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Abstract

For wireless channels, interference mitigation tech-
niquesaretypicallyappliedat thepackettransmissionlevel.
In this paper, we presentthe HavanaFramework for sup-
porting integratedadaptive-QOSthat also respondsto im-
pairmentsover multiple time scalesthat are presentat the
�ow/sessionlevel. Our framework is basedon threediffer-
ent mechanismsthat operateover distinct adaptationtime
scales. At the packet transmissiontime scale, a channel
predictor determineswhetherto transmita packet or not
dependingon the state of the wirelesschannel. At the
packet scheduling time scale, a compensatorcredits and
compensates�ows that experiencebad link quality. Over
evenlonger time scalesan adaptorregulates�ows taking
into accounttheability of wirelessapplicationsto adaptto
changesin availablebandwidthandchannelconditions.

1. Introduction

There has beenconsiderablediscussionin the mobile
networking researchcommunity about the most suitable
servicemodel for the delivery of mobile multimediaover
wirelessnetworks. Oneschoolof thoughtbelievesthat the
radio can be simply engineeredto provide wireline type
hard-QOSassurances(e.g., guaranteeddelay or constant
bit rateservices).While othersarguethat thewirelesslink
cannot beviewedin this mannerbecauseof inherenttime
varyingenvironmentalconditionsevident in radiocommu-
nications(e.g.,fading). In this case,wirelessserviceslend
themselvesto moreadaptive QOSapproaches[8] or better
thanbest-effort serviceparadigms[11].

In this paper, we take our lead from the “adaptive
camp” and proposethe Havana Framework for applica-
tion and channeldependentQOS control. Our approach
incorporatesadaptationtechniquesfor packet scheduling

andapplication-level ratecontrol taking into accountwire-
lesschannelconditionsandtheability of applicationlevel
�o ws/sessionsto adapt to these conditions over multi-
ple time scales. We argue that an adaptive-QOSservice
paradigmissuitablefor thedeliveryof voice,videoanddata
to mobiledevices.

We introduce an integrated adaptive-QOS model
foundedon thenotionof exchangingstateinformationbe-
tweenmechanismscapableof respondingto differenttime-
varying wirelesscharacteristics.Thesemechanismsoper-
ateover threedistinct time scalesandincludea �������
	���
���� ,
����������������
���� and ��������
���� . An ������	 
�����
���� monitorsthe
state of each componentcoordinatingtheir operationin
an integratedand systematicmanner. Channelprediction
allows the arbitrator to defer transmissionto mobile de-
vices experiencingtime varying conditions(e.g., fading).
Channelprediction,however, can not compensatemobile
devicesthat have previously experienced̀ outages'due to
poor channelconditions. To addressthis issuethe arbi-
trator interworks with a compensatorto deliver enhanced
throughputto mobile devices. The compensatorattempts
to resolve any unfairnessissuesexperiencedby different
spatially distributed receivers and operateson the packet
schedulingtime scale. Whenpersistentfadingconditions
exceedthe operationalrangeof thecompensator, the arbi-
tratoractivatestheadaptormoduleto supportfurtheradap-
tive actions. The adaptoris designedto operateover even
longertimescalesthanthecompensatortakinginto account
applicationspeci�c semantics(e.g.,packetprioritieswithin
a �o w/session)in the caseof severe channeldegradation
or variationsin availablebandwidth.Ideally the integrated
adaptive-QOSmodel shouldbe usedin conjunctionwith
adaptive modulation/codingtechniquesandother interfer-
encemitigationtechniques(e.g.,smartantennas,multi-user
detection,power control) in orderto achieve optimumper-
formancefrom theapplicationlevel to thephysicalcommu-
nicationlink.



In thispaper, wepresentthedesign,implementationand
evaluationof the HavanaFramework which includesthe
predictor, compensatorandadaptormodulesoperatingover
a simulatedwirelessIP network supportingIEEE 802.11
lasthopwirelessLANs. Thepaperis organizedasfollows.
Section2 discussesprevious work in the areaof channel
prediction,compensationandadaptation.In Section3, we
presentanoverview of theHavanaFramework for wireless
communications.Section4 presentsthe evaluationof the
systemandits componentsin anincrementalfashion.First,
weanalyzetheperformanceof thepredictormodulein iso-
lation. Next, we addthe compensatormoduleto the pre-
dictorandshow thebene�tsof compensating�o wsundera
varietyof wirelesschannelconditions.Finally, we addthe
adaptormoduleto thepredictorandcompensatorandshow
how the fully integratedsystemworks in unisonto deliver
applicationandchanneldependentQOSover wirelessnet-
works.We concludein Section5 with some�nal remarks.

2 Related Work

Previous work in the areaof channelprediction,com-
pensationandadaptationhasmainly focusedon theperfor-
manceof individualmechanismsandtheir operationin iso-
lation. In contrast,we arguethat a integratedview of the
problemmustconsiderprediction,compensationandadap-
tation mechanismsworking in unison. Suchan approach,
weargue,will leadto amorecomprehensivesolutionto the
deliveryof mediato mobilehostsoverwirelesspacket net-
works.

Much of the literature that discussescompensation
mechanismsfor �o ws in responseto fadingconditionsas-
sumeeitherperfectpredictionof thechannelstateor some
apriori knowledgeof thechannelbehavior. In [1] for exam-
ple, fadeperiodsareconsideredto last between50 to 100
msec.Giventhisassumption,theschedulerdeferstransmis-
sion to a mobiledevice for a periodof 50-100msecwhen
a fadeoccurs. In [3], the basestationassumesit hasin-
stantaneousknowledgeof channelconditions.In [12] link
layeracknowledgmentsareusedto determineif a packet is
receivedcorrectlyor not. A packet exchangeprotocolthat
usesRequest-To-Send(RTS) andClear-To-Send(CTS) as
a channelpredictoris proposedin [5]; however, no evalua-
tion of theschemeis discussed.In this paper, we evaluate
the useof RTS-CTSasa channelpredictorand show the
limits of suchanapproach.

A mechanismfor compensationof �o ws in wirelessnet-
works is presentedin [12]. Flows unableto transmitpack-
etsdueto channelfadingconditionsarecreditedfor future
transmissionswhenthe link returnsto a goodstateagain.
This strategy, however, hasthedrawbackthat a �o w com-
ing out of a fadecondition will be immediatelycompen-
satedin oneoperation.Thisraisesanumberof performance

issues. Even if the maximumcompensationis bounded,
it will introducedelaysfor other �o ws having good link
qualities. This problemis resolved in [3] by limiting the
amountof bandwidththat `leading �o ws' (i.e., �o ws re-
ceiving morebandwidththanrequested)provideto `lagging
�o ws' (i.e., �o ws receiving lessbandwidththanrequested
dueto pastfadingconditions)aspart of thecompensation
strategy. In this paper, the compensatorlimits the amount
of one-timecompensation.We do not,however, couplethe
amountof compensationgivento lagging�o wswith `lead-
ing' bandwidth.Rather, webaseourcompensationstrategy
on the availability of unusedbandwidthin the systemand
limit compensationgivenduringperiodsof high load. Our
schemetherefore,doesnot maintainstateassociatewith
`leading�o ws' to computecompensationgivento `lagging
�o ws'. This resultsin a greatlysimpli�ed compensatorde-
sign. The compensatormechanismdiscussedin this paper
is basedonDe�cit RoundRobin(DRR) [14], animplemen-
tation of Fair Queuingwhich providesthroughputfairness
among�o ws.

The adaptormechanismproposedin this paperis capa-
ble of operatingon an end-to-endandwirelesshop basis.
The end-to-endcomponentis applicationspeci�c andreg-
ulatestraf�c at bottleneckwirelessaccesspointsover the
end-to-endtime scale.Theothercomponentof theadaptor
is similar to mechanismssuchasRandomEarly Detection
(RED) [4] or RED with `In' and`Out' priorities (RIO) [2]
in the sensethat the adaptordropspackets when thereis
congestiondueto packet losstriggeredby badchannelcon-
ditions.Themaingoalof RED andRIO is to maximizethe
utilization of an output link sharedby several �o ws. This
differs from the designof our adaptor, which attemptsto
maintainbuffer occupancy at a level that assureshigh pri-
ority packets(e.g.,`In' traf�c) canbe forwardedwith high
probability even whenunexpectedbadchannelconditions
or bursty dataareobserved. The adaptorattemptsto meet
this goalwithout droppingpacketsprematurelyin orderto
achieve goodutilization acrosswirelesslinks. The buffer
drop level in our adaptorscheme(asdiscussedin Section
3.3)canbedynamicallysetusingameasurement-basedpro-
tocol in comparisonto REDandRIO wheredropmarksare
typically staticallycon�guredin advance.

We arguethat theprediction,compensationandadapta-
tion mechanismsneedto operatein an integratedandsys-
tematicmannerto meetthechallengeof deliveringreal-time
servicesoverwirelesspacketnetworks.

3 The Havana Framework

Network dynamicsfoundin wirelessnetworksarethere-
sult of several differentsysteminteractionsoperatingover
multiple timescales.Thesetimescalesrangefrom received
signal strengthvariationsin the order of nanosecondsto
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deepfadesituationsor variationsin availablebandwidthoc-
curringanywherebetweenhundredof millisecondsto min-
utes.It is well knownthatseveralmechanismssuchasmod-
ulation, forward error correction,automaticrepeatrequest
(ARQ) andinterleaving areveryusefulin dealingwith fast
radiochannelimpairmentsat thepacket transmissionlevel
time scale. It is unclear, however, which mechanismsare
themostappropriatewhenchannelimpairmentsbecomese-
vereandgofarbeyondtheoperationalrangeof thesemech-
anisms.Theadaptive-QOSmodelintroducedin thissection
attemptsto take this time-varyingbehavior into accountby
operatingoverthreedistincttimescalesin responseto wire-
lessnetwork dynamics.
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Figure 1. TheHavanaFramework

Figure 1 (a) and (b) illustrates the wireless network
modelandtheHavanaFramework, respectively. Thewire-
lessnetwork modelassumesthatgateway routers(GW) in-
terconnecta set of cellular accessnetworks to the global
Internetasillustratedin Figure1 (a). A cellularaccessnet-
work comprisesoneor moreforwardingnodesthatcanbe
con�gured to provide accesspoints (AP) to mobile hosts.
The maincontrollerof theHavanaFramework is a central
arbitratorpresentateachwirelessaccesspointasillustrated
in Figure1 (b). The accesspoint modelcomprisesa ����
��
����
 � , which includesa packet classi�er, statedependent
packet schedulerand MAC as illustratedin Figure 1 (b).
In addition to the datapatha ����� 
������ ��� ��� � comprisesa
numberof QOS mechanismsthat supportthe datapath's
buffering,packet processingandforwardingcapability. An
arbitratorcoordinatesandpassesstateinformationbetween
thepredictor, compensatorandadaptor. Beforeapacketcan
be transmitted,the arbitratorrequeststhe predictorto test
thestateof thewirelesslink. Dependingon thestateof the
channel,the arbitratorwill either initiate the transmission
of a packet or arrangeto buffer the packet andtrigger the
compensatorto `credit' the�o w-state.Whena�o w'sbuffer
is aboutto over�ow, the arbitratorinvokes the adaptorto
con�gure suitable�lters in theadaptorto droplow priority

packets.In whatfollows,we will brie�y describetheoper-
ationof predictor, compensatorandadaptor. For full details
of theframework see[6].

3.1 The Predictor

Channelpredictionallowsatransmitterto probethestate
of thewirelesschannelbeforetransmittinga packet. If the
predictordetectsthat the channelis in a `bad' statethen
thepacket remainsqueuedin theschedulerfor later trans-
missionandthe �o w-stateis `credited'accordingly. If the
channelis detectedto be in a `good' statethena packet is
transmitted[5]. Previouswork onchannelpredictioneither
assumesthatthestateof thechannelor thedurationof bad
link periodsareknown in advance[5] [3] [12] asdiscussed
in Section2. In practice,however, thestateof wirelesslinks
cannotbeentirelypredictedin advance.

To estimatethe stateof the channel,we have imple-
menteda simplehandshake probingprotocolbasedon the
RTS/CTSmechanism.Our channelpredictoroperatesas
follows. Before the start of packet transmissionto a mo-
bile device a shortprobingRTS packet is sentto the des-
ignatedreceiver. Themobiledevice respondsby sendinga
CTSpacket asanacknowledgmentto theRTS. If theCTS
packet is receivedintactthestateof thechannelis assumed
to be good. If on the otherhand,the CTS is not received
aftera giventimeoutthenthechannelstateis consideredto
bebad.Theassumptionis thattheRTS or CTScouldhave
beencorrupted,lostor incorrectlyreceivedbecausedegrad-
ing channelconditionsmaymanifestasincreasedbit errors
andlossof signalat thereceiver.

In IEEE802.11,RTS-CTSis usedin DCFmodeto com-
pensatefor thehiddenterminalproblem,whichcanleadto a
veryhighnumbersof collisionsfor channelsthatareheavily
loaded.However, even if RTS-CTSfails becauseof chan-
nel errors,the transmittingmobile device alwaysassumes
theproblemis aresultof hiddenterminalsandwill back-off
beforetrying again.DuringPCFoperation,theaccesspoint
isabletoacquirethechannelbeforeany neighboringmobile
devicesin thecoveragearea.Therefore,thereis noneedto
useRTS-CTSto preventcollisionsin this instance.Rather,
any packet receivedin errorin thePCFmodeis unambigu-
ously the result of channelconditions. In our framework
thepredictoroperatesin PCFmodeto verify thestateof the
channel.In theIEEE802.11PCFmodetheaccesspointal-
waysinitiate transmissionfor both downlink (transmitting
thepacket) or uplink (polling a mobiledevice). Therefore,
RTS-CTScanbe usedfor both downlink/uplink transmis-
sions.

Sincethepredictoravoidsunwarrantedmultiple retrans-
missionsto a receiver in a badchannelstate,the channels
throughputis enhanced.In Section4, wepresentanevalua-
tion of thepredictormechanism.Channelprediction,how-
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ever, doesnot provideany compensationtechniquesfor re-
ceiversthathavedeferredtransmissionin thepastduetobad
channelstateconditions[1]. Althoughreceiversin a good
statecanbene�t from thedeferredtransmissionof receivers
in a badstate,they arenot typically re-compensatedafter
thestateof thedeferredreceiver becomesgood. Therefore
a mechanismto `credit' and`compensate'�o ws/sessionsis
necessary.

3.2 The Compensator

Our compensatorusesa modi�ed version of De�cit
Round Robin (DRR) [14] to `credit' and `compensate'
�o ws in responseto potential unfairnessexperiencedby
mobiledevicesdueto differentchannelconditions.Trans-
missionof datapacketsusingDRR is controlledby theuse
of a ��� ��� 
 � � ( � ) anda ����� 	���	 
���� � � 
�� � ( ��� ) [14]. The
`quantum'accountsfor thequotaof bytesgivento each�o w
for transmissionin eachround,whereasthede�cit counter
keepstrackof thetransmissioncredithistoryfor each�o w.
A `round' is de�ned asthe processof visiting eachof the
queuesin the scheduleronce. At the beginning of each
round,a quantumis addedto the de�cit counterfor each
�o w. Theschedulervisits each�o w comparingthesizeof
thede�cit counterwith thesizeof thepacketat theheadof
the queue. As long as the packet size is smallerthan the
de�cit counterthepacketwill betransmittedover thewire-
lesslink andthede�cit counterreducedby thepacket size.
Whenthepacket sizeis greaterthanthede�cit counterthe
transmissionof thepacket is simply deferred.In this case,
the schedulerdoesnot decrementthe de�cit value in the
�o w-statetablefor thenext roundbut simply movesto the
next �o w in a roundrobin order. As long asthe quantum
size is larger thanthe maximumpacket sizethe systemis
work-conserving[14].

In the casewherethe quantumsize for all �o ws is the
same,an equalallocationof the wirelesslink is achieved.
Making thequantumsizefor some�o ws differentleadsto
WeightedRoundRobin(WRR),whichallows for apropor-
tional sharingof thewirelesslink accordingto theweights
givento each�o w [14].

We have modi�ed De�cit Round Robin by adding a
����� � ����� ��
�	���� ��� � � 
���� ( �	� ) that is maintainedfor each
receiver. Thecompensatorcountermaintainsthenecessary
stateinformationwhenthe mobile device deferstransmis-
sion. For eachround, 
��	�
� additionalbytesareallocated
if the compensationcounterfor � � ��� � is positive, where

 is a valuebetween0 and1. The valueof 
 represents
thefractionof thecompensationcreditgivenin oneround.
Eachtime 
��	� bytesareconsumedto compensatea �o w
its compensationcounteris decreasedby thesameamount.
This action compensatesreceiver sessionsthat were de-
ferredin previousroundsdueto badchannelconditions.To

this end,even if the channelhasestimateda badchannel
state(hencethe datapacket is not transmitted),the de�cit
counterfor the receiver is decreasedby the quantumsize.
In returnfor this decreasethecompensationcounterfor the
sessionis increasedby thequantumsize1.

flow #1

flow #2

flow #3

flow #1

flow #2

flow #3

flow #1

flow #3

flow #2                                                100     150      100              100       100          0                                                                                100      150                  100       100         0
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                                             100    150              0          100         0                                                                       

                              Flow Queues                DC       Q          CC                                                     

 (b) End of round k                                       

(a) Beginning of round k                                                   (c) Beginning of round k+1

                                   250           100        200                 300        150       400                                                            250        100       200                     300       150        550

                                     200       100          250                     400        200       200                                                                                         200                  400       200         50

                250              100          200             150       150        550            

                                                   200                50       200       200                      

Figure 2. CompensatorOperation

An illustration of the operationof the compensatoris
shown in Figure 2. The �gure shows a snapshotof the
schedulerat the beginning of a roundandafter the quan-
tumandcompensationbyteshavebeenadded.Thescenario
showsthreeactive�o wsassociatedwith threedifferentmo-
bile deviceswith thesumof theallocatedratesequalto the
systemcapacity(i.e., the systemis fully loaded). In this
example ���������� ����� � � for each � � ��� � . Figure2(b)
illustratesthe stateof the schedulerat the endof the �rst
round. The following eventstake placeduring the round:
(i) channelpredictionfor �o w #1detectsa badchanneland
theschedulerdefersthe transmissionof thepacket, update
thecompensationcounterby thequantumsizeandreduced
the de�cit counterby the sameamount;(ii) predictionfor
�o w #2 indicatesa goodchannelandthe schedulertrans-
mits the packet reducingthe de�cit counterby the packet
sizewhich is anormalweightedroundrobinoperation;and
�nally (iii) predictionfor �o w #3 indicatesa goodchannel
andtwo packetsaretransmittedandthede�cit counterde-
creasedby thepacketsize.Figure2(c)illustratesthestateof
theschedulerat thebeginningof next roundwhen � � plus

��	� � bytesareaddedto the de�cit counterfor each�o w
	 if thecompensationcountersis positive. Notethatonly a
portionof CC for � � ����� and � � ����� is addedto their de�cit
countersothat ���
� �!��� ������ .

The choiceof ��������� is a designparameter. Choos-
ing a small ��������� will reducethe latency boundbut in-
creasea �o w's compensationtime. In contrast,choosing

1Compensationfor the proposedschemewill vary between0 andthe
quantumsizeaccordingto theobservedsystemload.
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a large ��������� increasesthelatency boundduringperiods
of heavy load but decreasesthecompensationtime. Since
only a fractionof �	� is usedfor compensation,CCcanbe-
comelargewithout affecting the latency boundof �o ws in
thesystem.Becauseof this observationwe donot limit the
maximumsizeof thecompensationcounter.

3.3 The Adaptor

The �nal componentof our integratedadaptive-QOS
modelexploitstheability of applicationsto adaptto channel
dependentconditionsor variationsin availablebandwidth
over longertime scales.The adaptorincludestwo compo-
nentsthat supportthenotionof adaptive wirelessservices;
theseare:

� � � � � � ������� 
������ � � � , which operatesover the wireless
hop;and

� ����� � � ��
���� , whichoperatesonanend-to-endbasis.
The buffer controllerrespondsto adversenetwork con-

ditionsby droppinglow priority packetswhile theregulator
performsend-to-endratecontrolover longertime scalesif
adversenetwork conditionspersist. The buffer controller
and regulator work in unisonto deliver adaptive wireless
servicesto mobiledevices.Theregulatorassumesthatthere
is a buffer controller at the accesspoint which responds
to severenetwork conditionsexperiencedover thewireless
hop. Conversely, thebuffer controllerassumesthatthereis
a regulatoroperatingon anend-to-endbasisthatmaintains
low buffer occupancy ratesat thewirelessaccesspoint.

The HavanaFramework supportsthe delivery of adap-
tive wirelessservicesto mobile devicesthat requiremini-
mumandmaximumbandwidthassurances.Adaptivewire-
lessservicesareregulatedby thebuffer controllerandend-
to-endregulatorandattemptto keeptheservicesemantics
meaningfulto theuserduringperiodsof changesin channel
conditionsor available bandwidth. Minimum bandwidth
providessupportfor a base-QOSwhereasmaximumband-
width supportsenhanced-QOS.

Adaptive wireless servicesprovide preferentialdeliv-
ery of base-QOSwhenthechannelconditionsdegradeand
enhanced-QOSwhenadditionalbandwidthbecomesavail-
ableor aschannelconditionsimprove.Thebuffercontroller
is responsiblefor droppingpacketsin responseto thesecon-
ditions. Differentprioritiesarerepresentedusinga priority
�eld in theIP packetsassociatedwith the�o w. A signaling
protocolbasedon INSIGNIA [9] is usedto establishadap-
tivewirelessserviceson anend-to-endbasisandalsoto re-
port themeasuredreceiver's QOSto thesource.Both base
andenhanced-QOSrequireadmissioncontrol to establish
adaptivewirelessservices.

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

tinuousmediabut lacksany adaptationcapability. RTP[13]
does,however, incorporateadaptationmechanismsallow-
ing applicationsto regulateand respondto observed net-
work conditions (e.g., jitter and bandwidthavailability).
Usingend-to-endregulationin this mannerlimits the like-
lihood of persistenthigh buffer occupancy ratesfor queues
maintainedat the wirelessaccesspoint during periodsof
channelor bandwidthdegradation.Theend-to-endregula-
tor respondsto degradationoverlongertimescalesby regu-
latingsourcetraf�c to matchit to thebottleneckbandwidth
experiencedat thewirelessaccesspoint.

Enhanced-QOSpackets are droppedbeforebase-QOS
packetsin thecaseof congestionor poorchannelconditions
persisting.In theHavanaFramework, thebuffer controller
supportsthis operationby partitioning per mobile device
buffers into normalandadaptationregionsasillustratedin
Figure3:

� normalregion: duringnormaloperationsthebuffer oc-
cupancy is likely to besmallwhenthechannelis in a good
state.Thelowestpositionof thedropmark is delimitedby
a`lower' boundasillustratedin Figure3.

� adaptationregion: when severe channeldegradation
persists,thebuffer occupancy canreachhigh levels. In this
casethecontrollermaybe forcedto droppacketsto main-
tain servicesemantics.Theadaptordynamicallysets`drop
marks' betweenalowerandupperboundsin permobilede-
vice buffers. Whenthebuffer occupancy goesabove these
drop marks,the arbitratornoti�es the adaptorwhich con-
�gures suitable�lters in the packet classi�er to drop low
priority packets(e.g.,enhanced-QOSpackets)asillustrated
in Figure3.

Severalaccesspointbufferingscenariosareillustratedin
Figure3. In the �gure, two adaptive �o ws aresupported
by per-mobilequeueswith all besteffort traf�c aggregated
into a single besteffort queue. Flow 1 in Figure3 illus-
tratesthe casewherea �o w consistsof threedifferentpri-
orities. This could representa video �o w that comprisesa
baselayer andtwo enhancementlayers. Flow 2 in Figure
3 illustratesa �o w having two priorities. This couldrepre-
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sentawebsessionwith basetext informationandenhanced
picturequality or audioandvideomultiplexedinto a single
end-to-endsession.

The optimal position of the drop marksin per mobile
buffers dependson the acceptablebuffer occupancy. As-
suminga regulator operateson an end-to-endbasis(e.g.,
TCP�o w controlor RTPratecontrol),weexpectthesource
to matchits rateto thebandwidthavailableat thewireless
accesspoint. Whenthe predictoris operational,the aver-
agenumberof packets in the buffer will increaseas the
lengthof fadeperiodsincrease. If the averagebuffer oc-
cupancy is small thedropmarkshouldbecorrespondingly
large.Thisallows thewirelesslink to operateatarelatively
high throughputwithout droppingpackets.Whentheaver-
agebuffer occupancy is large,thedropmarkshouldbeset
small.Thisallows thebuffer controllerto droplow priority
packetssaving buffer spacefor highpriority packetsin case
of severenetwork conditions.

Lower and upperthresholdsboundthe position of the
dropmark in thebuffer asillustratedin Figure3. Initially,
thedropmarkcanbesetarbitrarily betweenthe lower and
upperbounds.Thebuffer controllerthenadjusttheposition
of thedropmarkeraccordingto thefollowing rules:(i) drop
markswill be increasedby delta bytesat discretetime in-
tervals,and(ii) dropmarksaresetto thelower boundsany
time the buffer occupancy crossesthe upperbound. The
time interval for adjustingthedropmarkscanbea �x time
interval or canbesetasafunctionof theroundrobinsched-
uler. This interval shouldbe larger thanthe roundinterval
to avoid processingoverhead.

4 Evaluation

In this sectionwe provide an evaluationof the Havana
Framework, which is implementedusingtheNS-2simula-
tor [10]. We presentthe evaluationof the systemand its
componentsin anincrementalfashion.Firstweanalyzethe
performanceof thepredictormodulein isolation.Next, we
addthecompensatormoduleto thepredictorandshow the
bene�tsof thecompensationschemeto creditandcompen-
sate�o ws undera variety of wirelesschannelconditions.
Finally we add the adaptorto the predictorand compen-
satorandshow how thecompositesystemworks in unison
to deliver applicationandchanneldependentQOSin wire-
lessnetworks.

4.1 ChannelPrediction

Two mainfactorsgoverntheaccuracy of thechannelpre-
dictor: (i) thepacketsizein�uencesaccuracy (e.g.,channel
predictionfor small packets is typically more accuratein
comparisonto largerpackets);and(ii) therateat which the
radiochannelchangesbetweengoodandbadstate.In what

followsweanalyzeasinglewirelesshopbetweenanaccess
pointandseveralmobiledevicesbasedon IEEE802.11op-
eratingat 2 Mbps. The IEEE 802.11codesuite [10] was
modi�ed for the predictorto operatein the PCF modeas
discussedin Section3.1. Eachmobile device receives a
constantbit ratestreamwith thesamepacket sizeusedfor
all �o ws. A two stateMarkov modelis usedto modelthe
goodandbadstatetransitionsof thewirelesschannel.Even
if thestateof thechannelis predictedin error, we continue
with thetransmissionof datapacketsto verify theaccuracy
of theprediction.

Figure4 shows simulationandanalyticalresultsfor the
predictorschemediscussedin Section3.1 for channelpre-
diction usinga packet sizeof 800 and40 bytes. RTS and
CTSpacketsare20 bytesin lengthasde�ned by theIEEE
802.11standard.Eachpoint on the x-axis representsdif-
ferent wirelesschannelconditions(e.g., averageduration
of goodandbadstateperiods)2 whereasthey-axisshows
theprobabilityof goodchannelprediction.Thegoodchan-
nel holding timesare 10 times longer than the bad chan-
nel holding times. Eachpoint in this �gure representsan
averageof approximately1000packet transmissionsin the
simulator. Figure4 highlights that analyticalandsimula-
tion resultscloselyfollow eachother(for analyticalresults
refer to [7]). We have dividedFigure4 into threedifferent
regionsof interest.
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Figure 4. PredictorAccuracyvs.Packet Size

� regionI: transitionsbetweengoodandbadstatesoccur
at very high frequency (e.g.,every few bytes).In this case,
the RTS-CTSandDATA-ACK packetsarecorruptdue to

2We usebytesasa measureof holding timesin Figure4 becauseit is
easierto comparethe holding timesof goodandbadchannelstateswith
thesizeof thepacket.
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channelerrorswith veryhigh probabilityresultingin accu-
ratechannelprediction.

� region II : transitionbetweengoodandbadstatesbe-
comessimilar to the packet transmissiontime scalecaus-
ing theaccuracy of thepredictorto decreaserapidly. This
is becausethe channelobserved by the predictorpackets
(RTS-CTS)and the channelobserved by the datapackets
(DATA-ACK) maybedifferentleadingto incorrectchannel
prediction.

� region III : transitionsbetweengoodandbadstatesare
2-3 ordersof magnitudegreaterthan the packet transmis-
siontimescales;thereforeRTS-CTSandDATA-ACK pack-
etswill observe thesamechannelresultingin accuratepre-
diction.
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Figure 5. Predictor Accuracy vs. Good/BadState
Ratio

Figure 4 shows the evaluationof the predictorperfor-
mancefor two differentpacketsizes.As indicatedtheaccu-
racy of the predictorbecomeslesseffective as the packet
size increases. The optimal transmissionpacket size for
wirelessLANs (e.g., 1.5 Kbytes in IEEE 802.11)is rela-
tively large.For communicationsystemswherelargepack-
etsarecommonplacethiswill inevitably leadto anincrease
in theuncertaintyof channelpredictionalgorithms.

Figure5 showssimulationresultsfor channelprediction
for a packet sizeof 800bytesandthreedifferentgood/bad
channelstateratios(viz. 10/1,1/1,1/10).Eachpoint in this
�gure representsanaverageof approximately1000packet
transmissionsin the simulator. When the channelratio is
high (e.g., 10/1) the accuracy of the predictordiminishes
becausebad channelperiodscorrupt either RTS-CTS or
DATA-ACK packetsbut not both of themleadingto poor
channelprediction. Whenthe channelratio is small (e.g.,

1/10),badchannelperiodsarelikely to corruptboth RTS-
CTSandDATA-ACK packetsleadingto goodchannelpre-
diction.

We observedfrom Figures4 and5 that the accuracy of
the predictordropsoff asthe channelstatetransitionsbe-
comesimilar to thepacket transmissiontime scales.Other
channel-mitigationmethods(e.g.,forwarderrorcorrection,
interleaving, etc.) may, however, improve the accuracy of
predictionfor fadingtransitionsat thepacket transmission
timescale.

4.2 Predictor and Compensator

In what follows, we show the throughputachieved by
mobiledeviceswhencombiningthepredictorandcompen-
satormechanismsunderthe samechannelconditions. We
thencomparethe throughputfor a wide rangeof channel
conditionsandestablishboundaryconditionson theperfor-
manceof thepredictorandcompensatormodules.
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Figure 6. ThroughputPerformanceusingPrediction
andCompensation

Using our NS-2 implementationof the predictor and
compensatorwe simulatea singlewirelessLAN with ten
active mobile devicesto highlight the bene�t of usingthe
predictorand the compensatormodules. Two of the mo-
bile devicesreceive adaptive wirelessservicewith a base-
QOS of 500 Kbps andpacket size set to 500 bytes. The
remainingmobile devicesestablishTCP sessionsasback-
groundtraf�c consumingbest-effort bandwidth.In this ex-
perimentthe WRR scheduleris con�gured to supportap-
propriateweightsusing the in-bandsignalingprotocol [9]
to establishthesession.Theaverageholdingtimesin good
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andbadstatesaresetto 20,000bytesand8,000bytes,re-
spectively3. Theseholding times representa challenging
environmentto test the operationof the compensator. For
the selectedtransitionratesthe predictorhasan accuracy
above 95 percentasshown in Figure5. If the channelis
predictedin error, transmissionis deferredandtransmission
for thenext �o w/sessionis carriedout asdescribedin Sec-
tion 3.2. In this example ���	����� � �	� � , which results
in themaximumamountof compensationbytesgivento a
�o w in oneroundis twice the quantumsizefor that �o w.
Figure6 shows throughputtracesfor oneof the 500Kbps
�o ws underthreedifferentcon�guration conditionswhich
include:

1) thescheduleralone;
2) theschedulerwith thepredictor;and
3) thescheduler, predictorandcompensator.
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Figure 7. ThroughputPerformance

Throughincrementallyaddingeachmoduleof thecom-
positeexperimentalsystemwecanclearlyevaluatetheben-
e�t of eachmoduleon theoverall performanceof thesys-
tem. As shown in Figure6 whenthestandardWRR sched-
uler is usedin isolation(i.e., without predictionandcom-
pensation)the effects of channelerrors greatly diminish
throughput.Whenthepredictoris addedto thesystemthe
throughputto the mobile devices improves but doesnot
reachthe requestedbandwidthof 500 Kbps as illustrated
in Figure6. The�nal con�gurationconsidersthepredictor
andcompensatorworkingin unisonwith thescheduler. The
arbitratordetectsbadchannelconditionsef�ciently , defer-
ring transmissionandcompensating�o wswhenthelink de-
gradesandimproves,respectively. In thiscase,thepredictor

3Dividing thevaluein byteson thex-axisby 2 Mbpswill provide the
equivalentholdingtime in seconds.

andcompensatordeliver the requested500 Kbps through-
put to the mobile device as illustratedin Figure6. Figure
7 comparesthe throughputachieved for a wide rangeof
wirelesschannelconditionsunder�nite/in�nite buffer con-
ditions. Thechannelratio is setto 10/1for theexperiment.
Eachpoint in this �gure is the averageof 10 runs of the
simulation.Threedifferentcon�gurationsareconsidered:

1) thescheduleralone;
2) theschedulerwith thepredictor, compensatorwith in-

�nite buffer spaceand;
3) theschedulerwith thepredictor, compensatorwith �-

nitebuffer space.
In the caseof the �nal con�guration we con�gure the

buffer capacityfor �o ws to accommodatea maximumof
10 packetsonly. In Figure7 we divided the graphin four
differentregionsof interest(viz. regionsA,B,C,D):

� region A: channelstatetransitionsoccuron a very fast
timescalewith a resultingthroughputof zero.

� region B: channelstatetransitionsare fast, however,
goodstateperiodsarelong enoughto allow the transmis-
sionof packets.We observedfrom theresultsthat thelater
two con�gurations(2 and3 above) performaspoor asthe
�rst con�guration(1 above)dueto thepooraccuracy of the
predictorin this region.

� region C: channelstatetransitionsare 1-2 order of
magnitudegreaterthanthepacket transmissiontime scales
resulting in very accurateprediction. However the bad
channelperiodsarenot long enoughto over�ow thebuffer
in region C. As a result,thelatertwo con�gurations(2 and
3 above)areobservedto havesimilar performanceasillus-
tratedin Figure7.

� region D: durationof badchannelperiodsare3-4 or-
dersof magnitudegreaterthanthepacket transmissiontime
scalesresultingin buffer over�ow. As a result,for a good
stateholdingtime of

�����
bytestheperformanceof the�rst

and last con�gurations (1 and 3 above) are similar. In
thisexperimentthearbitratormakesnodistinctionbetween
packetsdropped.Region D in Figure7 representstheoper-
ationalrangeoverwhichtheadaptorcanprovideenhanced-
QOSwhenapplyingselectivedropping.

4.3. Predictor, Compensatorand Adaptor

The �nal part of our evaluationconsidersthe complete
compositesystemin operation. We simulatethe adaptor
using a single wirelessLAN wherethreemobile devices
receive continuousmediaserviceusingthescheduler, pre-
dictor, compensator, adaptorandarbitrator. Severalmobiles
establishTCPsessionsasbackgroundtraf�c thatconsumes
best-effort 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-
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resolution�o w with threevideo layersof resolution. The
baselayer (BL) representsthe main pro�le of MPEG2re-
quiring300Kbpsasbase-QOSandtwo enhancementlayers
(E1 andE2) representstwo scalablepro�les bothrequiring
100 Kbps eachfor enhanced-QOS.The sizeof the buffer
con�gured for the �o w is con�gured to be 8000bytesand
thelowerandupperboundsaresetto 2000and6000bytes,
respectively. Becausethe�o w containsthreepriorities,the
buffer controllerdropsthird priority packetsbeforesecond
priority packets,etc.Thedropmarkfor third priority pack-
ets is automaticallyadjustedevery 5 secondsif no buffer
over�ow is observedduring that interval. This adjustment
consistof increasingthedrop thresholdby 400bytesafter
eachinterval. Secondpriority packetsaredroppedonly if
thebuffer occupancy increasesabove 7000bytes. For this
experimentwechoosetransitionratesfor theMarkov model
in therangeof regionD from Figure7 wherethebuffer oc-
cupancy is likely to experienceover�ow conditions.
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Figure 8. Adaptor: Buffer OccupancyBehavior

Figure8 shows a traceof the buffer occupancy for two
con�gurations:

1) the adaptorcon�gured with the scheduler, predictor
andcompensator;and

2) thescheduler, predictorandcompensatorarepresent
but theadaptoris notactive.

When the predictor, compensatorand adaptor are
present,the arbitrator doesnot have to drop high prior-
ity packets(e.g.,base-QOSpackets)except in the caseof
very deepfades.As shown in Figure8, thepositionof the
drop mark for packetsassociatewith the secondenhance-
mentlayerincreaseswhenthenetwork conditionsaregood
and immediatelybacksoff when over�ow conditionsare
observedat40and87secondsinto thetrace.At 40seconds
into the tracetheadaptoris ableto maintaintheminimum
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Figure 9. Adaptor: ThroughputEvaluation

quality (e.g.,baselayerpackets)whereasthenon-adaptive
(i.e., whereno adaptoris operational)traceover�ows. Fi-
nally at 87 secondsinto thetracethechannelexperiencesa
deepfadethatbothadaptorandnon-adaptorapproachesare
unableto respondto.

Figure9 shows the throughputtracecapturedunderthe
sameoperationalconditionsasdiscussedfor Figure8. In
thecasewheretheadaptoris presentwe show which video
layersaredeliveredto mobiledeviceduringthesimulation.
In addition, we show the throughputin the casewere no
adaptoris present.Comparingthetwo tracesshown in Fig-
ure 9, we observed that the non-adaptortraceachieves a
higherthroughputcomparedwith adaptorcon�guredtrace.
Figure9, however, doesnot fully convey thebehavior of the
systembecausethis observationalonedoesnot provide the
completepicture.Table1 showswhichpercentageof pack-
etswerereceived andplayed-outat the mobile device for
eachcon�guration 4. As observedfrom Table1 theadaptor
is ableto maintaintheminimumquality for a longerdura-
tion evenwhentheresultingthroughputis smallerthanthe
systemwhereno adaptoris con�gured. Resultsfrom Ta-
ble 1 indicatethat theadaptorachievesbetterutilization of
resourcesover thewirelesshop.

5. Conclusion

In this paperwe have discussedthe componentsof the
HavanaFrameworkfor wirelessnetworksthatincludeapre-
dictor, compensatorandadaptorall governedby a central

4Theseresultsdonot includethosepacketsthatwerereceivedcorrectly
but couldnotbeplayedoutdueto semanticissues.For example,enhance-
mentlayer 1 (E1) packets received without the correspondingbaselayer
(BL) areuselessanddropped.
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BL BL+E1 BL+E1+E2
withoutadaptor 94% 94% 94%

with adaptor 99% 96% 89%

Table 1. AdaptationPerformance

arbitrator. We believe that the predictor, compensatorand
adaptormechanismsshouldwork in unisonratherthan in
isolationto deliver adaptive wirelessservices.The imple-
mentationdiscussedin this paperis basedon IEEE 802.11,
however, the ideasandresultspresentedarebroadlyappli-
cableto emergingwirelessprotocolthatneedto respondto
QOS�uctuations in a controlledmanner.

Simulationresultshave beenpresented.They indicate
thatchannelpredictionaccuracy diminishesquickly asthe
packettransmissiontimescalesincreasesandasthechannel
statetransitionsapproximatethe packet transmissiontime
scales. The impact of the accuracy of channelprediction
ontheperformanceof thecompensatorwasanalyzed.Sim-
ulation resultsindicatethat the compensatoris capableof
achieving fairnessamong�o ws in fadingenvironmentsun-
lessthechannelpredictorfailsor buffer over�ow occurs.

We have discussedthe notion of application speci�c
adaptation.The adaptormoduleexploits the ability of ap-
plicationsto adaptto longer-averagechangesin available
bandwidthas well as shorter times scaleschangessuch
aschanneldegradationwhencompensationaloneis inade-
quate.Theadaptordiscussedin this paperattemptsto keep
the deliver of packetssemanticallymeaningfulto applica-
tionsby droppinglowerpriority packets�rst in responsesto
degradationin channelconditionsandavailablebandwidth.
Simulationresultsindicatethatanintegratedapproachgov-
ernedby thearbitratorandcomprisingthepredictor, sched-
uler, compensatorand adaptorprovide the most effective
approachto delivering applicationandchanneldependent
QOSin wirelessnetworks.
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