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Abstract— An ad hocnetwork comprisesof mobile nodesform-
ing a temporary network on the �y without the aid of any cen-
tralized administration or standard support services.A novel ap-
proach is usedto provide QoS at the MAC layer by making the
nodespossessthe self-admissioncontrol capability basedon the
equivalent capacity in the network. Every mobile node incorpo-
rates a distrib uted priority schedulingalgorithm that is basedon
the equivalent bandwidth of its application. IEEE 802.11is also
retainedin this schemewhich can be usedby nodesnot requiring
any QoS. An 'in vitation' schemeis proposedto enhancethe uti-
lization in the network. This schemeis simulated in NS-2and the
behavior is studiedunder differ ent conditions. A solution for pro-
viding QoSat the routing layer that integrateswith the proposed
schemeat the MAC layer is alsodiscussed.

I . INTRODUCTION

The mobile nodesin an ad hoc wirelessnetwork [1] com-
municatewith eachotherusingmulti-hopwirelesslinks. Since
the nodesin an ad hoc network act independentlyand oper-
atein a sharedmedia,therewill becollisionsandreductionin
throughputwhentwo nodesthat arecloseto eachotherstart
transmittingat the sametime. The MAC protocolat the mo-
bile nodesshouldbeableto minimizecollision, allow fair ac-
cessandtransportdataef�ciently over thewirelesslinks in the
presenceof rapidtopologychangesandalsotackle'hiddenand
exposednode'problems.Someof theMAC protocolsusedin
ad hoc networks are Bluetooth,HiperLAN, IEEE 802.11[2]
etc.Whenthenumberof nodesin anadhocnetwork increases,
thenumberof nodescompetingfor sharedbandwidthincreases
andthatleadsto thedegradationof throughputandmeanwait-
ing timeof theapplication.

Providing QoSin adhocnetworksis ongoingresearch.This
work usesa novel approachwherea portionof thechannelca-
pacity is broken into contention-freetimeslots. Mobile nodes
admit themselvesinto thesetimeslotsbasedon theequivalent
bandwidththey expect. Somenodesstill usethe contention-
basedapproach,but thosewhichneedbetterQoScanusethese
contention-freeslots. In mostof thework doneso far, QoSis
addressedeitherat theMAC layeror at theroutinglayer.

[3] hasan in-depthanalysisaboutthe contentionprotocols
andit tries to improve the fairnessamongthe contendingap-
plications. [4] discussestheunfairnessissuesin IEEE 802.11
andit hasa detailedanalysisof how theperformanceof IEEE
802.11deteoriateswhenmorethanoneTCPconnectionis ac-
tive. [5], [6], and[7] providemethodsfor overcomingthefair-
nessproblemby makingadjustmentsto thecontentionwindow.

Otherwork goesbeyondjust modifying thecontentionwin-
dow. For example,[8] givespriority to DiffservExpeditedFor-
warding(EF) andassuredForwarding(AF) classesover Best

effort (BE) traf�c [20], [21] by allowing EFandAF to grabthe
channelbeforeBE.

Lots of work hasbeendonein the areaof providing QoS
in wireless networks with base-stations. [9] gives a good
overview of the different MAC protocolsfor providing QoS
in wirelessnetworks. Most of the discussedprotocolshave a
similar ideaof thechannelssendingtheirreservationrequestin
a contentionslot andtheheadendor basestationkeepingtrack
of the informationof all the otherendnodes. The Point Co-
ordinationFunction(PCF)of IEEE 802.11doesprovide some
limited QoSin a WirelessLAN. The Point Coordinator(PC)
doesnot have any control over the polled stationsabout the
time durationof transmissionor thesizeof thepacket that the
polledstationscantransmit.Further, thepolling procedureit-
selfmaygetdelayedbecauseof theunpredictabilityof thetime
usedby theDCF procedure.Thesefactorswill effect theQoS
of the existing applications. CooperationbetweenDCF and
PCF also leadsto poor performance[10]. Becauseof these
drawbacks,the IEEE 802.11taskgroupcameout with IEEE
802.11efor providing QoS[11], [12], [13]. Here, the nodes
requiringQoSsenda requestto theHybrid Coordinator(HC)
during the controlledcontentionperiod. If the numberof ap-
plicationsrequiringQoSis high, new applicationsor existing
applicationsrequiring QoS will �nd it hard to transmit their
requestfor QoS successfullyto the HC. Further, the amount
of overheadinformation that a HC needsto transmitaswell
asthecomplexity in thedesignof theHC requiringit to keep
the bandwidthinformationaboutall the existing applications
is alsoveryhigh. Further, differenttraf�c classesusedifferent
valuesfor theContentionWindow (CW), whichmeanslessde-
lay andbetterpriority to accessthechannelbut at theexpense
of morecollisionsandpacket losseswhenthe numberof ap-
plicationsincreases.Moreover, neitherthePCFnor the IEEE
802.11ewasdesignedfor adhocwirelessnetworks.

[14] is anotherschemecalled the blackburst contention
scheme,wherethestationhaving higherpriority traf�c to send
waitsuntil thechannelbecomesidle andthencompletelyjams
the channelto force all the othernodesinto backoff modeso
that it cantransmitimmediately. [15] considersthe ability to
transmitmorethanonepacket at a time. In [16] transmission
of pulsesis usedto achieve priority in addition to using the
blackburstcontentionmechanism.[17] dividesthechannelin
to contentionperiod(CP)andcontentionfreeperiod(CFP).A
nodeneedingto sendreal time datareserves the channelfor
CFPduringtheCPwith theContentionFreePeriodGenerator
(CFPG).The CFPGkeepstrackof the numberof stations,its
QoSrequirementsandalsoallocatestheresidualbandwidthto
any stationsthatrequireit. Theamountof control information



sentis moreaswell asthecomplexity in theCFPGis alsohigh.
If theCFPGfails,thewholeof thenetwork will bein anunsta-
ble condition. Evenif thereis a backupCFPG,theamountof
informationto betransferredis quitehighmakingit un-suitable
for Ad Hoc Networks. [18] doesadmissioncontrol and�ne-
tuningof applicationlayerparametersby passively monitoring
the channelandestimatingthe delay, packet lossetc through
the VMAC algorithm. This requiresthe VMAC algorithmto
run continuouslyin all mobile hosts. Further, it is not very
clear as how applicationwith varying or unknown traf�c re-
quirementsutilize theVMAC or VS algorithmfor its CAC.

To summarize the work done so far, [3], [4], [5],
[6] and [7] concentrateon fairnessamong the competing
nodes/applications,which is unsuitablefor applicationswith
stringenttiming requirementsor varying QoS requirements.
Work similar to [8] achieve QoSby modifying thecontention
window basedon the priority of the application. Reservation
basedmechanisms[9], [12], [17] areproposedfor achieving
QoS,whichrequirescomplex functionalitiesatthebase-station
or at theelectedheadof thewirelessnetwork. [14], [18] differs
from theabovesaidschemes.In mostof thework discussedso
far, noprovisionis doneto limit thenumberof sourcescompet-
ing for the resourcesin an Ad Hoc network, which de�nitely
effectstheQoSof existingapplications.

Ef�cient Connection Admission Control (CAC) and
Schedulingare very essentialin providing QoS. Paperslike
[18] do addressthe CAC, but a simple and ef�cient in-built
CAC andschedulingmechanismis not provided for Ad Hoc
Networks so far. PerformingCAC and schedulingin a dis-
tributedmannerwith nosinglenodehaving to burdenthetask,
is therealchallengein Ad Hoc networks. In contrastto many
of the above cited works, the work hereusesa simple self-
admissionschemeto modify the IEEE 802.11MAC layer by
which all the mobile nodeswill start transmittingtheir traf�c
only if thechannelhassuf�cient capacityto supporttheirappli-
cations.Thecapacityof thechanneldependson thenumberof
competingsourcesaswell astheirtraf�c characteristics.Nodes
requiringQoSneednothaveto contendfor thechannel;instead
thenodesuseadistributedalgorithmto computetheamountof
time they needto transmitaswell as the time at which they
have to transmitdata.By eliminatingcontention,thethrough-
put reductionoccuringdueto collissionscanbe avoided. By
limiting the numberof sources,servicedegradationoccuring
dueto theincreasein traf�c interferencecanalsobeavoided.

The rest of the paperis organizedas follows. Section2
de�nes the problemandscope. Section3 givesan overview
of clusteringandequivalentcapacity. Section4 describesthe
IEEE 802.11 protocol. Section5 gives the proposedQoS
scheme.Section6 givesthesimulationresults.Section7 dis-
cussesthesolutionfor providing QoSin a Multi-Hop Ad Hoc
network andSection8 concludesthepaper.

I I . PROBLEM STATEMENT AND SCOPE

MAC protocolsusedin wirelessad hoc networks usually
suffer from their lack of servicedifferentiationand degrada-
tion of throughputwhenmorenodescontendfor thechannel,
this makesthema poor choicein providing QoS.In a mobile

adhocnetwork,all themobilenodeswith differenttraf�c char-
acteristicscontendfor thesharedchannelwhichcloselyresem-
blestraf�c from differentqueuesin a routercontendingfor an
outputlink. Unlike a switch,anadhocnetwork doesnot have
any centraladmissioncontrollermodulefor protectingtheex-
isting traf�c from servicedegradationor aschedulerfor giving
preferentialtreatmentto high priority traf�c. Thefollowing is
neededin theMAC layerfor supportingapplicationsthathave
QoSrequirements.

� Eachandevery mobile nodeshoulddo a self-admission
control to decidewhetherthe ad hoc network hassuf�-
cientbandwidthto supportits application.For this,a mo-
bile nodebeforeit entersthe network shouldknow the
currentbandwidthavailablein thenetwork. An effective
schemethattransmitslessnumberof controlmessagesfor
gettingtheavailablebandwidthin thenetwork shouldbe
employed.

� Themobilenodesshoulddeterminethetimeatwhichthey
shouldemit traf�c aswell astheir drainingrate(amount
of timethey areallowedto transmit).Thedurationof time
availableto amobilenodein accessingthesharedchannel
shouldbe proportionalto the requiredthroughputof the
application.If every mobilenodein thenetwork canco-
ordinatetheir transmissiontimes,thecontentionwindow
canbeeliminated.This increasesthebandwidthavailable
in thenetwork. A distributedalgorithmis neededfor do-
ing all of these.

I I I . CLUSTERING AND EQUIVALENT CAPACITY

A. Clustering

As discussedin the previous section,the nodescontending
for thechannelshoulddo self ConnectionAdmissionControl
(CAC) to decidewhetherthechannelhassuf�cient capacityto
supporttheapplication.Thenodescontendingfor thechannel
are the nodesthat are in the sensingrangeof eachother. In
orderfor thenodesto effectivelydoadmissioncontrol,acluster
needsto beformedsuchthattheclustercontainsnodesthatare
in thesensingrangeof eachother. Furthermore,clusteringhas
a lot of advantageslike frequency reuse,power consumption,
robustness,increasedsystemcapacityetc.

TheClusterHead(CH) is anarbitrarily chosenmobilenode
whichcancommunicatedirectlywith all theothernodesin the
cluster. It will beseenshortly that thefunctionalityof theCH
is very limited unlike a base-stationor the schemesproposed
in [9]. Theprotocolis implementedsuchthatall thenodesin
theclusterreceivethebandwidthinformationaboutthecluster.
So even if a CH fails or a new CH is elected,it canimmedi-
atelystartfunctioningasa CH without any messagetransfers.
Becausethecontrolmessagesaresoimportantto this scheme,
additionalpower anderror control mechanismsmay be used
for thesepackets.Thiswill notbediscussedfurthersinceerror
control andrecovery areoutsidethe scopeof this paper. The
following assumptionsaremadeabouttheadhocnetwork:

� Mobility of thenodesarenot toohigh.
� A mechanismfor cluster formation suchthat the nodes

in a clusterare in the sensingrangeof eachotherexist.
Mechanismsmentionedin [19] canbeused.



� The nodesmove inside the cluster freely and also the
nodesmove togetherasa cluster. Inter clustermovement
is limited.

� Power aware mechanisms,error recovery and acknowl-
edgementschemesarenotconsideredin this work.

B. EquivalentCapacity

The equivalentcapacityis the bandwidthrequirementof a
single application1 in caseof a single nodeand is the band-
width requirementof multiplexedconnectionsin thecaseof a
network. Theequivalentcapacityof oneapplicationis indepen-
dentof traf�c generatedby theothersources.Lotsof work has
beendoneto effectively characterizethesourcesandcompute
the equivalent capacity. [22] containsan excellent overview
of the different call admissioncontrol schemesand also the
methodsemployed to computethe equivalentcapacities.The
schemeproposedin [23] is usedherefor computingtheequiv-
alentcapacity( ��� ) of a source. This schemehasthefollowing
features:

� The equivalent capacity of a Markov modulated�uid
sourceis approximatelythe maximal real eigenvalueof
a matrix derived from sourceparameters,buffer require-
mentsandcell lossprobability.

� Theequivalentcapacityis themaximumrealeigenvalue
of thematrix

� �����
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and M is the
in�nitesimal generatorof modulatingMarkov chain that
governsthe transitionsbetweenthe statesof the arrival
process.p is thelossprobabilityof theapplicationandB
is thebuffer size.

� If thereareN sources,the equivalentcapacityis asymp-
totically equalto )+*

�!,.-

��� . , where ��� is the equivalent
Capacityof thei /10 source.

This summustalwaysbelessthanthecapacityof thechannel.
Thisschemeis chosenbecauseof thefollowing reasons:

� The computationof the equivalent capacityof a single
sourceis notcomputationallyintensiveandit hasaclosed
form solution.

� For computingthe equivalentcapacityof the network, a
nodehasto know only the existing total equivalent ca-
pacityof thenetwork with which it canaddits equivalent
capacityto obtainthenew total equivalentcapacityof the
network. Theequivalentcapacityof thenetwork seenby
all thesenodesis thesame.

IV. DESCRIPTION OF IEEE 802.11

TheIEEE802.11standardis describedin thissectionasit is
the basisuponwhich the new schemeis built. IEEE 802.11,
when used in its Distributed CoordinationFunction (DCF)
mode,is basedon a CarrierSenseMultiple Access(CSMA)/

2

Pleasenote that the termsapplicationand connectionare
usedinter-changeablyin this paper

Collision Avoidance(CA) scheme. A node that intendsto
transmita packet waits until the channelis sensedidle for a
timeperiodequalto DistributedInter-FrameSpace(DIFS).Af-
ter this, in order to avoid collisions a nodedoesbackoff by
choosinga randomnumberbetween0 to CW as the backoff
interval. If the nodedetectsa transmissionduring its back-
off waiting time, it will freezeits backoff operationuntil the
channelbecomesfree for DIFS andthencontinueits backoff
procedureagainfrom whereit left. The mobile nodesimple-
ment the backoff procedureby decrementinga counterfrom
the chosenrandomnumberto 0. The counteris decremented
aslong asthe channelremainsidle, andis stoppedwhenthe
nodesensesa transmission.The timer is reactivatedafter the
channelis againsensedidle for aDIFS.Whenthebackoff pro-
cedureterminates,thenodecanstarttransmittingits traf�c after
it completesits Requestto Send/Clearto Send(RTS/CTS)pro-
cedure.RTS/CTSprocedureis requiredbecausewithout it the
nodessuffer from whatis calledasthe'HiddenNodeProblem'.
A nodeafter receiving a packet waits for a ShortInter-Frame
Space(SIFS)beforetransmittingthenext packet.

V. PROPOSED SCHEME

A. Structureof a Cycle

For thiswork, anentirelydifferentapproachis usedthanthe
802.11MAC. The channelis divided into cyclesor framesof
equalduration.Everynodesendstheir packetsin their respec-
tiveslotsof acycle. Theslotsrepeataftera �x edduration.The
structureof acycleis shown in Figure1 andit hasthefollowing
properties:

 

       CBR SOURCES

Free Channel Duration

PREAMBLE VBR SOURCES PREAMBLE

CBR1   CBR2

             CYCLE DURATION

VBR2 VBR1

DIFS DIFS

Fig. 1. Structureof aCycle

� Thebeginningof acycleis markedwith a 3547698
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packet from theCH. Thiswill beusefulfor thenew nodes
to synchronize.The 3547698
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6 packetat thestartof
everycyclehasthefollowing information:

– Start of the free channelfrom the beginning of the
cycle.

– Durationof thefreechannel.
� TheCBRconnectionstransmitat thebeginningof thecy-

cle.
� TheVBR connectionstransmitat theendof thecycle.
� There exists a 'Free channel' at the middle of the cy-

cle which is occupiedby the connectionsthat do not



needreservation of the channellike the besteffort ser-
vices(UBR),packetssentfor admissioncontrol,andother
control packets. This is basicallythe unusedbandwidth.
Whenanew CBRor VBR connectioncomesup,the'Free
Channel'at the middle shrinks. Somebandwidthis al-
ways reserved at the 'Free Channel'so that the bestef-
fort applicationsdo not starve. Transmissionin the free
channelis doneaccordingto IEEE 802.11DCF proce-
dures(contentionwindow procedures)with slightmodi�-
cations.

� The nodessendingUBR traf�c wait for the start of the
freechannelandstarttheir contentionwindow procedure.
The modi�ed contentionwindow procedureis suchthat
if thewholeof thebackoff/RTS/CTS/DATA/ACK packet
sequencedoesn't get completedwithin the cycle ( The
VBR sourceswould have startedtransmittingbeforethe
nodecouldcountdown to zero),thenodedoesthefollow-
ing:

– Continueits contentionwindow procedureduringthe
freechannelof thenext cycle

– Continueits contentionwindow procedurewhenthe
slot of any of the VBR sourceis idle. This is the
invitation schemeand is explainedmore in Section
V.D

� The control packets neededfor clusteringare sentdur-
ing the 'free channel'at the middle of the cycle. Since,
the inter clustermovementis assumedto be limited, the
overheaddueto clusteringwill alsobeless.However, the
reservedbandwidthat the freechannelshouldbecon�g-
uredto besuf�cient for clusteringmessages.Priority can
begivento clusteringtraf�c over thebesteffort traf�c by
makingtheir inter-framespacesmallerthanDIFS. Clus-
teringwill notbediscussedfurthersincethescopeof this
paperis limited to QoS.

B. Procedure for a New Application

Whena nodewantsto startan applicationthat needssome
qualityof service,it waitsfor thebeginningof thecycle,which
is recognizedby the nodewhenit receivesa 3547698
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packet from theCH. Thesourcethenwaits for the 'free chan-
nel' which lies in betweenthe CBR andVBR sources.This
information is sentby the CH as explainedpreviously. The
sourcewaits for the channelto becomefree for a period of
DIFSwhichwill beduringthefreechannel,afterwhichit com-
municateswith theCH usingthemodi�ed contentionwindow
proceduresasexplainedfor UBR. After thebackoff procedure
is completed,if thereis suf�cient free channelduration, the
nodesendsa �78�� 4 6�� packet askingtheequivalentcapac-
ity in thenetwork from theCH.

TheCH aftergettinga �78�� 476�� packet from any of the
mobilenodes,will broadcasta �78�� 47693 packet to thenet-
work, whichhasthefollowing information:

� TotalEquivalentbandwidthof theCBR/VBRconnections
( 6��

'����
	��

/ 6��

'���
�	��

)
� Totalnumberof CBR/VBRconnections( �

�
	��

/ �


�	��

)
After getting the �78�� 47693 packet, the nodecomputesthe
equivalentbandwidthof thenew application( 6��

'����������

) as

6��

'����������

= Peakrateof transmission,if the applicationis
of typeCBR

6��

'�� �������

= Equivalentbandwidthascalculatedfrom sec-
tion III.B. [23], if theapplicationis of typeVBR.
Thenodealsokeepstrackof its positionin thecycle with the
helpof a variablecalledthe'nodenumber'or 'sequencenum-
ber'. Thisvariableis computedfrom thevalueof thetotalnum-
ber of CBR/VBR connectionssentby theCH. The nodethen
computesthe total Equivalentbandwidthof a CBR/VBR con-
nectionin thenetwork which is givenby:
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The conditionfor self ConnectionAdmissionControl is as
follows:
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where,
�

� is theChannelCapacity
�

4�+.-��

� "

is the reserved channelcapacitywhich is the
minimumallowedfor thefreechannelandliesat themid-
dle for besteffort andcontrol packetsandis assumedto
beawell known value.

�

3,/203�

� "

is thecapacityusedby thepreamblepackets.It
alsoincludesthecapacitywasteddueto guardtime,which
will beintroducedshortly.

Thenodeafter�nding thatthechannelhassuf�cient capac-
ity to supportits application,sendsthe following information
to theCH in theform of a

��4��

'%�

packet:
�

�'���

�(�

6"!

'%�

� Typeof connection(CBR/VBR)
After theCH getsthemessagefrom thenode,it updatesthe

total countof CBR/VBR connectionsaswell astheequivalent
capacityin the network for CBR/VBR connections.A MAC
acknowledgementmessageis sentto the nodeafter this. The
totaldurationof transferspeci�edin theRTS packet takesinto
accountthecompletesequenceof messagesthatincludesCTS,
CAC REQ, CAC REP, TOT BW andACK messages.If the
proceduredoesn't getcompletedin thepresentcycle, it is con-
tinued(not restarted)in thenext cycle. This canhappenwhen
there are too many sourcestransmittingin the 'Free Chan-
nel' suchthatthisnodecannotcompleteits contentionwindow
mechanismsin that cycle. The nodecanstart transmittingits
datapacketsaftergettingtheACK messagefrom theCH. The
durationof time anodeis allowedto transmitis givenby

�6587
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(1)

The node, after the cycle starts (as indicated by the
3547698
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6 packet of the CH at the beginning of the
cycle),waitsfor adurationof

�A@AB

�

/

beforetransmittingits �rst
packet.

�6@AB

�

/

is givenby:

�6@AB
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where,
� CycleDuris thedurationof thecycle.
� GuardTimeis thetimebetweenadjacentslotsandis equal

to
�����

- . ReferFigure1.
� PREAMBLE Dur is the duration of the PREAMBLE

packetsentby CH.
After the�rst transmission,thenodewaitseverytime for dura-
tion equalto

�6@AB

�

/

�

��9

�

�

+2: ;C/

�

� 587��

Thisequationholdsgoodfor bothCBR andVBR connections.
This alsoincludestheguardtime andthePREAMBLE packet
transmissiontimeby theCH.

Thus,all thenodeshavetheirown slotsandthewaiting time
for their slots is also computedindependently. Even though
it is computedindependently, therewon't be any overlapping
of slots. Since the slot is completelydedicatedto a node,
therewon't be any collision andhenceno needof having the
RTS/CTS,backoff procedures.This will greatlyenhancethe
throughputin thenetwork andthenodeswill alsogetaguaran-
teedthroughputaswell.

Here, the destinationdoesnot sendACK packets for ev-
ery datapacket received. Instead,the sourcesignalsthe end
of its transmissionin the cycle by sendinga

���

�

�

0

"C�

+

�

+

packet. After receiving this packet, the destinationsendsan
ACK packet thatalsoindicatesthenumberof datapacketsre-
ceivedin thiscycle. By doingthis, thetransmissionof thedata
packets can go at a stretchwhich will increasethe through-
put. Becauseof the collision free transmission,the chances
that a destinationwill not receive a packet sentby the source
is lessunlessthe destinationmovesout of rangeor the chan-
nel is highly error prone. Any acknowledgementschemecan
beemployedsuchastheSelective Repeator Go BackN. The
computationof 6��

'%���������

alsotakesinto accountthe over-
headdueto MAC headerandTx Complete/ACK packets.

C. Terminationof anApplication

Whenan applicationterminates,its slot goesunused.This
will createholesin thecycle aswell aswastageof bandwidth.
Thisscenariois similar to theconceptof 'holes' createdduring
pagingandsegmentationof theusermemoryin an Operating
System(OS). In the caseof an OS,whena hole is createdin
thememory, 'coalescing'is doneto combinetheholesandthe
datatogether. 'coalescing'thefreechannelis doneby advanc-
ing the slot occurencefor the connectionswhoseslots occur
aftertheslot of theterminatedconnectionin thecycle to close
the gapin the cycle. Thus,the waiting time will be modi�ed
only for thenext cycle. This operationdoesnot effect thedata
transmissionor the throughputin any way. Thus'coalescing'
of thefreechannelis not asinef�cient as'coalescing'of holes
andmemoryin anoperatingsystem.Thedetailedprotocolop-
erationis explainedbelow:

Whenanodewantsto terminateits applicationit broadcasts
a control packet at the beginning of its slot indicatingthat its
connectionis closingand it also includesthe new equivalent

capacityin thenetwork. Thenodecomputesthenew equivalent
capacityasfollows:
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Thenodebroadcaststhefollowing informationwhenclosing
its connection:

� Typeof connection,CBR/VBR
� New Equivalent Bandwidth in the network

( 6"!

'%�

�

�

�

-2+ )
� Equivalent bandwidth of the closing application

( 6��

'����

�

�

+ )
� Sequencenumberof theclosingapplication/node.
The CH as well as the other mobile nodesupdatetheir

databasecontainingthe information about the network after
gettingthe above message.The nodeswhich have CBR type
of connectionsdecrementthewait time for their transmission
in thenext cycle to be:
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The nodeswhich have VBR type of connectionsincrement
theirwait time for theirnext cycle to be:
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where 6��
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is the equivalentbandwidthof the closed
connection.

This is doneonly for thesubsequentcycleandonly for those
nodeswhosenodenumber(sequencenumber)is greaterthan
thenodenumberof theconnectionthatclosed.Afterwardsthe
wait time is thesameasabove,ie..
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Theaboveequationsimply thatthestartingtimeof theoldCBR
connectionbecomesthe startingtime of the CBR connection
afterit andtheendingtimeof theold VBR connectionbecomes
theendingtimeof theconnectionbeforeit.

D. InvitationMechanism

HereweassumethatVBR applicationsareON/OFFsources,
so it is possiblethat a VBR sourcemay not have anything
to transmitin its slot, leadingto wastageof bandwidth. This
bandwidthwastagecanbeavoidedif otherVBR or Best-Effort
sourcescanbemadeto utilize theslot. So,duringits OFFpe-
riods,a VBR nodesendsa
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� �����

�

6 packet inviting the
othernodesto transmittheir traf�c. TheotherVBR/best-effort
sourcesgrabthe channelaccordingto the IEEE 802.11stan-
dardsby following theRTS/CTS,backoff procedures.But, the
backoff window is computeddifferently. Thebackoff window
is computedtakingthefollowing factorsinto consideration

� NodestransmittingVBR typeof traf�c will have priority
over thenodestransmittingbesteffort traf�c.

� A nodehaving morepacketsin its queueshouldbegiven
morepriority.

After a nodereceivesthe
���

�?�����

�

6 packet, it performs
thefollowing:



� If it hasa CBR typeof application,it ignoresthepacket.
� If it hasa VBR type of application,it startsthe backoff

window procedurefor a duration which is obtainedby
picking a randomnumberbetween[0..�

� ���

@

], where
thevalueof �

� ���

@

dependson theoccurrenceof its slot
with respectto thenodethathassentthe

���

� ��� �

�

6

packet aswell ason the lengthof its queue.Essentially,
nodeswith morepacketsin theirqueuesand/ornodesthat
have alreadycompletedtheir transmissionsin this cycle
computea lesservalueof �

�����

@

andhencehave a bet-
ter priority to accessthechannel.This is doneto improve
jitter.

� Nodeshaving UBR typeof applicationspausefor a dura-
tion of �

�����

@

#

� andthencontinuetheir backoff win-
dow proceduresfrom whereit left in the free channel. �

is any smallarbitrarynumberandcanbeequalto SIFS.
This is doneto giveprefferentialtreatmentto VBR traf�c
overUBR traf�c.

As explainedbefore,a nodesendingbesteffort traf�c can
transmitduringthefreechannelat themiddleof thecycle and
alsowhenit receivesa

���

�?��� �

�

6 packet from any VBR
source.

Thusit is ensuredthat the channelcapacitydoesn't go un-
usedin any way. Now, it is alsoapparentwhy CBR andVBR
sourcesaregroupedtogetherasin Figure1. Thisis donefor the
VBR sources,becausetheslotdurationfor theVBR sourcesis
proportionalto the equivalentcapacitywhich is not an exact
estimateof the traf�c generatedby them. It is possiblethat
at somepoint in time,someVBR sourcesgeneratedatawhose
rateis higherthantheequivalentcapacitiescomputedfor them.
In suchcases,theamountof traf�c sentby thesourcein its slot
durationis lessthantheamountof traf�c generated.So,when
the VBR sourcesare groupedtogether, thereis a possibility
thatsomesourcesarein theOFFstatewhoseslot canbemade
useof by thesourceswhoserateat thattimeexceedstheband-
width (slot) allocatedto them. This will preventtheexcessive
delaysaswell as the buffer over�ow which might have been
experiencedby theVBR sourcesotherwise.For CBR sources
no specialprovisionsareneededastheir slotswill alwaysbe
occupied.

VI . SIMULATION

Extensive simulationstudy was done using NS-2. A �at
topologywasassumedto exist and the nodeswereplacedin
suchaway thatall thenodeswerein thesensingrangeof each
other. Thenodesweremadeto moverandomlyin a250X250m
area.TheMAC protocolusedwasIEEE 802.11andtherout-
ing protocolwasDSR.Simulationwasdonefor differentcases
usingthe default IEEE 802.11proceduresaswell asthe new
schemeusing the Self-ConnectionAdmissionControl. Sim-
ulation was run for a periodof 150 secondsand throughput,
meanwaiting time, numberof packetslost andnumberof re-
transmissionsarecalculated.The channelcapacityis 1Mbps.
Throughputis measuredafterevery0.5seconds.

A. SimulationStudy

A numberof simulationswereperformedwith differenttraf-
�c sourceslikeCBR,VBR andUBR. Differentscenarioswere
studiedby varyingthecycle duration,peakrateof thesources
andthepacketsizes.Thissub-sectiondoesacomparisonof the
behaviour of IEEE 802.11andtheself-CAC schemewith em-
phasison throughputandmeanwaiting time for bothCBRand
VBR traf�c in a highly loadedchannel.Thebuffer sizefor all
thenodesis setto 10,000bytes. Thecycle durationis keptat
0.1sandthepacketsizeis setto 400bytes.UDPis employedas
thetransportlayerfor carryingtheCBRtraf�c. All thesources
start transmittingat the sametime. Simulationis performed
with 2 CBR sources.Onesourcetransmitsat a constantrate
of 512kbpsandtheothersourcetransmitsata constantrateof
256kbps.Figure2 showsthethroughputof all �o ws. Self-CAC
�o ws obtain512kbpsand256kbpswhile 802.11�o ws obtain
around390kbps(insteadof 512kbps)and 256kbps. This be-
haviour of IEEE 802.11is dueto its backoff, RTS/CTSproce-
duresandcollisions.For thesourceswhosearrival rateis high,
the numberof packets getting queuedalso increases,which
increasesthe waiting time of a packet as the simulationpro-
gresses.But the throughputattainedby theself-CAC scheme
remainsnearly at the peakrate of the sourcethroughoutthe
simulationasshown in Figure2. This is not surprisingasthe
connectionsareassigneda dedicatedslot in which therewon't
be any collisions. Thusthe throughputof a connection,once
acceptedinto thenetwork,doesn't dependonthenetwork load.
Thethroughputof the512kbpssourceusingthe802.11scheme
is affectedaslong asthe256kbpssourceis active,afterwhich
its throughputshootsupascanbeseenin Figure2 after130s.
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Figure 3 shows the waiting time for the packets observed
for the �rst 400 packets. The graphfor the self-CAC scheme
exhibitsauniformsaw-tooth�gure. Thisis becausethepackets
that arrivedclosestto their slotswill have to wait for a lesser
durationthanthepacketsthatarrivedfarthestfrom their slots.
Packetsthatarrivedaftertheslotwill nearlyhaveto wait for the
durationof thecycle to be transmittedin their slot of thenext
cycle. Thusthemeanwaiting time for a connectionis roughly



half thedurationof thecycle irrespective of thenetwork load.
Thecurvein Figure3 for the802.11schemeclearlyshowsthat
802.11cannothandlethe768kbpstotal input rate. Hencethe
queuescontinueto �ll.
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Anothersetof simulationswereperformedwith VBR traf�c
alone.Thesizeof thepacketswassetto 386bytes.An expo-
nentialON-OFFtraf�c generatorwasusedasthesourcewith
meanON period of 800msandmeanOFF period of 200ms.
UDP is employedasthe transportlayer for carryingtheVBR
traf�c. A total of 11 nodesweremadeto move insidethe �at
topology. Five of thenodesactedasVBR sourcesgenerating
traf�c at a constantrateof 128kbpsduringtheON periodand
no traf�c duringtheOFFperiod.Five of theothernodesacted
asthe destinationfor the VBR traf�c. Onenodeactedasthe
clusterhead. All the sourcesstartedtransmittingat the same
time. Figure4 shows the throughputcomparisonfor the two
schemesfor individual connectionsasa functionof time. The
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following canbeobservedaboutthemeasuredthroughputfor
theself-CAC scheme:

� Throughputmeasuredover someintervals is zeroor less
thantheequivalentcapacityof around118kbps.This oc-
curswhenthe sourceis in an OFF stateandnot having
enoughpacketsin its queueto �ll theslot.

� The measuredthroughput over an interval is around
118kbps. This equalsthe equivalentcapacitycomputed

by the sourceas well as the capacityof the slot. This
meanstheslotat thesourceis completelyoccupied.

� The measuredthroughput at some intervals exceeds
128kbps in spite of them being allocated less than
128kbps.This is becausethe VBR sourcesgrabthe un-
usedbandwidthin othertimeslotswhichoccurswhenthe
otherVBR sourcesarein theOFFstate.

The throughputattainedby the VBR sourcein caseof IEEE
802.11is muchless. The reasonis the sameasexplainedfor
CBR sources.

Anothersetof simulationswereperformedwith UBR traf�c.
Thecycle durationis keptat 0.25sandthepacketsizeis setto
400bytes.A total of 7 nodesweremadeto move insidea �at
topology. Threeof thenodesactedasUBR sourcesgenerating
traf�c at a constantrateof 128kbps.Threeof theothernodes
actedasthedestinationfor theUBR traf�c. Onenodeactedas
theclusterhead.All of thesourcesstartedtransmittingat the
sametime. Sincethe nodesdo not needany QoSguarantee,
they donotperformany self-CACprocedures.Thenodestrans-
mit in the'FreeChannel'asexplainedbefore.Thethroughput
attainedwasobservedandwasfound to be thesamefor both
IEEE 802.11and the self-CAC scheme.Figure5 shows the
aggregatedmeanwaitingtimecomputedafterevery50packets
throughoutthesimulationfor boththecases.It canbeseenthat
the meanwaiting time for the self-CAC schemeis almostthe
sameasof IEEE 802.11. This provesthat for lower network
loadstheperformanceof theself-CAC schemeusingthecon-
tentionmechanismis asgoodastheIEEE802.11scheme.The
signi�canceof this resultwill beexplainedin SectionV1.B.2.
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Another simulation was performedwith a highly loaded
channel.A total of 17 nodesweremadeto move insidea �at
topology. Threeof the nodesactedas CBR sourcessending
traf�c at 128kbps,threeof the nodesactedas VBR sources
sendingtraf�c at128kbpsduringON period.TheON andOFF
periodswereexponentiallydistributedwith ameanof 0.8sand
0.2srespectively. Two of thenodesactedasUBR sourcesgen-
eratingtraf�c at a constantrateof 16kbps.Thethroughputat-
tainedby aUBR sourceis shown in Figure6. It is seenthatthe
achievedthroughputis around17kbps.This graphshows that
the throughputof theUBR sourcesdoesn't geteffectedin the



presenceof high priority sourcesaslong asthereis suf�cient
free channelcapacityat the middle of the cycle. The modi�-
cationdoneto the IEEE 802.11schemewherebythe sources
performtheir contentionprocedureat themiddleof thecycle,
doesn't affect the throughputof the nodes. The meanwait-
ing time acheived for the UBR nodesis not very goodsince
transmissionis doneonly duringthemiddleof thecycle. The
threeCBRandVBR sourceshaveadedicatedslotdueto which
their throughputandmeanwaiting time is alwaysgood. The
throughputachievedby theCBR/VBRnodesalmostequalsthe
rateof transmissionof thesourceandthemeanwaitingtimede-
pendson thecycleduration.Thethroughputandmeanwaiting
timepatternexhibitedby thesesourcesis thesameirrespective
of theloadin thenetwork andwasalreadydiscussedbefore.
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B. PerformanceAnalysis

1) Offered Throughput: For providing Quality of Ser-
vice, throughputguaranteesshouldbeprovidedto connections
throughouttheir durationirrespective of the load in the net-
work. Figure7 shows the throughputvs normalizedoffered
loadfor an individual connectionon a 1Mbpschannel.Nodes
transmitCBR traf�c at a rateof 64kbps.Thenumberof nodes
is increasedand throughputis observed for both the IEEE
802.11andself-CAC scheme.The sizeof the packets is set

to 400 bytesandthe cycle durationfor the self-CAC scheme
is set to 0.25s. It is seenthat whenthe load on the network
crosses60percent,thethroughputperconnectionfor theIEEE
802.11schemedrops. But, the throughputof the connection
for theself-CAC schemeremainsat nearly64kbpsirrespective
of theloadin thenetwork. For theself-CAC scheme,new con-
nectionsareacceptedaslong astheloadis lessthan0.9. New
connectionsare rejectedwhen the load exceeds0.9. For all
connectionsthatpassthe admissioncontrol, throughputguar-
anteeis given.Theremaining10 percentof thecapacityis the
overheadincurredbecauseof theself-CAC schemeandis dis-
cussedin thelatersections.But in IEEE 802.11like any other
contentionprotocol,thethroughputof all theconnectionsdrops
whentheloadonthenetwork increases,makingit verydif�cult
to achieve QoSguarantees.Most of theexisting MAC proto-
cols in the literatureaswell asIEEE 802.11esuffer from this
scalability issue,whereinno provision is doneto protectthe
QoSof thenodeswhentheloadin thenetwork exceedsbeyond
acertainvalue.

2) CycleDuration: Thecycledurationis oneof thekey pa-
rametersfor thissystem.If thecycle time is settoo low, a large
portionof thecycle time will bespenton overheadbits. If the
cycle durationis set to high, the delayfor eachpacket might
betoo large.Therefore,thetradeoff is betweenlost bandwidth
dueto overheadversusdelay. It wasseenin thelastsub-section
thatoncea �o w hasenteredthenetwork, throughputguarantee
canbe given to the �o w aslong asthe �o w is active. It was
alsoseenin the previous sectionsthat the meanwaiting time
observedfor aconnectionis approximatelyhalf thedurationof
thecycle. Of course,thedurationof thecyclecanbereducedin
orderto getabettermeanwaitingtimefor theconnections.But
reducingthecycle durationincreasestheoverheadproportion
incurreddue to preamblepackets. This aloneis not a major
limitation asthesizeof thepreamblepacketsis verysmall(60
bytes).But, thelesserthecycleduration,thelessertheslotdu-
rationfor anodein thecycle. Thismayincreasetheamountof
fragmentationdone,therebyincreasingtheoverheaddueto the
MACheader. Theequivalentcapacitycalculationalsotakesthe
overheaddueto theMAC headerinto consideration.Thus,re-
ducingthecycledurationwill reducethesizeof thepacketsor
increasetheamountof fragmentation,bothof which increases
theMAC overhead.This will reducethecapacityavailablefor
transmittingusefuldatawhichin turnwill increasetherejection
ratioor reducethenumberof connectionsthatcanbeaccepted
into thenetwork.

The overheadincurredin this schemeis dueto the pream-
ble packetsthat are transmittedat the beginning of every cy-
cle andthe guardtime betweenthe slotsof every connection.
The morethenumberof users,themoretheamountof guard
timebetweenslotsandmorethecapacitywasted.Thecapacity
wasteddueto guardslotsalsoincreaseswith decreasingcycle
durations.Figure8 shows thegraphwhich plots theoverhead
and meanwaiting time vs the cycle duration. The overhead
calculatedis dueto thepreamblepacketsandtheguardtimeas
mentionedabove for twelve usersgeneratingtraf�c at a con-
stantrateof 64kbps. Both the curvesseemto intersectwhen
thecycle durationis between0.4sand0.5s,but this is to some



degreejust anartifactof scaleschosenfor theplot. Possiblya
moreimportantconsiderationis thatthecurvefor theoverhead
has�attenedby thispoint. Themeanwaitingtimeshown is for
a single64kbpsCBR source. As mentioned,this shows that
themeanwaiting time for a connectionlargelydependson the
durationof thecycle time choosen.Whenthecycledurationis
0.025s,the meanwaiting time acheivedby theconnectionsis
around12mswhich is very goodfor voice traf�c [10]. It was
foundthatthemeanwaitingtimein caseof IEEE802.11is less
whenthe load is light. Whenthe load increasesto around65
percent,theperformancedropsandwaitingtimesgrow without
bound.
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A major bene�t of this approachis that this schemecould
be implementedto usethe bestof both self-CAC and IEEE
802.11. The nodein the self-CAC schemehasthe option of
reservingbandwidthor canoccupy thefreechannelat themid-
dle usingthe IEEE 802.11contentionprocedures.When the
load in the network is light, the durationof the free channel
is large andthus the nodescanattain their requiredthrough-
putandmeanwaitingtimewithoutdoingany reservation.This
wasevident in Figure5. Whentheloadincreases,sourcescan
switchto slottedreservations.Thusit is possibleto usethebest
of bothschemesdependingon thestateof thenetwork. During
low loads,thecontentionbasedapproachwould beused.

3) Utilization: Anotherimportantperformancemeasureis
theutilization of thenetwork which is the total fractionof the
capacityutilized for sendingusefuldata. The factorsthat re-
ducethe throughputof the systemare the numberof control
packets,backoff schemesetc, sinceduring thoseperiodsdata
packetsarenot transmitted.This sectionanalyzesthe utiliza-
tion of the network for the self-CAC scheme. The duration
of the slot reserved is proportionalto the equivalentcapacity
of theapplication.For a CBR source,theequivalentcapacity
is the peakrateof the source. The slot for a CBR sourceis
alwaysoccupiedandhencetheutilization of thenetwork dur-
ing a CBR slot is high. But for a VBR source,theequivalent
capacitycomputationis not alwaysexactly equalto the traf�c
transmittedby thesourceandit hassomeapproximationsin it
[23]. The samewasalsomentionedin the previous sections.
Thereis a possibility that the slot may go idle due to which
the channelcapacitymay go wasted. As alreadymentioned,

whenaVBR nodedoesn't haveanything to transmitin its slot,
it invites the othernodesto sendtraf�c in its slot. The other
VBR nodescompeteamongthemselvesfor theslot. Figure9
shows themeanwaiting time comparisonof a connectionwith
and without this scheme. The �gure shown is for � ve VBR
sourcestransmittingat 128kbps. The cycle durationis set to
0.25s. It canbe seenthat the achieved meanwaiting time is
betterusingthis invitation scheme.The achieved throughput
for the connectionwasfound to be almostthe samewith and
without theschemeproving theeffectivenessof theequivalent
capacitycomputation.Themeanwaiting time achievedis sig-
ni�cantly betterusingthe invitation scheme.This is because
whenthesourceis in theON state,it transmitsat its peakrate.
It is known that thechannelallocatedto a VBR sourceis less
thanthepeakrateof thesourceandis equalto theequivalent
capacitycomputedin [23]. So,whenthesourceis in theON
period,thequeuestartsto build slowly. Whenthesourcegoes
to theOFFperiod,thepacketsin thequeuegetsdrained.

 0.1

 0.105

 0.11

 0.115

 0.12

 0.125

 0.13

 0.135

 0.14

 0.145

 0.15

 0.155

 0  500  1000  1500  2000  2500  3000  3500  4000  4500

A
gg

re
ga

te
 M

ea
n 

W
ai

tin
g 

T
im

e 
(s

ec
)

Number of Packets

Mean Waiting Time Analysis of Self-CAC Schemes

With Invitation Scheme
Without Invitation Scheme

Fig. 9. MeanWaiting Time comparisonwith andwithout the 'Invite Packet'
Scheme'

WhentheVBR sourcesaremadeto occupy theunusedslot,
the throughputandmeanwaiting time improvesdramatically.
This is becausethepacketsthatwerenottransmittedin thecur-
rentcycledonothaveto wait till thenext cycle. Whenanother
VBR sourceis in the OFF state,this sourcehasthe oppurtu-
nity to grab the channeland transmit the remainingpackets
in the queue.Thusthe queuedoesn't build up asmuchasin
the casewithout the invitation scheme.Figure10 shows the
bandwidthwastedwith andwithout this schemefor � ve VBR
sourcestransmittingat 128kbps. The cycle durationis set to
0.1sfor this case.The �gure shown is the bandwidthwasted
dueto a singleconnection.The amountof bandwidthwasted
is measuredaftereverysecond,whichin thiscaseis tencycles.
This resultshowing abetterbandwidthutilizationusingthein-
vitation schemeis not surprising.This is because,without the
invitation scheme,thewholeslot will go unusedwhena VBR
sourcedoesnot have anything to transmitin its slot. The in-
terestingthing to noteis thatthereis somebandwidthwastage
even in the presenceof the invitation scheme.Let's seewhy
this happens.

Bandwidthwastageoccursdueto thefollowing reasons:
� Insuf�cient numberof packets in the slot, but suf�cient

enoughto �ll the slot in sucha way that the remaining
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durationin theslot is not suf�cient for theothernodesto
utilize effectively.

� Occurenceof collissionwhenmorethanonenodetriesto
accessa slot left by a VBR sourcewhich is in the OFF
state.

A sourcewill invite theothernodesto transmitonly if the re-
mainingslot hassuf�cient time to transmita pre-determined
numberof bits in its slot.

4) Goodput: Goodputis de�ned asthepercentageof total
channelcapacityutilized for sendingdatatraf�c. The control
packets,guardslots,headeroverheadandanythingthatutilizes
thechannelfor not sendingthedatapacketsareomittedfrom
the goodputcomputation. The cycle duration for the good-
put simulationis kept at 0.25s. Figure11 shows the goodput
achievedfor CBRtypeof sources.It canbeseenthatthegood-
putachievedin caseof self-CAC schemegoesto ashigh as80
percentwhentheloadin thenetwork is slightly morethan0.94.
Thenew connectionswill berejectedafter the loadin thenet-
work crosses0.94. The goodputfor the IEEE 802.11scheme
doesn't exceed65 percent. Another simulationis performed
with a equalnumberof CBR, VBR and UBR sources. The
load in the network is increasedandthe goodputis observed
for the self-CAC andIEEE 802.11scheme.Figure12 shows
the goodputachieved for both the schemeswith 95% con�-
denceinterval. It canbeseenfrom thegraphthattheachieved
goodputusingtheself-CAC schemeis better. For theself-CAC
scheme,the achieved goodputfor mixed traf�c is lesserthan
theachievedgoodputfor CBRsourcesalone.This is dueto the
presenceof VBR/UBR traf�c andtheapproximationdonefor
theequivalentcapacitycomputationof VBR traf�c.

Thefactorsthataffect thegoodputare
� Overheaddueto header
� Overheaddueto preambleandguardslots
� Overheaddueto self-CAC scheme
� Overheaddueto invitationscheme

Theexpressionsfor theaboveparametersareasfollows:
Let theoverheaddueto MAC headerbe 'x' bits. Overhead

dueto MAC headersin a cycle is givenby:

4���� B

�
�

*������

	

� , -

�

�

=

�

 0

 0.2

 0.4

 0.6

 0.8

 1

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

G
oo

dp
ut

Load

Goodput vs Load Comparison

Self-CAC (CBR) 
IEEE802.11 (CBR)

Fig. 11. GoodputComparisonof CBRTraf®c

 0

 0.2

 0.4

 0.6

 0.8

 1

 0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

G
oo

dp
ut

Load

Goodput vs Load Comparison

Self-CAC (Mixed)
IEEE802.11 (Mixed)

Fig. 12. GoodputComparisonof CBR,VBR andUBR Traf®c

where,
�

��


�
�

is thetotal numberof connectionsrequiringQoS
�

�

� is theaveragenumberof packetsfor the
�

/10 connection
in a cycleandis givenby:

�

�

�

6"! �

� "

�

=1��9

�

�

+2: ;C/

�

�

�

�

�

�

= 3��

�

�

���

+

�

where,
– 6"! �

� "

� is theequivalentcapacityof
�

/10 connection
– 3��

�

�

���

+

� is thepacketsizeof
�

/10 connection
Overheaddueto preamble,guardslotsandMAC acknowl-

edgementpacketsis givenby:
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is the time taken for the acknowledgementproce-
duresin self-CAC,whichincludesthetimetakenfor send-
ing the transmissioncompleteandthe acknowledgement
messages.Thisprocedureis doneonceperslot percycle.
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Overheaddueto admissioncontrolassumingthatno collis-

sion of RTS packetsoccurduring admissioncontrol, is given
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Another parameteraffecting the goodputis the bandwidth
wastagedueto theemptyVBR slots.A VBR sourceinvitesthe
othersourcesto takeup its slot. Bandwidthis wastedwhenthe
othernodesfail to acquiretheslot dueto collission. Thereis
alsoasmalloverheaddueto theexchangeof RTS/CTSpackets
whentheslot is successfullyacquired.For simplicity, thisanal-
ysisassumesthatthe � ���
�

�

6 packet is sentat thebeginning
of thecycle.

Whencollisisonoccurs,bandwidthwastedis givenby:
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is thedurationof theslotwasted.
Collissiondoesnot occurwhentherandombackoff valueof a
nodeis lower thanthatof all theothernodes.ie..
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where'n' is the numberof nodestrying to capturethe slot.
This is equivalentto comparingtwo uniformly distributedran-
domvariablesX andY which have bounds[a,b] and[a,d] re-
spectively. Collissionoccurswhenany two (atleast)random
variablesareequal.
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is theprobability thatno packetsarebacklogged
for this cycle.

The higher the numberof VBR sources,the higher is the
valueof
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' ' is theOFFperiodof theVBR sourceand
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is proportionalto theprobabilityof this nodebeing
successfulin grabbingtheunusedslot(
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) in theprevious
cycles.For anode'j',
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empty.
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is the probability that nodej wins the contentionand
canbetakenas
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_ VXW for simplicity.
Thegrabbedslotshouldbebig enoughto transmittheback-

loggedpackets.This dependson theequivalentcapacityof the
other sourceswhich in turn dependson the traf�c character-
istics,buffer lengthandits acceptablepacket lossprobability.
The maximumnumberof packets that arenewly backlogged
during a givencycle whenthenodeis ON andnot successful
in grabbingtheunusedslot left by otherVBR sourcesis given
by:
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is the rateof the VBR sourceduring ON pe-
riod.

Whena nodeis successfulin acquiringthefreechannel,the
overheaddueto IEEE 802.11proceduresis givenby:
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is thetime takenfor sendingtheinvite packet
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D�! arethetime takenfor RTS,CTS
andACK packetsrespectivelyi includingSIFS.

Sothetotal bandwidthwasteddueto emptyVBR slotsis
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VII . SOLUTION FOR MULTI HOP AD HOC NETWORKS

AND FUTURE WORK

Providing Qualityof Servicein Ad Hocnetworksis amulti-
layer issue. Mechanismsprovided at the MAC layer help in
achieving QoSover thenodesthatarein thesensingrangeof
eachotheror in a cluster. But whenthe sourceanddestina-
tion doesnot lie in thesamecluster, anef�cient routingproto-
col thatusesthetraf�c engineeringprinciplesfor selectingthe
optimumpathis required.This sectionattemptsto providedi-
rectionsfor integratingtheself-CAC schemewith the routing
layertherebyproviding acompletesolution.

DSR[24] is chosenastheroutingprotocolbecauseof its re-
ducedoverheadmessages,adaptabilityto nodemovementsand
its inbuilt sourceroutingwhichis anaturalchoicefor traf�c en-
gineering.DSRis proposedfor a generaltopology. Themodel
at handis clusterbased,whereevery nodeinsidetheclusteris
in thesensingrangeof everyothernode.DSRshouldbemodi-
�ed for a clusterbasednetwork aswell asto supportQoS.The
modi�ed DSRis explainedbelow:

All of thenodesin theclusterareassigneda multi-castad-
dress.Whenasourceneedsto sendapacket to thedestination,
it originatesa routediscovery messageandif the destination
lies in thesamecluster, a routereply messagewill besentim-
mediately. Otherwisethe messageis routedbetweenclusters
throughbordernodes. The bordernodeof a clusterafter re-
ceiving theroutediscovery messagewaits for a speci�ed time
(during this time, the bordernodewill listen in promiscuous



modeto seewhethera routereply packet is sentby any node
of this cluster)andthenbroadcaststheroutediscovery packet
to the adjacentclusterstherebyappendingits cluster's multi-
castaddress.If a route reply packet is sentby any nodesof
the cluster, the bordernodeswill not �ood the route discov-
ery message.Oncea bordernodedeceidesto �ood the route
discovery messageit appendsits multicastclusteraddressto
the routediscovery packet. DSR hasa /�+�!�; +.-

�

���

�eld in its
route discovery messageby which duplicateroute discovery
messagesareidenti�ed andeliminated.Apart from that,when
a bordernodeof a cluster receives a route discovery packet
from thebordernodesof otherclusters,it checksto seeif the
routediscoverymessagealreadycontainsits multicastaddress.
If it does,theroutediscoverypacketis discardedsinceit would
containa loop. Otherwise,theroutediscoverypacket is broad-
castedinto its cluster. This processis repeateduntil the des-
tination is reached.Whenthedestinationin a clusterreceives
theroutediscoverymessage,it copiesall theclusteraddresses
from theroutediscoverypacket andalsoappendsits multicast
clusteraddressinto the route reply packet and sendsit back
to the source. The sourcedoessourcerouting by specifying
a seriesof multicastaddressesin its datapacket. When the
bordernodeof theclusterreceivesthepacket, it multicaststhe
packet usingthemulticastclusteraddressin thepacket. When
thepacket reachesthedestinationcluster, thepacket is sentdi-
rectly to thedestination.Theadvantageof thisapproachis that
routebreakageis lesssincea routebreakageoccursonly if the
clustersmove out of rangeof eachother. If the bordernodes
in aclustermove,therewill beanothernew bordernodewhich
can receive the packet since it also belongsto the multicast
group(cluster).Whena nodeknows themulticastIP address,
theMAC addresscanbeeasilyfoundby keepingthelow order
28 bits of the IP addressasthe MAC addressandsettingthe
multicastbit of theMAC addressto 1. Thismechanismshould
work reasonablywell for our caseof ad hoc networks where
theinter-clustermovementis limited.

For supporting QoS, the DSR route discovery message
shouldcarry thebandwidthinformationof theclusters.When
a cluster�nds that the bandwidthcontainedin the route dis-
covery messageis greaterthan the availablebandwidthin its
cluster, it updatestheavailablebandwidth�eld in theroutedis-
coverypacketwith theavailablebandwidthin its cluster. Thus
the route reply packet will containthe leastbandwidthavail-
ableon its pathto the destination.Thusthe sourcewill have
in its cacheall of theavailablepathsto thedestinationaswell
as bandwidthavailability information. When a sourceneeds
to transmita packet to a destination,the cacheis checked for
availablepathssatisfyingthebandwidthrequirements.Oneof
thepathscanbeselectedwith equalprobability, sothatnotany
onepathwill beoverly loaded.Any of thesourceroutingalgo-
rithmsemploying traf�c engineeringcanbemadeuseof [25].
For thebesteffort traf�c, thedurationof thefreechannelin the
clustersfrom thesourceto thedestinationcanbeusedto select
theoptimumpath. After the routeis discovered,a bandwidth
requestmessagecanbesentin thediscoveredpathwherebyall
the nodesin the pathcando a self-admissiontestaswell as
updatethe total equivalentbandwidthavailablein thatcluster.

Thenodewill alsocalculateits slotdurationaswell asits posi-
tion in thecycle. If theconnectioncanbeaccepted,it is given
a �

4

� � � : andall the subsequentpacketsof this connec-
tion shouldhavethe �

4

� � � : . This is donesothatif anew
bordernodeis elected,thenit shouldhaveall information(Slot
duration,Slot time in the cycle) to transferthe datapackets
of that connection.Once,theconnectionis accepted,the CH
broadcaststhe ACK packet piggybackingthe new connection
information.Theconnectionis releasedif a nodesendsa con-
nectionterminatemessageor if thebordernodedoesnot hear
anything from the sourcefor someamountof time. Ef�cient
mechanismsareneededfor inter-clustercommunication.De-
pendingon themobility in thecluster, thebordernodeskeeps
changing.Due to the natureof theself-CAC scheme,control
informationexchangebetweentheold andthenew bordernode
is not necessary. But thecommunicationbetweenthedifferent
bordernodesneedsto be determined.The bordernodescan
beconsideredasa separatecluster, but sincethebordernodes
keepschanging,thisviolatesthebasicassumptionstatedearlier
thattheself-CAC schemeis ef�cient in adhocnetworkswhere
the inter-clustermovementis limited. So, eithera polling or
RTS/CTSmechanismscan be employed betweenthe border
nodeswithout affectingtheQoS.

VI I I . CONCLUSION

A methodfor achieving QoSguaranteesat the MAC layer
is proposed. QoS at the MAC layer is achieved by making
thenodespossesstheself-admissioncontrolcapability. Rigor-
oussimulationstudyis doneto validatetheproposedscheme.
Performancemetricssuchas throughput,meanwaiting time,
packet loss, and utilization are comparedand analyzedwith
the IEEE 802.11scheme.A multi-layer solution for provid-
ing Quality of Servicein multi-hop Ad Hoc networks is also
proposed.

It is shown with this new schemethat QoSguaranteescan
begivento theexistingconnectionsin thenetwork irrespective
of the load in the network. The measuredthroughput,mean
waiting time and utilization is virtually equivalent to that of
the IEEE 802.11schemeduring low loadsandis signi�cantly
betterthanthat of IEEE 802.11schemewhenthe load in the
network is high. Theperformanceof theIEEE 802.11scheme
during low loadsis very good. Whenthe load in thenetwork
becomeshigh, theperformanceof IEEE 802.11drops.A node
canusethebene�tsof theIEEE 802.11schemewhentheload
in the network is low andusethe new self admissionscheme
whentheloadin thenetwork is high.

Eventhoughaclusterbasedapproachis used,theprotocolis
designedin suchawaythattheamountof informationacluster
headhasto maintainis verylow. All thenodesin theclusterare
synchronizedwith theinformationaboutthenetwork. Thepro-
posedmethodisbene�cial to thetypeof adhocnetworkswhere
thenodesmove togetherasa groupandwherethemovement
of nodesbetweengroupsis low. The schemeproposedat the
MAC layercouldalsobeusedin wirelessLAN' s for achieving
Qualityof Service.
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