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Abstract

We presentthe analysisof a multi-channel MAC
protocol for wirelessnetworks. We considerwire-
lessnetworksin PMP(Point to Multi-point) con�gura-
tions,with a basestation(accesspoint)anda number
of clientsassociatedwith it. We focuson contention
basedoperation of nodesin such networksusing a
multichannelMAC protocol,adaptedfrom[4]. Using
aslotted-timemodel,wederiveexpressionsfor theser-
vicetimedistributionof thepacketsin thenetworkand
alsoderiveapproximateexpressionsfor queuingdelay
underPoissontraf�c, whenthe contentionwindowis
of �xed size. We further extendthis analysisto incor-
porate exponentialbackoff of the contentionwindow
size. Simulationsare performedusinga multichannel
MAC developedfor NS-2. We note that the analysis
andsimulationmatch well for moderateto highvalues
of traf�c intensity. Our analysisenablesusto capture
theimpactof varioussystemparameterssuch asframe
time, numberof clients, contentionduration etc. on
queuingdelay.

Thisanalysiscanbeextendedto IEEE802.11DCF
in accesspoint mode of operation and contention
basedIEEE802.16basednetworks.

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-
quenciesfor communicationbetweennodesin a net-
work. Using multiple channels, higher network
throughputcanbe attainedas multiple transmissions
can take placeconcurrently. As a result, throughput
and delay for a multi-channelnetwork show consid-
erableimprovementover networks utilizing a single
channel.

IEEE 802.11standardfor wirelessLAN [1] pro-
videsmultiple channelsavailable for use. The IEEE
802.11bphysicallayer(PHY) has14 channels,5MHz
apart in frequency. However, to be totally non-
overlapping,the frequency spacingmust be at least
30MHz. Sochannels1, 6 and11aretypically usedfor
communicationin currentimplementations,and thus
wehave3 channelsfor use.IEEE802.11aprovides12
channels,8 in thelowerpartof thebandfor indooruse
and4 in the upperpart for outdooruse. However,the
MAC protocol of IEEE 802.11 Distributed Coordi-
nateFunction(DCF) is designedfor sharinga single
channelbetweenhosts.Moreover, the trans-receivers
can either transmitor receive on a single channelat
any instanceof time. This gives rise the additional
problemof Multi-ChannelHiddenTerminal(situation
when transmittingand receiving nodesare on sepa-
ratechannels,[4]). Hence,asinglechannelMAC does
not work asef�ciently in a scenariowherenodescan
switchchannelsdynamically.

In theIEEE802.16standard( [12]), of thethreedif-
ferentPHYs speci�ed in the standard,OFDM multi-
access(OFDMA) is likely to emergeasthemostpre-
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ferredPHY supportingall usagemodels,whichis mul-
tiple carrier based. One of the importantreasonsis
dueto the superiorperformancein multi-pathfading
channels.While IEEE802.16primarily de�nesacon-
tentionfreeMAC, therearesomeinstanceswherecon-
tentionbasedoperationis used. For example,initial
rangingfor network entry andbandwidthrequestare
contentionbased.
Therehavebeenanumberof multi-channelMAC pro-
tocolsproposedin the literature,refer [4] or [10] and
the referencesthereinfor 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 proposedearlier in the
literature,in [4]. Our analysisis for uplink traf�c, but
can be easily adaptedto downlink scenarioswhen a
similar protocolis used.In this paper, we concentrate
on point-to-multipoint (PMP, or accesspoint based)
con�gurationof clientsarounda basestation.There-
mainderof thepaperis structuredasfollows. In Sec-
tion 3 we describethe multi-channelMAC protocol
used.In Section4, we usea slotted-timemodelto de-
rive expressionsfor the servicetime distribution for
the protocoldescribedin Section3. In Section4 we
deriveexpressionsfor thedelayseenby Poissontraf�c
arriving at thequeueof a node. In Section4, expres-
sionsare derived for delay when binary exponential
backoff is usedby theclients.Section5 presentssimu-
lationresultsbasedonthemultichannelMAC protocol
implementedin NS-2.Thesimulationresultsarecom-
paredtheanalyticalresultswhile varyingvarioussys-
tem parameters.Finally, we presentthe conclusions
drawn andavenuesfor further explorationthat result
from thiswork.

2 RelatedWork

The useof multiple channelsin wirelessnetworks
leadsto increasedthroughputand reduceddelay. A
numberof protocols/schemeshave beenproposedto
exploit this feature.Oneclassof suchprotocolsdivide
theavailablechannelsin two classes- controlanddata
channels.Controlchannelsareusedto exchangenet-
work controlinformationwhile datachannelsareused
for datatransfer[5], [6]. In [5], theauthorspresentan
analysisof theirprotocol.However, it wasnotpursued

in detailwhile [6] presentedonly experimentalresults.

A large bodyof work hasalsoconcentratedon the
useof specializedtrans-receivers and/oruseof mul-
tiple trans-receivers that allow a nodeto either scan
all the available channelsconcurrently, for example
in [8], [6]. The useof multiple trans-receiverssolves
many complex problemswith asimplesolution.How-
ever, suchanapproachis not compatiblewith current
wirelesstechnologythatoperateswith nodeshaving a
single trans-receiver with half-duplex capability. As
a resultsuchan approach,thoughsimple, is not cost
effective. In [6], [8], theauthorspresentcomparisons
of their schemewith known protocolsbasedon sim-
ulationsandexperiments.No comprehensive analysis
wasperformed.
Recentpublicationshave focusedon using multiple
channelsin networkswherenodeshave asingletrans-
receiver with half-duplex capability. Due to this lim-
itation, hidden terminal and exposedterminal prob-
lems have to be addressed.The presenceof multi-
plechannelsintroducesanew problemcalledmultiple
channelhiddenterminal problem[4]. A popularap-
proachto countertheseproblemsis to useCSMA pro-
tocolsfor transmissionon a singlechannelandallow-
ing a nodeto ”reserve” a channelfor a speci�c dura-
tion in thefuture,for exampletheprotocolsdescribed
in [5], [4], [10] and[11] usethereservationapproach.
In thequeuinganalysisin our paperis for a variantof
the protocolproposedin [4]. The reasonsfor choos-
ing theprotocolin [4] over thosein [10] and[11] are
asfollows. TheRICH-DP(Receiver-InitiatedChannel
Hopping-DualPolling) protocol proposedin [10] is
receiver-initiated andmakesstrongerassumptionson
the channel-hoppingfrequency. Moreover, a central-
ized(PMP)network employing RICH-DP, thecentral
accesspointwill needto poll eachnodein thenetwork,
therebyaddingconsiderableoverhead. The protocol
describedin [11] assumepresenceof a �x ed control
channelon which thenodescontendfor theavailable
channels.Moreover theunderlyingassumptionin [11]
is thatthenodescanmonitorall theavailablechannels
for any transmissions.This assumptionis not gener-
ally true for all networks. In [5], busy nodesneedto
transmitabusytoneonadefault/controlchannelwhile
transmittingdata.Again,this requirementrequiresthe
nodesin the network to be ableto tranmsmiton two
channelsat thesametime. Hence,theprotocolsin [5]
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and[11] cannotbeappliedto all networksin general.
On the other hand, the protocol in [4], MMAC

(Multi-channelMAC) donotsuffer from mostof these
problems,andcanbe easilyadoptedto IEEE 802.11
andIEEE802.16basednetworks.

We alsonotethat theauthorsin [4] presentedonly
experimentalresults. As a result, it would be inter-
estingto investigatehow differentsystemparameters
affect network performance.Our main focushereis
to arrive at a simpleexpressionthatwould allow easy
predictionof delay as systemparametersvary. This
canassistsystemdesigners/operatorsto �ne tunethe
performanceof thenetwork.

3 SystemModel

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

� Thereare
�

channelsavailable. Eachchannel
hasequalBandwidth.

� The accesspoint can receive data on multiple
channelssimultaneously. This is a reasonableas-
sumptionsince the accesspoint can be a more
specializedhigher end device comparedto the
simplerclientsthatit serves.

� The channelsareorthogonal. i.e. transmissions
on a channeldo not interfere transmissionson
otherchannels.Herea channelmay representa
codeor a frequency band.

� Eachnetwork node,including thebasestationis
equippedwith a singleradio trans-receiver capa-
ble of performingin a half duplex mode.Hence,
eachnodecaneithertransmitor receive a signal
on a single channelat any point of time. The
nodescan,however, switch to differentchannels
dynamically.

� Thenetwork is synchronized.Againthisassump-
tion is not too restrictive to thenetworks assyn-
chronizationcanbeachieved throughinternalor
externalmeans.Somesynchronizationschemes
have beendiscussedin [1], [2] and[3]

In the remainderof thepaperwe usethenotations
in Table1 for theassociatedquantities:

Notation RelatedQuantity
�

Numberof Channels
�

Numberof Nodes
���

FrameLength
���

Numberof ContentionSlots
�	�

Numberof DataSlots
�

�

ContentionDuration
�

�

DataDuration

Table 1. Notations Used in Anal ysis

We denoteinterval lengthas
�

�

andlengthof data
interval as

�

�

. It is easy to observe that
�
� �

�

�
�

�

�

. The datainterval is divided into slots. A
nodecantransmitdataif it gainsaccessto a particu-
lar time slot in the datainterval on a particularchan-
nel. Eachframestartswith thecontentionperiod.Dur-
ing thecontentioninterval, all nodesandthebasesta-
tion switch to a default channelthat is 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 equal length. As a node
gainsaccessto the channel,it sendsa requestto the
basestationfor datatransmission/reception. Thebase
stationandthenodeengagein channelnegotiationas
describedlater. At theendof channelnegotiation,the
nodeandthe basestationagreeon the channelanda
timeslot in thedatainterval. Herewedigressfrom the
schemein [4]. Our schemeallows the nodeand the
basestationto completethechannelnegotiationbefore
any othernodeattemptsto transmitto thebasestation.
Sinceall the non-transmittingnodesare listening on
the channel,they candeducewhenthe negotiationis
completed.This helpsin reducingthenumberof col-
lisionsin thecontentioninterval, hencereducingtime
wastedin retransmissions.This helpsin allowing a
largernumberof nodesto negotiatefor a channeland
henceallowing the network to utilize availablechan-
nelsoptimally. As achannelnegotiationis completed,
all thenodesupdatetheir allocationtable. Eachnode
hasan allocation table to keeptrack of the dataslot
allocationoneachchannel.Whenthedatainterval be-
gins,eachnodethathassuccessfullyengagedin chan-
nelnegotiationswitchesto thenegotiatedchanneland
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goesinto alistenmode.Justasthenegotiatedtimeslot
begins, thenodelistenson thenegotiatedchannelfor
time interval DIFS to ensurethat the channelis free
beforetransmitting.Notethateachnodehasa unique
time slot anda channelin thedatainterval. Hence,no
othernodewill be transmittingon the samechannel
andslot. A time interval of DIFS is allowed to com-
pensatefor small synchronizationerrors. Datatrans-
missionin eachslotproceedsaccordingto theexisting
MAC protocol(IEEE802.11,802.16).

Synchronizationin thenetwork allows usto divide
thetimescaleinto slots.As eachnodehasinformation
regardingthe slot it hasto transmit/receive, wasteful
re-transmissionsto gain accessto the channelare
obviated. Since, the contentionand data intervals
are limited, the numberof re-transmissionsand size
of backoff window would be limited by

�

�

and
�

�

.
Hence, it is desirableto cut down the number of
collisions(hence,re-transmissions)andkeepthe size
of congestionwindow to anominallevel.

����� ���	��
�
�
���
�
�����������������


We presentthe channelnegotiation protocol be-
tweenthe nodeandbasestationin this section. Due
to thecentralizednatureof thenetwork, we againdi-
gressfrom [4]. As all requestsaredirectedto thebase
station,the basestationhascompleteinformationre-
gardingthechannelandslotallocationin thenetwork.
We make useof this observation to comeup with a
simplenegotiationprocedure.

Consideranodewantingtoengagein dataexchange
with the basestation.Dependingon the trans-receiver
characteristicsandallocationtable,nodegeneratesa
list of preferred channelsthat may be usedfor data
transmission& reception. The nodegainsaccessto
thedefault channelduring thecontentioninterval (by
selectingaslotat random)andtransmitsa requestthat
containsthe preferredchannelslist. Note that other
nodeswouldnot transmituntil thenegotiationis com-
plete, hencepacket loss due to collision is reduced.
The basestation,when it receives the request,com-
paresthelist of thepreferredchannelswith it' sown al-
locationtable.If aslot is availableononeof thechan-
nels, the basestationrepliesto the requestwith the
designatedslot andchannel. If noneof the channels

is available,the basestationcandesignateany of the
availablechannelsandslotsandtransmitto thenode.
Thenode,uponreceptionof themessagefrom thebase
station,caneitheragreeor declineto usethechannel.
Thenodethensendsa messageappropriately. Finally
thebasestationsendsanacknowledgmentto thenode
andupdatesit' sallocationtable.Theacknowledgment
from the basestationcontainsthe informationabout
thenegotiatedchannelandslot (if a channelis agreed
upon). This allows othernodesin thenetwork to up-
datetheir respective allocationtables.

Note that a basestationcan also reject a request
from the nodeif no slotsareavailable. In that case,
or whennoderejectsthechannel,theallocationtable
is notupdated.Againallocationof aslot in additionto
a channelreducesthechannelaccessattemptsduring
thedatainterval unlike [4] wherenodesagaincontest
for channelin thedatainterval.

4 Analysis

In this section,we presenta worstcaseanalysisof
thedelayexperiencedby apacket in thenetwork when
transmittedfrom a nodeto thebasestation.Sincethe
ATIM window lengthis limited, it is reasonableto as-
sumethat thenumberof re-transmissionsallowed for
apacket, in eventof acollision, is limited. Notethata
nodewaits for a randomtime between� and ���

��� �

beforecontending.In this section,we presentanaly-
sis for thecasewhenno re-transmissionsareallowed
(or ������� �

�

ATIM window length). We follow this
simplecasewith an extensionto approximatefor the
casewhen � re-transmissionsareallowed.

For the analysis,we assumethat eachnodein the
network hasa single trans-receiver with half-duplex
capabilitywhile theaccesspoint cantransmit/receive
on multiple channelssimultaneously. The network
nodescan,however, changetheir channelof commu-
nicationdynamically. Figure1 depictstheframestruc-
tureon a singlechannelto illustratesomeparameters
usedin theanalysis.

It canbe observed that
��� �"! ��#

as four packets
are requiredto completea channelcontentionin the
ATIM window. Wedivide theATIM window anddata
window in slots. Eachslot in theATIM window is of
length

���

. Hence,a nodecan completethe channel
contentionin exactly oneslot. ATIM window has

� �
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Figure 1. Slot structure

slotswhere
�	�

�����

���

. The datawindow is divided

into
� �

�
���

���

slots. Furtherwe assumethat chan-
nels are assignedrandomly. Note that channelscan
alsobe assignedin a deterministicfashionby theac-
cesspoint in a deterministicfashion.Sincetheremay
beseveralcriteriato assignchannels,weassumeauni-
formly randommodelfor simplicity andto ensurethat
all channelsareequallyoccupiedon anaverage.

We assumethat eachnodewill contendin a frame
with a probability 	 . We denote 	 as the activity
of a node. The activity of a nodecan be relatedto
the averagearrival rateunderPoissonassumptionas
will bedescribedlater.Considera node 
 that is active
in a frame and attemptsto contendin slot � . Since

���
�����

�

�
�

in slots. Let ��
 slot � is selectedfor
contention�

�

��
���� . Thenwe have:-

��
����

� �

��� (1)

we denotenc as the event when only one nodese-
lectsaparticularslot. Wedenote


�

astheeventwhen
node
 is activeand

���

astheintersectionof thesetwo
events.Usingthe ALOHA approximation,the proba-
bility that only node 
 selectsslot � for contentionof
channel� when � nodesareactive in aframeis given
as:-

��
��

���




�

��� ��� �����

�


���� ��
������

�"!$# (2)

Let ��
 channelm is contented�

�

��
���� . Sincewe
assumea uniformly randomassignmentof channels,
we have ��
����

�

#

% . It canbe easilyobserved that
��
�


�

�

�

	 . Let ��
�� nodesareactive in a frame �

�

��
��&� . Assuminga binomialdistribution,wehave:-

��
��

�




�

�

�('

�

�)�

�*�+�$,

	

�-!$#


����.	$��/

! � (3)

As a result, unconditioning(2) from � ��� and � we
get:-
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If we ignore the probability of failed contentiondue
to channel/noiseconditions, then ��
��

�

����� denotes
theprobabilityof successfulcontentionof channel� .
Sinceonly a limited numberof dataslots are avail-
ablefor the nodes,a contentioncanfail if all the

�
�

dataslotsin the datawindow on the channel� have
beenassignedbeforethe slot node 
 hasselectedfor
contention,assumingnode
 is contendingfor channel

� . As a result,if we denoteprobabilityof successful
contentionas �87 , the event that no nodeotherthan 


selectsslot � as 9 ��:

6

for contentionof channel� then:-

denote��


���

�����

�

�;#

�

7=< 7?>A@ B

�

4�C

>ED

0

F

1HG

'?�I�J�

K

,


L�;#M�

F


���� �;#N�

6

!$#�!

F

(5)

�

��� �

�

min O

� �

�)� ���P�+��Q

It canbeobservedthatequation(5) denotestheproba-
bility thatat most

�
�

�R� successfulcontentionstake
placebeforeslot � . Then, probability of successful
contention�87 canbederivedas:-

��
L9 ��:
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Hence,now if �

�

numberof framestaken by a
packet to transmit,thenwe have :-

��
��

���

�

�

� 7 
��I� �W7 ���

!$# (7)

Equation(7) givesusanapproximatecharacterization
of theservicetime in termsof numberof frames

�

. If
wedenote� astheaverageservicetime in numberof
frames,theexpressionfor averageservicetimecanbe
givenas:-

�


�� �

� �

� 7

�
�
	��

�

�

�

� � (8)

In orderto get thequeuingdelay, we needto express
activity 	 asa function of packet arrival rateanduse
that in theequations.If we assumethat a nodeis ac-
tiveonly if thequeueat thenodeis notempty(or node
hasdatato transmit),thenby simpleM/G/1 approxi-
mation,we canapproximate	

��


�


�� � . Here



is
theaveragepacket arrival rateperframe.Henceactiv-
ity 	 is approximatedastheprobabilitythatthequeue
at thenodeis notempty.

In orderto calculateaveragedelay, weconditionon
thearrival seeingeitheranemptyor a full queue.As-
sumingthatthearriving packetsees

�����

packetsin the
queue,where

�����

is thelong termaverageof number
of packetsin thequeue,we canwrite

�

� ����� �

�

�


�� � (9)

Where
�


��
���

� is theexpectedvalueof delayseenby
thearriving packet whenqueueis empty. In the case
where the queueis occupied,delay seenby the ar-
rival underconsiderationwill consistof it' s own ser-
vice time, theservicetime of thepacketsin thequeue
currentlynot beingserviced,andthe residualservice
time for the packet at the Headof Queue,hencewe
have

�

� �

���

�

�

�


�� �

�




�����

�J���

�


�� �

�

9

���

(10)

Here, 9

���

is theaverageresidualservicetime for the
packet at the headof the queue. From the standard
M/G/1 queueanalysis,9

���

��� �"!$#&%�'

T

. Here
�


��

���

�

is theaveragedelayseenby thepacket whenqueueis
not empty. By Little' s law

�����

�

�
�




where �
� is

theaveragedelayseenby thepacket. Thenwehave:-

�
�

�


����)( �

�


��
���

�

�

(H


�


��

���

��� (11)

Using (9) and (10) can expressthe averagequeuing
delay � �

in numberof framesas:-

� �

�

�


�� ��* 
��

�

( �

�

' (

� �J
�( �

T




�


��

T

�

,

(12)

+	��� ,.-���
�
0/ ����
�1 �3254��7698��3:

Extendingtheaboveanalysisfor backoff is dif�cult
as the analysispresentedin the previous subsection
would have to be repeatedfor eachcongestionwin-
dow (numberof congestionwindows = numberof re-
transmissionsallowed+ 1). Notethatif achannelcon-
tendssuccessfully, it will not contendlater. This leads
to a ��
��

���

��� expressionthat dependson the number
of successfulcontentions.The numberof successful
contentionsis againavariable.

To illustrate the dif�culty , let us take a look at a
simpli�ed backoff casewherenodesthat have been
unsuccessfulin contention,try to contendonly when
thecurrentcongestionwindow expires.This resultsin
tractableexpressionsand is suf�cient to demonstrate
thedif�culties associated.Let �

� denotethenumberof
nodesthat have successfullycontentedfor a channel
after 
 attempts( �"G

�

� ). Thus,if a total of � nodes
arecontendingin a frame, only � �

�

� �<;

�

F

1&#

�

F

nodeswill be contendingduring the 
 ' th congestion
window.
Let us considera casewhenonly oneretransmission
is allowed. Hencewe have 2 congestionwindows of
lengths� � # ����� T in ATIM slots.Dueto exponential
backoff principle,we have ��� T

�>=

� � # . It is easy
to observe that ��� #

�

4

�

? . Let �

�A@ betheprobabil-
ity of successfulcontentionby a nodeduring the �rst
congestionwindow. This canbederivedby replacing

���

by ��� # in (6). Now, we assessa node
K

that at-
temptsto contendagainduringthesecondcongestion
window, we denotethis eventas B

F Hence,theprob-
ability densityof numberof nodesthathave success-
fully engagedin channelcontention�?# givena node

K

hasnotsuceededis givenby:-

�DC

@


 �
#

�

B

F

�

�
' �*�)�

� #
,


L�

�A@

�

C

@


��I� �

�E@

�

�"!$#�!
C

@

(13)

Let � ��: �

�

numberof nodesthat have engagedsuc-
cessfullyfor contentionof channel� after 
 attempts.
It is simpleto observe that ��
�B

F

�

�

� �J�

�A@ . Now
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when node
K

attemptsto contendfor a channel �

in a slot � after the start of secondcongestionwin-
dow, it will beableto successfullycontendif no other

� #"�S�?� � # nodesattemptto contendin slot � andthere
is at least1 dataslot available in channel � before
slot � in secondcongestionwindow.Theseconditions
areexpressedby probabilities��
��

�

T � and �

4

%

respec-
tively. If we denote �"TN: � 
���� as the numberof users
whohavesuccessfullycontentedfor channel� before
slot � in thesecondcongestionwindow.Thenwe have
:-

��
��

�

T��

�

�S
��

�2�

� # � � #�: � ��B

F

��� �����

�

4

%

�

�S
 � #�: �

�

��TN: � 
������

� �

�J�

�

B

F

��� � � # � � #�: � �

where

��
��

���

� # � � #�: � ��B

F

��� �����

�

'

���

�

� �
T

,

�"!
C

@

!$#

(14)

�

4

%

<
C

@

@

C

�

4

�

!$#�!
C

@

@

C

0

�

1HG

��
 �-TN: � 
����

���

� (15)

Sincechannelsareassignedrandomly, wecanwrite

��
 � #�: �

���

�

� # �����

�('
� #

�

,

'
�

�

,

�

'

���

�

�

,

C

@

!

�

(16)

Wecanalsoapproximate��
 �"TN: � 
������ as

��
 �
TN: �


����

���

�

�
' �*�)� � � #

�

,

�

'
�S
��

�

T
�

�

,

�

'

���

��
��

�

T
�

�

,

�"!$#�!
C

@

!

�

(17)

Let
�

T denotetheeventof successfulcontentionin sec-
ondcongestionwindow.Thenwe have:-
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�
#

� �
#�: �
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��
��
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��
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�
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� �
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��B
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��
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�

��
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T

�

�
#

��B
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�

�
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0

�

1HG

��
 �
#�: �

���

�3��
L9
T

�

�
#

� �
#�: �

��B

F

�

�

��� �

�
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� �

�)� � � #N�

��
L9
T

�

B

F

�

�

	

C

> D

0

C

@

1HG

��
 �
#

�3�S
L9
T

�

�
#

��B

F

�

����� �

�

min 
��*�J� ����� #��

Hence,we get the Probability of a successfulcon-
tentionas �

� @

�


�� ���

� @

�M
L�S
L9PT

�

B

F

��� . As canbeob-
served,thecomplexity of thederivationwith theabove
approachgrowsexponentiallywith thenumberof con-
gestionwindows. As aresult,weusethefollowing ap-
proximationfor thecasewhenwehave morethanone
congestionwindow.

� 7 from (6) can be expressedas a function of
���

�

� �

and ��
��

���




�

��� ��� ����� from (2) asa function
of � . Let

��
��

���




�

��� ��� �����

��



��&�

�W7

�
�




���

�

�	�

�





��&���

Let �

�

> denotetheprobabilityof successfulcontention
in the 
 ' th window. Henceif there are � conges-
tion windows, theprobabilityof successfulcontention

�W7X
 � � canbegivenas

�W7X
 � �

�

�

�A@

�

	 	 	

�

�

���

	

!$#

�

�V1&#


���� �

�

> � (18)

Weapproximate�

�

> asfollows:-

if � �)�

�

� !$#

0

F

1HG

�


 � � �

�

�

>

���


 ��� � �

�	�


�
3���





��;
�
3��� (19)

else

�

�

>

�

�

where

� �


�
��

�

�	�

�

��!$#

0

F

1HG

�


 �

F

�

� (20)

�;
�
��

�

� �

��!$#

0

F

1HG

�


 �

F

� (21)

�


 �

F

�

�

���

F

�

��� (22)

We comparethenumbersobtainedfrom theabove
analysiswith simulationvaluesobtainedandpresent
them in the following section. Sincewe are assum-
ing worst casescenario,it is expectedthat the simu-
lation valueswill be lessthanthecalculatednumbers
but shouldmatchthecalculatedvalueswith apprecia-
bleaccuracy.
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Parameter Value
Numberof Channels(M) 3

DataRate 10Mbps
ContentionSlotTime(

���

) 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 protocoldescribedin section3. Each
datapoint in eachsimulationis averagedover a suf�-
ciently longperiodof time.

Thesimulationparametersarelistedin Table2
Wenotethatanalyticalresultsmatchthesimulation

values. As a result, the performanceof the network
(delay)canbecalculatedaccuratelyusingtheexpres-
sionsobtainedin theearliersections.

Figure 2 comparessimulation resultsand analy-
sis for the averageservicetime seenby a packet for

��� �

5msec,

��

20 packets/sec.We observe that the
simulationvaluescloselymatchtheanalyticalvalues.

Note that an increasein the numberof contention
slots (

���

) decreasesthe numberof dataslots avail-
able,for a �x ed framelength. Increasingthenumber
of contentionslots available reducesthe probability
of collision in a given contentionslot, but simultane-
ouslyreducesthenumberof dataslots(

� �

) available.
Hencea largernumberof successesin thecontention
periodmightnotresultin morepacketsbeingtransmit-
tedsuccessfullydueto too few dataslotsbeingavail-
ableonthechannelsselected.Similarly, increasingthe
numberof dataslotsreducesthenumberof contention
slots. As a resulteven thoughthereareenoughdata
slotsin thechannel,therearetoo few successfulcon-
tentionsduringthecontentionperiod.Boththesecases
resultin higherdelayasseenin Figure2,atthetwo ex-
tremepoints.Notethatincreasingtheframetimedoes
not alleviate this problem,sincea larger frame time
resultsin a signi�cant amountof delayincurredby a
packetarriving onaveragehalfwaythroughthecurrent
frame itself, in which case,it waits half the current
frame,beforeit evenstartsthecontentionprocess.
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Figure 3. Queuing Delay v/s
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�	� �

5msec,
���

�

10, �

�

10

Figures3 and4 comparetheaveragequeuingdelay
obtainedfrom analysisandsimulationfor Poissonin-
put traf�c of varyingintensityandfor nobackoff. The
frametime is �x edat 5msec,andthenumberof con-
tentionslotsare�x edat10in Figure3, and7 in Figure
4. As seen,theanalysisfollows thesimulationresults
closely.

In Figures5 and6 weshow thevariationof queuing
delay when the numberof contentionslots is varied
from 5 to 15 for a 5msecframe, for 10 nodes. This
is to illustratethe impactof the choiceof numberof
contentionslots on the delay seen. Note that in the
caseof queuingdelayasconsideredin thesegraphswe
expectto seeeffectssimilar to thatseenin theFigure
2.
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: Varying num-
ber of contention Slots,


 � !

� , �

�

� � ,
�	�
�

5msec

Figures7 and8 show the variationof the average
delaywhenbackoff is used.

Figure7 shows thevariationof delaywith



for 20
nodeswith a10msecframetime. As is seen,theanaly-
sisandsimulationmatchclosely. Figure8 shows sim-
ulationresultsfor 30nodeswith backoff. Notethatwe
observe muchhigherdelaysat lower valuesof




, as
comparedto the valuesin Figure3. This is because
we have chosenlarger frametimes in the simulation
whichcauseslargerdelay.

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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(with backoff):
Varying number of Slots,


 �

� � , �

� =

� ,
���
�

10msec

comparedto largervaluesof
�
�

(11,12).Thisis dueto
stationscolliding in thecontentionprocess.Notethat
aswe increase

� �

even further (18,20),performance
degradesasdelayincreasesfor lowervaluesof




once
again.In thiscase,successfulcontentionsdonotresult
in successfultransmissionsdueto asmallernumberof
availabledataslots.Hence,thereis anoptimalsetting
of the

���

value,keepingotherparametersconstant.
In Figure10,wecomparequeuingdelayas




varies,
for differentvaluesof

�

, thenumberof channels.We
notethatasthenumberof channelsincrease,thereis
amarkedimprovementin thedelaycharacteristicsini-
tially, but we experiencediminishingreturnson delay
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(with backoff):
Varying number of slots,
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: Varying num-
ber of slots, �

�

� � ,
���
�

5msec

asmorechannelsareadded.Hencefrom a frequency
provisioning perspective, thereis a tradeoff between
addinganotherchanneland the obsserved improve-
mentin delay.

6 Conclusionand Future Work

In thispaperwepresentadetailedanalysisof adis-
tributed techniqueof channelaccessin multichannel
PMPnetworks.Wederiveexpressionsfor servicetime
andaveragedelayfor packetsin suchnetworks.Exten-
sivesimulationsareusedto comparetheanalyticaland
simulationvalues,which matchwell. The extension
of the analysisto the casewherenodescontendwith

l

0

20

40

60

80

100

120

15 20 25 30 35 40 45 50

D
el

ay
 (

m
se

c)

M=3

M=4

M=5

M=6

M=7

M=8

Figure 10. Queuing Delay v/s



: Varying
number of channels,

�

,
�	� �

10msec,
�

�

�

8msec,
�

�

20

backoff also followed the simulationresultsclosely.
Wecanthereforepredictthedelayexperiencedby data
in sucha network fairly accuratelyusingthe derived
expressions.Wenotedthattheanalysisdoesnotaccu-
ratelymatchthesimulationvaluesfor very low values
of




. This behaviour is dueto the overestimationof
thevarianceof servicetime for low




. This regimeis
however, notof signi�cant interest,sinceit is intuitive
that the delayseenby incomingpacketswill be very
low, typically of theorderof a frametime

�
�

.
Wearecurrentlyinvestigatingtheabove mentioned

issue.
In general,wenotethatin somecases,for aparticu-

lar choiceof systemparameters,backoff operationcan
show muchbetterperformancethanhaving no back-
off. However, the purposeof thesesimulationsis to
show the validity of the approximationsmadein the
derivationof thebackoff delayexpressions,not to �nd
the conditionsunderwhich the backoff operationex-
ceedsthe simplecasein performance.This is an in-
terestingavenuefor future research.It would alsobe
valuableto characterizetheoptimaloperatingpointof
the systemas a function of the variablesusedin the
analysis.
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