
providessupportfor a base-QOSvhereasnaximumband-
width supportenhanced-QOS

Adaptive wireless servicesprovide preferentialdeliv-
ery of base-QOSvhenthe channelconditionsdegradeand
enhanced-QO®henadditionalbandwidthbecomesvail-
ableor aschannektonditionsamprove. Thebuffer controller
is responsibldor droppingpacletsin response¢o thesecon-
ditions. Differentpriorities arerepresentedsinga priority
eld in the P pacletsassociatedavith the o w. A signaling
protocolbasedon INSIGNIA [9] is usedto establishadap-
tive wirelessserviceson anend-to-endasisandalsoto re-
portthe measuredecever's QOSto the source.Both base
and enhanced-QO%equire admissioncontrol to establish
adaptve wirelessservices.

Many existing transportprotocols(e.g., TCP) are not
well suitedto delivering multimediaover existing IP net-
works. In contrast,UDP is more suitedto delivering con-
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Figure 3. AdaptorModel

tinuousmediabut lacksary adaptatiorcapability RTP[13]
does,however, incorporateadaptatiormechanismsllow-
ing applicationsto regulate and respondto obsened net-
work conditions (e.g., jitter and bandwidth availability).
Using end-to-endegulationin this mannedimits thelike-
lihood of persistentigh buffer occupany ratesfor queues
maintainedat the wirelessaccesspoint during periodsof
channelor bandwidthdegradation.The end-to-endegula-
tor respondso degradatioroverlongertime scalesy regu-
lating sourcetraf ¢ to matchit to the bottleneckbandwidth
experiencedt thewirelessaccesgoint.

Enhanced-QO%aclets are droppedbefore base-QOS
pacletsin thecaseof congestioror poorchannekonditions
persisting.In the HavanaFramavork, the buffer controller
supportsthis operationby partitioning per mobile device
buffersinto normalandadaptatiorregionsasillustratedin
Figure3:

e normalregion: duringnormaloperationghe buffer oc-
cupany is likely to be smallwhenthe channels in a good
state.The lowestpositionof thedrop markis delimitedby
alower' boundasillustratedin Figure3.

e adaptationregion: when severe channeldegradation
persiststhe buffer occupang canreachhigh levels. In this
casethe controllermay be forcedto drop pacletsto main-
tain servicesemantics The adaptordynamicallysets drop
marks betweeralowerandupperboundsn permobilede-
vice buffers. Whenthe buffer occupang goesabove these
drop marks,the arbitratornoti es the adaptorwhich con-
gures suitable Iters in the paclet classi er to drop low
priority paclets(e.g.,enhanced-QO8gaclets)asillustrated
in Figure3.

Severalaccespointbuffering scenariogreillustratedin
Figure 3. In the gure, two adaptve o ws are supported
by permobile queueswith all besteffort traf ¢ aggreyated
into a single besteffort queue. Flow 1 in Figure 3 illus-
tratesthe casewherea o w consistsof threedifferentpri-
orities. This could represent video o w thatcomprisesa
baselayer andtwo enhancementyers. Flow 2 in Figure
3illustratesa o w having two priorities. This couldrepre-



sentawebsessiorwith basetext informationandenhanced
picturequality or audioandvideomultiplexedinto a single
end-to-endsession.

The optimal position of the drop marksin per mobile
buffers dependson the acceptabléouffer occupang. As-
suminga regulator operateson an end-to-endbasis(e.qg.,
TCP o w controlor RTPratecontrol),we expectthesource
to matchits rateto the bandwidthavailable at the wireless
accesgoint. Whenthe predictoris operational the aver
age numberof pacletsin the buffer will increaseas the
length of fadeperiodsincrease. If the averagebuffer oc-
cupang is smallthe drop mark shouldbe correspondingly
large. This allows thewirelesslink to operateatarelatively
high throughputwithout droppingpaclets. Whenthe aver-
agebuffer occupany is large, the drop mark shouldbe set
small. This allows the buffer controllerto droplow priority
pacletssaving buffer spacefor high priority pacletsin case
of severenetwork conditions.

Lower and upperthresholdsboundthe position of the
dropmarkin the buffer asillustratedin Figure3. Initially,
the drop mark canbe setarbitrarily betweerthe lower and
upperbounds.Thebuffer controllerthenadjustthe position
of thedropmarkeraccordingo thefollowing rules:(i) drop
markswill be increasedy delta bytesat discretetime in-
tervals,and(ii) dropmarksaresetto thelower boundsary
time the buffer occupang crosseghe upperbound. The
time interval for adjustingthe dropmarkscanbea x time
interval or canbe setasafunctionof theroundrobin sched-
uler. Thisinterval shouldbe largerthanthe roundinterval
to avoid processingverhead.

4 Evaluation

In this sectionwe provide an evaluationof the Havana
Framavork, which is implementedusingthe NS-2 simula-
tor [10]. We presentthe evaluationof the systemand its
componentén anincrementafashion.Firstwe analyzethe
performancef the predictormodulein isolation. Next, we
addthe compensatomoduleto the predictorandshaw the
bene tsof the compensatioschemeo creditandcompen-
sate o ws undera variety of wirelesschannelconditions.
Finally we add the adaptorto the predictorand compen-
satorandshav how the compositesystemworksin unison
to deliver applicationandchanneldependenQOSin wire-
lessnetworks.

4.1 ChannelPrediction

Two mainfactorsgoverntheaccuray of thechannepre-
dictor: (i) the pacletsizein uencesaccurag (e.g.,channel
predictionfor small pacletsis typically more accuratein
comparisorto larger paclkets);and(ii) therateatwhichthe
radiochannekhangedetweergoodandbadstate.ln what

followswe analyzea singlewirelesshopbetweeranaccess
pointandseveralmobiledevicesbhasedn IEEE 802.11op-
eratingat 2 Mbps. The IEEE 802.11codesuite[10] was
modi ed for the predictorto operatein the PCFmodeas
discussedn Section3.1. Eachmobile device recevesa
constantit rate streamwith the samepaclet size usedfor
all ows. A two stateMarkov modelis usedto modelthe
goodandbadstatetransitionsof thewirelesschannel Even
if the stateof the channelis predictedn error, we continue
with thetransmissiorof datapacletsto verify theaccurag
of theprediction.

Figure4 shavs simulationandanalyticalresultsfor the
predictorschemediscussedn Section3.1for channelpre-
diction usinga paclet size of 800 and40 bytes. RTS and
CTSpaclketsare20 bytesin lengthasde ned by the IEEE
802.11standard. Eachpoint on the x-axis representglif-
ferent wirelesschannelconditions(e.g., averageduration
of goodandbadstateperiods)? whereashe y-axis shovs
the probability of goodchannebprediction. Thegoodchan-
nel holding times are 10 times longer than the bad chan-
nel holding times. Eachpointin this gure representan
averageof approximatelyl 000 paclet transmissiongn the
simulator Figure4 highlightsthat analyticaland simula-
tion resultscloselyfollow eachother(for analyticalresults
referto [7]). We have divided Figure4 into threedifferent
regionsof interest.
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e region|: transitionsbetweergoodandbadstatesoccur
atvery high frequeng (e.g.,every few bytes).In this case,
the RTS-CTSand DATA-ACK pacletsare corruptdueto

2\We usebytesasa measureof holdingtimesin Figure4 becauset is
easierto comparethe holding times of good andbad channelstateswith
thesizeof the paclet.



channekerrorswith very high probability resultingin accu-
ratechanneprediction.

e region Il transitionbetweengood and bad statesbe-
comessimilar to the paclet transmissiortime scalecaus-
ing the accurag of the predictorto decreaseapidly. This
is becausethe channelobsened by the predictor paclets
(RTS-CTS)andthe channelobsened by the datapaclets
(DATA-ACK) maybedifferentleadingto incorrectchannel
prediction.

e region 11 : transitionshetweergoodandbadstatesare
2-3 ordersof magnitudegreaterthanthe paclet transmis-
siontime scalesthereforeRTS-CTSandDATA-ACK pack-
etswill obsene thesamechannekesultingin accuratepre-
diction.
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Figure 5. Predictor Accuracy vs. Good/BadState
Ratio

Figure 4 shavs the evaluation of the predictor perfor
mancefor two differentpacletsizes.As indicatedtheaccu-
ragy of the predictorbecomedesseffective asthe paclet
size increases. The optimal transmissionpaclet size for
wirelessLANs (e.g., 1.5 Kbytesin IEEE 802.11)is rela-
tively large. For communicatiorsystemsvherelarge pack-
etsarecommonplacehiswill inevitably leadto anincrease
in the uncertaintyof channepredictionalgorithms.

Figure5 shaws simulationresultsfor channeprediction
for a paclet sizeof 800 bytesandthreedifferentgood/bad
channektateratios(viz. 10/1,1/1,1/10). Eachpointin this

gure representsn averageof approximatelylOOOpaclet
transmissionsn the simulator Whenthe channelratio is
high (e.g., 10/1) the accurag of the predictordiminishes
becausebad channelperiods corrupt either RTS-CTS or
DATA-ACK pacletsbut not both of themleadingto poor
channelprediction. Whenthe channelratio is small (e.g.,

1/10), badchannelperiodsarelikely to corruptboth RTS-
CTSandDATA-ACK pacletsleadingto goodchannebpre-
diction.

We obsenredfrom Figures4 and5 thatthe accurayg of
the predictordropsoff asthe channelstatetransitionsbe-
comesimilar to the paclet transmissiortime scales.Other
channel-mitigatioomethodge.g.,forwarderrorcorrection,
interleaving, etc.) may, however, improve the accurag of
predictionfor fadingtransitionsat the packet transmission
time scale.

4.2 Predictor and Compensator

In what follows, we shav the throughputachiered by
mobile deviceswhencombiningthe predictorandcompen-
satormechanismsinderthe samechannelconditions. We
then comparethe throughputfor a wide rangeof channel
conditionsandestablisthoundaryconditionson the perfor
manceof the predictorandcompensatomodules.
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Figure 6. ThroughputPerformanceusingPrediction
and Compensation

Using our NS-2 implementationof the predictor and
compensatowe simulatea single wirelessLAN with ten
active mobile devicesto highlight the bene t of usingthe
predictorand the compensatomodules. Two of the mo-
bile devicesreceve adaptie wirelessservicewith a base-
QOS of 500 Kbps and paclet size setto 500 bytes. The
remainingmobile devices establishTCP sessionasback-
groundtrafc consumingpest-efort bandwidth.In this ex-
perimentthe WRR schedulelis con gured to supportap-
propriateweightsusingthe in-bandsignalingprotocol [9]
to establishithe session.The averageholdingtimesin good



andbadstatesare setto 20,000bytesand 8,000bytes,re-
spectvely®. Theseholding times representa challenging
ervironmentto testthe operationof the compensatorFor
the selectediransitionratesthe predictorhasan accurag
above 95 percentas shown in Figure5. If the channelis
predictedn error, transmissioris deferrecandtransmission
for the next o w/sessioris carriedout asdescribedn Sec-
tion 3.2. In this example DC™** = 2 x (), which results
in the maximumamountof compensatiomytesgivento a
ow in oneroundis twice the quantumsizefor that o w.
Figure6 shaws throughputtracesfor one of the 500 Kbps
o ws underthreedifferentcon guration conditionswhich
include:

1) theschedulerlone;

2) theschedulexvith the predictor;and

3) theschedulerpredictorandcompensator
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Figure 7. ThroughputPerformance

Throughincrementallyaddingeachmoduleof the com-
positeexperimentakystemwe canclearlyevaluatetheben-
e t of eachmoduleon the overall performanceof the sys-
tem. As shavn in Figure6 whenthe standardVRR sched-
uler is usedin isolation (i.e., without predictionand com-
pensation)the effects of channelerrors greatly diminish
throughput.Whenthe predictoris addedto the systemthe
throughputto the mobile devices improves but doesnot
reachthe requestedbandwidthof 500 Kbps asillustrated
in Figure6. The nal con gurationconsiderghe predictor
andcompensatoworkingin unisonwith theschedulerThe
arbitratordetectsbad channelconditionsef ciently, defer
ring transmissiormndcompensatingp wswhenthelink de-
gradesaandimproves respectiely. In thiscasethepredictor

3Dividing the valuein byteson the x-axis by 2 Mbpswill provide the
equialentholdingtimein seconds.

and compensatodeliver the requesteb00 Kbps through-
put to the mobile device asillustratedin Figure6. Figure
7 compareghe throughputachiesed for a wide range of
wirelesschannekconditionsunder nite/in nite buffer con-
ditions. The channekatio is setto 10/1 for the experiment.
Eachpoint in this gure is the averageof 10 runs of the
simulation.Threedifferentcon gurationsareconsidered:

1) theschedulernlone;

2) theschedulewith the predictor compensatowith in-
nite buffer spaceand,;

3) the schedulemwith the predictor compensatowith -
nite buffer space.

In the caseof the nal con guration we con gure the
buffer capacityfor o ws to accommodate maximum of
10 pacletsonly. In Figure7 we divided the graphin four
differentregionsof interest(viz. regionsA,B,C,D):

e region A: channelstatetransitionsoccuron a very fast
time scalewith aresultingthroughputof zero.

e region B: channelstatetransitionsare fast, however,
good stateperiodsarelong enoughto allow the transmis-
sionof paclets. We obsenedfrom theresultsthatthe later
two con gurations(2 and3 above) performaspoorasthe
rst con guration(1 above)dueto thepooraccurag of the
predictorin thisregion.

e region C: channelstatetransitionsare 1-2 order of
magnitudegreaterthanthe paclet transmissiortime scales
resulting in very accurateprediction. However the bad
channelperiodsarenot long enoughto over ow the buffer
in region C. As aresult,thelatertwo con gurations(2 and
3 above) areobsenedto have similar performancesillus-
tratedin Figure?.

e region D: durationof badchannelperiodsare 3-4 or-
dersof magnitudegreateithanthe packettransmissiortime
scalegresultingin buffer over ow. As aresult,for a good
stateholdingtime of 106 bytesthe performanceof the rst
and last con gurations (1 and 3 above) are similar. In
this experimentthe arbitratormakesno distinctionbetween
pacletsdropped.Reggion D in Figure7 representshe oper
ationalrangeoverwhichtheadaptorcanprovide enhanced-
QOSwhenapplyingselectve dropping.

4.3 Predictor, Compensatorand Adaptor

The nal partof our evaluationconsiderghe complete
compositesystemin operation. We simulatethe adaptor
using a single wirelessLAN wherethree mobile devices
receve continuousmediaserviceusingthe schedulerpre-
dictor, compensatgadaptorandarbitrator Severalmobiles
establishT CP sessionssbackgroundraf c thatconsumes
best-efort bandwidthwith these o ws joining andleaving
the systemduring the courseof the simulation. A contin-
uousmedia o w supportsthe delivery of video basedon
a “True Lies” MPEG2 video clip which delivers a multi-



resolution o w with threevideo layersof resolution. The
baselayer (BL) representshe mainpro le of MPEG2re-
quiring 300Kbpsasbase-QO%ndtwo enhancemenayers
(E1andE2) representswo scalablepro les bothrequiring
100 Kbps eachfor enhanced-QOSThe size of the buffer
con gured for the o w is con gured to be 8000 bytesand
thelowerandupperboundsaresetto 2000and6000bytes,
respectiely. Becausehe o w containsthreepriorities, the
buffer controllerdropsthird priority pacletsbeforesecond
priority paclets,etc. Thedropmarkfor third priority pack-
etsis automaticallyadjustedevery 5 secondsf no buffer
over ow is obsenedduring thatinterval. This adjustment
consistof increasinghe drop thresholdby 400 bytesafter
eachinterval. Secondpriority pacletsaredroppedonly if
the buffer occupanyg increases@bove 7000bytes. For this
experimentwve choosdransitionratesfor theMarkov model
in therangeof region D from Figure7 wherethe buffer oc-
cupany is likely to experienceover ow conditions.
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Figure 8. Adaptor: Buffer OccupancyBehavior

Figure 8 shaws a traceof the buffer occupanyg for two
con gurations:

1) the adaptorcon gured with the schedulerpredictor
andcompensatorand

2) the schedulerpredictorand compensatoare present
but the adaptoris not active.

When the predictor compensatorand adaptor are
present,the arbitrator doesnot have to drop high prior-
ity paclets(e.g.,base-QOSaclets)exceptin the caseof
very deepfades.As shown in Figure 8, the positionof the
drop mark for pacletsassociatevith the secondenhance-
mentlayerincreasesvhenthenetwork conditionsaregood
and immediatelybacksoff when over ow conditionsare
obsenedat40and87 secondsnto thetrace.At 40 seconds
into the tracethe adaptoris ableto maintainthe minimum
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Figure 9. Adaptor: ThroughputEvaluation

quality (e.g.,baselayer paclets)whereaghe non-adaptie
(i.e., whereno adaptoris operationalraceover ows. Fi-
nally at 87 secondsnto thetracethe channelexperiencesa
deepfadethatbothadaptorandnon-adaptoapproacheare
unableto respondo.

Figure9 shaws the throughputtracecapturedunderthe
sameoperationalconditionsas discussedor Figure8. In
the casewherethe adaptoris presentve shav which video
layersaredeliveredto mobiledevice duringthe simulation.
In addition, we shav the throughputin the casewere no
adaptoiis presentComparingthe two tracesshavn in Fig-
ure 9, we obsened that the non-adaptottrace achieves a
higherthroughputtomparedvith adaptorcon guredtrace.
Figure9, however, doesnotfully cornvey thebehaior of the
systembecausehis obsenationalonedoesnot provide the
completepicture. Tablel shovs which percentagef pack-
etswerereceived and played-outat the mobile device for
eachcon guration. As obsenedfrom Table1 the adaptor
is ableto maintainthe minimum quality for alongerdura-
tion evenwhenthe resultingthroughputis smallerthanthe
systemwhereno adaptoris con gured. Resultsfrom Ta-
ble 1 indicatethatthe adaptorachievesbetterutilization of
resourcesverthewirelesshop.

5. Conclusion

In this paperwe have discussedhe componentf the
HavanaFramevork for wirelessnetworksthatincludeapre-
dictor, compensatoand adaptorall governedby a central

4Theseresultsdo notincludethosepacletsthatwerereceied correctly
but couldnot be playedout dueto semantidssues For example,enhance-
mentlayer 1 (E1) pacletsreceved without the correspondindaselayer
(BL) areuselessainddropped.



BL | BL+E1 | BL+E1+E2
withoutadaptor| 94% | 94% 94%
with adaptor | 99% | 96% 89%

Table 1. AdaptationPerformance

arbitrator We believe that the predictor compensatoand
adaptormechanismshouldwork in unisonratherthanin
isolationto deliver adaptive wirelessservices.The imple-
mentationdiscussedh this paperis basedon IEEE 802.11,
however, the ideasandresultspresentedirebroadlyappli-
cableto emeging wirelessprotocolthatneedto respondo
QOS uctuationsin acontrolledmanner

Simulationresultshave beenpresented.They indicate
that channelpredictionaccurag diminishesquickly asthe
paclettransmissiornime scalesncreaseandasthechannel
statetransitionsapproximatethe paclet transmissiortime
scales. The impact of the accurag of channelprediction
onthe performancef the compensatowasanalyzed Sim-
ulation resultsindicatethat the compensators capableof
achieving fairnessamong o wsin fadingervironmentsun-
lessthe channelpredictorfails or buffer over ow occurs.

We have discussedthe notion of application specic
adaptation.The adaptormoduleexploits the ability of ap-
plicationsto adaptto longeraveragechangesn available
bandwidthas well as shortertimes scaleschangessuch
aschanneldegradatiorwhencompensatiomloneis inade-
guate.Theadaptoriscussedh this paperattemptgo keep
the deliver of paclets semanticallymeaningfulto applica-
tionsby droppinglower priority paclets rst in responset
degradationin channekonditionsandavailablebandwidth.
Simulationresultsindicatethatanintegratedapproackgov-
ernedby thearbitratorandcomprisingthe predictor sched-
uler, compensatoand adaptorprovide the most effective
approachto delivering applicationand channeldependent
QOSin wirelessnetworks.
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