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Abstract– Developmentof ef�cient mediumaccesscontrol(MAC) protocolsproviding bothhigh through-

putperformancefor datatraf�c andgoodqualityof service(QoS)supportfor real-timetraf�c is thecurrent

major focus in distributed contention-basedMAC protocol research. In this paper, we proposean ef�-

cient contentionresolutionalgorithmfor wirelesslocal areanetworks,namely, the FastCollision Resolu-

tion (FCR)algorithm. TheMAC protocolwith this new algorithmattemptsto provide signi�cantly higher

throughputperformancefor dataservicesthanthe IEEE 802.11MAC algorithmandmoreadvanceddy-

namictuningbackoff (DTB) algorithm.Wedemonstratethatthisalgorithmindeedresolvescollisionsfaster

andreducestheidle slotsmoreeffectively. To provide goodfairnessperformanceandto supportgoodQoS

for real-timetraf�c, we incorporatetheself-clocked fair queueingalgorithmanda priority schemeinto the

FCRalgorithmandcomeup with theRealTimeFastCollision Resolution(RT-FCR)algorithm,andshow

thatRT-FCRcansimultaneouslyachieve high throughputandgoodfairnessperformancefor non-real-time

traf�c while maintainingsatisfactoryQoSsupportfor real-timetraf�c.
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1 Intr oduction

A goodmediumaccesscontrol(MAC) protocolfor wirelesslocal areanetworks(LANs) shouldprovide an

ef�cient mechanismto sharelimited spectrumresources,togetherwith simplicity of operationsandhigh

performance.The ideal performancewould be low delayunderlow network load while high throughput

underhigh network load,althoughin reality it is usuallydif�cult to achieve both. Therefore,variousMAC

protocolshave beendevelopedto suit the variousapplications,wherevarioustradeoff factorshave been

considered.

Mediumaccesscontrolalgorithmsin wirelessLANs canbeclassi�edinto two broadcategories,namely,

contention-basedMAC algorithmsand reservation-basedMAC algorithms. It is challengingto address

throughput,fairnessandQoSissuesin thedistributedcontention-basedwirelesslocal areanetworkswhere

nocentralizedschedulerexists.In thispaper, wefocusontheperformanceissuesof thedistributedcontention-

basedMAC protocols.

Distributed contention-basedMAC protocol researchin wirelessnetworks startedwith ALOHA and

slottedALOHA in the1970s.Later, MACA, MACAW, FAMA andDFWMAC wereproposedfor wireless

LANs by incorporatingthecarriersensemultiple access(CSMA) techniquewith collision avoidance(CA)

provisioning([2, 9, 12] andreferencestherein).Themostpopularcontention-basedwirelessMAC protocol,

thecarriersensemultipleaccess/collisionavoidance(CSMA/CA), becomesthebasisfor theMAC protocol

for theIEEE802.11standard([17]). However, it is observedthatwhenthenumberof activeusersincreases,

thethroughputperformanceof theIEEE802.11MAC protocoldegradessigni�cantly becauseof theexces-

sively high collision rate. Many researchershave focusedon analyzingandimproving theperformanceof

theIEEE802.11MAC (seefor example[3, 4, 5] andreferencestherein).

To increasethe throughputperformanceof a distributedcontention-basedMAC protocol,an ef�cient

collision resolutionalgorithmis necessaryto reducetheoverheads(suchaspacket collisionsandidle slots)

in eachcontentioncycle. To this end, many novel collision resolutionalgorithmshave beenproposed.

For example,improved backoff algorithmsareproposedto adjustthe increasinganddecreasingfactorsof

the contentionwindow sizeandthe randomlychosenbackoff values;the out-bandbusy-tonesignalingis

usedto actively inform othersfor thebusychannelstatus;andthecontentioninformationappendedon the
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transmittedpacketscanalsoserve thepurposeto help thecollision resolution([2, 3, 11, 12]). Along these

lines,Cali etal([5]) proposedaninterestingalgorithmto improvetheperformanceof theIEEE802.11MAC

protocol.Theirbasicideais to dynamicallyassigntheoptimalcontentionwindow sizeateachstationbased

on theestimationof thenumberof activestations.However, in realwirelesslocalareanetworks,it is notan

easytaskto accuratelyestimatethenumberof active stationsat run time.

Althoughmany innovative distributedcontention-basedMAC protocolshavebeenproposed,it is notan

easytaskto satisfyall desirablepropertieswhile preservingthesimplicity of implementationin realwireless

LANs. In this paper, we proposea new ef�cient distributed contention-basedMAC algorithm, namely,

the fast collision resolution(FCR) algorithm. We observe that the main de�ciency of most distributed

contention-basedMAC algorithmscomesfrom thepacketcollisionsandthewastedidle slotsdueto backoffs

in eachcontentioncycle. For example,in the IEEE 802.11MAC protocol, when the numberof active

stationsincreases,thereare too many stationsbacked off with small contentionwindows, hencemany

retransmissionattemptswill most likely collide againin the future,which would slow down the collision

resolution. In this regard,the FCR algorithmattemptsto resolve the collisionsquickly by increasingthe

contentionwindow sizesof both thecolliding stationsand,moreimportantly, thedeferringstationsin the

contentionprocedure,i.e., we devisean algorithmto redistribute thebackoff timersin a larger contention

window rangefor all activestationsto avoid possible“future” collisions.To reducethenumberof idle slots,

the FCR algorithmgivesa small idle backoff timer for the stationwith a successfulpacket transmission.

Moreover, whenastationdetectsanumberof idleslots,it will startto reducethebackoff timerexponentially,

comparingto thelineardecreasein backoff timerin theIEEE802.11MAC.Weattemptto keeptheproposed

distributedcontention-basedMAC easilyimplementablein wirelesslocalareanetworks.

To addressQoS,we thenpresenta modi�ed FCRalgorithm,namely, thereal timefastcollision resolu-

tion (RT-FCR)algorithm,which improvesthefairnessandsupportsQoSfor real-timeapplications.In this

algorithm,we modify thedistributedself-clocked fair queueing(SCFQ)([13,29]) algorithm,thencombine

apriority schemebasedon theservicedifferentiations([1, 10]) to improve theFCRalgorithm.TheRT-FCR

canachieve high throughputfor the best-effort datatraf�c while at the sametime provide high degreeof

fairness,andsupportQoSfor real-timeapplications.

The restof this paperis organizedasfollows. In the next section,we describesomewell-known dis-
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tributedcontention-basedMAC protocolsto facilitatethecomparisonswith theproposedalgorithms.Then,

in Section3, we presentthe newly proposedfast collision resolution(FCR) algorithmandreal time fast

collision resolution(RT-FCR)algorithm.Theperformanceanalysisis carriedout in Section4. In the�nal

section,wepresenttheconclusions.

2 Distrib uted Contention-BasedMAC Protocolsfor Wir elessLANs

TheIEEE802.11MAC([17]) is therepresentative distributedcontention-basedmediumaccesscontrolpro-

tocol widely usedin currentwirelessLANs. The recentlyproposeddynamictuning backoff (DTB)([5])

algorithmimproves the throughputperformanceof the IEEE 802.11MAC by dynamicallyassigningthe

optimal contentionwindow sizeto eachstationbasedon the run-timeestimationof the numberof active

stations. In what follows, we describethe basicoperationalproceduresfor thesemediumaccesscontrol

algorithmsto facilitateourcomparative studyin Section4.

2.1 IEEE 802.11Medium AccessControl

As we mentionedbefore,themostpopularcontention-basedmediumaccesscontrol(MAC) protocolis the

carriersensemultiple access/collisionavoidance(CSMA/CA), which is widely usedin the IEEE 802.11

LANs. Thebasicoperationsof theCSMA/CA algorithmareshown in Figure1.

A packet transmissioncycle is accomplishedwith a successfultransmissionof a packet by a source

stationandwith anacknowledgment(ACK) from thedestinationstation. Generaloperationsof the IEEE

802.11MAC protocolareasfollows (sincetheRTS-CTSmechanismis optional([5, 17]), weonly consider

thedistributedcoordinationfunction(DCF) without theRTS-CTShandshakingfor simplicity). If a station

hasa packet to transmit,it will checkthe mediumstatusby usingthe carriersensingmechanism.If the

mediumis idle, thetransmissionmayproceed.If themediumis determinedto bebusy, thestationwill defer

until themediumis determinedto be idle for a distributedcoordinationfunction inter-framespace(DIFS)

andthebackoff procedurewill be invoked. Thestationwill setits backoff timer to a randombackoff time

basedon thecurrentcontentionwindow size(CW):

Backoff Time(BT) = B � aSlotTime (1)
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Figure1: BasicPacket TransmissionStructureof CSMA/CA

whereB is thebackoff timerwhichis arandomlychosenintegerfrom auniformdistributionovertheinterval

betweenzeroandthecurrentcontentionwindow sizeCW (B=uniform[0,CW]), andaSlotTimeis thelength

of a unit timeslot

After a DIFS idle time, thestationperformsthebackoff procedurewith thecarriersensingmechanism

by determiningwhetherthereis any activity duringeachbackoff slot. If themediumis determinedto beidle

duringa particularbackoff slot, thenthebackoff procedurewill decrementits backoff time by a slot time

(
���������
	�����
������������������ �"!$#

). If themediumis determinedto bebusyat any time duringa backoff slot

with a non-zerobackoff timer, thenthebackoff procedureis suspended.That is, if a stationis deferringits

packet transmission,thenit will freezethevalueof thebackoff timer andthecontentionwindow sizeuntil

next contentionperiod.After themediumis determinedto beidle for DIFSperiod,thebackoff procedureis

resumed.Transmissionwill begin whenever thebackoff timer reacheszero.After asourcestationtransmits

apacket to adestinationstation,if thesourcestationreceivesanacknowledgment(ACK) withouterrorsafter

a shortinter-framespace(SIFS)idle period,thetransmissionis concludedto besuccessfullycompleted.If

thetransmissionis successfullycompleted,thecontentionwindow (CW) for thesourcestationwill bereset

to the initial (minimum) valueminCW. If the transmissionis not successfullycompleted(i.e., the source

stationdoesnot receive the ACK after SIFS), the contentionwindow (CW) sizewill be increased(e.g.,
%�&

	('*)

��+-,/.

�10�2435#6�73�8:9;��<>=��?#63@=4	BA�26CDCDCD2FE

), beginning with the initial value
!:�"=

%�&

, up to the

maximumvalue
!G�IH

%�&

(e.g.,
!:�"=

%�&

	KJ�0

and
!G�IH

%�&

	L06A5'MJ

). This processis calledthebinary

exponentialbackoff (BEB), which intendsto resolve collisions. More detailedoperationscanbe found in

([17]).
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2.2 Dynamic Tuning Backoff (DTB)

Cali et. al([5]) derive theaveragesizeof thecontentionwindow thatmaximizestheaggregatethroughput

under the assumptionthat all stationshave the sameaveragecontentionwindow size of transmittinga

packet in steadystate. They assumethat in steadystate,a stationtransmitsa packet with the probability

of �

	(0�������� �
	��10�


, where
��� ��	

is the averagevalueof the backoff timer. Sincethe averagevalueof

thebackoff timer canbeexpressedas
��� �
	 	������

%�&

	 � 0�
���'

, where
���

%�&

	

is theaveragecontention

window sizeof sendinga packet, theprobabilityfor a packet transmissionis obtainedby usingtheaverage

contentionwindow sizeas�

	 '��������

%�&

	�� 0�


. Basedon thisobservation,Cali etal areableto derive the

following formulafor theaggregatenetwork throughput� (refer([5]) for detailedderivationprocedures):
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where �

!

is theaveragepacket length, F is thenumberof activestations,
&

is themaximumpropagation

time, > is the parameterfor the geometricdistribution of packet length, GIH is the length of a slot (i.e.,

aSlotTime),
��� 9;�����$	

is theaveragecollision length,and
��� ��	J�"	

�

!K� 'L&M� �N)�* ���PO

%RQ

�P(�)!*��S


is the

averagetime to completeasuccessfulpacket transmissionwithoutany collisions.

Now, theaggregatenetwork throughput� is derived asa functionof theprobabilityof a packet trans-

mission � and the numberof active stationsF from (2), becauseall otherparameters(
&

,
�T�

, �

!

, > ) are

determinedby thesimulationcon�guration.Thismeansthatif thenumberof activestationsF is �x edand

given, thenwe canobtaintheoptimal � value,which maximizesthenetwork throughput.This maximum

throughputis thetheoreticalthroughputlimit or analyticalupperboundbasedontheanalysisapproachfrom

[5].

In the DTB algorithm, the throughputof the IEEE 802.11MAC protocol, with an optimal backoff

window sizetunedto theoptimal � valuefor eachF , canbeimprovedsigni�cantly. However, the � value,

andhencetheoptimalcontentionwindow size,dependson thenumberof active stations.TheDTB method

needsto computetheoptimal contentionwindow sizeat run-timebasedon theestimateof thenumberof
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active stations.If theestimationis not accurate,thewastedslotsandpacket collisionswill besigni�cant.

However, to accuratelyestimatethe numberof active stationsat run-timeis not an easytaskfor practical

wirelesslocalareanetworkswith adistributedcontention-basedMAC protocol.In thenext section,wewill

presentanew MAC algorithmthatachievesbetterperformance.

3 FastCollision Resolution(FCR) Algorithm

3.1 The BasicIdea

Therearetwo majorfactorsaffectingthethroughputperformancein theIEEE802.11MAC protocol:trans-

missionfailures(we only considerfailuresdueto packet collisions)andtheidle slotsdueto thebackoff at

eachcontentioncycle,whichareshown in Figure1.

Underhigh traf�c load(i.e.,all F stationsalwayshave packetsto transmit)andundersomeergodicity

assumption,wecanobtainthefollowing expressionfor thethroughput(for example,basedonFigure1, we

canexamineonetransmissioncycle)([3, 5]):

�

	
�

!

��� ���I	J����� ����	

2

G H

���

�

���
	���
N
�� ��� ������	

2

G H

���

�

��
�	���
 ������� ���
	���
N
 (3)

where
��� ����	

is the averagenumberof collisionsin a virtual transmissiontime (or a virtual transmission

cycle),
��� �
�I	

is theaveragenumberof idle slotsresultingfrom backoff for eachcontentionperiod, G�H is the

lengthof a slot (i.e.,aSlotTime),and �

!

is theaveragepacket length.

Fromthis result,we canseethat thebestscenarioin Figure1, which givesthemaximumthroughput,

would be the following: a successfulpacket transmissionmustbe followed by anothersuccessfulpacket

transmissionwithoutany overheads,in whichcase,
��� ���I	�	 A�2 ��� �
� 	-	 A

, thethroughputwouldbe

�� 

�
�

,

	
�

!

�

�

! � �N)!*�� �'O

%RQ

�'(�)�* �S
 (4)

This canbeachievedonly whena perfectschedulingis providedwith animaginablehelpinghand.In such

a scenario,station
�

will have theprobabilityof packet transmission,�

,"!$#

�
�<� �I


, at eachcontentionperiodas

follows:

�

,"!$#

�
� � �I
 	

%

0

if station
�

transmitsits packet at currentcontentionperiod
A

otherwise
(5)
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Supposethatundercontention-basedrandombackoff schemes,we couldassumethatthebackoff timer

is chosenrandomly, thentheprobabilityof packet transmissionfor station
�

during thecurrentcontention

periodwoulddependon thebackoff timer([5]):

�

,"!�#

� ��� � 
 	

0

�����E� 0�
 (6)

where
���

is thebackoff timerof station
�

.

This meansthatif station
�

hasthebackoff timer
A

(i.e.,
� � 	 A

), thenits backoff time is
A

andstation
�

will transmitapacket immediately. Therefore,thiscanbeinterpretedasthatstation
�

hastheprobabilityof

packet transmissionof
0

at currentcontentionperiod. If station
�

hasthebackoff timer � , thenits backoff

time is also � , which canbe interpretedasthatstation
�

hastheprobabilityof packet transmissionof
A

at

currentcontentionperiod.Fromthisdiscussion,(5) canbeconvertedto (7):

��� 	

%

A

if station
�

transmitsits packet at currentcontentionperiod
� otherwise

(7)

Thus,weconcludethatif wecoulddevelopacontention-basedMAC algorithm,whichassignsabackoff

timer
A

to thestationin transmissionwhile assignsall otherstations'backoff timersto � for eachcontention

cycle, thenwe could achieve the perfectscheduling,leadingto the maximumthroughput.Unfortunately,

sucha contention-basedMAC algorithmdoesnot exist in practice.However, this doesprovide usthebasic

ideahow to improve thethroughputperformancein theMAC protocoldesign.We canusetheoperational

characteristicsof the perfectschedulingto designmoreef�cient contention-basedMAC algorithm. One

way to dosois to designaMAC protocolto approximatethebehavior of perfectscheduling.

From (5) and (7), we concludethat to achieve high throughput,the MAC protocol shouldhave the

following operationalcharacteristics:

� Small randombackoff timer for the stationwhich has successfullytransmitteda packet at current

contentioncycle: This will decreasethe averagenumberof idle slots for eachcontentionperiod,
��� �
� 	

in (3).

� Large randombackoff timer for stationsthat are deferringtheir packet transmissionsat currentcon-

tentionperiod: Thedeferringstationmeansa stationwhich hasbeensuspendedits packet transmis-
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sionwith a non-zerobackoff timer. Largerandombackoff timersfor deferringstationswill decrease

thecollisionprobabilitysigni�cantly (andavoid futurecollisionsmoreeffectively).

� Fastchangeof randombackoff timeraccording to its currentstate:transmittingor deferring: Whena

stationtransmitsapacket successfully, its randombackoff timershouldbesetsmall.Theneteffectof

thisoperationis thatwheneverastationseizesthechannel,it will usethemediumfor acertainperiod

of time to increasethe useful transmissions.Whenthe stationtransmissionis deferred,its random

backoff timer shouldbe set large to avoid the future collisions. The net effect is that all deferring

stationswill give the successfulstationmore time to �nish the back-loggedpacket transmissions.

Whena stationdetectsthe mediumis idle for a �x ed numberof slotsduring backoff procedure,it

would concludethat no otherstationsare transmitting,andhenceit will reducethe backoff timer

exponentiallyfastto reducetheaverageidle slots.

3.2 FastCollision ResolutionAlgorithm

As we pointedout, themajorde�ciency of theIEEE 802.11MAC protocolcomesfrom theslow collision

resolutionasthenumberof active stationsincreases.An active stationcanbe in two modesat eachcon-

tentionperiod,namely, the transmittingmodewhenit wins a contentionandthe deferringmodewhenit

losesa contention.Whena stationtransmitsa packet, the outcomeis eitheroneof the two cases:a suc-

cessfulpacket transmissionor a collision. Therefore,a stationwill be in oneof the following threestates

at eachcontentionperiod:a successfulpacket transmissionstate,a collision state,anda deferringstate.In

mostdistributedcontention-basedMAC algorithms,thereis no changein the contentionwindow sizefor

the deferringstations,and the backoff timer will decreaseby oneslot whenever an idle slot is detected.

In theproposedfastcollision resolution(FCR) algorithm,we will changethecontentionwindow sizefor

the deferringstationsand regeneratethe backoff timers for all potentialtransmittingstationsto actively

avoid “future” potentialcollisions. In this way, we canresolve possiblepacket collisionsquickly. More

importantly, theproposedalgorithmpreservesthesimplicity of implementationlike theIEEE802.11MAC.

TheFCRalgorithmhasthefollowing characteristics:

1. Usemuchsmallerinitial (minimum)contentionwindow size
!:�"=

%�&

thantheIEEE802.11MAC;
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2. Usemuchlargermaximumcontentionwindow size
!G�*H

%�&

thantheIEEE802.11MAC;

3. Increasethecontentionwindow sizeof astationwhenit is in bothcollisionstateanddeferringstate;

4. Reducethe backoff timersexponentiallyfastwhena pre�xed numberof consecutive idle slotsare

detected.

5. Assignthemaximumsuccessive packet transmissionlimit (
�������

!�#

� �

) to achieve goodfairnessper-

formance.

Item 1 and 4 attemptto reducethe averagenumberof idle backoff slots for eachcontentionperiod

(
��� �
� 	

) in (3). Items2 and3 areusedto quickly increasethebackoff timers,hencequickly decreasethe

probability of collisions. In item 3, the FCR algorithmhasthe major differencefrom othercontention-

basedMAC protocolssuchasthe IEEE 802.11MAC. In the IEEE 802.11MAC, the contentionwindow

sizeof a stationis increasedonly whenit experiencesa transmissionfailure (i.e., a collision). In theFCR

algorithm,the contentionwindow sizeof a stationwill increasenot only whenit experiencesa collision

but alsowhenit is in thedeferringmodeandsensesthestartof a new busyperiod. Therefore,all stations

having packetsto transmit(includingthosewhich aredeferred)will changetheir contentionwindow sizes

ateachcontentionperiodin theFCRalgorithm.Item5 is usedto avoid thesituationthatastationdominates

thepacket transmissionsfor a long periodof time. If a stationhasperformedsuccessive successfulpacket

transmissionsfor themaximumsuccessive packet transmissionlimit (
�������

!�#

�
�

), it changesits contention

window sizeto the maximumvalue(maxCW)in order to give opportunitiesfor mediumaccessto other

stations(the maximumsuccessive packet transmissionlimit of station
�

,
�������

!�#

�
�

�

�

will be dynamically

assignedby usingthedistributedSCFQalgorithmto improve fairnessin theRT-FCRalgorithmdiscussed

later, while we useaconstantvalueof themaximumsuccessive packet transmissionlimit (
�����	�

!$#

�
�

) in the

FCRalgorithm).

ThedetailedFCRalgorithmis describedasfollows accordingto thestatea stationis in:

1. Backoff Procedure: All activestationswill monitorthemedium.If astationsensesthemediumidle for

aslot, thenit will decrementits backoff time(BT) by aslot time, i.e.,
���

��� �
	 ����
���� � � ������� � � !$#

(or thebackoff timer is decreasedby oneunit in termsof slot). Whenits backoff timer reacheszero,
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thestationwill transmita packet. If thereare
�=� !:�"=

%�&

� 0�


�

'�� 0 	

consecutive idle slotsbeing

detected,its backoff timer shouldbe decreasedmuchfaster(say, exponentiallyfast),i.e.,
��� ����� 	

����
������ ����
�������' 	 ���-
�� �<��'

(
��� ��� ��� ��� � ������� � �"!$#M2��

;

#6= ��� ����� 	�A

) or thebackoff timer is

decreasedby a half. For example,if a stationhasthebackoff timerof
'�A����

, henceits backoff time is
��� 	 '�A����

�

� ����� ��� �"!$#

, which will bedecreasedby a slot time at eachidle slot until thebackoff

timer reaches2040(we assumethat
�=� !:�"=

%�&

� 0�


�

' ��0 	�	��

or
!:�"=

%�&

	LJ

). After then,

if theidle slotscontinue,thebackoff timer will bedecreasedby onehalf, i.e.,
��� ��� � 	4���-
�� ����'

at

eachadditionalidle slot until eitherit reachesto zeroor it sensesa non-idleslot, whichever comes

�rst. As an illustration,after
�

idle slots,we will have
��� 	(06A5'�A

�

� ������� � � !$#

on the 8th idle

slot,
���K	 E�06A

�

� ������� � �"!$#

on the9th idle slot,
���K	 'MEME

�

� ����� ��� �"!$#

on the10th idle slot,

andso on until it eitherreacheszeroor detectsa non-idleslot. Therefore,the wastedidle backoff

time is guaranteedto be lessthan or equal to
0
	

�

��� � ����� �"!$#

for the above scenario. The net

effect is that the unnecessarywastedidle backoff time will be reducedwhena station,which has

just performeda successfulpacket transmission,runsout of packets for transmissionor reachesits

maximumsuccessive packet transmissionlimit. Weremarkherethatotherbackoff timerexponential

decreasingalgorithmcanbedevelopedto optimizetheoverall performance.

2. TransmissionFailure (Packet Collision): If a stationnoticesthat its packet transmissionhasfailed

possiblydueto packetcollision(i.e.,it failsto receiveanacknowledgmentfrom theintendedreceiving

station),thecontentionwindow sizeof thestationwill beincreasedanda randombackoff time (BT)

will be chosen,i.e.,
%�&

	���
���� !G�IH

%�&

2����

%�&

� 0�


�

' �40�
 	

,
��� 	 <>=����-��3�!P��A�2

%�&




�

� ������� � �"!$#

, where
< =����-��3�!P��� 2�� 


indicatesanintegerrandomlydrawn from theuniformdistribution

between
�

and
�

, and
%�&

is thecurrentcontentionwindow size.

3. SuccessfulPacket Transmission: If a stationhas�nished a successfulpacket transmission,then its

contentionwindow sizewill be reducedto the initial (minimum) contentionwindow size
!:�"=

%�&

anda randombackoff time (BT) valuewill be chosenaccordingly, i.e.,
%�&

	 !:�"=

%�&

,
��� 	

< =����-��3�!P��A�2

%�&




�

� ������� � � !$#

. If a stationhasperformedsuccessive packet transmissionsfor the

maximumsuccessive transmissionlimit, then it will perform the following actionsto give oppor-

tunities for the mediumaccessto otherstations:
%�&

	B!G�*H

%�&

,
���B	 < =����-��3�!P��A�2

%�&




�
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Table1: Exampleof IEEE802.11binaryexponentialbackoff algorithm

� ������� � �"!$#

.

4. Deferring State: For a station in the deferringstate,whenever it detectsthe start of a new busy

period,which indicateseithera collision or a packet transmissionin the medium,the stationwill

increaseits contentionwindow sizeandpick a new randombackoff time (BT) asfollows:
%�&

	

� 
 ��� !G�IH

%�&

2����

%�&

� 0�


�

' � 0�
 	

,
��� 	 <>=�� �-� 3�!P��A�2

%�&




�

����������� �"!$#

.

In the FCR algorithm, the stationthat hassuccessfullytransmitteda packet will have the minimum

contentionwindow sizeanda small valueof the backoff timer, henceit will have a higherprobability to

gain accessof the medium,while otherstationshave relatively larger contentionwindow sizeandlarger

backoff timers.After a numberof successfulpacket transmissionsfor onestation,anotherstationmaywin

acontentionandthisnew stationwill thenhavehigherprobabilityto gainaccessof themediumfor aperiod

of time.

To elaboratetheoperationsof theFCRalgorithm,we usesomeexamplesto illustratethemajordiffer-

encebetweentheIEEE802.11MAC andtheFCRalgorithm.Table1 showsanexampleof theIEEE802.11

MAC operationswith the contentionwindow size
%�&

	L'
)

�M+

�

.

� 0�2 35#6�73�8@9;� < =���# 3�= 	 A�26CDCDCD2 �

(i.e.,

minCW=7andmaxCW=1023).In this example,thereare10 active stationscontendingfor theuseof the

mediumbasedon the IEEE 802.11MAC. When the contentionbegins (i.e., the mediumis determined

to be idle for DIFS period by the carriersensingmechanism),eachstationperformsthe backoff proce-

durewith its randombackoff time (BT) determinedfrom theinitial contentionwindow range[0, 7] (hence
��� 	 <>=����-��3�!P� A�2 ��	

�

� ����� ��� �"!$#

). Whena stationdetectsthe currentslot idle, it will decrementits

backoff timeby aslot time
���

�����
	 ���-
�� � �$� ����� ��� �"!$#

(i.e., thebackoff timer is decreasedby oneunit).
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Table2: Exampleof FastCollisionResolutionBackoff algorithm

After oneidle slot,thebackoff timersof stations0 and8 reachto zero,thusin thefollowing slot,bothstation

0 andstation8 will transmittheirpacketsatthesametimeandacollisionwill occur. Thebackoff procedures

of all deferringstationsaresuspendedandwill resumeafter themediumis determinedto beidle for DIFS

period(i.e.,next contentionperiod).After stations0 and8 noticethattheirpacket transmissionsfailed,their

contentionwindow sizeswill be increasedto 15 andtheir backoff timerswill bechosenin therangeof [0,

15] randomly. Whena new DIFS periodis detected,stations2 and4 transmitpacketsafter oneidle slot

anda collision occurs.Stations1 and6 transmitpacketsanda collision occursin thefollowing contention

period. After then,whenthenext DIFS periodis detected,station7 hasa successfulpacket transmission.

In thewholecontentioncycle (thetime periodstartingwith theendof asuccessfulpacket transmissionand

endingwith the startof the next successfulpacket transmission),therehave beenthreeconsecutive colli-

sionsbeforeonesuccessfulpacket transmission.We observe in Table1 thatmostcontentionwindow sizes

chosenfor thebackoffs arenot big enoughto avoid futurepacket collisions. SincetheIEEE 802.11MAC

cannotprovide thepropercontentionwindow sizeasthenumberof active stationsincreases,collisionsare

not resolvedquickly, which leadsto poorthroughputperformance.

Table2 shows an examplefor the FCR algorithmwith the contentionwindow size
%�&

	L'
)

��+��/.

�

0�2 35#6�73�8 9;��<>=��?#63 = 	 A�26CDCDCD2��

(i.e.,minCW=3andmaxCW=2047).In Table2, stations1 and9 collide in

the�rst contentionperiod.Stations1 and9 thenincreasetheircontentionwindow sizesto 7 andpick uptheir

backoff timersin therangeof [0, 7] randomly. All deferringstationsalsoincreasetheir contentionwindow

sizesto 7andpickupthenew backoff timersin therangeof [0, 7] randomly. In thesecondcontentionperiod,
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stations0 and8 collideandwill repeatthesameprocedure.In thethird contentionperiod,station3 transmits

a packet successfully. We observe in Table2 that mostcontentionwindow sizesof the deferringstations

areincreasedquickly (which makeslarge backoff timers),so the FCR algorithmresolves the contentions

very effectively, which resultsin signi�cantly lower collision probabilityduringeachcontentionperiodin

thefuture.

In Table1 andTable2, we canclearly seethe major differencesin the operationsbetweenthe IEEE

802.11MAC andthe FCR algorithm. To put it brie�y , the high throughputof the FCR algorithmcomes

from: thesmallbackoff timerfor thestationthattransmitsapacketatcurrentcontentionperiod(thisreduces

the wastedidle slots),the large backoff timersfor the stationsthat aredeferringfor packet transmissions

(this reducesthe collision probability),andfasterchangeof backoff timersaccordingto thecurrentstate:

transmittingor deferring. This meansthat the FCR algorithm satis�es the requiredconditionsfor high

throughputperformanceshown in (7).

3.3 Real-Time Fast Collision Resolution(RT-FCR) Algorithm

In theFCRalgorithm,we focuson thethroughputperformancefor thebest-effort dataservices.However,

intensive researchhasgearedto addresstheQoSin theMAC layer. In thissection,weattemptto extendthe

fastcollision resolution(FCR)algorithmto improve fairnessandto supportQoSfor real-timeapplications

in wirelesslocalareanetworks.We�rst modify thedistributedself-clockedfair queueing(SCFQ)([13,29])

algorithmandthe priority algorithmbasedon servicedifferentiations([1, 10]), andthenincorporatethem

into theFCRalgorithmto addressthefairnessfor datatraf�c andQoSsupportfor real-timetraf�c. Wecall

thisextendedFCRalgorithmasthereal timefastcollision resolution(RT-FCR)algorithm.

3.3.1 Fair Scheduling:Distributed Self-Clocked Fair QueueingAlgorithm

Fairnessis an importantissuein MAC protocoldesignfor wirelesslocal areanetworks. TheIEEE 802.11

MAC hasthe inherentunfairnesscharacteristics([21, 27, 29]). FCR makes thing worsebecausethe de-

ferring nodeswill tend to defer their transmissionsfurther by expandingtheir contentionwindows upon

detectingany startof busy periodsbeforethe backoff timersexpire. However, with properprovisioning

in the FCR algorithm,we canaddressthe fairnessissuewhile maintaininghigh throughputperformance
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of FCR algorithm. The idea is to modify the self-clocked fair queueing(SCFQ)algorithm([13]) andin-

corporateit into FCRalgorithm. We combinethesetwo algorithmsanddynamicallyassignthesuccessive

transmissionperiodof theFCRalgorithmby usingthemodi�ed SCFQalgorithm. We call this new algo-

rithm the fairly scheduledFCR (FS-FCR)algorithm. The SCFQalgorithmhasbeenusedto addressthe

fairnessissuefor IEEE802.11WLANs by Vaidyaetal ([29]). While theapproachproposedby Vaidyaetal

is packet-by-packet basedandcontrollingthebackoff timers,our approachis basedon multiple successive

packet transmissions(i.e., dynamicallycontrol the maximumsuccessive transmissionperiod). The basic

operationsof thefairly scheduledFCR(FS-FCR)algorithmaredescribedasfollows:

1. Eacharriving packet to thequeuein theMAC layerof a stationis taggedwith a servicetagbeforeit

is placedin thequeue.

2. Whena � -th packet of station
�

, �

�

�

, arrivesat thequeueof thestation,aservicetag
*

�

�

is assignedas

follows (detailedexplanationcanbefoundin ([13])):

*

�

�
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where �

���

�

�




is thevirtual time at thetime instanceof
�

�

�

, where
�

�

�

is thereal time whenpacket �

�

�

arrives, �

�

�

is thesizeof packet �

�

�

, and



�

is theweightof the�o w
�

.

3. Thevirtual time �

� ��


is updatedwhenever thereis asuccessfulpacket transmission.Thevirtual time

is set to the servicetag of that packet just successfullytransmitted.The virtual time �

� � 


approxi-

matelyrepresentsthe normalizedfair amountof packet transmissionsthat eachstationshouldhave

performed. We say it “approximately”becausea packet with the smallestservicetag shall not be

guaranteedto beserved �rst in distributedcontention-basedMAC protocols.Oncea busyperiodis

over, i.e.,whenall stationsdo nothave any packetsto transmit,thevirtual time is resetto zero.

4. Whenever a new station
�

acquiresthe mediumfor a packet transmission,the maximumsuccessive

transmissionlimit (i.e., thesuccessive transmissiontime period)of thestation
�

,
� �����

!�#

�
�

�

�

, is deter-

minedby thedifferencebetweenthevirtual time �

� ��


andtheservicetag
*

�

� at thefront of thepacket

�o w at station
�

. If theservicetagof station
�

is muchsmallerthanthecurrentvirtual time, thenits

maximumsuccessive transmissionlimit is assigneda valuelarge enoughto reducethe discrepancy

betweenthecurrentvirtual time andtheservicetagat thefront of �o w
�

. If theservicetagof station
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�

is closeto or larger thanthe currentvirtual time, thenits maximumsuccessive transmissionlimit

is assignedto the minimum or small valueto avoid increasingthe discrepancy betweenthe current

virtual time andtheservicetagat thefront of thepacket �o w of station
�

.

An examplefor assigningthemaximumsuccessive transmissionlimit we studyhereis givenasfol-

lows:
�������
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where �

!

is the averagepacket length. For example, if the servicetag of station
�

is leadingthe

virtual time by 10 timesor moreof the averagepacket lengthwhenit acquiresthe mediumaccess

(i.e., station
�

may transmittoo many packets comparedto otherstations),it assignsits maximum

successive transmissionlimit as the minimum valueof 1 (
�������

!�#

�
�

�

�
	�� � H 	 	 0

). If the service

tag of station
�

is laggingthe virtual time by morethan40 timesof the averagepacket length(i.e.,

station
�

maytransmittoo few packetscomparedto otherstations),it assignsits maximumsuccessive

transmissionlimit asthemaximumvalueof 50 (
� �����

!�#

�
�

�

�
	�� � HE	�	 E�A

).

We noticethat the RT-FCR algorithmattemptsto combineadvantagesof the fastcollision resolution

(FCR) algorithmandthe SCFQscheme.In this way, we canachieve high throughputandgoodfairness

performancesimultaneously.

3.3.2 Quality of Service (QoS)Support with Priority-Based Medium AccessControl

In orderto dealwith theQoSrequirementsfor real-timeapplications,many algorithmshave beenproposed

in thecontention-basedMAC protocolsfor wirelessLANs. Themostpopularapproachis to usea priority

schemefor eachtraf�c type, i.e., the real-timetraf�c hashigherpriority for mediumaccessthanthebest-

effort datatraf�c. With higherpriority for mediumaccess,real-timetraf�c will be served earlierthanthe
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best-effort datatraf�c, which resultsin relative performanceimprovementsfor real-timetraf�c over data

traf�c.

Figure2: RT-FCRMediumAccessScheme

In theRT-FCRalgorithm,wegiveprioritiesby assigningdifferentbackoff rangesbasedoneachof three

maintraf�c types:voice,video,andbest-effort datatraf�c. Intuitively, thesmallerthebackoff rangeis, the

higherthepriority. Thebasicmediumaccessschemewith threedifferenttraf�c typesis shown in Figure2,

andthebackoff rangesfor themediumaccessareassignedaccordingto eachtraf�c typeshown in Table3.

Backoff rangefor voicetraf�c 9 [0,7]:[0,15]:[0,31]:[0,63]:[0,127]:[0,255]
C

Backoff rangefor videotraf�c 9 [0,3]:[0,7]:[0,15]:[0,31]
C

+8
Backoff rangefor datatraf�c 9 [0,3]:[0,7]:[0,15]:[0,31]:[0,63]:[0,127]:[0,255]:[0,511]:[0,1023]:[0,2047]

C

+8

Table3: AssigningBackoff Range

In Figure2 andTable3, we canseethat the proposedmediumaccessalgorithmeffectively provides

“soft” reservation to a stationaccordingto the traf�c type. In this scheme,voice traf�c hasthe highest
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priority (i.e., thesmallestaveragebackoff value),andvideotraf�c hashigherpriority over best-effort data

traf�c becauseof differentbackoff rangesaccordingto thetraf�c type.Theaccessguaranteedinitial backoff

range[0, 7] is given to voice traf�c, i.e., only voice packetscanbe transmittedon this backoff rangeand

otherpackets(videoor data)will be transmittedbeyond this backoff rangewhich is shown in thebackoff

rangesfor videoanddatatraf�c in Table3 (for thesebackoff ranges,the constant8 is addedto move the

backoff rangesfor videoanddatatraf�c beyondtheinitial backoff rangeof voicetraf�c). Videotraf�c usesa

muchsmallermaximumcontentionwindow sizethanbest-effort datatraf�c in orderto give higherpriority

over best-effort datatraf�c for the mediumaccess,i.e., video traf�c will have a smalleraveragebackoff

valuethandatatraf�c shown in Figure2.

Figure3: Priority Schemeof RT-FCRAlgorithm

In additionto assigningdifferentbackoff ranges,theRT-FCRalgorithmusesdifferentcontentionalgo-

rithmsaccordingto traf�c types.Thebasicproceduresfor thepriority schemeof theRT-FCRalgorithmare
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(MinCW,MaxCW) (3,255) (3,511) (3,1023) (7,255) (15,255)
FCR 9.8 11 11.2 15.6 31.3
IEEE802.11 0 0 0 0 0

Table4: VoicePacket DroppingRatio(%) for 15VoiceStationsand10 Best-Effort Datastations

shown in Figure3 andexplainedasfollows:

1. VoicePacket: TheIEEE 802.11MAC algorithmwith theminimumcontentionwindow sizeof
�

and

themaximumcontentionwindow sizeof
'MEME

is usedfor a stationwith voicetraf�c. It hastheaccess

guaranteedinitial backoff range[0, 7], which givesthehighestpriority to voice traf�c for accessing

themedium. Voice traf�c needsrepeatedpacket transmissionsin constanttime intervals (e.g.,only

onepacket transmissionis neededevery
J�A

ms). TheFCRalgorithmworkswell for best-effort data

traf�c with high load. However, for voice traf�c, the traf�c load is low, the IEEE 802.11MAC is

moresuitablebecauseit doesnot increasethecontentionwindow sizesof thedeferringstations.This

resultsin smallerwastingidle slotsfor voicetraf�c.

In Table4, thevoicepacketdroppingratio is shown for theFCRandIEEE802.11MAC with 15voice

stationsand10best-effort datastations.Fromthissimpleexample,wecanseethattheFCRalgorithm

doesnotsupportCBRtraf�c well comparedto theIEEE802.11MAC, which is why wechooseIEEE

802.11MAC for CBR traf�c.

2. VideoPacket: Fastcollisionresolution(FCR)algorithmwith theminimumcontentionwindow sizeof
J

andthemaximumcontentionwindow sizeof
J�0

is usedfor videopacket transmissions.It startsthe

contentionfor videopacket transmissionsafter the initial accessguaranteedbackoff rangefor voice

traf�c. The smallermaximumcontentionwindow size of video traf�c (MaxCW=31) than that of

best-effort datatraf�c (MaxCW=2047)givesvideotraf�c higherpriority over best-effort datatraf�c.

3. Best-Effort Data Packet: Fast collision resolution(FCR) algorithm with the minimum contention

window sizeof
J

andthemaximumcontentionwindow sizeof
'�A����

is usedfor best-effort datatraf�c.

It startsthe contentionfor best-effort datapacket transmissionsafter the initial accessguaranteed

backoff rangefor voicetraf�c. FCRschemewith thelargemaximumcontentionwindow sizeachieves

thehigh throughputfor best-effort datatraf�c in additionto giving theopportunityto voiceor video
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Parameter Value
SIFS 28 � sec
DIFS 128 � sec
aSlotTime 50 � sec
Bit rate 2 Mbps
Propagationdelay 1 � sec

Table5: Network Con�gurations

traf�c for access.

We point out that theQoSsupporthereis in thestatisticalsense,which, in theauthors'opinion,is the

bestwecanguaranteein theMAC layerin thecontention-basedMAC protocol.

4 PerformanceEvaluation

In whatfollows,we will carryout theperformanceanalysisfor bothFCRandRT-FCR.

4.1 PerformanceEvaluation of FCR

In this subsection,we presentthe performanceanalysisfor the proposedfast collision resolution(FCR)

algorithmusingsimulationsfor the frequency hoppingspreadspectrum(FHSS)wirelessLANs([17]). The

parametersusedin the simulationsareshown in Table5, which is consistentwith thoseusedin [5]. We

assumethat thebest-effort datapacketsarealwaysavailableat all stations.In thesimulations,the packet

lengthsfor the best-effort datapackets aregeometricallydistributed with parameter> (we usethe same

simulationenvironmentusedin [5] for theDTB andtheIEEE 802.11MAC algorithmfor theperformance

comparison):

�

�

�
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Thus,theaveragetransmissiontime for a packet (theaveragepacket length)is givenby:

�
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where
� �

is theslot time, i.e.,
� � 	 ����������� �"!$#

.
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Weassignthemaximumsuccessivepackettransmissionlimit in theFCRalgorithmas10(i.e.,
�������

!�#

� � 	

06A

) for illustrative purpose,andmorecarefulchoiceof thisparameterwill beinvestigatedin thefuture.All

simulationsareperformedfor 100secondssimulationtime.

(MinCW,MaxCW) (3,511) (3,1023) (3,2047) (3,4095) (7,1023) (7,2047) (15,2047)
10 DataStations 0.7833 0.7872 0.7852 0.7795 0.7569 0.7577 0.7033
100DataStations 0.6507 0.7221 0.7656 0.7792 0.7128 0.7454 0.6662

Table6: ThroughputResultsof FCRAlgorithm on Various(MinCW, MaxCW)Combinations

(MinCW,MaxCW) (15,1023) (31,255)
10DataStations 0.6075 0.6564
100DataStations 0.3775 0.3197

Table7: ThroughputResultsof IEEE 802.11MAC Algorithm on Two Different(MinCW, MaxCW) Com-
binations

In Table6 and7, thethroughputresultsof theFCRandIEEE802.11MAC algorithmswith theaverage

packet lengthof 40 slotsareshown for various(MinCW, MaxCW) combinations.From Table6, we can

seethat if we uselargeminimumcontentionwindow size(MinCW) of 7 and15 in theFCRalgorithm,the

throughputis decreaseddueto the wastingidle slots. If we usesmall maximumcontentionwindow size

(MaxCW)of 1023and511,thenthethroughputis decreasedbecauseof thehighcollisionprobabilityunder

large numberof users.Too large valueof the MaxCW suchas4095alsodecreasesthe throughputof the

FCRalgorithmfor smallnumberof stations.Thepropervaluesfor MinCW andMaxCWarecritical for the

throughputperformanceandoptimizationshouldbecarriedout. Basedon our scenariosin our simulation

study, we �nd that the choiceof MinCW=3 and MaxCW=2047makes a good throughputperformance,

hencewewill choosethesebasicparametersfor our simulationstudyfor theFCRalgorithmhereafter. The

throughputresultsfor theIEEE802.11MAC algorithmwith two different(MinCW, MaxCW)combinations

areshown in Table7. CurrentIEEE 802.11FHSSstandardprovidestheminimumcontentionwindow size

andthemaximumcontentionwindow sizeas(15, 1023)([17]), while (31, 255) is usedin ([5]). If we use

(31,255),thethroughputis betterfor 10datastationcasethanwhenweuse(15,1023).For 100datastation

case,the throughputwhenusing (15, 1023) shows betterresult. In this paper, we useMinCW=31 and

MaxCW=255asthebasicparametersfor thesimulationsfor theIEEE 802.11MAC algorithmto preserve

thesamesimulationenvironmentsin [5]. All otherparametersfor thesimulationsarethesameasin [5].
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(a) 10BE DataStationCase
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(b) 50BE DataStationCase
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(c) 100BE DataStationCase
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Figure4: ThroughputPerformancefor FCRAlgorithm

Figures4(a), 4(b) and 4(c) show the throughputresultsof the IEEE 802.11MAC, DTB, andFCR

algorithmsfor
06A

,
E�A

, and
06AMA

contendingstations,respectively, wheretheaveragepacket lengthchanges

from
06A

slots ( >

	 A�C �

) to
06AMA

slots ( >

	 A�C � �

). The IEEE 802.11MAC algorithm shows very poor

throughputperformanceasthenumberof active stationsincreases.Themainreasonis that theprobability

of collisionsbecomeshigherasthenumberof stationsbecomeslarger. In theFCRalgorithm,all stations,

excepttheonewith successfulpacket transmission,will increasetheir contentionwindow sizeswhenever

the systemhaseither a successfulpacket transmissionor hasa collision. This implies that all stations

can quickly re-pick large contentionwindow sizesto avoid future possiblecollisions, consequently, the



23

probability of collisionswill be decreasedto small values. At the sametime, a stationwith a successful

packettransmissionhastheminimumcontentionwindow sizeof
J

, whichismuchsmallerthantheminimum

contentionwindow sizeusedin theIEEE802.11MAC algorithm(minCW=31).Thiswill reducethewasted

mediumidle time to a much smallervaluewhen comparedto the IEEE 802.11MAC and the Dynamic

TuningBackoff algorithm.In Figures4(a), 4(b) and 4(c),we canseethattheFCRalgorithmsigni�cantly

improve the throughputperformanceover the IEEE 802.11MAC algorithm. The FCR algorithmshows

higherthroughputperformancethanthetheoreticalthroughputlimit (theanalyticalupperbound)of theDTB

algorithm,andhasmuchsmallerwastingidle slotsfor eachcontentionperiodthantheDTB algorithmwhile

bothalgorithmshave similar valuesof theprobabilityof collisions.Moreover, thethroughputperformance

of theFCR algorithmarenot severelydegradedasthenumberof stationsincreasesbecauseof thehighly

ef�cient collision resolutionstrategy. Figure 4(d) shows the throughputvs. theofferedload for theFCR

algorithmfor 10,50,100stationswirelessLANs with theaveragepacket lengthof 40slots.Weuseatraf�c

generatorwith Poissondistribution to provide eachofferedload in this simulation.FromFigure 4(d), we

canseethattheFCRalgorithmalsoperformswell underlight loadconditionsandprovideshigh throughput

asnetwork loadincreases,andthenumberof stationshardlyaffectstheperformanceof theFCRalgorithm

dueto theadaptive natureof theFCRalgorithm.
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Figure5: DelayDistribution for FCRAlgorithm

Wealsocarryouttheanalysisfor thepacketdelayof theIEEE802.11MAC andtheFCRalgorithmwith
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theaveragepacket lengthof 40 slots.Thepacket delaymeansthetime periodfrom thetime whena packet

arrivesfrom higherlayerto theMAC layerto thetimeit is successfullytransmittedto theintendedreceiving

station.Figures5(a)and5(b) show thepacket delaydistributionsfor the IEEE 802.11MAC andtheFCR

algorithmfor 10and100stationswirelessLANs. Wehavenotappliedthelimitationonthenumberof retries

in thissimulationfor simplicity. In Figure5(a),theFCRalgorithmtransmits
��0��

of all packetssuccessfully

within 10msecwhile theremaining
���

packetsspreadover10msecto over600msecin delaydistribution.

However, theIEEE 802.11MAC transmits
J ���

packetswithin 10 msec,
'ME��

packetsin therangefrom 10

msecto 20 msec,
0 J��

packetsin therangefrom 20msecto 30 msec,andso on. In Figure5(b), theFCR

algorithmtransmits
	 	��

of all packetssuccessfullywithin 10msec,while theIEEE802.11MAC transmits

only
0M0��

packetswithin 10 msec,
	��

packetsin therangefrom 10 msecto 20 msec,
	 C�E��

packetsin the

rangefrom 20 msecto 30 msec,andso on. In the simulationresultsfor the packet delay, it is clear that

theFCRalgorithmtransmitsmostpacketssuccessfullywithin comparatively shortertime, while theIEEE

802.11MAC transmitspackets in muchlonger time dueto collisions,which indeedshows that the FCR

algorithmdoesresolve collisionmuchmoreeffectively thantheIEEE802.11MAC algorithmdoes.

4.2 PerformanceEvaluation of RT-FCR

In thissubsection,wepresentthestudiesontheRT-FCRalgorithmin thewirelessLANs utilizing frequency

hoppingspreadspectrum(FHSS)([17]).

SourceModels

Weconsiderthreedifferenttypesof traf�c: constantbit rate(CBR)voicetraf�c, variablebit rate(VBR)

video traf�c, andbest-effort datatraf�c. Voice sourceshave two phaseprocesswith talkspurtsandsilent

gaps. During a talkspurt,voice sourcesgenerateCBR traf�c. H.263video sourcesgenerateVBR traf�c

with
�5A

msinterframeperiod.We assumethatthebest-effort datasourcesalwayshave packetsto transmit.

Thedetailedsourcemodelsusedin oursimulationsaredescribedasfollows:

1. VoiceModel([6, 16]): A voicesourcehastwo states,talkspurtsandsilentgapsidenti�ed by a speech

activity detector. Theprobability thata principal talkspurt,with meanduration
�

� second,endsin a

time slot of duration
&

secondsis �

	 0 � #6H

�

����&E� �

�




. Theprobability thata silentgap,of mean
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duration
� �

seconds,endsduring
&

secondstimeslot is �

	40���#6H

�

����&E� � � 


. Measuredmeanvalues

for
�

� of principal talkspurtsand
� �

of principal silent gapsare
0�C AMA

and
0�C�JME

seconds.We use
JM'

kbpsvoice traf�c sourceswhich generateone
0 '�A

byte payloadvoice packet every
J�A

msecduring

talkspurtsperiod,andwe assignthedeadlinefor voice packet delayas
J�A

msec(i.e., themaximum

voicepacket delayis
J�A

msec).

2. VideoModel([6, 22]): We usetheH.263videotraf�c with
�5A

msecinterframeperiod,i.e.,
'ME

frames

persecond.Duringaninterframeperiod,eachvideosourcegeneratesa frameconsistingof avariable

numberof packets.As soonaspacketsbecomeavailablefrom thecoder, they couldbetransmittedat

themaximumratethechannelallows. Thevideopacket sizeis
0 '�A

bytesandthemeanrateof video

traf�c is
� 	

kbpsandthemaximumrateis
� 	�A

kbps. That is, thereare
'

packetsper framefor the

meanrateandthemaximumnumberof packetsperframeis
'�A

. Weusethedeadlinefor videopacket

delayas
0 '�A

msec.

3. Best-effort Data Model([5]): It is assumedthatbest-effort datasourcesalwayshave packetsto trans-

mit. We usethe parameter>

	 A�C � ��E

from the geometricdistribution for best-effort datapacket

length,which impliesthattheaveragepacket lengthof best-effort datatraf�c is
�5A

slots.
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Figure6: FairnessIndex

In theRT-FCRalgorithm,themaximumsuccessive transmissionlimit of station
�

(
� �����

!�#

�
�

�

�

) is con-

trolled by thedistributedSCFQalgorithmto provide a high degreeof fairness.We usethe fairnessindex
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de�ned by Jain([19]) to evaluatethedegreeof fairnessfor eachalgorithm.This fairnessindex is de�ned as

*��I�"3�= # � �<)5=�� #6H 	

� 3

�

� � � 
 � 


�

=

2

3

�

� � � � 
 � 


� (8)

where
=

is the numberof �o ws,
� �

is the throughputof �o w
�

,

 �

is the weight of the �o w
�

(we as-

sumeall stationshave thesameweight in the simulations).From Cauchy-Schwartz inequality, we obtain
* �*�"3�= # � ��)I=��*# H � 0

, the equalityholds if andonly if all
� �1� 
 �

(
�@	 0�2F' 26C6C6C�2?=

) areequal. Thus, the

intuition behindthis index is that thehigherthefairnessindex (i.e., closerto
0

), thebetterin termsof fair-

ness.Figures6 shows theresultof thefairnessindex of theRT-FCRalgorithmandtheIEEE 802.11MAC

algorithmfor best-effort datatraf�c transmissionsfor 10and100secondssimulationtime. In Figures6, we

observe that theRT-FCRalgorithmimprovesthefairnessperformancein both10 and100simulationtime

comparedto theresultsfor theIEEE802.11MAC algorithm.
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Figure7: PerformanceResultsof RT-FCRAlgorithm for VoiceandDataTraf�c

Wepresentthesimulationresultsof theRT-FCRalgorithmfor
06A

and
06AMA

best-effort datatraf�c stations

by varying the numberof CBR voice traf�c stationsup to
0 E

. We comparethe resultsof the RT-FCR

algorithmwith thoseof the IEEE 802.11MAC algorithm. The ratio of the droppedvoice packets to the

total generatedvoice packets is shown in Figure 7(a), and the throughputfor the best-effort datatraf�c

transmissionsis shown in Figure7(b). In Figure7(a), the IEEE 802.11MAC algorithmlosesover
�5A �

of voice packetswith
06A

best-effort datastationsandover
��A �

with
06AMA

best-effort datastations.This is

expectedbecausetheIEEE802.11DCF modetreatsreal-timetraf�c thesameasthebest-effort datatraf�c.
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Theratiosof droppedvoicepacketsfor theRT-FCRalgorithmarecloseto zerofor bothcases.TheRT-FCR

algorithmshows very low voice packet droppingratio while still preservinghigh throughputperformance

for best-effort datatraf�c, which is obviousin Figures7(a)and7(b).
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Figure8: PerformanceResultsof RT-FCRAlgorithm for MixedReal-TimeTraf�c Transmissions

In Table8 and9, thefairnessindexesof best-effort datastationsin Figure8(b) and8(d) areshown. We

canseethatthefairnessfor best-effort datastationsis highly satis�edwhile thepriority algorithmsupports

thedesiredQoSfor real-timeservices.

We also carry out the performanceevaluationof the RT-FCR algorithm for the integration of three
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Numberof CBR Stations 10 30 50 60
FairnessIndex 0.9998 0.9908 0.9644 0.9021

Table8: FairnessIndex of BestEffort DataStationsfor DifferentNumberof CBRStations

Numberof VBR Stations 2 5 10 15 20
FairnessIndex 1.0 0.9998 0.98 0.9453 0.9113

Table9: FairnessIndex of BestEffort DataStationsfor DifferentNumberof VBR Stations

differenttraf�cs: voice,video,andbest-effort data.Figure8(a),8(b),8(c),and 8(d) show theperformance

resultsof theRT-FCRalgorithmfor theintegrationof threedifferenttraf�cs. Thenumberof best-effort data

stationsis
06A

for all simulations.Figure8(a) shows that the ratio of the droppedreal-timepackets to the

generatedreal-timepacketsvs. variousnumbersof CBRvoicestationswith
06A

best-effort datastationsand
E

VBR videostations.The throughputof thebest-effort datatraf�c for this caseis shown in Figure8(b).

In Figure8(a) and8(b), we canseethat theRT-FCRalgorithmcansupportthedesiredQoSfor real-time

applicationsup to 30 CBR stationswith 10 best-effort datastationsand5 VBR stations.Figure8(c) shows

thattheresultof droppedreal-timepacketsto thegeneratedreal-timepacketsvs. variousnumbersof VBR

videostationswith
06A

datastationsand
E

voicestations.Thethroughputof best-effort datatraf�c for this

caseis shown in Figure8(d). In Figure8(c)and8(d),wecanseethattheRT-FCRalgorithmcansupportthe

desiredQoSfor real-timeapplicationsup to 10 VBR stationswith 10 best-effort datastationsand5 voice

CBR stations.Figure8(a)and8(c) show thatvoicetraf�c hasmuchhigherpriority for mediumaccessover

videoandbest-effort datatraf�cs, so the ratio of droppedpacket for voice traf�c is closeto zerofor most

cases.The ratio of droppedpackets for video traf�c is affectedby best-effort datatraf�c as the number

of CBR stationsor VBR stationsincreases.From the simulationresults,we canconcludethat the QoS

for voice traf�c is highly satis�ed andthe QoSfor video traf�c is satisfactory in the RT-FCR algorithm.

While providing QoSfor real-timetraf�c, theRT-FCRalgorithmachieveshigh throughputfor best-effort

datatraf�c whenthechannelis availablefor best-effort datatraf�c transmissionsbetweenreal-timetraf�c

transmissions,which is shown in Figure8(b)and8(d).
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5 Conclusions

In thispaper, weproposeanew contention-basedmediumaccesscontrolalgorithm,namely, thefastcollision

resolution(FCR)algorithm.TheFCRalgorithmcanachievehighthroughputperformancewhile preserving

theimplementationsimplicity in wirelesslocal areanetworks. In theFCRalgorithm,eachstationchanges

thecontentionwindow sizeuponbothsuccessfulpacket transmissionsandcollisions(i.e.,upondetectinga

startof busyperiod)for all activestationsin orderto redistributethebackoff timerstoactively avoid potential

futurecollisions.Dueto thisoperation,eachstationcaneffectively resolve collisionsfaster. Otherideaswe

incorporatein theFCRareusingsmallerminimumcontentionwindow sizecomparingto theIEEE 802.11

MAC andfasterdecreaseof backoff timersafterdetectinganumberof consecutive idle slots.Thesechanges

couldreducetheaveragenumberof idle slotsin eachcontentionperiod,whichcontributesto thethroughput

improvement. We extend the fast collision resolution(FCR) algorithm, namelyreal time fast collision

resolution(RT-FCR)algorithm,to improve the fairnessandto provide theQoSfor real-timeapplications.

For thefairly schedulingschemeof theRT-FCRalgorithm,weusethedistributedself-clockedfair queueing

algorithm,while thepriority schemebasedon servicedifferentiationsis modi�ed andincorporatedinto the

FCRalgorithmto supporttheQoSfor real-timeapplications.Extensive simulationstudiesfor throughput

anddelaydistributionhavedemonstratedthattheFCRalgorithmgivessigni�cant performanceimprovement

over theIEEE802.11MAC algorithm.Simulationresultsfor theRT-FCRalgorithmhaveshown highdegree

of fairnessandlow ratioof droppedreal-timepacketswhile providing highthroughputperformancefor best-

effort datatraf�c.
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