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Abstract—The IEEE 802.11e standard de nes the Hybrid
Coordination Function (HCF) which speci esthe QoSalgorithms
in the MAC layer of the next generation 802.11 wirelessLAN
(WLAN). The HCF is composedof two accessfunctions: A
distributed contention-based channel accessfunction (EDCA)
providing prioritized QoS and a centralized polling-based chan-
nel accesgunction (HCCA) providing parameterizedQoS.In this
paper, we addressthe ef cient medium accesscontrol (MAC) of
the mostly variable bit rate (VBR) and bursty multimedia traf ¢
in HCCA and proposea novel application-aware adaptive 802.11e
QoS scheduler The proposedschedulercoordinatesthe resource
allocation of the associated o ws using adaptive sewice intervals,
transmit opportunities, and polling order. The sewice schedule
is basednot only on the traf ¢ classi cation done according to
the packet size, interval distrib ution, and the direction but also
on the instantaneousbuffered traf ¢ conditions. The proposed
scheduleris shown to have signi cant performancegainsin terms
of multimedia traf ¢ channel utilization, packet lossratio, delay,
and jitter when compared with the other schemes.

I. INTRODUCTION

IEEE 802.11WirelessLAN (WLAN) [1] standardprovides
best-efort serviceat the mediumaccessontrol (MAC) layer.
Due to its low costand easyinstallation,the 802.11WLAN
is enjoying widespreaddeployment. On the other hand, in-
creasinguseof real-timemultimediaapplicationdn the802.11
WLAN require Quality-of-Service(QoS) support.

An IEEE 802.11task group, TGe, has approed the QoS
enhancedprotocol, IEEE 802.11e[2]. The IEEE 802.11e
standardspeci es improved MAC functions which provide
prioritized and parameterizeoS servicesat the MAC layer.
The 802.11e MAC model de nes the Hybrid Coordination
Function (HCF) which combinesa distributed contention-
basedchannelccessnechanismreferredto asEnhancedis-
tributed ChannelAccess(EDCA), and a centralizedpolling-
basedchannelaccessmechanismfeferredto as HCF Con-
trolled ChannelAccess(HCCA). In a basic serviceset that
provides the QoS facility (QBSS), the medium accessis
controlledby the alternatingoperationof EDCA and HCCA.

Although the EDCA function may provide satishctory ser
vice differentiationin low-load ervironments,its contention-
basednature resultsin impaired performancelow channel
efciency, andlack of QoSguaranteén the presencef heary
trafc load[3], [4]. Onthe otherhand,the HCCA functionis

designedto always meetthe negotiated QoS requirementsf
the admitted o ws. The HCCA mechanismusesthe Hybrid
CoordinatorHC) locatedat the AccessPointthatsupportghe
QoSfacility (QAP) to manageradio resourceallocation.The
IEEE 802.11estandardgroposes simplereferencescheduling
algorithm, referredto as TGe schedulerfor controlling the
medium accessof stationsthat support QoS (QSTA) [2].
However, the TGe schedulingalgorithm has the basic aw
thatit alwaysstickswith x edtransmitdurationspolling order
andserviceintenal which cannotcapturethe varying network
conditions.This algorithmis not ef cient for the mostly vari-
able bit rate (VBR) and/or bursty multimedia/internetraf c
and the time-varying wirelesschannel.

There is ongoing researchon impraving/optimizing VBR
trafc schedulingperformanceof the HCCA function. TGe
schedules schemeis extendedin FHCF [5] and FDBS [6]
where real-time queue length estimationsare usedto tune
transmitdurationsof the stationson the run. TGe schedules
static approachon polling list and serviceinterval is made
adaptve regardingthe VBR trafc speci cations(TSPEC)in
[7] andthe HCF paclet exchangesequences [8]. A variant
of the EarliestDeadlineFirst (EDF) algorithm[9], SETFEDD
[10], enablesusing distinct serviceintervals for eachQSTA,
but hasextensive polling overheadand missesthe handlingof
instantaneousraf c conditions.

Our contrikution in this paperis an application-avareadap-
tive HCCA schedulingmethod.The novel approachs thatthe
proposedscheduleradaptsthe servicescheduledependingon
the direction of thetrafc 0 ws, the guidelinesspeci edin a
multimediatrafc pro le classi cation,andthe instantaneous
MAC layer buffer conditions monitored by the HC. Via
simulationsthe approachs shawvn to be effective in providing
parameterizeQoSandef cient channelutilizationin the case
of the scenarioof interest,a WLAN consistingof a QAP and
several QSTASs.

Therestof the paperis organizedasfollows. We give a brief
overview of the IEEE 802.11eHCCA functionin Sectionll.
In Sectionlll, the proposedapplication-avareadaptve HCCA
scheduleris described.The performanceevaluation of the
proposedscheduleris the topic of SectionlV. Finally, we
reportour concludingremarksin SectionV.
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Il. IEEE 802.11E HCCA FUNCTION

The HCCA function [2] de nes a centrally-controlled
polling-based medium access scheme for |IEEE 802.11e
WLANS. It is designedo provide parameterizeoS support
throughefcient polling and scheduling.

The HC periodically broadcastsbeaconframesto com-
municatenetwork identi cation and managemenparameters
speci c to the wireless network. The beaconinitiates the
so-called 802.11e superframewhich comprisesan optional
ContentionFree Period (CFP) followed by a ContentionPe-
riod (CP). The 802.11esuperframecorrespondgo an IEEE
802.11ebeaconintenal as shavn in Fig. 1. The HC may
start Controlled Access Phases(CAP) to allocate Transmit
Opportunities(TXOP) to the QSTAs eitherin CP or CFP
During a CAP, the mediumaccesss controlledby the QAP,
andno QSTA cantransmitunlessit is polled by the QAP In
CR the accesss contention-basedndleft to EDCA functions
of the QSTAs andthe QAP [2].

The QAP has the highest priority to accessthe medium
amongall QSTAs sinceit may seizethe channelby using a
shorterinterframe space(PIFS) without waiting ary bacloff
time. The QAP may either senda poll frame, presentingan
HCCA TXOP to a QSTA, or just starttransmittingdownload
traf c. Oncethe QAP or the QSTA gainsthe HCCA TXORP, it
may sendas mary framesasit can t in its TXOP Duration
(TD). If aQSTA with no buffereddatarecevesa poll frame,
it may senda null frame, so that the QAP that hearsit may
changethe TXOP owner or endthe CAP.

Every QSTA runs a QoS resenation procedurewith the
HC for all of its trafc streamsthat needparameterize®oS
support. The Station ManagementEntity (SME) at the HC
decideswhetherthe Trafc Stream(TS) is admittedor not
regarding the Trafc Speci cation (TSPEC)provided by the
QSTA. The main parameter®f the TSPECfor a TS are[2]:

Traf c Type : A bit length parametedenotingwhether
the TS follows a periodic (e.g.,isochronousr'S of MAC
Service Data Units (MSDU), with constantor variable
sizes,that are originatedat a x ed rate) or an aperiodic
pattern.

Traf ¢ Stream Identi cation (TSID): Identi cation
numberassignedoy the QSTA for the TS.

Direction : Two-bit length eld shaving whetherthe TS
is downlink, uplink, or direct link.

Mean Data Rate ( ): Averagebit rate at the MAC
ServiceAccessPoint(SAP)for thetransferof theframes.
Delay Bound (D): Maximum amountof time allowed

to transport the frames acrossthe wireless interface
including the queueingdelay

Nominal MSDU Size (L): AverageMSDU size of the
frames.

Maximum MSDU Size (M ): Maximum MSDU size of
the frames.

Minimum Sewice Interval (mSl): Minimum intenal
betweenthe startof successie serviceperiods.
Maximum Seuwice Interval (M Sl ): Maximum interval
betweenthe startof successie serviceperiods.

Burst Size (B S): Maximum burst sizethatarrivesat the
MAC SAP at the peakdatarate.

Minimum PHY Rate (R): Desired minimum physical
bit rateto be usedfor the TS.

Sewice Start Time (SST): The time when the rst
serviceperiod (SP)is expectedto start.

The IEEE 802.11estandarddocumentproposesa simple
referenceschedulefor the HCCA function[2]. This algorithm
usesostensiblymandatoryT SPECparameters,, M SI (or D
if specied), and L, for radio resourceresenation deciding
on an aggreate service schedule.Since the TSID speci ed
within a poll paclet is not binding, the polls areissuedto the
QSTAs andnot to individual TSs.

According to the TGe schedulerthe HC rst decideson
a serviceintenal (SI), the highestsubmultiplevalue of the
beaconinterval which is smaller than the minimum of the
M Sl s of all admitted o ws. Accordingto the SI, aggrejate
HCCA TXOPsallocatedto the QSTAs arecalculatedLet TD
for a QSTA i with n admittedtrafc streamsbe denotedas
TD;. TD; is calculatedas

X
TD; = max
j=1

Nj Lj .M :

R, + O; R, +0 ;
Sl

Lj

In this formula, O denotesthe total MAC/PHY overhead
in the frame exchangesequencesThe integer N; shows the
ceiling of averagenumberof framesgeneratedy the TS in
the Sl period.As shavn in Fig. 1, the TGe schedulercutsthe
beaconinterval into x ed Sl s. The schedulerissuespolls to
the QSTAs consecutiely in a roundrobin manner

For admissioncontrol, the HC should checkwhetherwith
thenewly admittedstreamthefractionof time thatcanbeused
for CAPs go over a limit value or not. The dot11CAP rate
speci es the proportion of time per 64s that can be spent
for CAPs. The SI and TDs are recalculatedincluding the
new streamin the calculations.The streamis admittedif the
inequality

whereN; =

@)

X Tp;
SI

dotl1CAP rate
64s

Ty Tcp _

T,

(2)

i=1
holds,assumingherearea total of k stations,T, denoteshe
beaconintenal, and Tcp is the minimum time requiredfor
EDCA trafc in eachTy,.



I1l. THE APPLICATION-AWARE ADAPTIVE HCCA
SCHEDULER

Although TGe schedulingmethodof constantlyusing the
x edTD calculatedapproximatelyfrom meanTSPEC gures
may be sufcient for CBR applications,this cannotabsorb
the variancesin the rate and the paclet size of the VBR
multimediatrafc that hasfrequentpaclet bursts.Having the
sameSl| for all QSTAS thatareprobablyservingvarioustraf ¢
pro les with differentaverage/instantaneo@@Srequirements
is not efcient (note that QAP is also countedas a QSTA
in the description).A good schemeshould exploit the trafc
characteristicaswell asthe monitoredinstantaneousetwork
conditions. The time-varying VBR network load on a time-
varying wirelesschannelcanbe bestcontrolledandsened by
an adaptve algorithm.

The proposedapplication-avare adaptve HCCA scheduler
usesthe Earliest Deadline First (EDF) schedulingdiscipline
[9], [10]. The EDF approachmakesthe polling orderadaptve
according to the calculateddeadlinesof associatedtrafc
pro les. The multimedia trafc is scheduledin the sense
that eachQSTA hasdistinct SI. The novelty is that the Sl
and the TXOP of the QSTA are adaptedaccordingto the
traf ¢ characteristicaswell asinstantaneoubuffer occupanyg
informationin real time.

In the coreof the schedulingalgorithm,eachQSTA includ-
ing QAP hasits own dynamically updatedminimum QSTA
serviceintenal (MQSI) andmaximumQSTA serviceintenal
(M QSI) values.ThemQSI| andM QSI areadaptvely tuned
for reducing paclet delay jitter, and lossesas well as for
increasingchannelutilization.

If we let t° andt®be the time whenan HCCA TXOP starts
andendsfor QSTA; respectrely, atanarbitrarytimet, another
HCCA TXOP may be issuedto a QSTA which satis es the
inequality in (3). Then, we proposethat S be de ned to be
the setof QSTAs thatare pollableat t

S=fi:t% mQsl; tg: )

As EDF implies, the rst QSTA to be polled at ary time is
the onewith the smallestdeadlineamongthe QSTAs in S:

min (t*%+ M QSI;) wherej 2 S: 4)
i

The HC always has the exact instantaneousknowledge
of downlink trafc buffered at the transmissionqueues.On
the other hand, for uplink trafc, this informationis usually
limited to the schedulerat the QAP especiallywhen VBR
multimedia applicationsare run at the QSTAs. Making the
distinction on the direction of the multimediatrafc, the pro-
posedapplication-avare adaptve HCCA schedulereffectively
processethe informationprovided by TSPECparameterand
MAC paclet headersresulting in efcient scheduling.The
originality of the proposedMAC layer schedulingalgorithm
is thatit usesboth applicationlayertrafc characteristicand
estimated/knan link layer buffer sizeinformation(monitored
conditions)in real-timeresourcellocationandit differentiates
betweenuplink and downlink scheduling.

A. Uplink Scheduler

The proposeduplink scheduleradaptsthe serviceinterval
parametersmQSI| and M QSI, of eachQSTA accordingto
the applicationcharacteristicsthe TSPECparametersandthe
previous TD requestsof the associatedo ws at the end of
an HCCA TXOP. AdaptingmQSI andM QSI at the end of
the TXOP enableghescheduleto exploit instantaneoubuffer
sizeinformationin the schedulingdecision.On the otherhand,
the aggreate servicelength parameterTD, is calculatedat
the start of the HCCA TXOR, including the averageestimate
on the numberof the paclets to be buffered since the last
servicetime andthe previous TD requestdn the decision.

Our proposeduplink schedulerstoresthe following param-
etersfor eachassociatedo w j of QSTA; at a table.

Next serviceduetime (tque; ): The closesttime that o w

j canbe sened again.

Next servicedeadlinetime (tgeaq; ): The deadlinefor the

next serviceto be issuedfor ow j.

Last paclet transmissiorendtime (t; ): The endof the

lastrecordedpaclet transmissiortime atthe HC for ow

j-
Last TD request(t;eq ): The lastrecordedTD request

for ow j. If norequestis made,t;eq is setto 0.

AssumeQSTA; hasn associatedo ws, then our proposed
uplink servicescheduleequationsare asfollows:

. 00 i ai - _
mQSII - 1rnj|nnftduej tl%’ |f 8] . treqj 0 (5)
0; if 9 : treq 60
8 . o
< min ftoeas, t29; if 8j i treg = O
M QSl; = tn T
'T . min_ ft2+ MSljg; if 9f : treg 60
J2f treq; 609
(6)
TDi = 'n:1 min (tburstJ tmean; + treq,)
where tourst, = R—?”+ 0;
tmea”jl = max NJﬁq—LJ + O; “Fﬂ—jj +0 ; @)
Nj = G tor;)

L

As (5), (6), and (7) imply, the uplink servicescheduleis
adaptedaccordingto the presenceof the TD requestsfrom
the associated)STAs. If thereis not ary TD requestfrom
ary ow j attheendof an HCCA TXOP issuedto QSTA;,
the service interval parametersmQSl; and M QSl;, are
calculatedusingtqyye andtgeaq vValuesof eachindividual ow
respectiely. Thedecisionontgy,e andtgyeaq is madeaccording
to the TSPECparameterandthe ow characterizationThis
approachensureghat the QSTA with no buffered framesis
not polled during the time when the associatedo ws are not
expectedto generatea paclet. On the other hand,if thereis
at leastone TD requestthis meansthat the QSTA; already
hasbufferedframesto transmitandis labelledasimmediately
pollable by setting mQSl; to 0. Therefore,the bursts that
cannotbe transmittedat the current HCCA TXOP because
of time considerationgan be sened at an upcomingHCCA
TXOP within the delay boundby grantedTXOP requests.



On top of varying paclet sizes and interarrival times of
VBR ows, the QSTAs will also be adapting their PHY
rateswith respecto time-varying wirelesschannelwhich may
also highly alter the paclet transmissiontimes in practice.
Therefore the proposeduplink scheduletbasicallyusesmean
TSPEC gures in TD calculation as other studies of the
literature [2], [8], [10]. As in (7), the service length of
QSTA;, TDj, is calculatedat the start of an HCCA TXOP
including the servicetime for the averagenumberof paclets
generatedsincetpt; (tmean;) andthe TD requestyt,eq ) in
the calculation.The assignedT D for ary ow j is ensured
not to be over the speci ed burst size (tpurst; ). Moreover,
practically a module in the HC should check whether the
QSTAs go over their speci ed mediumtime or not. If yes,
the TXOP requestsare not authorizedandthe TD is assigned
accordingto the remainingmediumtime.

The application-avare adaptve schedulerhandlesthe as-
sociateduplink trafc streamsdependingon the periodic or
aperiodic structureof the trafc pattern (detectedby using
trafc type eld of the TSPEC)and the constantor variable
sizing of the frames (detectedby comparing nominal and
maximum MSDU sizesof the TSPEC). The state-of-the-art
multimedia applicationsused in this study fall into three
different categories. The service scheduleparameterst que,
andtgeaq; , arecalculateddependingon this cateyorizationfor
eachow j.

1) Constantpadket size with variable padet interval:
Due to the inherent nature of voice data, voice over IP
(VolIP) trafc ts into an on/off trafc model[11]. The VoIP
codec model usedin this study G.279A, generatedrames
with constantsize at constantrate when it is on (actie).
However, silentintervals presenin voicetraf c make the VolP
applicationhave variable paclet intenal. In [11], the audio
model proposesxponentiallydistributed on and off periods.

The uplink HCCA schedulercalculatestgye; andtgead; Of
audio ows thus adaptsmQS| and M QSI of the QSTAs
running VolP applicationsaccordingto the outcome of a
Voice Activity Detection(VAD) algorithmin ordernotto send
excessve polls when the audio streamis off (inactive). This
approachdecrease$MAC overheadconsiderablyand enables
efcient use of radio resourcesduring off times of audio
trafc. The designof an efcient VAD methodis out of the
scopeof this paper In this work, we employed the Hybrid
Activity Detection (HAD) method proposedin [12] in the
uplink scheduler

The scheduledabelsan audio ow j asinactie if it does
not transmitin ary HCCA TXOP for a predeterminedime
interval, ;. Any actve ow is scheduledfor transmission
basedon mSI| of the ow. On the other hand,the scheduler
issuespolls (detectionpoint) to inactive audio o ws in longer
serviceintenals of varyinglength, Ty (k). Thenon-increasing
valuesfor Ty, (k) are updatedrecursvely at eachdetection
point using (8) until the audio ow j is detectedo be active.
Let silentperiodsof theaudio o w beexponentiallydistributed

with parameter , andp be a constantreal numbey then
Tin; (k) = minfp r;mSljg
1
Ty (k1) ro= —;
Tin; (0) = 0; andO< p< L

wherery, = rg 1

(8)

In [12], it is analytically shovn that (8) can reducethe
polling overheadin terms of the numberof the polls before
detectinga silence-to-talkspurthangeasit is comparedwith
IEEE 802.11eRound-Robinalgorithm.An appropriatechoice
of p ensuresan acceptabléigherboundto exist on the worst-
caseaveragepolling delay

When the HC detectsa talkspurtin an HCCA TXOP, it
labelsthe o w again asactive, andresetgthe activity detection
parameterslf a talkspurt occurs before the next detection
point, the VoIP paclet is sentduring CP using voice access
catgory (AC_VO) of EDCA function (HAD). For the details
of the HAD method,the readeris referredto [12].

Therefore,at the end of an HCCA TXOP, which startedat
to, tgue, andtgead; for aVoIP ow j is setasfollows:

R t°+ mSl;; if j is active ©)
due; T 104+ Ty, if | is inactive
_ t°+ MSI;; if j is active
lead =ty +MSI;; if jisinactive (0

2) Variable padet size with constant padet interval:
MPEG-4 video encodertracesusedin this study emplo/ a
constantreferenceframe rate [13] which result in constant
paclet intervals. On the other hand, eachframe, depending
on its frametype, quality level, and codecparametersary in
size.

In the caseof an uplink isochronousstreamwith a spec-
ied SST within the TSPEC,the HC hasthe deterministic
knowledge of the frame generationtimes. Especially the
overheadto start a CAPR, i.e., waiting for the medium to
becomeidle for PIFS, delaysthe polling servicescheduleat
every serviceperiod which resultsin excessie paclet delay
However, the proposedschedulelalsobaseshe mQSI of the
isochronoustreamon the deterministidime it calculatedrom
SST insteadof using only the last HCCA TXOP endtime.
This enablesservingthe isochronousstreamframesin shorter
delays,and even protectsthe o w from potentiallosses.

Therefore,at the end of an HCCA TXOP, which startedat
to, taue; @ndtgead; for aMPEG-4 ow j is setasfollows:

tduej = SST; + k mSl;
where k = mlinft0 (SST; + 1 mSlj)g (1)

tdead; = ldue; + M Sl : (12)

3) Variable padet sizewith variable padetinterval: H.263
video encodertracesusedin this study have both variable
paclet sizeandinterval time [13]. The H.263 encodergroups
someframesinto oneframein orderto improve video quality
which makesthe interval time variable.

Proposedapplication-avare uplink scheduletbasesmQSI



on the M SI for aperiodic streams.The H.263 trafc has
variablepaclet intervals andthe instantaneoupaclet interval
time may deviate highly from mSI . Thereforejn sucha case,
using M SI intgye calculationis moreef cient for increased
channelutilization where0 1. A good valuecanbe
selectedbasedon the channelload and statetaking necessary
retransmissionsnto consideration.Therefore,at the end of
an HCCA TXOP which startedat t©, taue,; andtgeaq; for a
MPEG-4 ow j is setasfollows:

tae, = %+  MSI;
tdead; = %+ M SI;

(13)
(14)

The uplink schedulerperformancehighly dependson the
decisionmadefor mSI and M SI at a QSTA. The SETT
EDD algorithm [10] suggestghe calculationof mSI within
the MAC sublayermanagemengntity (MSME) asL= . Such
anapproachmakesmsS| vary over a broadrangefor the same
VBR multimediaapplication,sinceL dependsiotonly onthe
sourcecharacteristicbut alsoon the fragmentatioralgorithms
usedat ary layer of the QSTA. While a smallmSI canlead
to excessve polls, thus low channelutilization, a high mSi
canresultin fewer polls thannecessarthushigh paclet loss.
Thereforefor optimizingthe performancef theuplink HCCA
schedulerwe proposethat the SME, wherethe TSPECsare
constructedshouldbasethe mSI selectionon the application
characteristicsand requirementsas well as the information
speci c to the MAC layer The M SI is calculatedas D
where 0 1. A good value can be selectedbased
on the limit for the numberof retriesat the MAC layer and
wirelesschannelstate.

B. Downlink Scheduler

The application-avare adaptve HCCA scheduleffollows a
very simpleyet highly ef cient methodfor downlink schedul-
ing. In the most common scenario,the downlink trafc is
generatedat a distinct point in the Internet. The information
to constructdownlink TSPECsas accurateasit is for uplink
may not always be available. Therefore,basingthe downlink
serviceschedulemainly oninstantaneousafc conditionsand
controlling the accesawith respecto TSPECinformationcan
be an effective approach.

The downlink schedulerassignsTD required to sene
the buffered trafc to the downlink ows as long as the
transmissiortime doesnot go over the provisioned medium
time for the o ws. The schedulecanalwayscalculateanexact
TD analyzingthe bufferedpaclets.If we let Bj be the buffer
sizefor ow j, R¢ bethecurrentPHY rateusedatthe QAP, O
bethe MAC/PHY overheadandassumeAP hasn associated
downlink multimedia o ws, thenTD is calculatedasfollows:

jn:1 Bj
Re

Rather than using the “wait for SI and then poll” ap-
proachin downlink schedulingemployed in [2],[5],[6],[10],
the proposeddownlink schedulerschedulesarny downlink

TD = +O: (15)

frame for transmissionas soon as it arrives at the MAC

SAP of the QAP This approachminimizes downlink delay
without introducingary extra overall overhead Therefore the

schedulingparametersor a QAP servingn downlink streams
are setas follows where p,, denotesthe numberof paclets
of ow j bufferedin its transmissiomueue.

0, if 9 : pn, 60

mQst = % g 8 : pn =0 (16)
( _min_ fMSIjg; if 9j: p,, 60

MQSI = i2fpn60g a7
1; if 8 :pn =0

IV. SIMULATION ENVIRONMENT AND RESULTS

At the time of this writing, the of cial distribution of the
public domain network simulator ns-2 [14], only supports
Distributed CoordinationFunction(DCF) in the IEEE 802.11
MAC layer We constructeda functioning IEEE 802.11e
HCF MAC simulationmodel for ns-2.28[15]. The modelis
developedon top of the TKN ns-2.26EDCA patch[16]. The
modelincludesall the EDCA andHCCA functionalitiesstated
in [2]. Al HCF QoS data/controlframe exchangesequences
aswell as optional dynamiclink setupand immediateblock
ACK policy implementationsare supported.The moduleim-
plementsabstractPHY layer modelsfor IEEE 802.11a/b/g/n.
Moreover, AWGN channelsupportis included accordingto
the framavork presentedn [17].

The focus of the simulation study is to analyzethe per
formanceof the proposedHCCA schedulerin termsof total
throughputchannelutilization, paclet lossratio, paclet delay
andjitter undersimulationscenariosncluding VBR multime-
dia trafc models.Any QoS frame that is not sened within
its delay boundis countedas a paclet loss. The meandelay
calculation includes the MAC queueingdelay and denotes
the averagedelay obsened by successfullyreceved paclets
at all QSTAs. The jitter is calculatedas the averagedelay
differenceof two consecutiely receved framesat a QSTA.
The performanceof the proposedapplication-avare adaptve
scheduleris also comparedwith the performanceof EDCA,
TGe schedulerand SETTEDD for the samesetof scenarios
to shawv proposedschedules effectivenessin handlingVBR
trafc.

The simulations consider three types of trafc sources;
audio, video, and data. The voice trafc model implements
G.729AVolP applicationasanon/of traf c pro le wheretalk-
spurtandsilentperiodsarebothindependenandexponentially
distributed(meanontime: 352ms meanoff time: 650ms)[11].
For the video sourcemodels,we usedtracesof real MPEG-4
and H.263 video streamdg13]. For datatrafc, we usedFTP
traf c generatoof ns-2whichis modelledasbulk datatransfer
and thereis at leastone paclet to sendat the transmission
buffers arytime. While the transportprotocol for multimedia
owsis UDP, FTPtrafc usesTCP The TCP parametersare
setto the default valuesof TCP agentimplementationin ns-
2. Real-timepacletshave 40-bytelengthRTP/UDP/IPheader
Best-efort pacletsare of x ed length, 1540 bytes,including



TABLE |
TSPEC PARAMETERS FOR MULTIMEDIA FLOWS

[ TSPEC || G.729A | MPEG-4 | H.263 ||
(Kbps) 24 174 255
D (ms) 60 60 60
L (bytes) 60 821 2419
M (bytes) 60 2088 3112
BS (bytes) 180 7072 10961

TCP/IP header Table| summarizesomeTSPECparameters
for the real-timemultimediaapplications.

Thesimulationscenariosmplementa QBSScontrolledby a
QAP Voice andvideo streamsare scheduledor transmission
via the HCCA function if it is used.The datatrafc always
usesthe best-efort accesscategory (AC_BE) of the EDCA
function. The EDCA parametersare setto the default values
statedin [2]. The beaconinterval is 100ms. The simulation
time is 100s.

The simulation results are reportedfor AWGN channels
with very high signal-to-noiseratio (SNR), i.e., the wireless
channelis assumedto be not prone to ary errors during
transmissionAll the QSTAs have IEEE 802.11gPHY layer
[18] without multirate support.Both the dataand control rate
are selectedas the highest802.11gmandatoryrate de ned,
24Mbps.Sincetherearenoretransmissionbecaus®f channel
errors, is setto 1 for the proposedschedulerin orderto
compensatgor poll delay and collisions, is selectedas
0.7. Throughoutextensize simulations,theseare seento be
appropriateselectionsfor the scenariosWe assignthe mSi
of MPEG-4 or H.263 o ws with the referenceframe rate of
the video encoderassumingthis cross layer information is
suppliedvia the SME. The mS| of G.729A ows is setto
audio frame interarrival period, =L . The QSTAs shouldnot
considerinactive periodsin the decisionof VolP o ws for
accurateuseof mSl in the schedulerThe inactiity detection
periodof G.729A ows, ,issetto2 mSl. In (8), p is set
to 0.3 assuggestedn [12].

Any QoS streamis admittedto the WLAN. We set the
dot11CAP rate to 64s in orderto testthe performancdimits
of theschedulingalgorithmsat heary loadandobserne HCCA
schedulingchannelutilization ef ciency. FTP trafc lls up
the bandwidththat HCCA doesnot use with EDCA trafc.
Thelowerthe HCCA overheador CAP schedulingthe higher
the FTPthroughput.Thereforejn a sensethetotal throughput
represent$lCCA schedulingperformancen termsof channel
utilization ef ciency.

We are consideringa simulationscenariowherethe associ-
atedQSTAs run oneof thefollowing sessionsA bidirectional
G.729AVoIP sessionanuplink video streamingsessiorusing
anMPEG-4or anH.263codec,or anuplink FTP datasession.
Although a more likely scenariois that a wirelessuser will
be connectedto a video sener on the wired side and will
be using downlink bandwidthfor video streamingwe chose
a lesslikely scenarioto test the schedulingperformanceon
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Fig. 2. Total aggreyate throughputof audio, video and datastreams

the uplink. The downlink performanceof the schedulercan
be obsened to be satishctory via downlink G.729A results.
At atime, thereare4 QSTAs and a QAP in the network
with atotalof 2 G.729A, MPEG-4, H.263and FTP
o ws. The performanceés measure@dgainstincreasingchannel
load, i.e. increasing . The controltrafc of the applications
is ngglected since it consumesmuch less bandwidth when
comparedwith the application.

Fig. 2 depictsthe total aggr@ate throughputof all o ws.
The resultsalso representhe efciency of different methods
in channelutilization. As theloadincreasesvhile the adaptve
schedulerstill provides ef cient channelutilization and high
throughput,the performanceof EDCA and SETTFEDD de-
creasebecauseof increasingcollision and polling overhead
respectrely. When comparedto SETTEDD, the proposed
schedulemprovides more than 20% total throughputat mod-
erate loads. Although not simulatedhere, the improvement
is expectedto be more pronouncedn a mixed ernvironment
wheresomeQSTAs couldonly supportiower ratePHY modes
making SETTEDD polling bandwidthoverheadeven higher
At high loads, TGe schedulehashighertotal throughputthan
SETTEDD sincethe polling overheads less.However, paclet
loss ratio analysisshavs TGe schedulerhas degraded QoS
performance.

Fig. 3 shavs the averagepaclet loss ratio for audio and
video ows. As the resultsimply, EDCA has the collision
overheadwhich males it inefcient for QoS provision at
high loads. Becauseof sticking with x ed TXOPs, the TGe
schedulerhas high paclet loss ratio for VBR MPEG-4 and
H.263 o ws which can not be tolerablefor video streaming.
SETTEDD hasalso considerable€QoS impairmentfor H.263
sinceit basests serviceinterval on L= . For the SETTEDD
simulation,mQSI for H.263is calculatedto be around75ms
althoughH.263 sourcemay generatesomeframesin 40ms
intervals. SuchhighmQsSI selectiorresultsin signi cant QoS
performancdoss. MPEG-4 o ws, for which L= happengo
be approximately35ms (which is appropriate)slightly suffer
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Fig. 3. Paclet lossratio for multimedia o ws

from paclet loss becausethe token bucket cannot always
handlethe bursty trafc. On the other hand,the application-
aware adaptve schedulerallocatesthe parameterizecand-
width using TXOP requestand mQS| adaptationn service
schedulingwhich endsup with negligible paclet loss ratio
underall loads.

Fig. 4 and Fig. 5 display the average paclet delay and
average jitter respectiely for audio and video ows with
respectto increasingnumber of QSTAs. EDCA and TGe
schedulerresultsare removed from the graphsin order not
to complicatethe gures. Their QoS performancen termsof
paclet lossratio is unsatisactory

SETTEDD hasan averagedelay of approximatelymS| =2
in both downlink and uplink as a result of high EDCA best
effort traf c. The proposeddownlink schedulehassigni cant
improvementson averagedownlink paclet delay Adapting
service intervals accordingto the outcomeof the HAD al-
gorithmalsoresultsin up to 40% percentgain in uplink voice
paclet delay when comparedwith SETTEDD. Via adapting
serviceintenals with respectto referencevideo frame rate
and service start time, the proposedschedulersenes VBR
MPEG-4 ows with considerablylower paclet delay and
jitter. H.263 o ws experienceimproved delay and jitter with
lower schedulingoverheadsinceserviceintervals are adapted
accordingto the MSls andreferencevideo framerate.

V. CONCLUSIONS

In this paper we proposedan application-avare adaptve
HCCA schedulingalgorithm which is fully compliant with
the speci cationsof the IEEE 802.11estandardThe approach
usedin the serviceschedulingis novel in the sensethat the
algorithm adaptsservice intervals, polling order and trans-
mission opportunitiesdependingboth on the trafc charac-
teristicsand instantaneousetwork conditions.The algorithm
introducesadditionalhardware/ rmwarecompleity in HCCA
scheduling when comparedwith the TGe scheduler The
uplink schedulingperformancealso requireseffective cross-
layercoordinatiorfor the TSPECconstructionHowever, these

arelikely necessargxtensiondor ef cient HCCA scheduling.
The performancamprovementsin termsof efcient channel
utilization and timely multimedia trafc delivery are very
promising.

The extensve simulationscarriedout indicatethe effective-
nessof thealgorithmin QoSprovisioningfor VBR multimedia
trafc ows of a WLAN scenariocomposedof a QBSS.
The proposedschedulemprovides QoS guaranteesvith lower
pacletlossratio, delay andjitter. More o ws canbe admitted
to the WLAN asa resultof higherchannelutilization.

Although the simulation results for the wireless channel
with low SNR are not reportedin this paper the proposed
schedulethasa numberof speci cationsusefulin mitigating
channelnoise effectively suchas adaptingthe uplink service
scheduleregarding the TXOP requestsrom the QSTAs and
basing the downlink service scheduleon buffer occupang
at the QAP. Theseextensionsmalke the failed data paclets,
retransmissionf which cannot t in the current TXOPR,
be retransmittedmuch sooner rather than waiting another
x ed serviceinterval asit is in previous proposalsresulting
in smaller paclet loss ratio, delay and jitter. We actually
have simulation results that indicate the stated extensions
improve the schedulingperformancdor AWGN channelwith
low SNR. The proposedapplication-avare adaptve scheduler
shaws similar performancegainsin low SNR caseasit is for
very high SNR case.Due to spacelimitations, theseresults
arenot included.

Having the applicationsdynamicallytuning the scheduling
parameterposessome challengeson admissioncontrol. An
ef cient admissioncontrol algorithm designis left as future
work. It should be notedthat using a fair admissioncontrol
algorithm and accepting fewer number of ows than the
proposedschedulercan actually deal with efciently will
not alter the improved HCCA performanceEffective HCCA
schedulingwill increasethe EDCA bandwidth,thusthe best-
effort QoS.



(1]
(2]

K]

(4]

(5]

(6]

(7]

(8]

B

X~ SETTEDD uplink
—— Proposed uplink
* SETTEDD downlink
—#— Proposed _downlink

12+

o ox
X HoXK X x
B T e S

Average Delay (ms)

0 L L L L L L L )

351

30+

251

Average Delay (ms)

10r

N
S
T

»—\
@
T

P i R *oK gk kK Kk gk k K

X~ SETTEDD H.263
— Proposed H.263

* SETTEDD MPEG4
—% Proposed MPEG 4

¥ e

0 10 20 30 40 50 60 70 80
Number of QSTAs

(a) G.729A

10 20 30 40 50 60 70 80
Number of QSTAs

(b) MPEG-4& H.263

Fig. 4. Averagedelayfor multimedia o ws

x- SETTEDD uplink
—x Proposed uplink x
* SETTEDD downlink
—— Proposed downlink

Average Jitter (ms)
*

12r

10

Average Jitter (ms)
@
T

R .
R SO

X~ SETTEDD H.263
—< Proposed H.263

* SETTEDD MPEG 4
—#— Proposed MPEG 4

40 50 60 70 80
Number of QSTAs

(a) G.729A

10 20 30 40 5 60 70 80
Number of QSTAs

(b) MPEG-4& H.263

Fig. 5. Averagejitter for multimedia o ws

REFERENCES

|EEE Standad 802.11:WirelessLAN mediumaccessontiol (MAC) and
physicallayer (PHY) speci cations IEEE 802.11Std., 1999.

IEEE Standad 802.11: WirelessLAN mediumaccesscontol (MAC)
and physicallayer (PHY) speci cations:Mediumaccesscontrol (MAC)
Quality of Service(QoS)EnhancementdEEE 802.11eStd., 2005.

D. Chen,D. Gu, andJ. Zhang,“SupportingReal-timeTrafc with QoS
in IEEE 802.11eBasedHome Networks; in Proc. IEEE CCNC '04,
January2004.

J. del PradoPavon and S. S. N, “Impact of Frame Size, Number of
StationsandMobility onthe ThroughputPerformancef IEEE 802.11¢€,
in Proc. IEEE WCNC'04, March 2004.

P. Ansel, Q. Ni, and T. Turletti, “An Ef cient SchedulingSchemefor
IEEE 802.11¢, in Proc. Modelingand Optimizationin Mobile, Ad Hoc
and WirelessNetworks,WOpt., March 1999.

A. Annese,G. Boggia, P Camarda,L. A. Grieco, and S. Mascolo,
“Providing Delay Guarantees IEEE 802.11eNetworks; in Proc. I[EEE
VTC'04 - Spring 2004.

W. F. Fan, D. H. K. Tsang, and B. Bensaou,“Admission Control
for Variable Bit Rate Trafc Using Variable ServiceInterval in IEEE
802.11eWLANS,” in Proc. IEEE ICCCN '04, October2004,pp. 447—
453.

I.-G. Lee, J.-B. Son, S.-R. Yoon, and S.-C. Park, “Ef cient Block Size
BasedPolling Schemdor IEEE 802.11eWirelessLANs,” in Proc. |IEEE
VTC'05, May 2005.

J. A. Stanlovic, M. Spuri,andK. Ramamritham;Deadline Scheduling
for Real-Time SystemsEDF and RelatedAlgorithms?  Kluwer, 1998.

(10]
(11]

(12]

(23]

(14]
(15]

(16]

(17]

(18]

A. Grilo, M. Macedo,andM. Nunes,"A SchedulingAlgorithm for QoS
Supportin IEEE 802.11eNetworks; IEEE WirelessCommunMag., pp.
36-43,June2003.

P. T. Brady, “A Model for GeneratingOn-Of SpeechPatternsin Two-
Way Corversatiort, Bell Syst.Tech. J., pp. 2445-2472Septembe 969.
Y.-J. Kim and Y.-J. Suh, “Adaptive Polling MAC Schemesfor IEEE
802.11WirelessLANs SupportingVoice-over-IP (VoIP) Services, Wre-
less Communicationsind Mobile Computing pp. 903—-916,December
2004.

P. Seeling, M. Reisslein,and B. Kulapala, “Network Performance
Evaluation Using Frame Size and Quality Tracesof Single-Layerand
Two-Layer Video: A Tutorial; IEEE CommunicationsSurvg's and
Tutorials, vol. 6, no. 2, pp. 58-78, Third Quarter 2004. [Online].
Available: http://wwweas.asu.edu/trace
(2006) The Network Simulator ns-2.
http://wwwisi.edu/nsnam/ns

IEEE 802.11e HCF MAC model for ns-2.28. [Online]. Available:
http://www.ece.uci.edu/ fkeceli/ns.htm

S. Wietholter and C. Hoene, “Design and Veri cation of an IEEE
802.11eEDCF SimulationModel in ns-2.26, TKN, Tech.Rep. TKN-
03-19,November2003.

D. QijaoandS. Choi, “GoodputEnhancemertf IEEE 802.11aWireless
LAN via Link Adaptatiori, in Proc. IEEE ICC '01, June2001.

IEEE Standad 802.11: WirelessLAN mediumaccesscontwol (MAC)
and physical layer (PHY) speci cations: Further Higher Data Rate
Extensionin the 2.4 GHz Band IEEE 802.11gStd., 2003.

[Online].  Available:



