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Abstract— In this paper we focus on characterizing the average
end-to-end delay and maximum achievable per-node throughput in
random access multihop wireless ad hoc networks with stationary
nodes. We present an analytical model that takes into account the
number of nodes, the random packet arrival process, the extent
of locality of traffic, and the back off and collision avoidance
mechanisms of random access MAC. We model random access
multihop wireless networks as open G/G/1 queuing networks and
use the diffusion approximation to evaluate closed form expressions
for the average end-to-end delay. The mean service time of nodes
is derived and used to obtain the maximum achievable per-node
throughput. The analytical results obtained here from the queuing
network analysis are discussed with regard to similarities and
differences from the well established information-theoretic results
on throughput and delay scaling laws in ad hoc networks. We
also investigate the extent of deviation of delay and achievable
throughput in a real world network from the analytical results
presented in this paper. We perform extensive simulations and verify
that the analytical results closely match the results obtained from
simulations.

. INTRODUCTION

A multihop wirelessad hoc network is a collection of nodes
that communicatewith each other without ary establishedn-
frastructureor centralizedcontrol. The transmissiorpower of a
nodeis limited, thus the paclets may have to be forwardedby
severalintermediatenodesheforethey reachtheir destinationsSo
eachnode may be a source,destinationand relay. The wireless
mediumis sharedand scarce thereforead hoc networks require
an efcient MAC protocol [1]. Since ad hoc networks lack
infrastructureand centralizedcontrol, the MAC protocolsfor ad
hoc networks should be distributed. The random accessMAC
protocols,e.g.MACA [6] andMACAW [1], arethusideal choice
for adhocnetworks. The delayandthroughputof wirelessad hoc
networks dependon the numberof nodes transmissiorrangeof
the nodes,trafc patternand the behaior of the MAC protocol
(51, [4].

In this paperwe investicate how the end-to-enddelay and
throughputin a randomaccesshasedMAC multihop wireless
network with stationarynodesdependon the numberof nodes,
transmissionrange and traf c pattern. We proposea queuing
network model for delay analysisof random accessmultihop
wirelessad hoc networks. The queuingnetwork model proposed
in this paperis unique in that it allows us to derive closed
form expressiondor the averageend-to-enddelayand maximum
achievable throughput.The paclet delay is de ned as the time

takenby a pacletto reachits destinatiomodeafterit is generated.

The averageend-to-enddelay is the expectationof the paclet
delay over all paclets and all possiblenetwork topologies.Our
analysistakes into accountthe queuing delays at source and
intermediatenodes. The paclets are assumedto have a x ed

size and randomarrival process Moreover we also characterize
how the average end-to-enddelay and maximum achiezable
throughputvary with the degreeof locality of trafc. Theprimary
purposeof this studyis not to accuratelymodelthe performance
of standardprotocols (like IEEE 802.11 MAC) but to gain
insights into the queuing delays and achiezable throughputin
randomaccesanultinop wirelessad hoc networks.

Several studieshave focusedon nding the maximumachies/-
able throughputand characterizingcapacity-delaytradeofs in
wirelessad hoc networks [5], [8], [4], [9]. In [5] it is shavn
that for a wireless network vBth n stationarynodes,the per
node capacityscalesas£( W= nlogn). In [8], the authorsuse
simulationsin orderto studythe dependencef pernodecapacity
on IEEE 802.11MAC interactionsandtrafc patternfor various
topologieslike single cell, chain, uniform lattice and random
network. An estimateof the expressionsfor one-hopcapacity
and upper bound of pernode throughputis obtainedusing the
simulationresults.

In [4], the authorscharacterizeéhe delay-throughputradeofs
in wireless networks with stationary and mobile nodes. It is
shavn that for a network with stationary nodes,the average
delay and throughputare relatedby D (n) = £( nT (n)), where
D(n) andT(n) arethe averageend-to-enddelayandthroughput
respectrely. However the delay is de ned asthe time taken by
a paclet to reachthe destinationafter it has left the source.
Also, accordingto the network model, the paclet size scales
with throughput.Under theseassumptionghe delay is simply
proportionalto the averagenumberof hops betweena source
destinationpair. i.e. in their model, there is no delay due to
queuing. If, more realistically the paclet size is assumedo be
constantand the delay is de ned astime taken by a paclet to
reachthe destinationafter its arrival/generation at the source,
there would be queuingdelaysat the sourceand intermediate
nodes.

Several recentstudieshave proposedqueuingmodelsfor per
formanceevaluationof the IEEE 802.11MAC. A nite queuing
model is proposedand usedin [14] for evaluating the paclet
blocking probabilityand MAC queuingdelaysin a BasicService
Setwith N nodes.A queuingmodelfor performancesvaluation
of IEEE 802.11 MAC basedWLAN in the presenceof HTTP
trafc is proposedn [10]. In [11] the servicetime of a node,in
IEEE 802.11 MAC basedwirelessad hoc network, is modeled
as a Markov modulatedgeneralarrival process.The resulting
M/MMGI/1/K queuingmodelis usedfor delay analysisover a
single hop in the network. An analytical model for evaluating
closedform expressionfor the average queuing delay over a
single hop in IEEE 802.11basedvirelessnetworksis presentedh
[13]. In [12], the authorsusequeuingtheoreticapproactin order
to calculatethe mean paclet delay maximum throughputand



collision probability for an elementaryfour node network with
hiddennodesand extendthe resultsto linear wirelessnetworks.
It is worth noting that none of the prior works [14], [10], [11],
[13], [12] extendsto a generaltwo dimensional wireless network.

We proposea detailed analytic model for multihop wireless
ad hoc networks basedon open G/G/1 queuing networks. We
rst evaluatethe meanand secondmomentof servicetime over
a single hop by taking into accountthe back off and collision
avoidancemechanismof IEEE 802.11 MAC. We then usethe
diffusion approximationfor solving open queuing networks in
order to derive closedform expressionfor the averageend-to-
endpaclet delay Using the averageservicetime of the nodeswe
obtain an expressionfor the achiezable throughput.We present
detaileddiscussion®n how the maximumachievablethroughput
obtainedfrom our queuinganalysiscompareswith the pernode
information theoretic capacity of Gupta-kumars model. The
analytical resultsare veri ed agpinst extensive simulationsand
numericalcomputations.

The rest of the paperis organizedas follows. In Sectionll
we brie y describethe well known diffusion approximationfor
solving open G/G/1 queuing networks. Detailed descriptionof
the network model is presentedn Sectionlll. The delay and
throughputanalysisof multihop wirelessnetworks is presented
in SectionlV. Commentsaanddiscussion®n the analyticalresults
is presentedn SectionV. The comparisorof the analyticaland
simulationresultsis presentedn SectionVI. Finally we present
concludingremarksin SectionVII.

Il1. DIFFUSION APPROXIMATION METHOD

The diffusion approximation[3] can be usedfor solving an
openG/G/1 queuingnetwork provided that all the nodesin the
network are single sener with rst-come rst-serve (FCFS)ser
vice strat@y. The advantageof usingthe diffusionapproximation
in this work is thatit allows usto obtainclosedform expressions
for the averageend-to-enddelay

In this sectionwe brie y describehow the diffusion approxi-
mationis usedto solve an openG/G/1 queuingnetwork. (Please
see[3] for details). Supposewe have an openqueuingnetwork
with n service stations,numberedfrom 1 to n. The external
arrival of a paclet is a renaval processwith an averageinter-
arrival time of 1=, . and the coefcient of varianceof inter
arrival time equalsc4. The meanand coefcient of varianceof
the servicetime at a stationi are denotedby 1=, and cg;,
respectiely.

The vidit ratio of a stationin a queuingnetwork is de ned as
the averagenumberof timesa paclet is forwardedby (i.e. visits)
the station.The visit ratio of stationi, denotedby €;, is given by

j=n
e = Poi(n)+ iji(n) te;

Jj=1

)

wherepy; denoteghe probabilitythata paclet entersthe queuing
network from stationi andp;; denoteshe the probability thata
pacletis routedto stationi aftercompletingits serviceat station
j-

Therearetwo sourcef pacletarrivalsata station:thepaclets
thataregeneratect the stationandthe pacletsthatareforwarded
to the stationby otherstations.Theresultingarrival rateis termed
the effective arrival rate at a station.The effective arrival rate at
stationi, denotedby , ; is given by

= , e€i (2)

s 1

The utilization factor of stationi, denotedby ¥4, is given by

pi = Ni/wi ©)

The squaredcoefcient of varianceof the inter-arrival time at a
stationi, denotedby c?,, is approximatecusing

cii = 1+Z(623j—1)-p?i~ej-ei_l (4)
j=0
wherecy, = c3.
According to the diffusion approximation,the approximate
expressiorfor the probabilitythatthe numberof pacletsat station
i equalsk, denotedby %4(k), is

_J1li %A k=0
9= { ol e ko 0 ®
where
b = __20=pi)
pi = exp( C?M,piJrCQBZ_) (6)
The meannumberof paclets at a stationi, denotedby K, is
Ki = pi/(01—p) "

I1l. QUEUING NETWORK MODEL

In this sectionwe presentthe network model and develop a
queuingnetwork modelfor multihop wirelessnetworks. We also
derive expressionsfor the parametersof the queuing network
model.

A. The network model

The network consistsof n + 1 nodes,numberedl to n + 1,
that are distributed uniformly and independentlyover a torus of
unit area.We assume torusareain orderto avoid complications
in the analysiscausedy the edgeeffects.Eachnodeis assumed
to have an equal transmissionrange,denotedby r(n). Let r;;
denotethe distancebetweennodesi andj. Nodesi andj are
saidto be neighbors if they candirectly communicatewith each
other i.e. if r;; - r(n). Let N(i) denotethe setof nodesthat
areneighborsof nodei. All the neighborsof a nodelie onadisc
of areaA(n) = Y4 (n)? centeredat the node. The areaA(n) is
termedthe communication area of anode.Thecommunication
areais chosensuchthat the network is connectedvhich ensures
thatN (i) 6 A 8 i. Thetransmissiorrate of eachnodeequalsw
bits/second.

We use a specialcaseof the Protocol Model of interference
describedn [5]. If nodei transmitsto nodej thenthe transmis-
sionwill be successfubnly if (i) r;; - r(n) and(ii) ry; > r(n)
for every othernodek 6 i;j thattransmitssimultaneouslywith
nodei. In otherwords,nodei cansuccessfullytransmita paclet
to nodej only if i is a neighborof j andno otherneighborof j
is transmittingconcurrentlywith i. (This is equivalentto setting
¢ = 0in the ProtocolModel in [5]).

Thetrafc modelfor the network may be describedasfollows.
Eachnodein the network could be a source,destinationand/or
relay of paclets. Eachnodegeneratepaclkets with rate, pack-
ets/secThe delay analysisis possiblefor ary paclet generation
processas long as the meanand SCV of paclet inter arrival
time is known. For the sale of simplicity, we assumein our
model that the paclet generationprocessat each node is an
i.i.d. Poissonprocess.The size of eachpaclet is constantand
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Fig. 1. Queuing network model for multihop wireless ad hoc network.

equalsL bits. When a node receves a paclet from ary of its
neighbors,it either forwards the paclet to its neighborswith
probability (1;j p(n)) or absorbghe pacletwith probabilityp(n).
The probability p(n) is referredto as “absorptionprobability”.
In otherwords, the absorptionprobability is the probability that
a node is the destinationof a paclet given that the node has
recevved the paclet from its neighbors.When a node forwards
a paclet, eachof its neighborsis equally likely to receve the
paclet. The advantageof sucha modelis thatwe cancontrol the
locality of the trafc by varying the parameteip(n). The trafc

is highly localizedif p(n) is large while a small value of p(n)

implies unlocalizedtraf c. This helpsin characterizinghe effect
of the locality of the trafc on the averagedelay and maximum
achievable throughput.

We assumehat eachnodein the network hasin nite buffers
which meansthat no paclets are droppedin the network. The
paclets are sered by the nodeson rst come rst sene basis.

Multihop wirelessad hoc networks canbe modeledasa queu-
ing network asshavn in Figure1(a). The stationsof the queuing
network correspondto the nodesof the wirelessnetwork. The
forwarding probabilitiesin the queuingnetwork, denotedby p;;,
correspondo the probability that a paclet thatis transmittedby
nodei entersnodej's queue.Figure 1(b) shavs a representation
of a nodein the ad hoc network as a station in the queuing
network.

The end-to-enddelay in a wireless network equalsthe sum
of queuingand transmissiondelaysat sourceand intermediate
nodes.We will usethe queuingnetwork model shawvn in Fig-
uresl(a)andl(b) in orderto mathematicallyanalyzethe end-to-
enddelay

B. Parameters of the queuing network model

In this sectionwe derive expressionsfor the parametersof
the queuingnetwork model of multihop wirelessnetworks. The
detailedproofsof the Lemmasstatedbelon may befoundin [2].

Lemma 1: The expected probability that a paclet is for-
wardedfrom nodei to nodej, denotedoy p;;(n), is

- (1 - Am)Y) i

pm) = { i7 ®

~ Lemma 2: The expectedvisit ratio of nodei, denotedby &;,
is given by

1
~ (n+1p(n)
when(1j A(n))™! 0, i.e.whenA(n) is chosensuchthatthe
network is connectedwith high probability

€i

Vi 9

1an expectedvaluesin this paperare the expectationover all paclet and all possible
network topologies.

Lemmasl and 2 (equations8-9) indicatethat the nodesvisit
ratio and the forwarding probabilitiesaveragedover all possible
instancesof the topologiesare similar to the visit ratios and
forwarding probabilities of an average topology where each
node has a number of neighborsequal to the average case.
Thus, as a result of thesetwo lemmas,one may derive the
remainingset of model parametergeffective paclet arrival rate
and number of paclets traversed) by consideringthe average
casetopology Applying theseresultsin the diffusion modelwiill
provide expressionsfor the averageend to end delay de ned
as the expectationof the paclet delay over all paclets and all
possiblenetworks.

Lemma 3. Theeffective pacletarrival rateatanodei, denoted
by ., is

i = ,=p(n) (10)

Lemma 4: The expectednumberof hopstraversedoy a paclet
betweenits sourceand destination,denotedby S, is

5=1/p(n) (1

Noticethattheaveragequeuingdelaydependsipontheservice
time distribution of thenodeswhichin turndependonthe MAC
protocolusedby the nodes.

IV. QUEUING ANALYSIS

In this sectionwe rst presenta modelfor a randomaccess
MAC that accountsfor the back off and collision avoidance
mechanismsf IEEE 802.11 MAC. We then presentthe delay
analysisof multihop wireless ad hoc networks by integrating
the MAC modelwith the queuingnetwork model developedin
Sectionlll.

A. The MAC mode

1) Interfering neighbors. Two nodesaresaidto beinterfering
neighbors if they lie within a distanceof 2r(n) of eachothetr
The transmissionof a nodewould be successfuif noneof the
interferingneighborwf the nodetransmitsconcurrently Also two
nodesmay successfulljtransmitat the sametime if they are not
interfering neighborsof eachother The de nition of interfering
neighborsis similar to the de nition givenin [5].

2) The random access MAC model: Before transmittingeach
paclet the nodescount dovn a random back-of timer. The
durationof the timer is exponentiallydistributedwith meanl1=».
As in IEEE 802.11,the timer of a node freezeseachtime an
interfering neighborstartstransmittinga paclet. When the back
off timer of anodeexpires,it startstransmittingthe pacletandthe
back off timers of all its interfering neighborsare immediately
frozen. The timers of the interfering neighborsare resumedas
soon as the transmissionof the paclet is complete.The time
requiredto transmit a paclet from a node to its neighboris
L=W + T,, whereT, is thetime requiredfor theexchangeof RTS,
CTSandACK paclets.We assumehatT, is nggligible compared
to L=W, soin our analysiswe assumethat the time requiredto
transmita pacletis L=W . The modelis mathematicallytractable
andat the sametime captureghe behaior of IEEE 802.11MAC
protocol.

B. Delay analysis
With the help of the following threeLemmaswe determinethe
meanandsecondnomentsof the servicetime of nodesusingthe



randomaccessMAC model. The proofs of the Lemmasmay be
foundin [2]. We then presentthe resultfor end-to-enddelayin
multihop wirelessnetworks.
Lemma 5: Let H, denotethe numberof interferingneighbors
of anodei. Then
E[H;] = 4nA(n) (12

E[H?] = 4nA(n)(1 + 4(n — 1) A(n)) (13)
whereA(n) = 1/4¢r(n)2.

Lemma 6: Let M; denotethe numberof interferingneighbors
of anodei thathave at leastone paclet to transmit. Thenunder
steadystate,

E[M;] = pinA(n) (19

E[M?] = p? - 4nA(n)(1 4+ 4(n — 1)A(n)) + (1 — p)pdnA(n) (15)
where¥zis the utilization factor of the nodes.

Lemma 7: Let Z, denotethe numberof times the timer of a
nodei is frozenbeforeits expiration. Then

E[Z) = 4- pnA(n) (16)

Theorem 1: Let X; and X? denote the mean and second
m(_)l_rr?entof servicetime requiredto sene a paclet by a node
i. Then

i

X, =FEXj]|]=———"—— 1
BlXi) 1 —4nA(n)\i @
_ _ 2
Xf:E[X?](l-&-Sﬁ-&-Qm?)% +2(2m + 1)%%+£—2 (18)

wherem = E[M,] (egn.(14)) andm?2 = E[M?] (eqn.(15)).
Proof: Thetime takenby nodei to sene a paclet, denoted
by X, is the sumof threeterms:(i) the durationof the random
backoff timer (t;), (ii) the durationfor which the timer remains
frozen (Z;L=W), and iii) the transmissiortime (L=W). Thus

L L
Xi:ti-l—Ziw-‘rW (19)
Taking expectationof both sideswe get,
L L 1 L L
EB[X;] = E[t;] + E[Z;] - wtw= E+4pnA(n)W+W (20)

Substituting¥s= , ;X; andby rearrangingwe get (17).
The proof of (18) may be foundin [2]. [ |

Coroallary 1: The standarddeviation of servicetime of a node
i, denotedby %% , is given by

2 L?

1
oX: = 2 =

(m+m2+02)+202m+1) =

+ (21)

==
|

where¥4, = m2 m?2.

The squaredcoefcient of varianceof the 2servicetime ata
nodei, denotedby c%,; is given by ¥& =X;". Using (4), the
squaredcoefcient of varianceof the inter arrival time at a node
i, denotedby c%,, is given by

n+1
1 —p(n)
Gu=14 D (=)= =14 (¢~ D~ p(n)
i=1.5#

With theknowledgeof ¢3;, ¢, and% we can nd the parameter
Pasgivenin (6).

Theorem 2: For the randomaccessMAC model the average
end-to-enddelay in a multihop wireless network, denotedby
D(n), is given by
Pi

P =g

(22)

Proof: Let D; denotethe average delay at a node i.
Accordingto Little's Law, D; = K;=, ;, whereK; is the average
numberof pacletsin the queueof nodei. Substitutingk ; from
(7) we get

D; = Ki/Xi = p/(X\i(1—p))

By symmetrythe averagedelay at eachnode is same.Thus
the averageend-to-enddelay equalsthe productof the average
numberof hopstraversedby a paclet and the averagedelay at
eachnode.HenceD (n) = s¢D; which leadsto (22). ]

C. Maximum achievable throughput

The maximum achievable throughput, denotedby | ,.42, IS
de ned asthemaximumpaclet arrival rateat eachnodefor which
the averageend-to-enddelay remains nite. If the paclet arrival
rateexceeds ..., thedelaywould tendto in nity . Thefollowing
corollary, that follows from Theorem1, yields a relationship
betweenthe maximum achiezable throughputand the network
parameters.

Corollary 2: For a multihop wirelessnetwork the maximum
achievablethroughput, ;4. IS

p(n)
% +anA(n) &
Also from (23), , ;e = 0(1=8nA(N)).
Corollary 2 directly follows from ¥4 = | ;X; < 1.

(23)

Amaz =

V. DISCUSSIONS

In this sectionwe discussthe implications of the analytical
resultsderivedin thelastsection.We rst present brief intuitive
interpretationof the meanservicetime followed by a discussion
on the maximumachierable throughputevaluatedin Corollary 2
and how it compareswith well knowvn information theoretic
results[5]. We alsodiscusshow our analyticalresultsvary from
thoseobtainedfor a more pragmaticnetwork model.

A. Interpretation of mean service time

We present a mathematically non-rigorous, but intuitive,
derivation of meanservicetime of a nodefor the randomaccess
MAC model. This derivation further elucidatesthe result on
servicetime. Considera hypotheticaltwo node network where
oneof the nodestransmitspacletsto the othernode.Both nodes
usethe randomaccessMAC model describedin IV-A. In this
scenariothereis no contentionfor the channeland the average
servicetime of the transmitterwould be % + % We refer to
% + i asthe uncontended service time.

Now considera node (say node0) with m interfering neigh-
bors,numberedl throughm. The nodeandits interferingneigh-
borsusethe randomaccesdMAC modelfor collision avoidance.
Paclets of size L; bits arrive at a rate of ®; paclets/second
at neighborj . From the point of view of node O, the channel
is available when no other interfering neighboris transmitting.
Under steady state, the fraction of time that the channelis
availableto nodeO is 1 Z?:l ®, (L ,=W). Sothe servicetime
of node 0 would be the uncontendedervicetime scaledby the
fraction of time the channelis available to node 0. Hencethe

iceti 1/&+Lo/W
servicetime of node 0 equals TS (T We refer to

Y req ®(Lx=W) asthe contention term.

In a multihop wirelessnetwork, m is analogougo the number
of interferingneighborsand®; = , ;;L; = L 8 j. The expected
value of the contentionterm (or fraction of time channelis not
availableto anode)is 4nA(n), ,% andthereforethe servicetime

of anodeequals — 451




B. Implications of maximum achievable throughput result

The result of Corollary 2 re-emphasizeshe importance of
carefully choosingthe transmissionrangesof nodes., ;4. iN-
creasewith decreasén r(n). However if r(n) is too smallthen
the network would becomedisconnectedAccordingto [7], the
network is asymptoticallyconnectedfor r(n) = ! (y/logn=n).

So for a connectednetwork A(n) = ! (logn=n) and , ;4 =
(n)
o FaToaniz ) o
Anotherinterestingobsenration is the dependencef , ,,,, on

the trafc pattern., ,,4. IS directly proportionalto p(n). From
(11) the expectednumberof hopstraversedby a paclet equals
1=p(n). Thusanotherway of interpretingthe resultis that , ..,

is inverselyproportionalto the expectednumberof hopsbetween
a source-destinatiopair.

We further investigate how our resulton the maximumachiev-
able throughputcompareswith the result by Gupta-Kumar on
throughputcapacity According to the Gupta-Kumar model, the
nodesare distributed uniformly andindependentlyover a sphere
of unit surfaceareaand eachsourcechoosesa randomdestina-
tion. Thereforethe expecteddistancebetweena sourceand the
correspondinglestinationequalsthe expecteddistancebetween
two pointsuniformly andindependentlydistributed on a sphere.
Thus the expecteddistancebetweena sourcedestinationpair in
Gupta-Kumar's modelis a constant(i.e. doesnot vary with n),
says, .. Thetransmissiomangein their modelis ! (y/logn=n).
Thusthe expectednumberof hopsbetweena source-destination
pair in Gupta-Kumarmodelis o(,/n=logn).

In orderto compareour resultswith Gupta-Kumar's results
we chooseour model parametersuchthat we have comparable
averagenumberof hops betweena source-destinatiopair and
comparabletransmissionrange. In our model if we choose
p(n) = /logn=n, thenthe expectednumberof hopsbetweena
sourceanddestinatiomodeis s = 1=p(n) = y/n=logn, whichis
comparableo the Gupta-Kumar model. Also r(n) = /logn=n
or A(n) = Ydogn=n makesthe transmissiorrangeof our model
comparabldo that of the Gupta-Kumarmodel.So for the model
parameterghat are comparableto the Gupta-Kumar model, the
maximumachiezable throughputis

1w
4r

nlognL (24)

Amag = ————2 7
U+ T lognzw)
of , maz = o(W:p nlogn).

The above discussionimplies that for the similar values of
parameterof the network modelwe get a boundsimilar to the
Gupta-Kumar's boundon throughputcapacity but for our model
the boundis not achiezable. The reasonfor the boundnot being
achievableis thatin our modelwe considerarandomaccessvAC
protocolratherthan a perfectdeterministicscheduling. Thusthe
boundbecomesunachi@able becausesomechannelcapacityis
wastedby the nodesduring contentionfor the channel.

C. Comparison with delay and throughput in real networks

The analyticalmodelin this paperis kept reasonablysimple
sothatit is possibleto obtain closedform expressiondor delay
andthroughput.In particularour MAC modeldoesnot take into
accountpaclet collisionsand our routing modelis randomwalk
of paclets over the network. Thus our model deviatesfrom the
real world scenarioswhere the paclets collide due to random
accesMAC andthe pacletsareroutedalong x ed pathsdictated
by routing protocols.In this subsectiorwe discusshow muchthe

delayandmaximumachiezablethroughpuin realworld networks
deviate from our analyticalresults.

1) Effect of packet collisions: Considera morepracticalMAC
modelwherea nodetransmitsassoonasits transmittimer expires
andthe interfering neighborsfreezetheir timers only whenthey
sensethe transmission.For such a MAC, the transmissionof
nodei may collide with transmissiorof an interfering neighbor
if differencebetweenthetime instancesvhenthe transmittimers
of nodesi and that of interfering neighborexpire is less than
the propagtion delay betweenthe nodes.Let d denote the
propagtiondelaybetweemodei andits interferingneighborthat
hasa paclet to send,then the probability that the transmission
of i doesnot collide with that of the interfering neighborequals
e~2¢4, Sincetheinterferingneighborsarelocatedwithin two hops
of nodei, d - 2r=c= %, wherev is velocity of electromagnetic
waves. Thusthe probability that the transmissiorof nodei does
not collide with an interfering nodes transmissionis greater
than e=2%9. So if nodei has! interfering neighbors,then the
probability that a transmissioris a successs boundedby

P[Succesp, e %! (25)

Let P, denotethe expectedprobability of successaveragedover
all possibletopologies,then

Ps. (Li (1 e 2)4A(n))" = PP (26)

The expectednumberof timesa nodetransmitsa paclet before
it is recevved successfullyby its neighborequalsl=P;. It is easy
to seethatthe RHS of egn.(20) is scaledby a factorof 1=P, and
meanservicetime may be evaluatedby rearranginghe resulting
equation. So for the more practical MAC model, that allows
paclet collisions, the meanservicetime is boundedby

etw o :
1 4nA(n), ;L=wW !

L
W

PG anA(n), ,L=W

(27)

The maximumachievable throughputevaluatedusing, ;X; < 1,
is boundedby

o _ PP

T e v anAn) &
(28)
The dependencef , %m the lower boundof | .., ontherate
of transmittimer, », is particularly interesting.As » increases,
both PS(L) and1=»termin the denominatoidecreaseThusthere
is a tradeof in choosingthe rate of the transmittimer - a high
» leadsto lower waiting time before transmissionbut leadsto
higher probability of paclet collision. Let »* be the optimal
value of » that maximizesthe lower boundof | ,,..... Equating
d, S,ﬁZI:d» to 0 yields that »* satis esthe following relation

(b(n)»*2 + ))*)6—25*6 _ 1
(1i 4A(N)(L; e 2%%%))  8nA(n)+
where b(n) = L=W + 4nA(n)L=W. Closedform expression
for »* cannotbe evaluatedfrom the above relation. However
by approximatinge=2"? ¥4 1 (high probability of successpand
solving the resultingquadraticequationwe get
i 1) (30)

(v

As expected»* decreasesvith increasen the expectednumber
of interfering neighbors paclet transmissiortime and propag-
tion delay

p(n)
£+ HanA(n) i
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Fig. 2. Comparison of the analytical results with simulation results.

delay vs.

2) Effect of deterministic routing: In the routing model used
in this paper a node forwards a paclet to ary of its neighbor
with equalprobabilitywhich spreadshetraf c evenly throughout
the network. On the otherhand,a deterministicrouting protocol
routes each paclet belonging to a particular ow (typically
identi ed by source-destinatiopair) along a deterministicpath,
determinedusing some goodnesametric. This often leadsto a
situationwherelarge numberof o ws passthrougha few nodes
that have good pathsto mary ow destinations.This leadsto
creationof routing bottlenecksleadingto large queuingdelays
intermediatenodesand higher end-to-enddelays.Thus (22) is a
lower boundon the averageend-to-enddelaysin networks with
deterministicrouting.

VI. SIMULATIONS

In this sectionwe comparethe simulation results with the
analytical results. The aim of the comparisonis to verify the
validity of theassumptionsnadein our analysisandthe accurag
of the diffusion approximationmethod.

The simulationsettingis the following. The network topology
for the simulationsconsistof n nodesscatteredandomlyover a
torus of unit surfacearea.Eachnode can communicatewith the
nodeswithin a distancer(n) = y/logn=n. The randomaccess
MAC protocol used by the nodesis the sameas describedin
IV j B. Eachnodeproducespaclets of sizeL = 1 Kbits at
the rate of | paclets/sec.The transmissionrate of eachnode
is W = 10° bits/sec. The probabilistic routing describedin
Sectionlll is usedfor the simulations.The averagedelay for
a particular topology is obtainedby averaging the end-to-end
delay of all paclets producedduring the simulation. In order
to averageout the effect of topology eachsimulationis repeated
over severaltopologies.The averageend-to-enddelayis obtained
by averagingthe averagedelay for all topologies.

Figure 2(a) shavs how the average end to end delay as
obtainedfrom the simulations,varieswith the numberof nodes
for, = 05, , = 07 and, = 1.0 with p(n) = 4/lognh=n.
Figure 2(b) shavs how the averageendto end delay varieswith
the arrival rate (,) for n = 500, 600 and 800 with p(n) =
v/logn=n. Figure 2(c) shavs how the averageendto enddelay
varieswith the numberof nodesfor variousvaluesof absorption
probability with | = 1 paclets/secThe theoreticalvaluesof the
averageend-to-enddelay as obtainedfrom the analyticalresults
are plotted alongsidethe simulationresultsin Figures2(a), 2(b)
and 2(c). It is obsened that the simulationresultsagreeclosely
with the theoreticalvalues.

06 07
Arrival Rate ()

(b) Average end-to-end delay vs.
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Number of nodes.

(c) Average end-to-end delay vs.
number of nodes.

VIl. CONCLUSION AND FUTURE WORK

Characterizationof capacity and delay in ad hoc networks
hasbeenfocus of considerableesearchHowever capacityand
delay of networks basedon random accessMAC, like IEEE
802.11,have not beensubstantiallystudied.In this paperwe pre-
senteddelay analysisof randomaccessMAC multihop wireless
ad hoc networks. We derived closed form expressionsfor the
averageend-to-enddelay and maximum achievable throughput.
We showed that, for comparablenetwork parametersthe upper
boundon maximumachiezablethroughpuis of the sameorderas
the Gupta-Kumar's bound.However for therandomaccessviAC
the boundis not achiezable. The analytical resultsare veri ed
using simulations.

The results and frameavork presentedn this paperleadsto
several venuesfor future researchOur currentdirectionsinclude
the delay analysisand characterizatiorof the maximumachie/-
able throughputfor hierarchicalnetworks, mary to onecommu-
nication scenarios wireless networks with sleepingnodesand
wirelessnetworks with other mediumaccessontrol algorithms.
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