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Abstract— The IEEE 802.11e standard de�nes the Hybrid
Coordination Function (HCF) which speci�es the QoSalgorithms
in the MAC layer of the next generation 802.11 wir elessLAN
(WLAN). The HCF is composed of two accessfunctions: A
distrib uted contention-based channel accessfunction (EDCA)
providing prioritized QoS and a centralized polling-basedchan-
nel accessfunction (HCCA) providing parameterizedQoS.In this
paper, we addressthe ef�cient medium accesscontrol (MAC) of
the mostly variable bit rate (VBR) and bursty multimedia traf�c
in HCCA and proposea novel application-awareadaptive802.11e
QoS scheduler. The proposedschedulercoordinatesthe resource
allocation of the associated�o ws using adaptive service intervals,
transmit opportunities, and polling order. The service schedule
is basednot only on the traf�c classi�cation done according to
the packet size, interval distrib ution, and the dir ection but also
on the instantaneousbuffered traf�c conditions. The proposed
scheduleris shown to have signi�cant performancegainsin terms
of multimedia traf�c channel utilization, packet lossratio, delay,
and jitter when compared with the other schemes.

I . INTRODUCTION

IEEE 802.11WirelessLAN (WLAN) [1] standardprovides
best-effort serviceat the mediumaccesscontrol (MAC) layer.
Due to its low cost and easyinstallation,the 802.11WLAN
is enjoying widespreaddeployment. On the other hand, in-
creasinguseof real-timemultimediaapplicationsin the802.11
WLAN requireQuality-of-Service(QoS)support.

An IEEE 802.11task group, TGe, has approved the QoS
enhancedprotocol, IEEE 802.11e [2]. The IEEE 802.11e
standardspeci�es improved MAC functions which provide
prioritized andparameterizedQoSservicesat the MAC layer.
The 802.11eMAC model de�nes the Hybrid Coordination
Function (HCF) which combinesa distributed contention-
basedchannelaccessmechanism,referredto asEnhancedDis-
tributed ChannelAccess(EDCA), and a centralizedpolling-
basedchannelaccessmechanism,referred to as HCF Con-
trolled ChannelAccess(HCCA). In a basic serviceset that
provides the QoS facility (QBSS), the medium accessis
controlledby the alternatingoperationof EDCA andHCCA.

Although the EDCA function may provide satisfactoryser-
vice differentiationin low-load environments,its contention-
basednature results in impaired performance,low channel
ef�ciency, andlack of QoSguaranteein thepresenceof heavy
traf�c load [3], [4]. On the otherhand,the HCCA function is

designedto always meetthe negotiatedQoS requirementsof
the admitted�o ws. The HCCA mechanismusesthe Hybrid
Coordinator(HC) locatedat theAccessPoint thatsupportsthe
QoSfacility (QAP) to manageradio resourceallocation.The
IEEE802.11estandardproposesasimplereferencescheduling
algorithm, referred to as TGe scheduler, for controlling the
medium accessof stations that support QoS (QSTA) [2].
However, the TGe schedulingalgorithm has the basic �a w
thatit alwaysstickswith �x edtransmitdurations,polling order
andserviceinterval which cannotcapturethevaryingnetwork
conditions.This algorithmis not ef�cient for the mostly vari-
able bit rate (VBR) and/or bursty multimedia/internettraf�c
and the time-varying wirelesschannel.

There is ongoing researchon improving/optimizing VBR
traf�c schedulingperformanceof the HCCA function. TGe
scheduler's schemeis extendedin FHCF [5] and FDBS [6]
where real-time queue length estimationsare used to tune
transmitdurationsof the stationson the run. TGe scheduler's
static approachon polling list and service interval is made
adaptive regarding the VBR traf�c speci�cations(TSPEC)in
[7] andthe HCF packet exchangesequencesin [8]. A variant
of theEarliestDeadlineFirst (EDF) algorithm[9], SETT-EDD
[10], enablesusing distinct serviceintervals for eachQSTA,
but hasextensive polling overheadandmissesthehandlingof
instantaneoustraf�c conditions.

Our contribution in this paperis anapplication-awareadap-
tive HCCA schedulingmethod.Thenovel approachis that the
proposedscheduleradaptsthe servicescheduledependingon
the directionof the traf�c �o ws, the guidelinesspeci�ed in a
multimediatraf�c pro�le classi�cation,and the instantaneous
MAC layer buffer conditions monitored by the HC. Via
simulations,theapproachis shown to beeffective in providing
parameterizedQoSandef�cient channelutilization in thecase
of the scenarioof interest,a WLAN consistingof a QAP and
several QSTAs.

Therestof thepaperis organizedasfollows.Wegiveabrief
overview of the IEEE 802.11eHCCA function in SectionII.
In SectionIII, theproposedapplication-awareadaptive HCCA
scheduleris described.The performanceevaluation of the
proposedscheduleris the topic of Section IV. Finally, we
reportour concludingremarksin SectionV.



Fig. 1. HCF superframestructure

I I . 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 designedto provide parameterizedQoSsupport
throughef�cient polling andscheduling.

The HC periodically broadcastsbeaconframes to com-
municatenetwork identi�cation and managementparameters
speci�c to the wireless network. The beacon initiates the
so-called802.11esuperframewhich comprisesan optional
ContentionFreePeriod(CFP) followed by a ContentionPe-
riod (CP). The 802.11esuperframecorrespondsto an IEEE
802.11ebeaconinterval as shown in Fig. 1. The HC may
start Controlled AccessPhases(CAP) to allocate Transmit
Opportunities(TXOP) to the QSTAs either in CP or CFP.
During a CAP, the mediumaccessis controlledby the QAP,
andno QSTA cantransmitunlessit is polled by the QAP. In
CP, theaccessis contention-basedandleft 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
shorterinterframespace(PIFS) without waiting any backoff
time. The QAP may either senda poll frame, presentingan
HCCA TXOP to a QSTA, or just start transmittingdownload
traf�c. OncetheQAP or theQSTA gainstheHCCA TXOP, it
may sendas many framesas it can �t in its TXOP Duration
(TD). If a QSTA with no buffereddatareceivesa poll frame,
it may senda null frame,so that the QAP that hearsit may
changethe TXOP owner or end the CAP.

Every QSTA runs a QoS reservation procedurewith the
HC for all of its traf�c streamsthat needparameterizedQoS
support.The Station ManagementEntity (SME) at the HC
decideswhether the Traf�c Stream(TS) is admittedor not
regarding the Traf�c Speci�cation (TSPEC)provided by the
QSTA. The main parametersof the TSPECfor a TS are [2]:

� Traf�c Type : A bit lengthparameterdenotingwhether
the TS follows a periodic(e.g.,isochronousTS of MAC
ServiceData Units (MSDU), with constantor variable
sizes,that are originatedat a �x ed rate) or an aperiodic
pattern.

� Traf�c Stream Identi�cation (TSI D): Identi�cation
numberassignedby the QSTA for the TS.

� Dir ection : Two-bit length�eld showing whetherthe TS
is downlink, uplink, or direct link.

� Mean Data Rate (� ): Average bit rate at the MAC
ServiceAccessPoint(SAP)for thetransferof theframes.

� Delay Bound (D): Maximum amountof time allowed

to transport the frames across the wireless interface
including the queueingdelay.

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

� Maximum MSDU Size (M ): Maximum MSDU sizeof
the frames.

� Minimum Service Inter val (mSI ): Minimum interval
betweenthe startof successive serviceperiods.

� Maximum Service Inter val (M SI ): Maximum interval
betweenthe startof successive serviceperiods.

� Burst Size(B S): Maximumburst sizethatarrivesat the
MAC SAP at the peakdatarate.

� Minimum PHY Rate (R): Desiredminimum physical
bit rate to be usedfor the TS.

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

The IEEE 802.11estandarddocumentproposesa simple
referenceschedulerfor theHCCA function[2]. This algorithm
usesostensiblymandatoryTSPECparameters,� , M SI (or D
if speci�ed), and L , for radio resourcereservation deciding
on an aggregate serviceschedule.Since the TSID speci�ed
within a poll packet is not binding, the polls areissuedto the
QSTAs andnot to individual TSs.

According to the TGe scheduler, the HC �rst decideson
a serviceinterval (SI ), the highestsubmultiplevalue of the
beaconinterval which is smaller than the minimum of the
M SI s of all admitted�o ws. According to the SI , aggregate
HCCA TXOPsallocatedto theQSTAs arecalculated.Let TD
for a QSTA i with n admittedtraf�c streamsbe denotedas
TD i . TD i is calculatedas

TD i =
nX

j =1

max
�

N j � L j

Rj
+ O;

M j

Rj
+ O

�
;

whereN j =
�

SI � � j

L j

�
: (1)

In this formula, O denotesthe total MAC/PHY overhead
in the frame exchangesequences.The integer N j shows the
ceiling of averagenumberof framesgeneratedby the TS in
theSI period.As shown in Fig. 1, theTGeschedulercutsthe
beaconinterval into �x ed SI s. The schedulerissuespolls to
the QSTAs consecutively in a roundrobin manner.

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

kX

i =1

TD i

SI
�

Tb � TC P

Tb
=

dot11CAP r ate
64�s

(2)

holds,assumingtherearea total of k stations,Tb denotesthe
beaconinterval, and TC P is the minimum time requiredfor
EDCA traf�c in eachTb.



I I I . THE APPLICATION-AWARE ADAPTIVE HCCA
SCHEDULER

Although TGe schedulingmethodof constantlyusing the
�x edTD calculatedapproximatelyfrom meanTSPEC�gures
may be suf�cient for CBR applications,this cannotabsorb
the variancesin the rate and the packet size of the VBR
multimediatraf�c that hasfrequentpacket bursts.Having the
sameSI for all QSTAs thatareprobablyservingvarioustraf�c
pro�les with differentaverage/instantaneousQoSrequirements
is not ef�cient (note that QAP is also countedas a QSTA
in the description).A good schemeshouldexploit the traf�c
characteristicsaswell asthemonitoredinstantaneousnetwork
conditions.The time-varying VBR network load on a time-
varyingwirelesschannelcanbebestcontrolledandservedby
an adaptive algorithm.

The proposedapplication-aware adaptive HCCA scheduler
usesthe Earliest DeadlineFirst (EDF) schedulingdiscipline
[9], [10]. TheEDF approachmakesthepolling orderadaptive
according to the calculateddeadlinesof associatedtraf�c
pro�les. The multimedia traf�c is scheduledin the sense
that eachQSTA has distinct SI. The novelty is that the SI
and the TXOP of the QSTA are adaptedaccordingto the
traf�c characteristicsaswell asinstantaneousbuffer occupancy
information in real time.

In thecoreof theschedulingalgorithm,eachQSTA includ-
ing QAP has its own dynamically updatedminimum QSTA
serviceinterval (mQSI ) andmaximumQSTA serviceinterval
(M QSI ) values.ThemQSI andM QSI areadaptively tuned
for reducing packet delay, jitter, and lossesas well as for
increasingchannelutilization.

If we let t0
i andt00

i bethe time whenanHCCA TXOP starts
andendsfor QSTA i respectively, atanarbitrarytime t, 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 that arepollableat t

S = f i : t00
i + mQSI i � tg: (3)

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

min
j

(t00
j + M QSI j ) wherej 2 S: (4)

The HC always has the exact instantaneousknowledge
of downlink traf�c buffered at the transmissionqueues.On
the other hand,for uplink traf�c, this information is usually
limited to the schedulerat the QAP especiallywhen VBR
multimedia applicationsare run at the QSTAs. Making the
distinctionon the directionof the multimediatraf�c, the pro-
posedapplication-awareadaptive HCCA schedulereffectively
processesthe informationprovidedby TSPECparametersand
MAC packet headersresulting in ef�cient scheduling.The
originality of the proposedMAC layer schedulingalgorithm
is that it usesboth applicationlayer traf�c characteristicsand
estimated/known link layerbuffer sizeinformation(monitored
conditions)in real-timeresourceallocationandit differentiates
betweenuplink anddownlink scheduling.

A. Uplink Scheduler

The proposeduplink scheduleradaptsthe serviceinterval
parameters,mQSI and M QSI , of eachQSTA accordingto
theapplicationcharacteristics,theTSPECparameters,andthe
previous TD requestsof the associated�o ws at the end of
an HCCA TXOP. AdaptingmQSI andM QSI at the endof
theTXOPenablestheschedulerto exploit instantaneousbuffer
sizeinformationin theschedulingdecision.On theotherhand,
the aggregate servicelength parameter, TD , is calculatedat
the start of the HCCA TXOP, including the averageestimate
on the numberof the packets to be buffered since the last
servicetime andthe previous TD requestsin the decision.

Our proposeduplink schedulerstoresthe following param-
etersfor eachassociated�o w j of QSTA i at a table.

� Next serviceduetime (tdue j ): The closesttime that �o w
j canbe served again.

� Next servicedeadlinetime (tdead j ): The deadlinefor the
next serviceto be issuedfor �o w j .

� Last packet transmissionendtime (tpt j ): The endof the
last recordedpacket transmissiontime at theHC for �o w
j .

� Last TD request(t r eqj ): The last recordedTD request
for �o w j . If no requestis made,t r eqj is set to 0.

AssumeQSTA i hasn associated�o ws, then our proposed
uplink servicescheduleequationsareas follows:

mQSI i =

(
min

1� j � n
f tdue j � t00

i g; if 8j : t r eqj = 0

0; if 9j : t r eqj 6= 0
(5)

M QSI i =

8
<

:

min
1� j � n

f tdead j � t00
i g; if 8j : t r eqj = 0

min
j 2f t r eq j 6=0 g

f t0
i + M SI j g; if 9j : t r eqj 6= 0

(6)

TD i =
P n

j =1 min (tbur st j ; tmean j + t r eqj )
where tbur st j = B Sj

R j
+ O;

tmean j = max
�

N j �L j

R j
+ O; M j

R j
+ O

�
;

N j =
l

( t 0
i � t pt j ) � � j

L j

m
:

(7)

As (5), (6), and (7) imply, the uplink servicescheduleis
adaptedaccordingto the presenceof the TD requestsfrom
the associatedQSTAs. If there is not any TD requestfrom
any �o w j at the end of an HCCA TXOP issuedto QSTA i ,
the service interval parameters,mQSI i and M QSI i , are
calculatedusingtdue andtdead valuesof eachindividual �o w
respectively. Thedecisionon tdue andtdead is madeaccording
to the TSPECparametersand the �o w characterization.This
approachensuresthat the QSTA with no buffered framesis
not polled during the time when the associated�o ws are not
expectedto generatea packet. On the other hand,if thereis
at leastone TD request,this meansthat the QSTA i already
hasbufferedframesto transmitandis labelledasimmediately
pollable by setting mQSI i to 0. Therefore,the bursts that
cannotbe transmittedat the current HCCA TXOP because
of time considerationscan be served at an upcomingHCCA
TXOP within the delayboundby grantedTXOP requests.



On top of varying packet sizes and interarrival times of
VBR �o ws, the QSTAs will also be adapting their PHY
rateswith respectto time-varyingwirelesschannelwhich may
also highly alter the packet transmissiontimes in practice.
Therefore,the proposeduplink schedulerbasicallyusesmean
TSPEC �gures in TD calculation as other studies of the
literature [2], [8], [10]. As in (7), the service length of
QSTA i , TD i , is calculatedat the start of an HCCA TXOP
including the servicetime for the averagenumberof packets
generatedsincetpt j (tmean j ) and the TD requests(t r eqj ) in
the calculation.The assignedTD for any �o w j is ensured
not to be over the speci�ed burst size (tbur st j ). Moreover,
practically, a module in the HC should check whether the
QSTAs go over their speci�ed medium time or not. If yes,
theTXOP requestsarenot authorizedandtheTD is assigned
accordingto the remainingmediumtime.

The application-aware adaptive schedulerhandlesthe as-
sociateduplink traf�c streamsdependingon the periodic or
aperiodic structureof the traf�c pattern (detectedby using
traf�c 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 scheduleparameters,tdue j

andtdead j , arecalculateddependingon this categorizationfor
each�o w j .

1) Constant packet size with variable packet interval:
Due to the inherent nature of voice data, voice over IP
(VoIP) traf�c �ts into an on/off traf�c model [11]. The VoIP
codec model used in this study, G.279A, generatesframes
with constantsize at constantrate when it is on (active).
However, silentintervalspresentin voicetraf�c make theVoIP
applicationhave variable packet interval. In [11], the audio
modelproposesexponentiallydistributedon andoff periods.

The uplink HCCA schedulercalculatestdue j andtdead j of
audio �o ws thus adaptsmQSI and M QSI of the QSTAs
running VoIP applicationsaccording to the outcome of a
VoiceActivity Detection(VAD) algorithmin ordernot to send
excessive polls when the audio streamis off (inactive). This
approachdecreasesMAC overheadconsiderablyand enables
ef�cient use of radio resourcesduring off times of audio
traf�c. The designof an ef�cient 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 schedulerlabelsan audio �o w j as inactive if it does
not transmit in any HCCA TXOP for a predeterminedtime
interval, � j . Any active �o w is scheduledfor transmission
basedon mSI of the �o w. On the other hand,the scheduler
issuespolls (detectionpoint) to inactive audio�o ws in longer
serviceintervalsof varyinglength,Tth (k). Thenon-increasing
valuesfor Tth j (k) are updatedrecursively at eachdetection
point using(8) until the audio�o w j is detectedto be active.
Let silentperiodsof theaudio�o w beexponentiallydistributed

with parameter� , andp be a constantreal number, then

Tth j (k) = minf p � r k ; mSI j g

wherer k = r k � 1 � Tth j (k � 1); r 0 =
1
�

;

Tth j (0) = 0; and0 < p < 1: (8)

In [12], it is analytically shown that (8) can reducethe
polling overheadin termsof the numberof the polls before
detectinga silence-to-talkspurtchangeas it is comparedwith
IEEE 802.11eRound-Robinalgorithm.An appropriatechoice
of p ensuresanacceptablehigherboundto exist on theworst-
caseaveragepolling delay.

When the HC detectsa talkspurt in an HCCA TXOP, it
labelsthe�o w again asactive,andresetstheactivity detection
parameters.If a talkspurt occurs before the next detection
point, the VoIP packet is sentduring CP using voice access
category (AC VO) of EDCA function (HAD). For the details
of the HAD method,the readeris referredto [12].

Therefore,at the endof an HCCA TXOP, which startedat
t0, tdue j andtdead j for a VoIP �o w j is setas follows:

tdue j =
�

t0+ mSI j ; if j is active
t0+ Tth j ; if j is inactiv e

(9)

tdead j =
�

t0+ M SI j ; if j is active
tdue j + M SI j ; if j is inactiv e

(10)

2) Variable packet size with constant packet interval:
MPEG-4 video encodertracesused in this study employ a
constantreferenceframe rate [13] which result in constant
packet intervals. On the other hand, eachframe, depending
on its frametype,quality level, andcodecparametersvary in
size.

In the caseof an uplink isochronousstreamwith a spec-
i�ed SST within the TSPEC,the HC has the deterministic
knowledge of the frame generationtimes. Especially, the
overheadto start a CAP, i.e., waiting for the medium to
becomeidle for PIFS,delaysthe polling servicescheduleat
every serviceperiod which resultsin excessive packet delay.
However, theproposedscheduleralsobasesthemQSI of the
isochronousstreamon thedeterministictime it calculatesfrom
SST insteadof using only the last HCCA TXOP end time.
This enablesservingthe isochronousstreamframesin shorter
delays,andeven protectsthe �o w from potentiallosses.

Therefore,at the endof an HCCA TXOP, which startedat
t0, tdue j andtdead j for a MPEG-4 �o w j is setas follows:

tdue j = SSTj + k � mSI j

where k = min
l

f t0 � (SSTj + l � mSI j )g (11)

tdead j = tdue j + M SI j : (12)

3) Variablepacketsizewith variablepacket interval: H.263
video encodertracesused in this study have both variable
packet sizeandinterval time [13]. The H.263encodergroups
someframesinto oneframein orderto improve videoquality
which makes the interval time variable.

Proposedapplication-aware uplink schedulerbasesmQSI



on the M SI for aperiodic streams.The H.263 traf�c has
variablepacket intervals andthe instantaneouspacket interval
time maydeviatehighly from mSI . Therefore,in sucha case,
using
 �M SI in tdue calculationis moreef�cient for increased
channelutilization where0 � 
 � 1. A good 
 valuecanbe
selectedbasedon the channelload andstatetaking necessary
retransmissionsinto consideration.Therefore,at the end of
an HCCA TXOP, which startedat t0, tdue j and tdead j for a
MPEG-4 �o w j is setas follows:

tdue j = t0+ 
 � M SI j (13)

tdead j = t0+ M SI j (14)

The uplink schedulerperformancehighly dependson the
decisionmadefor mSI and M SI at a QSTA. The SETT-
EDD algorithm [10] suggeststhe calculationof mSI within
the MAC sublayermanagemententity (MSME) asL=� . Such
anapproachmakesmSI vary over a broadrangefor thesame
VBR multimediaapplication,sinceL dependsnot only on the
sourcecharacteristicsbut alsoon thefragmentationalgorithms
usedat any layer of the QSTA. While a small mSI can lead
to excessive polls, thus low channelutilization, a high mSI
canresultin fewer polls thannecessary, thushigh packet loss.
Therefore,for optimizingtheperformanceof theuplink HCCA
scheduler, we proposethat the SME, wherethe TSPECsare
constructed,shouldbasethemSI selectionon theapplication
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-awareadaptive HCCA schedulerfollows a
very simpleyet highly ef�cient methodfor downlink schedul-
ing. In the most common scenario,the downlink traf�c is
generatedat a distinct point in the Internet.The information
to constructdownlink TSPECsas accurateas it is for uplink
may not always be available.Therefore,basingthe downlink
serviceschedulemainlyon instantaneoustraf�c conditionsand
controlling the accesswith respectto TSPECinformationcan
be an effective approach.

The downlink schedulerassignsTD required to serve
the buffered traf�c to the downlink �o ws as long as the
transmissiontime doesnot go over the provisionedmedium
time for the�o ws.Theschedulercanalwayscalculateanexact
TD analyzingthebufferedpackets.If we let B j be thebuffer
sizefor �o w j , Rc bethecurrentPHY rateusedat theQAP, O
betheMAC/PHY overheadandassumeQAP hasn associated
downlink multimedia�o ws, thenTD is calculatedasfollows:

TD =

P n
j =1 B j

Rc
+ O: (15)

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

frame for transmissionas soon as it arrives at the MAC
SAP of the QAP. This approachminimizes downlink delay
without introducingany extra overall overhead.Therefore,the
schedulingparametersfor a QAP servingn downlink streams
are set as follows wherepn j denotesthe numberof packets
of �o w j buffered in its transmissionqueue.

mQSI =
�

0; if 9j : pn j 6= 0
1 ; if 8j : pn j = 0

(16)

M QSI =

(
min

j 2f pn j 6=0 g
f M SI j g; if 9j : pn j 6= 0

1 ; if 8j : pn j = 0
(17)

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
DistributedCoordinationFunction(DCF) in the IEEE 802.11
MAC layer. We constructeda functioning IEEE 802.11e
HCF MAC simulationmodel for ns-2.28[15]. The model is
developedon top of the TKN ns-2.26EDCA patch[16]. The
modelincludesall theEDCA andHCCA functionalitiesstated
in [2]. All HCF QoS data/controlframe exchangesequences
as well as optional dynamic link setupand immediateblock
ACK policy implementationsare supported.The moduleim-
plementsabstractPHY layer modelsfor IEEE 802.11a/b/g/n.
Moreover, AWGN channelsupport is included accordingto
the framework presentedin [17].

The focus of the simulation study is to analyzethe per-
formanceof the proposedHCCA schedulerin termsof total
throughput,channelutilization,packet lossratio, packet delay,
andjitter undersimulationscenariosincludingVBR multime-
dia traf�c models.Any QoS frame that is not served within
its delay boundis countedas a packet loss.The meandelay
calculation includes the MAC queueingdelay and denotes
the averagedelay observed by successfullyreceived packets
at all QSTAs. The jitter is calculatedas the averagedelay
differenceof two consecutively received framesat a QSTA.
The performanceof the proposedapplication-aware adaptive
scheduleris also comparedwith the performanceof EDCA,
TGe scheduler, andSETT-EDD for the samesetof scenarios
to show proposedscheduler's effectivenessin handlingVBR
traf�c.

The simulations consider three types of traf�c sources;
audio, video, and data. The voice traf�c model implements
G.729AVoIPapplicationasanon/off traf�c pro�le wheretalk-
spurtandsilentperiodsarebothindependentandexponentially
distributed(meanon time:352ms,meanoff time:650ms)[11].
For the video sourcemodels,we usedtracesof real MPEG-4
and H.263 video streams[13]. For datatraf�c, we usedFTP
traf�c generatorof ns-2which is modelledasbulk datatransfer
and there is at least one packet to sendat the transmission
buffers anytime. While the transportprotocol for multimedia
�o ws is UDP, FTP traf�c usesTCP. The TCP parametersare
set to the default valuesof TCP agentimplementationin ns-
2. Real-timepacketshave 40-bytelengthRTP/UDP/IPheader.
Best-effort packets are of �x ed length,1540 bytes,including



TABLE I

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
B S (bytes) 180 7072 10961

TCP/IPheader. Table I summarizessomeTSPECparameters
for the real-timemultimediaapplications.

ThesimulationscenariosimplementaQBSScontrolledby a
QAP. Voice andvideo streamsarescheduledfor transmission
via the HCCA function if it is used.The data traf�c always
usesthe best-effort accesscategory (AC BE) of the EDCA
function. The EDCA parametersare set to 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
channel is assumedto be not prone to any errors during
transmission.All the QSTAs have IEEE 802.11gPHY layer
[18] without multiratesupport.Both the dataandcontrol rate
are selectedas the highest802.11gmandatoryrate de�ned,
24Mbps.Sincetherearenoretransmissionsbecauseof channel
errors, � is set to 1 for the proposedscheduler. In order to
compensatefor poll delay and collisions, 
 is selectedas
0.7. Throughoutextensive simulations,theseare seento be
appropriateselectionsfor the scenarios.We 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 mSI of G.729A �o ws is set to
audio frame interarrival period, �=L . The QSTAs shouldnot
considerinactive periodsin the � decisionof VoIP �o ws for
accurateuseof mSI in thescheduler. The inactivity detection
period of G.729A �o ws, � , is set to 2 � mSI . In (8), p is set
to 0.3 assuggestedin [12].

Any QoS streamis admitted to the WLAN. We set the
dot11CAP r ate to 64�s in orderto testtheperformancelimits
of theschedulingalgorithmsat heavy loadandobserve HCCA
schedulingchannelutilization ef�ciency. FTP traf�c �lls up
the bandwidththat HCCA doesnot use with EDCA traf�c.
Thelower theHCCA overheadfor CAP scheduling,thehigher
theFTPthroughput.Therefore,in a sense,thetotal throughput
representsHCCA schedulingperformancein termsof channel
utilization ef�ciency.

We areconsideringa simulationscenariowherethe associ-
atedQSTAs run oneof the following sessions:A bidirectional
G.729AVoIP session,anuplink videostreamingsessionusing
anMPEG-4or anH.263codec,or anuplink FTPdatasession.
Although a more likely scenariois that a wirelessuser will
be connectedto a video server on the wired side and will
be using downlink bandwidthfor video streaming,we chose
a less likely scenarioto test the schedulingperformanceon
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Fig. 2. Total aggregate throughputof audio,video anddatastreams

the uplink. The downlink performanceof the schedulercan
be observed to be satisfactory via downlink G.729A results.
At a time, there are 4� QSTAs and a QAP in the network
with a total of 2� G.729A, � MPEG-4, � H.263 and � FTP
�o ws.Theperformanceis measuredagainstincreasingchannel
load, i.e. increasing� . The control traf�c of the applications
is neglected since it consumesmuch less bandwidth when
comparedwith the application.

Fig. 2 depictsthe total aggregate throughputof all �o ws.
The resultsalso representthe ef�ciency of different methods
in channelutilization.As theloadincreaseswhile theadaptive
schedulerstill provides ef�cient channelutilization and high
throughput,the performanceof EDCA and SETT-EDD de-
creasebecauseof increasingcollision and polling overhead
respectively. When comparedto SETT-EDD, the proposed
schedulerprovides more than 20% total throughputat mod-
erate loads. Although not simulatedhere, the improvement
is expectedto be more pronouncedin a mixed environment
wheresomeQSTAs couldonly supportlower ratePHY modes
making SETT-EDD polling bandwidthoverheadeven higher.
At high loads,TGeschedulerhashighertotal throughputthan
SETT-EDD sincethepolling overheadis less.However, packet
loss ratio analysisshows TGe schedulerhas degradedQoS
performance.

Fig. 3 shows the averagepacket loss ratio for audio and
video �o ws. As the results imply, EDCA has the collision
overheadwhich makes it inef�cient for QoS provision at
high loads.Becauseof sticking with �x ed TXOPs, the TGe
schedulerhas high packet loss ratio for VBR MPEG-4 and
H.263 �o ws which can not be tolerablefor video streaming.
SETT-EDD hasalsoconsiderableQoS impairmentfor H.263
sinceit basesits serviceinterval on L=� . For the SETT-EDD
simulation,mQSI for H.263is calculatedto bearound75ms
althoughH.263 sourcemay generatesomeframesin 40ms
intervals.SuchhighmQSI selectionresultsin signi�cant QoS
performanceloss.MPEG-4 �o ws, for which L=� happensto
be approximately35ms (which is appropriate),slightly suffer
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from packet loss becausethe token bucket cannot always
handlethe bursty traf�c. On the other hand,the application-
aware adaptive schedulerallocatesthe parameterizedband-
width usingTXOP requestsandmQSI adaptationin service
schedulingwhich ends up with negligible packet loss ratio
underall loads.

Fig. 4 and Fig. 5 display the averagepacket delay and
average jitter respectively for audio and video �o ws with
respect to increasingnumber of QSTAs. EDCA and TGe
schedulerresultsare removed from the graphsin order not
to complicatethe �gures. Their QoSperformancein termsof
packet loss ratio is unsatisfactory.

SETT-EDD hasan averagedelayof approximatelymSI =2
in both downlink and uplink as a result of high EDCA best
effort traf�c. Theproposeddownlink schedulerhassigni�cant
improvementson averagedownlink packet delay. Adapting
service intervals accordingto the outcomeof the HAD al-
gorithmalsoresultsin up to 40%percentgain in uplink voice
packet delay when comparedwith SETT-EDD. Via adapting
service intervals with respectto referencevideo frame rate
and service start time, the proposedschedulerserves VBR
MPEG-4 �o ws with considerablylower packet delay and
jitter. H.263 �o ws experienceimproved delay and jitter with
lower schedulingoverheadsinceserviceintervals areadapted
accordingto the MSIs andreferencevideo framerate.

V. CONCLUSIONS

In this paper, we proposedan application-aware adaptive
HCCA schedulingalgorithm which is fully compliant with
thespeci�cationsof theIEEE 802.11estandard.Theapproach
usedin the serviceschedulingis novel in the sensethat the
algorithm adaptsservice intervals, polling order, and trans-
mission opportunitiesdependingboth on the traf�c charac-
teristicsand instantaneousnetwork conditions.The algorithm
introducesadditionalhardware/�rmwarecomplexity in HCCA
scheduling when comparedwith the TGe scheduler. The
uplink schedulingperformancealso requireseffective cross-
layercoordinationfor theTSPECconstruction.However, these

arelikely necessaryextensionsfor ef�cient HCCA scheduling.
The performanceimprovementsin termsof ef�cient channel
utilization and timely multimedia traf�c delivery are very
promising.

Theextensive simulationscarriedout indicatetheeffective-
nessof thealgorithmin QoSprovisioningfor VBR multimedia
traf�c �o ws of a WLAN scenariocomposedof a QBSS.
The proposedschedulerprovides QoS guaranteeswith lower
packet lossratio, delay, andjitter. More �o ws canbeadmitted
to the WLAN asa resultof higherchannelutilization.

Although the simulation results for the wireless channel
with low SNR are not reportedin this paper, the proposed
schedulerhasa numberof speci�cationsuseful in mitigating
channelnoiseeffectively suchas adaptingthe uplink service
scheduleregarding the TXOP requestsfrom the QSTAs and
basing the downlink service scheduleon buffer occupancy
at the QAP. Theseextensionsmake the failed data packets,
retransmissionsof which cannot �t in the current TXOP,
be retransmittedmuch sooner rather than waiting another
�x ed serviceinterval as it is in previous proposals,resulting
in smaller packet loss ratio, delay, and jitter. We actually
have simulation results that indicate the stated extensions
improve the schedulingperformancefor AWGN channelwith
low SNR.The proposedapplication-awareadaptive scheduler
shows similar performancegains in low SNR caseasit is for
very high SNR case.Due to spacelimitations, theseresults
arenot included.

Having the applicationsdynamicallytuning the scheduling
parametersposessomechallengeson admissioncontrol. An
ef�cient admissioncontrol algorithm designis left as future
work. It shouldbe noted that using a fair admissioncontrol
algorithm and accepting fewer number of �o ws than the
proposedschedulercan actually deal with ef�ciently will
not alter the improved HCCA performance.Effective HCCA
schedulingwill increasethe EDCA bandwidth,thus the best-
effort QoS.
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