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Abstract

We presentthe analysisof a multi-channel MAC
protocol for wirelessnetworks. We consider wire-
lessnetworksn PMP (Point to Multi-point) con gura-
tions,with a basestation(accesgpoint) anda number
of clientsassociatedvith it. We focuson contention
basedopeiation of nodesin sud networksusing a
multichannelMAC protocol,adaptedfrom[4]. Using
aslotted-timanodel wederiveexpressiongor theser
vicetimedistribution of thepadetsin thenetworkand
alsoderiveapproximateexpressiongor queuingdelay
underPoissontraf c, whenthe contentionwindowis
of xed size We further extendthis analysisto incor-
porate exponentialbadoff of the contentionwindow
size Simulationsare performedusinga multichannel
MAC developedfor NS-2. We note that the analysis
andsimulationmatd well for modeateto highvalues
oftrafc intensity Our analysisenablesusto captue
theimpactof varioussystenparametes sud asframe
time numberof clients, contentionduration etc. on
gueuingdelay

Thisanalysiscanbe extendedo IEEE 802.11DCF
in accesspoint mode of opeition and contention
basedEEE 802.16basedhetworks.

1 Intr oduction

Most wireless MAC standards specify multi-
channel operation, for example IEEE 802.11 and
IEEE 802.16which is OFDM/OFDMA based.Multi-

channel operation utilizes multiple orthogonal fre-
guenciedor communicatiorbetweennodesin a net-
work.  Using multiple channels, higher network
throughputcan be attainedas multiple transmissions
cantake placeconcurrently As a result, throughput
anddelayfor a multi-channelnetwork shav consid-
erableimprovementover networks utilizing a single
channel.

IEEE 802.11standardfor wirelessLAN [1] pro-
vides multiple channelsavailable for use. The IEEE
802.11bphysicallayer(PHY) has14 channelsSMHz
apart in frequeng. However, to be totally non-
overlapping,the frequeng spacingmust be at least
30MHz. Sochanneldl, 6 and11 aretypically usedfor
communicationin currentimplementationsandthus
we have 3 channeldor use.lEEE 802.11gprovides12
channels8 in thelower partof thebandfor indooruse
and4 in the upperpartfor outdooruse. However,the
MAC protocol of IEEE 802.11 Distributed Coordi-
nateFFunction(DCF) is designedor sharinga single
channelbetweerhosts. Moreover, the trans-receiers
can eithertransmitor receve on a single channelat
ary instanceof time. This gives rise the additional
problemof Multi-ChannelHiddenTerminal (situation
when transmittingand receving nodesare on sepa-
ratechannels[4]). HenceasinglechanneMAC does
not work asefciently in a scenariovherenodescan
switchchannelglynamically

In thelEEE 802.16standard [12]), of thethreedif-
ferentPHYs speci ed in the standard OFDM multi-
accesgOFDMA) is likely to emepge asthe mostpre-



ferredPHY supportingall usageamodelswhichis mul-
tiple carrier based. One of the importantreasonss
dueto the superiorperformancen multi-pathfading
channelsWhile IEEE 802.16primarily de nesacon-
tentionfreeMAC, therearesomeinstancesvherecon-
tention basedoperationis used. For example,initial
rangingfor network entry and bandwidthrequestare
contentiorbased.

Therehave beenanumberof multi-channeMAC pro-
tocolsproposedn the literature,refer[4] or [10] and
the referenceghereinfor more details. While some
analysishasbeendonefor a multi-channelMAC in
[10], we focuson a differentprotocol. We analyzein
detail a contentionbasedmulti-channelMAC proto-
col, adaptedfrom a protocol proposedearlierin the
literature,in [4]. Ouranalysisis for uplink trafc, but
canbe easily adaptedto downlink scenariosvhena
similar protocolis used.In this paper we concentrate
on point-to-multipoint (PMPE, or accesspoint based)
con guration of clientsarounda basestation. There-
mainderof the paperis structuredasfollows. In Sec-
tion 3 we describethe multi-channelMAC protocol
used.In Section4, we usea slotted-timemodelto de-
rive expressiondor the servicetime distribution for
the protocoldescribedn Section3. In Section4 we
derive expressiongor thedelayseerby Poissortraf c
arriving at the queueof a node. In Section4, expres-
sionsare derived for delay when binary exponential
bacloff is usedby theclients. Sections presentsimu-
lationresultshasednthemultichanneMAC protocol
implementedn NS-2. Thesimulationresultsarecom-
paredthe analyticalresultswhile varying varioussys-
tem parameters.Finally, we presentthe conclusions
dravn and avenuesfor further explorationthat result
from this work.

2 RelatedWork

The useof multiple channeldn wirelessnetworks
leadsto increasedhroughputand reduceddelay A
numberof protocols/schemelsave beenproposedo
exploit this feature.Oneclassof suchprotocolsdivide
theavailablechannelsn two classes controlanddata
channels.Control channelsare usedto exchangenet-
work controlinformationwhile datachannelareused
for datatransfer5], [6]. In [5], theauthorspresentan
analysisof their protocol. However, it wasnot pursued

in detailwhile [6] presentednly experimentaresults.

A large body of work hasalsoconcentrate@n the
useof specializedrans-receaiers and/oruseof mul-
tiple trans-recaiers that allow a nodeto eitherscan
all the available channelsconcurrently for example
in [8], [6]. The useof multiple trans-receiers solves
mary comple problemswith asimplesolution. How-
ever, suchanapproachis not compatiblewith current
wirelesstechnologythatoperatesvith nodeshaving a
single trans-recefer with half-duplex capability As
a resultsuchan approachthoughsimple,is not cost
effective. In [6], [8], the authorspresentcomparisons
of their schemewith knowvn protocolsbasedon sim-
ulationsandexperiments.No comprehense analysis
wasperformed.

Recentpublicationshave focusedon using multiple
channelsn networkswherenodeshave a singletrans-
recever with half-duplex capability Due to this lim-
itation, hiddenterminal and exposedterminal prob-
lems have to be addressed.The presenceof multi-
ple channelsntroducesa new problemcalledmultiple
channelhiddenterminal problem[4]. A popularap-
proachto countertheseproblemss to useCSMA pro-
tocolsfor transmissioron a singlechannelandallow-
ing a nodeto "resene” a channelfor a speci ¢ dura-
tion in the future, for examplethe protocolsdescribed
in [5], [4], [10] and[11] usethereserationapproach.
In the queuinganalysisin our paperis for a variantof
the protocolproposedn [4]. The reasondor choos-
ing the protocolin [4] over thosein [10] and[11] are
asfollows. TheRICH-DP (Recever-Initiated Channel
Hopping-DualPolling) protocol proposedin [10] is
recever-initiated and makes strongerassumption®n
the channel-hoppindgrequeng. Moreover, a central-
ized (PMP) network emplgying RICH-DP, the central
accespointwill needto poll eachnodein thenetwork,
therebyadding considerableoverhead. The protocol
describedn [11] assumepresencenf a x ed control
channelon which the nodescontendfor the available
channelsMoreovertheunderlyingassumptionn [11]
is thatthenodescanmonitorall theavailablechannels
for ary transmissions.This assumptioris not gener
ally true for all networks. In [5], busy nodesneedto
transmita busytoneon adefault/controlchannelvhile
transmittingdata.Again, thisrequirementequireshe
nodesin the network to be ableto tranmsmiton two
channelsatthe sametime. Hence the protocolsin [5]



and[11] cannotbeappliedto all networksin general.

On the other hand, the protocol in [4], MMAC
(Multi-channelMAC) donotsuffer from mostof these
problems,and canbe easilyadoptedto IEEE 802.11
andIEEE 802.16basedhetworks.

We alsonotethatthe authorsin [4] presenteanly
experimentalresults. As a result, it would be inter
estingto investigatehow differentsystemparameters
affect network performance.Our mainfocushereis
to arrive at a simpleexpressiorthatwould allow easy
predictionof delay as systemparametervary. This
canassistsystemdesigners/operatots ne tunethe
performancef the network.

3 SystemModel

In this section,we presentour proposedscheme.
We male the following assumptionsregarding the
network:-

Thereare channelsavailable. Eachchannel
hasequalBandwidth.

The accesspoint can receve data on multiple
channelsimultaneouslyThisis areasonablas-
sumptionsince the accesspoint can be a more
specializedhigher end device comparedto the
simplerclientsthatit senes.

The channelsare orthogonal.i.e. transmissions
on a channeldo not interfere transmissionon
otherchannels.Herea channelmay represent
codeor afrequeng band.

Eachnetwork node,including the basestationis

equippedwith a singleradiotrans-receier capa-
ble of performingin a half duplex mode.Hence,
eachnodecaneithertransmitor receve a signal

on a single channelat ary point of time. The

nodescan, however, switchto differentchannels
dynamically

Thenetwork is synchronizedAgainthisassump-
tion is not too restrictive to the networks assyn-
chronizationcanbe achieved throughinternal or
externalmeans. Somesynchronizatiorschemes
have beendiscussedhn [1], [2] and[3]

In the remainderof the paperwe usethe notations
in Tablel for theassociatedjuantities:

Notation RelatedQuantity
Numberof Channels
Numberof Nodes
FramelLength
Numberof ContentionSlots
Numberof DataSlots
ContentionDuration

DataDuration

Table 1. Notations Used in Analysis

We denoteintenal lengthas  andlengthof data
intenal as It is easyto obsere that
. The dataintenal is divided into slots. A
nodecantransmitdataif it gainsaccesgo a particu-
lar time slot in the datainterval on a particularchan-
nel. Eachframestartswith thecontentiorperiod.Dur-
ing the contentionintenal, all nodesandthe basesta-
tion switchto a default channelhatis known before-
hand. Eachnodewaits for a randomtime uniformly
distributedover where is thesize
of the initial congestionwindow in slots. Note that
the contentionduration is divided into a number
of contentionslots, of equallength. As a node
gainsaccesdo the channel,it sendsa requestto the
basestationfor datatransmission/receptiomhe base
stationandthe nodeengagdan channelnegotiationas
describedater At the endof channelnegotiation,the
nodeandthe basestationagreeon the channelanda
timeslotin thedataintenval. Herewe digressfrom the
schemein [4]. Our schemeallows the nodeandthe
basestationto completehechannehegotiationbefore
ary othernodeattemptgo transmitto the basestation.
Sinceall the non-transmittingnodesare listening on
the channelthey candeducewhenthe negotiationis
completed.This helpsin reducingthe numberof col-
lisionsin the contentioninterval, hencereducingtime
wastedin retransmissions.This helpsin allowing a
larger numberof nodesto negotiatefor a channeland
henceallowing the network to utilize available chan-
nelsoptimally. As achannehgyotiationis completed,
all the nodesupdatetheir allocationtable Eachnode
hasan allocation table to keeptrack of the dataslot
allocationon eachchannel Whenthedataintenal be-
gins,eachnodethathassuccessfullyengagedn chan-
nel negotiationswitchesto the nggotiatedchanneland



goesinto alistenmode.Justasthenegotiatedtime slot
begins, the nodelistenson the nggotiatedchannelfor
time intenal DIFS to ensurethat the channelis free
beforetransmitting.Notethateachnodehasa unique
time slotanda channein thedataintenal. Henceno
othernodewill be transmittingon the samechannel
andslot. A time intenval of DIFS is allowed to com-
pensatdor small synchronizatiorerrors. Datatrans-
missionin eachslotproceedsaccordingo theexisting
MAC protocol(IEEE802.11,802.16).

Synchronizationn the network allows usto divide
thetime scaleinto slots. As eachnodehasinformation
regardingthe slot it hasto transmit/receie, wasteful
re-transmissiongo gain accessto the channelare
obviated. Since, the contentionand data intenals
are limited, the numberof re-transmissionand size
of bacloff window would be limited by and
Hence, it is desirableto cut down the number of
collisions (hence re-transmissionsand keepthe size
of congestiorwindow to anominallevel.

We presentthe channelnegotiation protocol be-
tweenthe nodeand basestationin this section. Due
to the centralizedhatureof the network, we againdi-
gressfrom [4]. As all requestaredirectedto thebase
station,the basestationhascompleteinformationre-
gardingthechannelndslotallocationin the network.
We make useof this obseration to comeup with a
simplenegotiationprocedure.

Considelanodewantingto engagen dataexchange
with the basestation.Dependingn the trans-recsaier
characteristicand allocationtable, node generates
list of preferred channelsthat may be usedfor data
transmission& reception. The nodegainsaccesgo
the default channelduring the contentionintenal (by
selectinga slotatrandom)andtransmitsa requesthat
containsthe preferredchanneldist. Note that other
nodeswould nottransmituntil the negotiationis com-
plete, hencepaclet loss due to collision is reduced.
The basestation,whenit receves the request,com-
pareghelist of thepreferredchannelsith it's own al-
locationtable.If aslotis availableon oneof thechan-
nels, the basestationrepliesto the requestwith the
designatedlot and channel. If noneof the channels

is available,the basestationcandesignatery of the

availablechannelsandslotsandtransmitto the node.
Thenode,uponreceptiorof themessagé&romthebase
station,caneitheragreeor declineto usethe channel.
Thenodethensendsa messagappropriately Finally

the basestationsendsanacknavledgmento the node
andupdatest' sallocationtable. Theacknavledgment
from the basestation containsthe information about
the neggotiatedchannelandslot (if achannelis agreed
upon). This allows othernodesin the network to up-

datetheirrespectie allocationtables.

Note that a basestation can also reject a request
from the nodeif no slotsare available. In that case,
or whennoderejectsthe channel the allocationtable
is notupdated Again allocationof aslotin additionto
a channelreduceghe channelaccessattemptsduring
the datainterval unlike [4] wherenodesagaincontest
for channein thedataintenal.

4 Analysis

In this section,we presenia worst caseanalysisof
thedelayexperiencedy apacletin thenetwork when
transmittedrom a nodeto the basestation. Sincethe
ATIM window lengthis limited, it is reasonabléo as-
sumethatthe numberof re-transmissionallowed for
apaclet,in eventof acollision, is limited. Notethata
nodewaits for a randomtime between and
beforecontending.In this section,we presentanaly-
sisfor the casewhenno re-transmissionareallowed
(or ATIM window length). We follow this
simple casewith an extensionto approximatefor the
casewhen re-transmissionareallowed.

For the analysis,we assumehat eachnodein the
network hasa single trans-recefer with half-duple
capabilitywhile the accesgoint cantransmit/receie
on multiple channelssimultaneously The network
nodescan,however, changetheir channelof commu-
nicationdynamically Figurel depictsheframestruc-
ture on a singlechannetto illustrate someparameters
usedin theanalysis.

It canbe obsered that asfour paclets
arerequiredto completea channelcontentionin the
ATIM window. We divide the ATIM window anddata
window in slots. Eachslotin the ATIM window is of
length . Hence,a nodecancompletethe channel
contentionin exactly oneslot. ATIM window has
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slotswhere —. The datawindow is divided

into — slots. Furtherwe assumehat chan-
nels are assignedandomly Note that channelscan
alsobe assignedn a deterministicfashionby the ac-
cesspointin a deterministicfashion.Sincetheremay
beseveralcriteriato assignchannelsywe assumeuni-
formly randommodelfor simplicity andto ensurethat
all channelsareequallyoccupiedon anaverage.

We assumehat eachnodewill contendin a frame
with a probability We denote as the actvity
of a node. The actvity of a nodecan be relatedto
the averagearrival rate underPoissonassumptioras
will bedescribedaterConsideranode thatis active
in a frame and attemptsto contendin slot . Since

in slots. Let slot is selectedor

contention . Thenwe have:-

— 1)

we denotenc as the event when only one node se-
lectsaparticularslot. We denote  astheeventwhen
node isactveand astheintersectiorof thesetwo
events.Usingthe ALOHA approximation.the proba-
bility thatonly node selectsslot for contentionof
channel when nodesareactivein aframeis given
as:-

(2)

Let  channelm is contented . Sincewe
assumea uniformly randomassignmenbf channels,
we have —. It canbe easilyobsenred that
. Let nodesareactive in aframe
. Assuminga binomialdistribution, we have:-

3)

As a result, unconditioning(2) from and we
get:-

- — @

If we ignore the probability of failed contentiondue
to channel/noiseconditions, then denotes
the probability of successfutontentionof channel
Sinceonly a limited numberof dataslots are avail-
ablefor the nodes,a contentioncanfail if all the
dataslotsin the datawindow on the channel have
beenassignedeforethe slot node hasselectedor
contentionassumingiode is contendingor channel
. As aresult,if we denoteprobability of successful

contentionas , the eventthatno nodeotherthan
selectslot as for contentiorof channel then:-
denote
%)
min

It canbe obseredthatequation(5) denotesheproba-
bility thatat most successfutontentiongake
place beforeslot . Then, probability of successful
contention canbedervedas:-

(6)



Hence, now if numberof framestaken by a
pacletto transmit,thenwe have :-

(7)

Equation(7) givesusanapproximateharacterization
of the servicetime in termsof numberof frames . If
wedenote astheaverageservicetimein numberof
frames the expressiorfor averageservicetime canbe
givenas:-

— — (8)

In orderto getthe queuingdelay we needto express
actvity asafunction of paclet arrival rateanduse
thatin the equations.If we assumdhata nodeis ac-
tive only if thequeueatthenodeis notempty(or node
hasdatato transmit),thenby simple M/G/1 approxi-
mation,we canapproximate . Here is
theaveragepaclet arrival rateperframe.Henceacti-
ity is approximatedsthe probabilitythatthe queue
atthenodeis notempty

In orderto calculateaveragedelay we conditionon
thearrival seeingeitheranemptyor afull queue.As-
sumingthatthearriving pacletsees  pacletsin the
queuewhere is thelong term averageof number
of pacletsin the queuewe canwrite

(9)

Where is the expectedvalueof delayseenby

the arriving paclet whenqueueis empty In the case
wherethe queueis occupied,delay seenby the ar

rival underconsideratiorwill consistof it's own ser

vice time, the servicetime of the pacletsin thequeue
currentlynot being serviced,andthe residualservice
time for the paclet at the Headof Queue,hencewe

have

(10)

Here, is the averageresidualservicetime for the

paclet at the headof the queue. From the standard
M/G/1 queueanalysis, —. Here

is the averagedelayseenby the paclet whenqueueis

notempty By Little's law where is

theaveragedelayseenby the paclet. Thenwe have:-

(11)

Using (9) and (10) can expressthe averagequeuing
delay in numberof framesas:-

(12)

Extendingtheabove analysidfor bacloff is dif cult
as the analysispresentedn the previous subsection
would have to be repeatedor eachcongestiorwin-
dow (numberof congestiorwindows = numberof re-
transmissionallowed+ 1). Notethatif achannekton-
tendssuccessfullyit will notcontendater Thisleads
toa expressionthat dependson the number
of successfutontentions. The numberof successful
contentionss againavariable.

To illustrate the dif culty, let ustake a look at a
simpli ed bacloff casewhere nodesthat have been
unsuccessfuin contention try to contendonly when
thecurrentcongestiorwindow expires. Thisresultsin
tractableexpressionsandis sufcient to demonstrate
thedif culties associated_,et denote¢henumberof
nodesthat have successfullycontentedfor a channel
after attemptg( ). Thus,if atotalof nodes
are contendingin a frame, only
nodeswill be contendingduring the 'th congestion
window.

Let us considera casewhenonly oneretransmission
is allowed. Hencewe have 2 congestiorwindows of

lengths in ATIM slots.Dueto exponential
bacloff principle,we have . It is easy
to obsere that —. Let be the probabil-

ity of successfutontentionby a nodeduringthe rst
congestiorwindow. This canbe derived by replacing
by in (6). Now, we assess hode thatat-
temptsto contendagainduring the secondcongestion
window, we denotethis eventas  Hence,the prob-
ability densityof numberof nodesthat have success-

fully engagedn channekontention givenanode
hasnot suceededs givenby:-

(13)
Let numberof nodesthat have engagedsuc-

cessfullyfor contentionof channel
It is simpleto obsere that

after attempts.
. Now



when node attemptsto contendfor a channel
in aslot after the start of secondcongestionwin-
dow, it will beableto successfullycontendf no other
nodesattempto contendn slot andthere
is at least1 dataslot availablein channel before
slot in secondcongestiorwindow.Theseconditions
areexpressedy probabilities and respec-
tively. If we denote asthe numberof users
who have successfullycontentedor channel before
slot in thesecondcongestiorwindowv. Thenwe have

where

(14)
(15)

Sincechannelsareassignedandomly we canwrite

(16)

We canalsoapproximate as

17)

Let denoteheeventof successfutontentiorin sec-
ondcongestiorwindov. Thenwe have:-

min

min

Hence, we get the Probability of a successfulcon-
tentionas . As canbeob-
sened,thecompleity of thedervationwith theabove
approachyrows exponentiallywith thenumberof con-
gestionwindows. As aresult,we usethefollowing ap-
proximationfor the casewhenwe have morethanone
congestiorwindow.
from (6) can be expressedas a function of
and from (2) asa function
of . Let

Let  denoteheprobabilityof successfutontention

in the 'th window. Henceif thereare conges-

tion windows, the probability of successfutontention
canbegivenas

(18)
We approximate asfollows:-
if
(19)
else
where
— (20)
(21)
(22)

We comparethe numbersobtainedfrom the abore
analysiswith simulationvaluesobtainedand present
themin the following section. Sincewe are assum-
ing worst casescenario,it is expectedthat the simu-
lation valueswill belessthanthe calculatedhumbers
but shouldmatchthe calculatedvalueswith apprecia-
ble accurag.



Parameter Value
Numberof ChannelgM) 3
DataRate 10Mbps
ContentionSlot Time( ) | 0.2msec
DataSlotTime( ) 0.5msec

Table 2. Simulation parameter s

5 Simulation Results

In this sectionwe presentsimulationresultsto val-
idate the analysisin the earlier sections. We imple-
menteda multichannelPHY layer anda MAC layer
simulatingthe protocoldescribedn section3. Each
datapointin eachsimulationis averagedover a suf-
ciently long periodof time.

Thesimulationparameterarelistedin Table2

We notethatanalyticalresultsmatchthe simulation
values. As a result, the performanceof the network
(delay)canbe calculatedaccuratelyusingthe expres-
sionsobtainedn theearliersections.

Figure 2 comparessimulation results and analy-
sis for the averageservicetime seenby a paclet for

Bmsec, 20 paclets/secWe obsenre thatthe
simulationvaluescloselymatchthe analyticalvalues.

Note that an increasen the numberof contention
slots( ) decreaseshe numberof dataslots avail-
able,for a x edframelength. Increasinghe number
of contentionslots available reducesthe probability
of collision in a given contentionslot, but simultane-
ouslyreduceghe numberof dataslots( ) available.
Hencea larger numberof successem the contention
periodmightnotresultin morepacletsbeingtransmit-
ted successfullydueto too few dataslotsbeingavail-
ableonthechannelselectedSimilarly, increasinghe
numberof dataslotsreduceshenumberof contention
slots. As aresulteventhoughthereare enoughdata
slotsin the channeltherearetoo few successfuton-
tentionsduringthecontentiorperiod.Boththesecases
resultin higherdelayasseernin Figure2, atthetwo ex-
tremepoints.Notethatincreasingheframetime does
not alleviate this problem, since a larger frame time
resultsin a signi cant amountof delayincurredby a
pacletarriving on averagehalfway throughthecurrent
frame itself, in which case,it waits half the current
frame,beforeit evenstartsthe contentiorprocess.
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Figures3 and4 comparehe averagequeuingdelay
obtainedfrom analysisandsimulationfor Poissonin-
puttrafc of varyingintensityandfor no bacloff. The
frametimeis x edat5msec,andthe numberof con-
tentionslotsare x edat10in Figure3, and? in Figure
4. As seenthe analysisfollows the simulationresults
closely

In Figures5 and6 we shav thevariationof queuing
delay whenthe numberof contentionslotsis varied
from 5 to 15 for a 5msecframe, for 10 nodes. This
is to illustrate the impactof the choiceof numberof
contentionslots on the delay seen. Note that in the
caseof queuingdelayasconsideredn thesegraphswe
expectto seeeffectssimilar to thatseenin the Figure
2.
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Figure 5. Queuing Delay v/s : Varying num-
ber of contention Slots, , ,
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Figures7 and 8 shawv the variation of the average
delaywhenbacloff is used.

Figure7 shaws thevariationof delaywith  for 20
nodeswith alOmsedrametime. Asis seentheanaly-
sisandsimulationmatchclosely Figure8 shawvs sim-
ulationresultsfor 30 nodeswith bacloff. Notethatwe
obsere much higherdelaysat lower valuesof , as
comparedo the valuesin Figure 3. This is because
we have chosenlarger frametimesin the simulation
which causesargerdelay

In Figure9, we comparequeuingdelayas varies,
for differentvaluesof . Theresultsin Figure9 are
obtainedfrom analysis. We seethat for lower values
of  (4,5),smallervaluesof resultin higherdelays
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Figure 6. Comparison of Queuing
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Figure 7. Queuing Delay v/s (with backoff):
Varying number of Slots, , ,
10msec

comparedo largervaluesof ~ (11,12).Thisis dueto
stationscolliding in the contentionprocess.Notethat
aswe increase  evenfurther(18,20),performance
degradesasdelayincreasesor lowervaluesof once
again.In thiscasesuccessfutontentionglonotresult
in successfulransmissiongueto a smallernumberof
availabledataslots. Hence thereis anoptimal setting
ofthe  value keepingotherparametersonstant.
In Figure10,we comparejueuingdelayas varies,
for differentvaluesof , thenumberof channelsWe
notethatasthe numberof channeldncreasethereis
amarkedimprovementin thedelaycharacteristici-
tially, but we experiencediminishingreturnson delay
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asmorechannelsareadded.Hencefrom a frequeng

provisioning perspectie, thereis a tradeof between
adding anotherchanneland the obssered improve-

mentin delay

6 Conclusionand Futur e Work

In this papemwe presentdetailedanalysisof adis-
tributed techniqueof channelaccessn multichannel
PMPnetworks. We derive expressiongor servicetime
andaverageadelayfor pacletsin suchnetworks. Exten-
sive simulationsareusedio compareheanalyticaland
simulationvalues,which matchwell. The extension
of the analysisto the casewherenodescontendwith
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Figure 10. Queuing Delay v/s Varying
number of channels, , 10msec,
8msec, 20

bacloff also followed the simulationresultsclosely
We canthereforepredictthedelayexperiencedy data
in sucha network fairly accuratelyusingthe derived
expressionsWe notedthatthe analysisdoesnotaccu-
rately matchthe simulationvaluesfor very low values
of . This behaiour is dueto the overestimatiorof
the varianceof servicetime for low . Thisregimeis
however, not of signi cant interestsinceit is intuitive
that the delay seenby incoming pacletswill be very
low, typically of the orderof aframetime

We arecurrentlyinvestigatingthe abore mentioned
issue.

In generalwe notethatin somecasesfor aparticu-
lar choiceof systenparameterdyacloff operationcan
shav much betterperformanceahan having no back-
off. However, the purposeof thesesimulationsis to
shawv the validity of the approximationamadein the
deriationof thebacloff delayexpressionsnotto nd
the conditionsunderwhich the bacloff operationex-
ceedsthe simple casein performance.This is anin-
terestingavenuefor future research.lt would alsobe
valuableto characterizéhe optimaloperatingpoint of
the systemas a function of the variablesusedin the
analysis.
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