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Abstract —The physical layer of future wireless networks will be based on novel radio technologies such as UWB and MIMO. One of
the important capabilities of such technologies is the ability to capture a few packets simultaneously. This capability has the potential
to improve the performance of the MAC layer. However, we show that in networks with spatially distributed nodes, reusing backoff
mechanisms originally designed for narrow-band systems (e.g., CSMA/CA) is inef cient. It is well known that when networks with
spatially distributed nodes operate with such MAC protocols, the channel may be captured by nodes that are near the destination,
leading to unfairness. We show that when the physical layer enables multipacket reception, the negative implications of reusing
the legacy protocols include not only such unfairness but also a signi cant throughput reduction. We present alternative backoff
mechanisms and evaluate their performance via Markovian analysis, approximations, and simulation. We show that our alternative
backoff mechanisms can improve both overall throughput and fairness.
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1 INTRODUCTION

UTURE wireless communicationstechnologies,such as

Ultra-Wideband(UWB), have several characteristicghat
setthem apartfrom otherwirelesscommunicationgechnolo-
gies.Oneof thesecharacteristicss the ability to capturea few
paclets simultaneously[53], [56]. A Multipacket Reception
(MPR) capability at the physical layer calls for the design
of new Medium AccessControl (MAC) protocols,that are
tailoredfor this capability[20], [53]. The combinationof MPR
atthephysicallayerandatailoredMAC layerhasthe potential
to signi cantly improve the network's performancdg17]. Yet,
recentproposaldor MAC protocolsfor UWB networks (e.g.,
[14], [15], [39]) do not speci cally addresghe potentialMPR
capability Moreover, althougha number of previous works
provided important insights regarding the effects of MPR,
some of the important characteristicsof the physical layer
and the needfor distributed operationhave not been fully
consideredyet. Therefore,in this paperwe focus on studying
the design considerationsof distributed MAC protocols for
wirelessnetworkswith spatially distributed nodesand MPR
capability.

The designof MAC protocolsfor wireless networks has
recevedtremendousittentionin thelastfour decade$6], [49].
A basicunderlyingassumptionn the designandevaluationof
legagy MAC protocols(e.g., Aloha) was that any concurrent
transmissionof two or more paclets resultsin a collision
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Fig. 1. Nodes distributed in a plane and a single re-
ceiver with a multipacket reception capability. Five nodes
transmit simultaneously. The high power signal from the
nearby node results in failure of the 4 transmissions
from the distant nodes. Due to the multipacket reception
capability, if the nearby node does not transmit, these 4
transmissions can be captured.

and failure of all paclets. This assumptiondoesnot re ect

the actualsituationin mary wirelesscommunicationsystems
in which the paclet with the strongestpower level can be
receved successfullycaptured)n the presencef contending
transmissionsThis capture effecthasbeenextensvely studied
in the past[1], [2], [23], [24], [26], [27], [30], [32], [36], [45],

[50], [59] (for more detailsseeSection?2).

Some communicationssystemsare capableof capturing
more than a single padet Such a capability is known as
Multipacket Receptioncapability Previous researchregarding
MPR includesthe works of Ghezetal. [20], [21] who studied
the stability propertiesof slotted alohawith MPR; Tong et
al. [37], [53], [56], [57] who proposedMAC protocolsthat
take into accountthe MPR capability; and Nguyen et al.
[43] who consideredthe SINR capturemodel of [59] in the
contxt of MPR systems(for more details see Section 2).
Despite the recentinterestin the area of MPR, numerous



researcltthallengestill exist [17]. In particular little hasbeen
done toward the designof distributed algorithms that work
effectively with spatially distributed nodes.

Underexisting bacloff mechanismge.g., CSMA/CA, used
in IEEE 802.11),oncea nodetransmitsandsenses collision,
it increasedts contentionwindow (i.e., decreasethetransmis-
sion probability). On the other hand, following a successful
transmission,it decreaseshe contentionwindow. We refer
to such an operation model as the Standad Model It is
well-known that the StandardModel may be unfair and can
causestanation to someof the nodes[3], [4], [18], [42]. The
unfairnessphenomenotis more pronouncedn networks with
spatiallydistributed nodes sincethe receved signalsfrom the
distant nodesare usually wealer than the signalsfrom the
nearbynodes.This may lead to stanation of distantnodes
becausencea nearbynodecaptureshe channel,t increases
its transmissionprobability hence continuingto capturethe
channel.On the other hand, the distant nodesthat failed to
capturethechannelill decreaséheirtransmissiormprobability
further reducingtheir chancedo succeed.

In networks with MPR capability operatingaccordingto
the standardbacloff mechanismeadsnot only to unfairness
but alsoto signi cant throughputreduction.Fig. 1 illustrates
an examplein which one nearbynodeand four distantnodes
attemptto transmit® In a typical scenario,the paclet of the
nearbynodeis capturedand the othersare lost due to their
relatively low power levels. Accordingly, the nearby node
maintainsa small contentionwindow, while the distantnodes
maintainrelatively large contentionwindows. Hence a nearby
node that capturesthe channelmay stane several distant
nodes,whosetransmissiongould have beencapturedsimul-
taneouslylIn otherwords,insteadof a potentialthroughputof
4 paclets, this systemhasa throughputof 1 paclet.

The above example suggestghat in a network with MPR,
a distributed bacloff protocol should attain some fairness
as an avenueto achieving higher network throughput.One
possibility is to somehav increasethe transmissionproba-
bilities of distant (usually failing) nodes while decreasing
the transmissionprobabilities of nearby (usually successful)
nodes.Due to the spatial distribution, the numberof remote
nodesis usuallyconsiderablylargerthanthat of nearbynodes.
Thereforesinceafew pacletscanbe capturedsimultaneously
allowing a highertransmissiorprobabilityto distantnodescan
increasethe network throughput.

To achieve this, we de ne an AlternativeModel in which a
nodedeckeasests transmissiomprobability following success
and increasesit following failure. In order to evaluate the
Standardand Alternative Models, we de ne a simple MAC
protocol, referredto as the GenericDistributed Probabilistic
(GDP)protocol? Underthis protocol,eachnodeselectsoneof
two transmissiorprobabilitiesaccordingto its successhistory.

We study the performanceof the GDP protocol through
Markovian analysis, approximations,and simulations. Our
analysisconsidersa single recever (e.g., a base-stationpnd

1. For simplicity of the example,we consideronly power attenuatiorand
ignore fading.

2. We note that our objective is to gain understandingf the effects of
MPR. Therefore this protocoldoesnot dealwith mary practicalchallenges.

multiple transmittersWe notethatin this settinga distributed
solution is not strictly necessaryHowever, we focus on the
designof randomized(and hencedistributed) accessamecha-
nismsthatcanultimately be of usein a multihop settingwhere
a centralizedsolution is less appealing.We also note that
althoughwe focuson controlling the transmissiorprobability;
other mechanismssuch as power control [29], [33], [34],
[40], [50], canalso be utilized in an MPR setting. However,
power control mechanismsequiresophisticatedeedbackand
comple transmittersthat can adjustthe transmitpower level
dynamicallyon a perpacletbasis.Althoughsuchmechanisms
are appropriatefor cellular networks, they may be more
dif cult to adaptto wireless(ad hoc and sensor)networks.
Moreover, in a multihop settingin which a transmittermay
interferewith transmissionslestinedto a numberof recevers,
the distributed power control problemis a challengingopen
problemeven for the single paclet receptioncase[41].

The main contritution of this work is the thorough per
formanceevaluation of simple genericMAC protocolsin a
way that enablesus to gain importantinsights regardingthe
correctoperatingpoint whenthe network is capableof MPR.
While the idea of using feedbackfrom the channelto tune
a bacloff algorithmis not new, our work exploits this idea
in the context of networks with spatially distributed nodes
capableof MPR and shaws that the tuning hasto be done
differently than in legag/ systemscapableof single-paclkt
receptionlIn particular we provide extensive numericalresults
that demonstratehat the Alternative Model outperformsthe
StandardModel both in termsof throughputandfairnessin a
wide rangeof network scenariosThis impliesthatonecannot
directly reusebacloff mechanismge.g.,CSMA/CA) designed
for narravbandsystemsn networks with MPR capability

This paperis organizedasfollows. In Section2 we brie y
review relatedwork andin Section3 we describethe system
model and the genericprotocol. In Section4 we provide an
examplethat motivatesthe studyof the Alternatve Model and
the GDP protocol.In Section5 we presentan analysisof the
GDP protocol in a fading-freeenvironment,and in Section
6 we extend our analysisto a fading ervironment. We use
the GDP protocol to demonstratehe basic needto redesign
the bacloff mechanismdor networks with MPR capability
However, the GDP protocol is rather simplistic. Hence, in
Section7 we brie y discussa more practicalimplementation
of the basicidea using a simple contentionwindow bacloff
mechanisnsimilar to that usedin IEEE 802.11systemsWe
presentan extensive numerical analysis of both the GDP
protocolandthe window bacloff mechanisnin Section8.

2 RELATED WORK

As mentioned above, the area of MAC design has been
extensvely studied in the past four decades.The specic
researctareamostrelevantto our work is the onethatfocuses
ontheeffect of captureon the designof MAC protocols.Early
work in this areaincludes[40], [48], [50] that studiedthe
perfectcapturemodelin which the paclet with the strongest
receved power is captured.A more accurateSINR based
capturemodelin which a singlepacletis capturedf the SINR



is above a given threshold(seeSection3) was studiedin [2],
[12], [28], [30]. A detailedreview of the work in this eld
prior to 1993 can be found in Linnartz's book [32], where
mary variationsof the SINR modelhave beenanalyzed.

Subsequentvorks [27], [29], [33], [59], [61] extendedthe
results regarding the capture model and determinedtrans-
mission probabilitiesand power control schemedor various
scenariosln particular Zorzi andRao[59] analyzedan Aloha
systemwith Rayleigh fading and capture.In Section6 we
build on their resultsin orderto analyzesystemswith MPR
capability. As [43], [60] pointedout, in generalthe extension
of the resultsof [59] to networks with MPR capabilityis not
immediate.

Recentwork aboutcapturefocusedmostly on studyingits
effect on IEEE 802.11 (CSMA/CA) networks. In particular
[23], [24], [25] extendedthe modelof Bianchi[5] to networks
with capture.The effects of different distancesand different
power levels have beenstudiedin [36], [45]. As mentioned
above, it has been shavn in [3], [4], [18], [42] that the
operationof IEEE 802.11(CSMA/CA) networks may result
in unfairnesswhich is partially dueto the captureeffect.

Most of the work mentionedabore focusedon networks in
which at most a single paclet can be capturedat any given
time. The introduction of new technologiessuch as UWB
motivated recentresearchregarding MPR systemsin which
morethana single packet canbe captured Early work in this
areaincludesthe work of Ghezet al. [20], [21] in which the
channelwas modeledsuch that the number of successfully
receved pacletsis a randomvariable which dependson the
numberof simultaneougransmissionsin [20], [21] the effect
of this MPR model on the Aloha protocol with adaptve
transmissionprobabilities was studied. Collision resolution
algorithms for networks with MPR capability that follow
the model of [20] were studiedin [31]. Optimal centralized
scheduling algorithms for TDMA networks with multiple
channelsand MPR capability were studiedin [11]. Finally,
the SINR capturemodelin which more than a single paclet
canbe capturedwas studiedin [26] wheremostly asymptotic
resultswere provided.

More recently [10], [19], [35], [46] revisited the modelof
Ghezet al. [20]. In particular [46] proposedan improved
retransmissioncontrol schemethat utilizes additional feed-
back,[35] hastaken a gametheoreticapproach[10] analyzed
an extension of the CSMA protocol, and [19] proposeda
multicastpolling schemebasedon channelstatepredictions.
Tong et al. [37], [38], [53], [56], [57] usedthe modelof [20]
and extendedthe analysisin variousdirections.For example,
Zhao and Tong [56], [57] designednen MAC protocolsfor
networks with MPR capabilitythat determinethe setof nodes
which are allowed to transmit basedon the channelhistory
andthe QoS constraints.

A differentapproachis basedon the SINR capture model
For example,[44] derived expressiongor captureprobability
for both narrovband (single capture)and wideband (MPR)
communicationsystems.Luo and Ephremides[34] showved
thatin MPR networks the single-paver-level-systemachieves
optimal throughput.Finally, the performanceof slottedAloha
was analyzedin a single-hop MPR setting [16] and in a

multihop MPR setting[13].

In a seriesof recentpapersGarcia-Luna-Aceesetal. [17],
[54], [55] studiedthe effect of various MPR modelson the
network capacityand enegy efciency. The resultsin [17],
[55] are mostly asymptotic results that extend the results
of [22], while [54] provided a joint routing and scheduling
approach.

Crosslayer approacheshat consideredhe designof MAC
protocolsfor MPR networks have beendiscussedn a number
of recentpapers.Particularly, [58] proposeda physicallayer
MPR technique and the correspondingMAC layer which
closelyfollows the IEEE 802.11DCF protocol,[51] modeled
an Aloha network with MPR capability abore an OFDMA
physical layer. In addition, [7] studied MAC designissues
taking into accountthe implications of a multiuser detection
schemeusing multiple antennasand [47] proposeda joint
designof physicaland MAC layers that exchangerelevant
parameters.

Despitethe recentinterestin the areaof MPR, the design
of MAC protocolsthat take into accountthe speci ¢ charac-
teristicsof an MPR network operatingaccordingto the SINR
captue modelreceied limited attention.Moreover, little has
beendone toward the design of distributed algorithms that
work effectively with spatiallydistributednodes.In this paper
we focuson the designconsideration®f MAC protocolsthat
are tailored for MPR and that can remedy the throughput
reductionand fairnessproblemsarising from reusinglegacy
MAC protocolsin networks with spatially distributed nodes.

3 SYSTEM MODEL AND A GENERIC PROTO-
CcoL

3.1 Preliminaries and Model

Considern spatially distributed nodesthat communicatewith
a singlerecever (e.g.,a basestationor an accesgoint) over
a slotted channel.We assumethat the paclets are one-slot
long and that the transmit power is constant(denoted by
Pr). We assumethat the propagationmodel includes path
loss and Rayleigh fading (i.e., there exist independentand
identically distributed Rayleigh fading channelsbetweenthe
nodesandthe recever). In sucha model, the receved power
of atransmissiorfrom nodei, locatedat distancer; from the
recever, is given by [26], [59]:

Pr(i) = R?Kr; Pr; 1)
whereR is a Rayleighdistributed randomvariable with unit
power (R?  Exponentigll)), is the power loss exponent
(typically betweer2 and6), andK is the attenuatiorconstant.
We note that when we analyzesystemswithout fading, we
assumehatR = 1.

We use the SINR capture model [30], [32], [43], [59],
de ned belon (also known as the PhysicalModel [22] and
the power capturemodel [26]).

De nition 1 (SINRCapture Model): Givenk simultaneous
transmissionsthe padet of nodei is captured (successfully



n_ nodesat r_

decoded)at the receiverif

Pr (i)

SINR(i) = > z;

()
N + Pr(j)

i=1;j6i

whele z is the captute thresholdratio andN is the badground
noise
The backgroundhoisepower level is usuallymuchlower than
the power level of the interference and therefore,it will be
neglected. For single paclet receptionnarrav-band systems
1 z 10, whereasfor widebandMultipacket Reception
systemg(e.g., CDMA andUWB) z < 1 [26], [43]. Sincewe
focus on the MPR capability we assumethat z < 1. The
maximumnumberof simultaneouslysuccessfutransmissions
is denotedby c. From (2), it can be seenthat the maximum
number of paclets will be captured,if there are ¢ equal
receved-paver paclets at the recever. Hence,c = dl=ze.3

In section4 we will presenta simple motivating example.
For that example we will considera simpler system that
operatesaccordingto the vulnerability circle model (also
known asthe ProtocolModel [22]), de ned below.

De nition 2 (Vulnerability Circle Captue Model [1], [48]):
A transmissionfrom distancer is successful,if there are
no simultaneous transmissionswithin a disk of radius

r (> 1) aroundthe receiver

We analyzethe performanceof the systemin varioussce-
narios.In particular we considerthe nodedistribution models,
de ned belov.* We notethat Fig. 2 illustratesan example of
nodesdeployed accordingto the rings model.
pNL nodes are lo-

iz1 Ni = n). The

De nition 4 (Disk Model [30], [32], [59]): n nodes are
randomlydistributedin a disk of radiusr 4 andthe Probability
DensityFunction(PDF) of a nodes distancefromthereceiver
(r) is denotedby f (r).

In Section3.2 we will presenta genericprotocolin which
the transmissionattemptsare random. When analyzing this

3. In [26], the captureequation(2) is de ned with anequality andtherefore,
there:c = 1+ bl=zc.

4. Sincenodescannotgetarbitrarily closeto the recever, whenconsidering
the SINR model,we assumehatnodesaredistributedsuchthatmin(r) 1.
Speci cally, in the disk model, we considera punctureddisk [27], [30].

Success Failure

Failure

AS: After Success|
AF: After Failure

Fig. 3. The state diagram of a node under the GDP
protocol.

protocol,we denotethefailure probability of a paclettransmit-
ted by a nodelocatedat distancer from the recever by ps(r)

andthe probability of transmissiorby (r). Thethroughputof

a nodeat distancer is denotedby S(r) andis de ned asthe
expectednumberof successfullyreceived paclets per slot for

that node. The overall throughputis the expectednumberof

successfullyreceved paclets per slot throughoutthe system
andis denotedby S.

Finally, in orderto enableanalytic performanceevaluation,
we make two assumptionghat have beenextensiely used
in previous works (seethe reviews in [6], [49]). First, there
exists a simple immediateand reliable feedbackmechanism
that provides the node an acknavledgementif its attempt
succeededSecondthe nodesare saturatedNamely at each
node,thereis always a paclket to send.

3.2 Generic Distrib uted Probabilistic (GDP) Protocol

We now de ne the Generic Distributed Probabilistic (GDP)
protocol. The analysis and performanceevaluation of this
protocolis laterusedto demonstrat¢he needto redesigrMAC
protocolsfor networks with MPR capability Sincewe focus
on the effects of MPR, the protocol doesnot deal with mary
practicalissuesand is far from providing a completeMAC
solution (suchas provided, for instance by IEEE 802.11).

Theoperationof anodeunderthe GDP protocolis described
in the statediagramin Fig. 3. It canbe seenthata nodecan
bein two states:AS - After Successand AF - After Failure.
Transitionsmay take place after a transmissionattempt. A
node moves into the AS (AF) state following a successful
(failed)transmissiorof a packet by thatnode.Sincetransitions
take placeafter an attempt,a node doesnot changeits state
following anidle slot.

The GDP protocol can be viewed as a two-state Aloha
systemthat dynamically adjuststhe transmissionprobability
of eadh nodeaccordingto its successistory Whena nodeis
in the AS (AF) state,it transmitswith probability pis (pg) at
eachslot, disregardingthe statusof the channel.The protocol
is genericin the sensethat it can be evaluatedunder ary
combinationof pis and pg. A high pis value correspondgo
maintaininga small contentionwindow following a successful
attemptin the traditionalbacloff mechanismsuchasthe one
usedin IEEE 802.11.Similarly, a low py value corresponds
to maintaininga large contentionwindow following a failure.
Hence,for a large value of pis and a small value of py, the
protocol captures,in a very simplistic sense the dynamic
and adaptve operationof traditional bacloff mechanisms.
Accordingly, we refer to the operationof the GDP protocol
with pis > py asthe Standad Modelandto the operationwith
Pt > prs asthe AlternativeModel We will shawv thatalthough



the StandardModel may achievze goodthroughputin networks
with singlepaclet receptionjn networkswith MPR capability
and spatially distributed nodes,the Alternative Model usually
yields higher throughputthan the Standad Model®

4 A MOTIVATING EXAMPLE

In this section we analyze the performanceof the GDP
protocolin a simplistic scenaridby an approximationrmethod.
We considem nodesdistributed accordingto the disk model.
Unlike in the rest of the paper we assumethat the system
operatesaccordingto the vulnerability circle model,de ned in
De nition 2. Accordingto this model,therecever cancapture
a single padeet Yet, eventhis caseprovidessomeinsightinto
the performanceof the Standad and Alternative Models.

We rst introducean assumptiorthatenableghe derivation
of approximateresults®

De nition 5 (Independencéssumption):The probability
that a padet transmittedby a node at distancer is lost,
p:(r), is constantand is independentof the number of
retransmissionsufered.

In generalwhenanodetransmitsa paclet, the probability that
it is lost (due to collisions) dependson other transmissions
during that slot. However, similar independencassumptions
have beenmadein the analysef IEEE 802.11(while taking
into accounthedependencenr [36] orignoringit [5]). When
the numberof nodesis large, the independencessumption
is likely to hold. Indeed,in [8, Chapter5], we have shavn
via exact analysisand simulation that resultsbasedon this
assumptiorprovide a good approximation.

From Fig. 3 it can be seenthat a node changesits state
from AS to AF, if it attemptsto transmitandfails. Underthe
independencassumptionthe probability of sucha transition
for a nodeat distancer is pp:(r). Similarly, a nodechanges
its statefrom AF to AS, if it attemptsandsucceedsgi.e., with
probabilitypi(1 pr(r))). Hence the stateof a speci c nodeis
describedy a 2-stateMarkov chainwith the above transition
probabilities. The steadystate probabilitiesof statesAS and
AF for a nodeat distancer canbe foundto be:

_ pr(l pe(r))
Pas(r) = ety pu Py
- ptspf(r)
PAF(r) = Gary* po@ B

Accordingly, the overall transmissiomprobability of a nodeat
distancer is given by

Pis
1 pi(r) + pepr(r)

A transmissiorfrom a node at distancer fails, if at least
onenodeamongthen 1 othernodestransmitsfrom within a
disk of radius r aroundtherecever. Undertheindependence
assumptionthe probability of this eventis

z

(r) = psPas(r) + ppar(r) = ©))

r n 1

pr(r) = 1 1 (x)f (x)dx (4)

5. There are some casesin which the StandardModel outperformsthe
Alternative Model. For example,whenthereis a single nodein the network
the StandardModel is preferable.

6. This assumptiorwill alsobe usedin Section6.

— Standard model-(r)

“““ Standard model-S(r)
Alternative modelt (r)

- - - Alternative model-S(r;

0.15

0.1

0.05--~==3l o

Throughput and Transmission Probabilit

0 0.2 0.4 0.6
Distance (r)
Fig. 4. The transmission probability ( (r)) and the
throughput (S(r)) as a function of distance under the GDP
protocol using the Standard Model (pis = 0:2; py = 0:05)
and the Alternative Model (pis = 0:05; ps = 0:2). The sys-
tem operates according to the vulnerability circle model
with = 2 and Uniform distribution of 12 nodes in a disk
of radius 1.

Accordingly, the throughput of a node at distancer is
Sg) = (1)@ pi(r)) andthe overall throughputis S =
n ¢ S(r)f (r)dr:

For a given probability density function f (r), (3) and (4)
canbe solved numericallyasa systemof non-linearequations
to obtain approximatevaluesof pi(r) and (r) for discrete
valuesof r. Using thesevalues,one cannumericallycompute
S.

We usedthis methodto obtainnumericalresultsfor various
cases.For example, for n 12, 2, and f(r) =
2r 8r 2 (0;1) (Uniform distribution of the nodesin a disk
of radius 1), Fig. 4 presentghe valuesof (r) and S(r) for
two combinationsof pis and pis. One combinationrepresents
a StandardModel while the other representsan Alternative
Model.

It canbe seenthat underthe Alternative Model, the trans-
missionprobabilities (r) of the distantnodesare higherthan
the transmissionprobabilities of the nearby nodes.Further
more, the transmissionprobabilities of the distant nodesin
the Alternative Model are higher than thoseof the Standard
Model. This leadsto a systemthat is more fair thanthe one
managedby the StandardModel and that provides similar
throughputvaluesto the nodesregardlessof their location.In
the Alternative Model, the throughputdoesnot decaymuch
with the distancewhereasn the StandardModel, the through-
put of distantnodesis signi cantly lessthan that of nearby
nodes Sincethe numberof distantnodesis signi cantly larger
than the numberof nearbynodes,the overall throughputin
both modelsis similar.

To conclude this exampledemonstratethatevenin a case
of single paclet receptioncapability the Alternative Model
achievesmorefair resultsfor distantnodesandcanpotentially
provide better throughput characteristicsthan the Standard
Model. We naturally expect this to hold even more strongly
in systemswith MPR capability Hence, in the following
sections,we will provide exact and approximateanalysisof
the GDP protocolin varioussettingsunderthe assumptiorof
MPR capability We will shav by numericalanalysisthat the
Alternative Model yields morefair resultsand usually higher



Fig. 5. Part of the Markov chain characterizing a system
with two rings in which n; = 6 and n, = 10 (only some
of the possible transitions to and from state (4;6) are
shown).

throughputcomparedo the Standardviodel.

5 RINGS MODEL WITHOUT FADING

In this sectionwe analyzethe GDP protocol underthe rings
modelin a systenthatoperatesaccordingto the SINR capture
model without fading. We provide exact and approximate
results.We have usedthe exact resultsin orderto checkthe
accurag of the approximationmethodand of our simulation
model (describedn Section8).

5.1 Two Rings - Exact Analysis

We rst provide exact resultsfor the speci ¢ caseof nodes
distributed on two rings. In the following sections,we will
provide approximateresultsfor more generalscenariosCon-
sider n; and n, nodesdistributed on two rings whoseradii
arery; and r,. Using (1) and (2), it can be seenthat if
r, > z((c Lry; + ngr, ), theny nodeson the ring
at r, cannotgenerateenoughinterferenceto causefailure to
atransmissiorfrom a nodeon thering atr; (evenif thereare
¢ 1 othertransmissiongromr). A simpli cation yieldsthe
following obsenation.

Observationl: If n, < (r,=r;) (z * c+ 1), thentrans-
missiondromthenodesonthering at r, cannotcausefailures
to padketstransmittedfrom nodeson thering at r;.

The following canalso be obtainedfrom (1) and (2).

Observation2: If (ry=r,) < z, thena transmissiorfrom
a nodeat r, canbe captured only whenall the nodesat r;
are silent.

For example,for z = 0:2; = 4;r; = 1, andr, = 2,
the condition in Obsenation 1 implies that n, < 16. In
order to facilitate the exact analysis, we assumethat the
conditions presentedn the obsenations abose hold. Under
theseconditions,thereis partialindependencé the system.

We describethe evolution of the systemunderthe GDP
protocol by a two dimensionalMarkov chain whose states
are denotedby (i;j). i andj denotethe numberof nodes
on the rings at r; and at r, (respectiely) that are in the
AF state. Accordingly, the numberof statesin the chain is
(ny + 1)(nz + 1). An example of part of such a Markov
chainis illustratedin Fig. 5. Eacharrowv represents possible

transitionbetweenstates(i; j ) and(l; m) thathassometran-
sition probability (P;; 1 (.m)) associatedvith it. We group
the transition probabilities accordingto the type of change
(positive, negative, or none) in eachof the two dimensions.
For example, one group includesthe transition probabilities
for which | > i andm > j, while anothergroup includes
the probabilitiesfor which | < i andm = j. Consideringall
the possiblecombinationsof changesresultsin 9 groupsof
transition probabilities.Below, we describethe derivation of
theseprobabilitiesin threedemonstratie cases.

Casel: The rst caseis the probability that the numberof
nodeson the ring at r; which arein the AF statedecreases
from i to | and that the numberof nodeson thering atr
which are in the AF statedecreasedrom j to m. In order
for the numberof nodesin the AF stateto decreasdrom i to
I, somenodesat r; have to transmit. Due to the assumption
thatthe conditionpresentedn Obsenation2 holds,the nodes
on the ring at r, cannotsucceedjf ary nodeon the ring at
r, transmits.Therefore,the numberof nodesin the AF state
cannotbe simultaneouslyreducedon both rings. Hence,for
| <iandm< j ) P(i;j ) (km) = 0.

Casell: The secondcase,appearingn (5), is the probability
that the numberof nodeson the ring at r; which arein the
AF stateincreasedy s (s, | i > 0)andthatthe numberof
nodeson thering atr, which arein the AF stateincreasesy
k (k, m > 0). Dueto the assumptiorthat the condition
presentedn Obsenation 1 holds,transmissiondy the nodes
onthering atr, cannotcausefailuresto pacletsof the nodes
on thering atr;. Moreover, simultaneougransmissiongrom
thenodesonthering atr, aresuccessfuaslong asthenumber
of thesetransmissionss at mostc. Thereforewhenl ¢, the
numberof nodesin the AF statecannotincreasdo | andhence
i1 ¢ Pgiy gm) =0

On the otherhand,if | ¢+ 1, the transition probability
is positve and we have to considertwo subcasesThe rst
subcaseés for s ¢ andis describedn the secondine of (5)
(in Fig. 5 anexampleof this subcasdor ¢ = 5 is thetransition
from the state(4; 6) to the state(6; 7)). In sucha case,there
should be s transmissiondrom the nodeson the ring at rj
thatarein the AS state(therearen; i suchnodes)in order
for thesenodesto move from the AS stateto the AF state.
Moreover, in order for thesenodesto fail, there should be
morethanc transmissiongrom nodeson thering atr;. This
requiresthat therewould be at leastc+ 1 s transmissions
from the i nodesin the AF state.Sincenodeson the ring at
r1 certainly transmitin this subcasethe transmissiongrom
thenodesonthering atr, alwaysfail. Hence thereshouldbe
k transmissiongrom then, | nodeson thering atr, that
arein the AS statein orderto increasethe numberof nodes
in the AF stateby k.

The secondsubcases for s ¢+ 1 andis describedin
the third line of (5) (in this subcasel c+ 1 alwaysholds,
sincel = s+ i). Similarly to the subcasedescribedabove,
thereshouldbe s transmissiongrom then; i nodeson the
ring atry thatarein the AS state.The transitionprobability is
independenbf the transmissiongrom the nodeson the ring
at r; that are in the AF state.This is due to the fact that
s ¢+ 1 which implies that there are already more than



8 0 ifl ¢
Pior (im) =§ nls ' pom s nzk Fopa po P Ve s \I/ Pi(L P " ifs candl o+l
o F Mol ma e ™ ) pa pge s c+1
(5)
g 0 ifk c+1
P(|i;j i?!mi};m) T ™' po) {( pi(l po) <P SRS rlzv j Ps(l Pt 1Y ik e ©

¢ transmissiondrom the nodesin the AS stateon the ring
at r1. Thesetransmissionswill fail whetheror not thereis
a transmissiorfrom the nodesin the AF state.Similar to the
previous case thereshouldbek transmissionfrom then, |
nodeson the ring at r, that arein the AS statein order to
increasethe numberof nodesin the AF stateby k.

Caselll: The third case,appearingn (6), is the probability
thatthe numberof nodeson thering atr, which arein the AF
statedoesnot changeandthatthe numberof nodeson thering
atr, whicharein the AF statedecreasebyk (k, j m > 0).
This happensvhentherearek successfutransmissiongrom
thej nodesonthering atr, thatarein the AF state.Sincethe
maximumnumberof simultaneouslsuccessfutransmissions
is c, P(i;j ) (km) = Ofork c+ 1.

For k ¢, in orderfor the transmissiondrom the nodes
onthering atr, to succeedthereshouldbe no transmissions
from the nodeson thering atry. Theterm (1  p)" (1
pg)' in (6) representshis requirement.There should be k
transmissiongrom the j nodeson thering at r, thatarein
the AF stateandatmostmin(c k;n, j) transmissiongrom
then, | nodeson thering at r, that arein the AS state.
If n, j ¢ Kk, thenthetransmissiongrom the nodeson
thering atr, thatarein the AS statedo not affect the other
nodesonr,. However, if n,  j > ¢k, thenthe numberof
transmissiongrom the nodesin the AS stateshouldbe limited
toc Kk in ordernotto affect the succes®f the nodesin the
AF state.In Fig. 5, an example of this casefor ¢ = 5 with
k candny |j = c kis the transitionprobability from
the state(4; 6) to the state(4; 5).

For brevity, the equationgepresentinghe other6 transition
probabilities are omitted (they can be found in [8, Chapter
5]). Note that for ny ¢ the state of the systemcan be
representecby a 1-dimensionalMarkov chain whose states
denotethe numberof nodesonthering atr, thatarein the AF
state(thetransitionprobabilitiesof this 1-dimensionaMarkov
chaincanbefoundin [8, AppendixB]). It canbe shavn that
by lettingi = 0 and| = 0 the 2-dimensionalMarkov chain,
describedabore, reducedo this 1-dimensionaMarkov chain.
Furthermorefor the simpler casein which all the nodesare
at the samedistancefrom the recever (e.g., for ny = 0),
the stateof the systemcanbe representetby a 1-dimensional
Markov chainwhosestatesdenotethe numberof nodesin the
AF state.Sucha systemwas analyzedin [49, Chapter3.3]
where nodesafter failed transmissionattemptswere termed
backloggednodes.When all the nodesare on a single ring,
our 2-dimensionaMarkov chainreducedo the Markov chain

of [49].
Giventhe transitionprobabilities,the steadystateprobabil-
ities (denotedby p(i; j)) can be obtainedby solving a set
of linear equations.Once the steady state probabilities are
obtained,the throughputof the systemcan be calculatedas
follows. We denoteby S;g(m; i) the overall throughputof the
nodeson a ring that hasm nodes,of which i arein the AF
state.Assumingthat thereis a singlering:
Sig(m; i) = i i (e i

min (c f;m
s=0
i

V(i + )

sl po)™ ' % (7)
The two summationsarefor the nodesat the two states(f is
the index for the nodesat AF ands is for the nodesat AS).
Since at most ¢ paclkets can be capturedsimultaneouslythe
summationsare boundednot only by the numberof nodesin
the relevant statebut alsoby c andc  f.

Due to our assumptionsthe succesof nodeson the ring
at r1 is not affected by transmissionsof nodesat r,, and
therefore the throughputof thesenodescan be computedas
if thereis a single ring. Moreover, nodeson the ring at r;
succeedonly if nodeson r; are silent. Therefore,in sucha
casethenodesonr, canbetreatedasnodeson a singlering.
Accordingly, the overall throughputis given by

X1 X2
S=
i=0 j=0

i :
A

pir) Srg(n2;j)

®)
) is the probability that the nodes

pQi; j) Srg(nl;i)+ 1 pts)”l i(l

where(1 p)™ (1
onrq aresilent.

5.2 Multiple Rings - Approximate Analysis

The exact analysisis quite cumbersomesven for two rings.
Hence,we presentan approximationrmethodthat allows usto
obtainresultsfor a large numberof rings. Whenthe conditions
in obsenationsl and?2 aresatis ed, the stateof thenodesatr {
is independentf the actionsof nodesatr,. Nodesatr; areof
coursenot independentf eachother The dependencef the
nodesatr, onthe nodesatr; is limited to the eventthat“no
transmissioroccursfrom a nodeatr;”. Assumingthatsucha
partialindependencbetweertherings existsevenin a system
with multiple rings, we now develop a methodin which we
usedifferent Markov chainsto characterizeghe statesof the
nodeson the differentrings. The stateof eachMarkov chainis
the numberof nodesin the AF stateon that ring. Within the
rings theseMarkov chains capturethe dependencédetween



the nodes.The interactionbetweenthe rings is capturedby
the following independencassumption.

De nition 6 (Inter-ring Independencéssumption): For a
nodeon a ring at r;, the probability that a node on the ring
atri (i 6 j) transmits( (ri)), is constantand is independent
of the statesof the nodeson therings at rn(h 6 i).

In generalthe probability thata nodetransmitsdependn its

successistoryandthe operation®of theothernodes However,

as mentionedabove, similar independencassumptiondave

been made in the analysesof IEEE 802.11 [5], [36]. We

note that sincewe assumethat thereis dependencéetween
the nodeson eachring, the assumptionis wealer than the
assumptionsnadein the pastandin De nition 5.

We wish to limit the possible interactions betweenthe
different rings, and thereby betweenthe different Markov
chains.Namely we want that for a ring at r;, the effective

(rj) 8r; > r; will be zero.For example,if the condition
in Obsenation 1 holds, the nodesat r; are not affected by
transmissionsitr,. Thereforejn the derivationof the Markov
chainof thering atr1, we canassumeéhat (r,) = 0. In order
to limit the interactionsthe conditionsat obsenations1 and
2 have to hold in additionto a numberof otherconditions.In
the following obsenationswe demonstratehe conditionsfor
the caseof 3 rings. We then outline the resultsfor this case.

The following obsenation is derived from (1) and (2) in a
very similar way to the derivation of Obsenation 1.

Observation3: If n3 < (rs=rp) (z * c+ 1), thentrans-
missiondromthenodesonthering at r3 cannotcausefailures
to padketstransmittedfrom the nodeson thering at r».

Using (1) and (2), it can be seenthatif r; > z((c
Lr, +nar, + nary ) holds,then; andns nodeson the
ringsatr, andrs cannotgenerateenoughinterferenceo cause
failureto a transmissiorfrom a nodeon thering atr; (evenif
therearec 1 othertransmissiongrom r;). A simpli cation
yields the following obsenation.

Observationd: If ny < (ro=r1) (z * c+1) n3(re=r3) ,
then transmissiongrom the nodeson therings at r, andrs
cannot causefailures to padets transmittedfrom the nodes
onthering atr;.

The following obsenation can be obtainedin a similar way
to Obsenation 2.

Observation5: If (ro=r3) < z, thena transmissiorfrom
a nodeat r3 canbe captured only whenall the nodesat r,
and at r, are silent.

For example,for z = 02 and = 4, r; = 1;rp, =
2;r3 = 4;n, 15 and nj3 15 satisfy the conditionsin
obsenations1-5. Assumingthatthe conditionsin obsenations
1-5 are satis ed, we obtain the transitionprobabilitiesof the
Markov chainsasfollows. For a Markov chainof a givenring,
thereare 3 possibletransitionsin every time slot: the number
of nodesin the AF statecan increase decreasepr stay the
same.We associate transitionprobability with eachof these
events. For brevity, we provide two demonstratie cases(the
completedescriptioncan be found in [8]).

The rst cases atransitionprobabilityfor the Markov chain
of the nodesat r;1. Recallthat due to our assumptionsnodes
on the ring at r; are not affected by nodeson other rings.
Speci cally, we denoteby P;, (i s), the probability that the

numberof nodesin the AF statedecreasefromi toi s.

In this case,thereare0 < s i successfultransmissions
from thei nodesthatarein the AF state.Sincethe maximum
numberof simultaneouslysuccessfultransmissionss c, for

s ¢+ 1Py s = 01If s c thenthereshouldbe

s transmissiondrom the i nodesin the AF stateand up to

c s transmissiondrom the n; i nodesin the AS state.
Accordingly, for s ¢

I .
Pii (i s s pr(l  pr)' °
min(cxs;nl i) i _
BV - DL
v=0

The secondcase appearingn (9), is atransitionprobability
for the Markov chain of the ring at r,. It is the probability
that the numberof nodesin the AF stateincreasedrom j to
m. This canhapperduetok (k, m j) failedtransmissions
from the n, j nodesthat are in the AS state.If m C,
nodesatr, fail only if thereis at leastonetransmissiorfrom
thering atr;. Underthe Inter-ring Independencéssumption
this happenswith probability(1 (1 (r1))"*), where (r1)
is the expectedtransmissiorprobability of a nodeon the ring
at r; computedusing the Markov chain of that ring. When
m ¢+ 1, in additionto the failuresdueto the transmissions
from the ring at r;, nodeson thering atr, canfail, if there
are more than ¢ transmissionsrom that ring. This second
contribution occurswhen there is no transmissionfrom the
ring atrq, k transmissiongrom then; i nodeson the ring
atr, thatarein the AS stateandatleastc+ 1 k transmissions
from thei nodesatr, thatarein the AF state.lf k ¢+ 1,
all the transmissiongrom thering atr, will fail. In this case,
the transitionprobability is the probability thatk nodesin the
AS statewill transmit.

Due to the decoupling betweenthe Markov chains, the
approximatiormethodis signi cantly easierto formulatethan
the exact methodpresentedn Section5.1. In particular the
derivationsof the transitionprobabilitiesin the Markov chains
of the differentrings are very similar to eachother Giventhe
transitionprobabilities the steadystateprobabilitiesof eachof
theseMarkov chains(p1(i); p2(j ); andps(h)) canbe obtained
by solving a setof linear equationsOncethey are obtained,
the throughputof the systemcanbe obtainedin a similar way
to thederivationof (8) andby usingS,y(m; i) (de nedin (7)).
It is given by the following expressionwhich is explainedin
detail below:

X1 X2 X3
P1(1)p2(j )pa(h) Srg(n;i) +
i=0 j=0 h=0
1 pe" '@ ptf)lsrg(nzij )+
(L pd™* " T py)") Sy(ngih)

Dueto the Interring Independencé&ssumption the probabil-
ity of having i; j; andh nodesin the AF stateson the rings
atrq;ro; andrs (respectiely) is p1(i)p2(j )ps(h). Dueto our
assumptionsthe nodeson the ring at r; are not affected by
the nodeson otherrings, and therefore their throughputcan
be computedusingS,g(m; i) asif thereis asinglering. Nodes

S =
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onthering atr, succeedonly if thenodesatr; aresilent(the
probabilityof thiseventis (1 pi)™* (1 py)'). Similarly, the
nodesatr; succeedonly if thenodesontheringsatr; andr;
aresilent(i.e., with probability (1 pe)"*"2 T 11 py)ith).

We veri ed theaccurag of theapproximatiorby comparing
its resultsfor the 2 rings casewith the exactresults.While the
resultsfor then; = 1,n, = 5andn; = 2, n, = 10caseswere
the sameup to threedecimalplacestheresultsfor then; = 6,
n, = 10 casewere within 1.6% of the exact results.We also
comparedheapproximateesultsfor the 3 rings caseto results
obtainedby the simulationmodel describedin Section8. In
all the consideredcasesthe approximateresultswere within
2.2% of the simulationresults.

6 RINGS MODEL WITH FADING

We continueto study the performanceof the GDP protocol
underthe rings model.Unlike in the previous section,we now
assumethat the propagatiormodel includesRayleighfading.
This assumptionallows us to obtain approximateresultsfor
a large number of rings without using Markov chains. We
also usethe independencassumptiorwhich was introduced
in De nition 5. Underthis assumptionthe transmissiorprob-
ability of a nodeat distancer wasderivedin (3). Recallthat
;N nodeson rings
r|_ respectrely In sucha case(3) canbe
rewritten asfollows to provide the transmissiorprobability of
anodeonthering atr;:

N — Ps
(0= T ) + B

8il1 i L (10)

; kL) as the
probability that a paclet from a node at distancerI is
captured,given that there are j interferersdistributed such
that there are kq; ko; i1 ki i ke |nte‘gerersat distances
:r_, respectiely (j = 1 km).” Using
the approxmatiorassumptiorandconS|der|ngaII possiblein-
terferercon gurations,we derivein (11) thefailure probability
of a transmissiorfrom distancer; for all the valuesof i.8 In

7. Notethat0 Kk ni land0 kp Nm8mé6 i.
8. Note that this is a generalizatiorof the deriation in [45] of the failure
probability in a systemwith two power levels.

orderto be ableto numericallysolve the setof 2L non-linear
equations given by (10) and (11), we nowv needto obtain
k).

kL), we
apply a result of Zor2| and Rao [59] who analyzed an
Aloha systemwith Rayleigh fading and capture.We de ne

Using (12) and combiningthe termswith the samedistance,
we obtain:
" #,

m

Pe;j (rijra;ra;icsres ke ke inke) =

(13)
Eq. (13) can now be used within (11). Then, (10) along
with (11) can be solved numerically Using the numeri-
g,al solutions, one can obtain the overall throughputS =
- i (ri)(  pe(ri)). We usedMatlab to solve the equa-
tions and obtainnumericalresults.We veri ed their accurag
using the simulationmodel describedin Section8. While in
almostall the caseghe approximateresultswerewithin 2.6%
of the simulationresults,a few caseswere within 4.6%.

7 GENERIC DISTRIBUTED CONTENTION WIN-
pow (GDCW) PrRoTOCOL

We now presentthe GenericDistributed ContentionWindow
(GDCW) protocol, which is potentially easierto implement
comparedo the GDP protocolandcanbe operatedaccording
to the Standardand Alternatve Models. Unlike the GDP
protocol, the GDCW protocol doesnot easily lend itself to
analysis.Hence,we evaluateits performancevia simulation.
Similarly to the GDP protocol, nodesoperateaccordingto
the statemachinein Fig. 3. Namely nodesare assignecton-
tention windows of different sizesaccordingto their success
or failure in the previous attempt.Whena nodeentersan AS
state, it is assigneda contentionwindow of size ws slots. It



then selectsa bacloff interval BO uniformly in [O; ws] and
retransmitsafter waiting for B O slots, disregardingthe status
of the channel.Similarly, whena nodeentersthe AF state,it
selectsa bacloff interval uniformly in [0; ws] and retransmits
at the end of this interval.

The GDCW protocolis genericin the sensethat it canbe
evaluatedunderary combinationof w; and ws. For a large
value of w; anda small value of wg, the protocol capturesjn
a very simplistic sensethe operationof bacloff mechanisms
such as the one usedin IEEE 802.11. Hence,we refer to
the operationwith w; > wg as the Standad Model When
Ws > Wi, we refer to the schemeas the Alternative Model

8 PERFORMANCE EVALUATION

We usedthe analytic methods,describedn sections5 and 6

along with extensve simulation experimentsto evaluatethe

performanceof the GDP and GDCW protocols under the

StandardModel and the Alternative Model. Analytic results
canbe obtainedfor the GDP protocol underthe rings model,

and therefore,we presentanalytic resultsfor that case.We

alsopresentsimulationresultsfor both protocolsfor the more
realisticdisk model.Extensve additionalnumericalresultscan

be found in [8]. All the reportedresultsare obtainedunder
the SINR modelwith the assumptiorthatN = 0 and = 4.

Throughoutsections8.2-8.5 we assumethat z = 0:2 (i.e.,

c = 5 - at most5 pacletscanbe capturedsimultaneously)in

Section8.6 we study the sensitvity of the resultsto changes
in z. As mentionedin Section3, when consideringthe disk

model, we assumethat nodesare distributed in a punctured
disk and that the nodes' distribution is Uniform. Namely

f(r)y = 2r=(r3 r3); ro r  rq: In particulay in the

reportedexperimentsro = 1 andrgy = 10.

8.1 Simulation Model

The simulationmodelwasdevelopedin C. It allows operating
thesystemin differentscenarioge.g.,ringsmodel,disk model,
with and without fading, etc.) and accordingto the different
protocols.We veri ed the correctnessf the simulationmodel
in a number of ways. For example, we comparedresults
obtainedvia simulationfor the GDP protocol with the rings
model to exact resultsobtainedby the methoddescribedin

Section5.1.In all the caseghe simulationresultswerewithin

1.5%of the exactresults.We alsocomparedsimulationresults
obtainedfor the GDP protocolwith the disk modelandfading
to numerical results presentedn [27, Figures4—6] for the
specialcaseof py = pis. Our simulationresultswere within

2% of the resultsin [27]. As mentionedin sections5.2 and
6, once the performanceof the simulation model had been
veri ed, we alsousedit in orderto checkthe accurag of the
approximationmethods.

In the reportedsimulation results,for eachdatapoint the
simulationlengthwas 100,000slots. Sincein the disk model
nodesare randomly placed, resultspresentedor that model
are averagedover 40 different experiments.In eachof these
experimentsnodesare placeddifferently.
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Fig. 6. (a) The overall throughput (S) and (b) the through-
put of the distant nodes. The system operates under
the GDP protocols in a fading-free environment and the
nodes are distributed according to the rings model with
rr=1ro,=2ny=1andn, = 5.

Throughput

Fig. 7. The overall throughput (S) under the GDP protocol
in a fading-free environment. The nodes are distributed
according to the rings model withr; = 1;r, = 2;ny = 2,
and n, = 10.

8.2 Rings Model without Fading

We now presentexact and approximateresults regarding
the performanceof the GDP protocol and simulationresults
regardingthe performanceof the GDCW protocol.

Fig. 6(a) presentsthe overall throughputunder the GDP
protocol with nodeson two rings. The maximumthroughput
of 2:195 is obtainedfor ps = 0:55 and py = 1. At that
point, py is largerthanps, implying thatthe Alternative Model
outperformsthe StandardModel. Fig. 6(b) showvs the total
throughputobtainedin this caseby the nodesat distance
r, = 2. While thedistantnodesachiese very low throughputn
the StandardVvodel, they manageto achieve high throughput
in the Alternative Model. At the operatingpoint in which



Throughput

B
774

250
“‘\\\\\\

00
(b)

Fig. 8. (a) The overall throughput (S) and (b) the through-
put of the nodes at r3, under the GDP protocol in a fading-
free environment. The nodes are distributed according to
the rings model withry = 1;ro = 2;r3 = 4;,n; = 1;n, = 2,
and n3 = 4.

the overall systemthroughputis maximized,the throughput
obtained by a distant node is 0:33 while the throughput
obtainedby a nearby nodeis 0:55. Hence, the Alternative
Model not only improvesthe performancean termsof overall
throughputbut also providessomedegreeof fairness.

Fig. 7 presentghe throughputfor the casein whichn; = 2
and ny 10. The maximum throughputof S = 2:051 is
obtainedfor pis = 0:25 andpy = 0:50 (i.e., by the Alternative
Model). We note that accordingto the numericalresults,the
throughputof the distant nodes (on r;) is high under the
Alternative Model, while it tendsto O when pis tendsto 1.
Hence althoughthe StandardModel operatingoointof ps = 1
hasrelatively high overall throughput,it is unfair.

The overall throughputunderthe GDP protocolwith nodes
on 3 ringsis presentedn Fig. 8(a). The maximumthroughput
is obtainedfor pis = 0:35andpy = 1. Thisagaindemonstrates
that the Alternative Model outperformsthe StandardModel.
Furthermoreat this maximumpoint, the nodesat differentdis-
tancesare not staned (S(1) = 0:350,S(2) = 0:295,S(3) =
0:154). Fig. 8(b) shaws the total throughputof the n3 nodes
atrs. It canbe seenthatthesedistantnodesbene t from low
valuesof p, which reducethe chancesof nearbynodesto
capturethe channel andhigh valuesof py, which increasehe
numberof their retransmissiorattempts.

Up to now we reportedanalyticresultsregardingthe GDP
protocol. We also evaluatedthe performanceof the GDCW
protocol via simulation. Such resultsfor the casein which
ri = 1,r, = 2;n; = 1, andn, = 5 areshavn in Fig. 9. The
gure demonstrateshat the throughputis maximizedwhen
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Fig. 9. The throughput (S) under the GDCW protocol
in a fading-free environment. The nodes are distributed
according to the rings model withr; = 1;r, = 2;ny = 1,
and n, = 5.
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Fig. 10. The throughput (S) under the GDCW protocol
in a fading-free environment. The nodes are distributed
according to the rings model with r; = 1;r, = 2;r3 =
3;n1=1,n,=3,and n3 = 9.

ws < Ws. Namely the Alternative Model is bene cial for the
GDCW protocolaswell. A similar obsenation can be made
by viewing the graphin Fig. 10, thathastwo local optimums.
We notethatin both of theseoptimumsthe distantnodesare
not staned.

8.3 Rings Model with Fading

We usedthe approximationmethod describedin Section 6
to obtain numericalresultsregardingthe performanceof the
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Fig. 11. The throughput (S) under the GDP protocol in a
system with fading. The nodes are distributed according
to the rings model withry = 1;r, = 2;r3= 3;ny = 1;n, =
3,and n3 = 9.
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Fig. 12. The throughput (S) under (a) the GDP protocol
and (b) the GDCW protocol in a fading-free environment.
10 nodes are distributed according to the disk model.

GDP protocolin a systemwith fadingin which the nodesare
distributedaccordingto the rings model.For example,Fig. 11
shaws the overall throughputfor a systemwith 3 rings. We
obsene that, as before,the throughputis maximizedby large
valuesof py andsmallvaluesof pis. Oncefadingis considered,
the receved power of a transmissionfrom a nearbynodeis
not necessarilystrongerthanthe power of a transmissiorfrom
adistantnode.However, this doesnot signi cantly changethe
factthat the Alternative Model still outperformsthe Standard
Model.

8.4 Disk Model without Fading

We used the simulation model to obtain numerical results
for the casein which nodesare distributed accordingto the

disk model and there is no fading. Figures12(a) and 12(b)

shav the throughputunderthe GDP and GDCW protocols.
In both gures there are two local optimums. One of them
representghe Alternatve model and the other the Standard
Model. However, asbefore,underthe Standardnodel, distant
nodesare usuallystaned. Therefore the Alternative Model is

preferablelt canbe seenthatthe resultsobtainedfor the disk

modelare similar to the resultsobtainedfor the rings model.
Hence the rings model providesa good approximationwhile

lending itself to analytic performanceevaluation.

8.5 Disk Model with Fading

In Fig. 13 we presentsimulation resultsfor a systemwith
fading in which nodesare distributed accordingto the disk
model.It canbe seenthatthe resultsaresimilar to the results
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Fig. 13. The throughput (S) under (a) the GDP protocol
and (b) the GDCW protocol in a system with fading. 10
nodes are distributed according to the disk model.

for thenon-fadingcase Sincethefadingeffect somehav aver
agesthe transmissiorpowers,the nearbynodesdo not always
succeedand distantnodesmay succeedlespitetransmissions
of nearbynodes.Hence,the local optimumsare not as strict
asin the fading-freecase.Moreover, unlike in the fading-free
casethereis no local optimumcorrespondindo the Standard
Model.

8.6 Sensitivity to the Capture Threshold (z)

We now presenthethroughputvariationasaresultof changes
in the capturethresholdz. We considerthe GDP protocolin a
systemwith fadingin which 10 nodesaredistributedaccording
to the disk model. The valuesof the overall throughputfor the
casedfz = 0:1;0:3; 0:5; and0:7 arepresentedn Fig. 14. We
obsene that the casesin which z = 0:1 andz = 0:3 yield
similar throughput gures to the casein which z = 0:2 (Fig.
13(a)).Hence,the resultsare not very sensitve to changesn
z. As z getscloserto 1, thethroughpuigraphtendsto have two
local maximums.This is due to the fact that as z increases,
the recever is more likely to captureonly a single paclet.
In sucha case,giving higher priority to the node with the
strongestpower level resultsin a relatively high throughput.
This correspondso having a high pis value.Neverthelesswe
seethatlow ps valuesalsoresultin similar throughputievels.
Namely the Alternative Model hascomparablehroughputto
the Standad Model even whenthe recever tendsto lose the
MPR capability

9 CONCLUSIONS

The Multipacket Receptioncapability has the potential to
signi cantly improve the performancef wirelessnetworks. In
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Fig. 14. The throughput (S) under the GDP protocol in a
system with fading. 10 nodes are distributed according to
the disk model with z= 0:1,z= 0:3,z = 0:5,and z = 0:7.

this paper we focusedon the designconsideration®f MAC
protocolsfor networks of spatiallydistributednodeswith such
capability It is known that standardbacloff mechanismgan
lead to unfairnesswhen nodesare spatially distributed. We
demonstratethatwith MPR capabilitythesemechanismgan
alsoleadto signi cant throughputioss To dealwith this effect,
we presentedand analyzedan alternatve backoff mechanism
wherebynodesincreasetheir transmissiorprobability after a
failedtransmissioranddecreasé afterasuccessOuranalysis
shaws that in most casesthe Alternative Model outperforms
the StandardModel in termsof both throughputand fairness.
Hence,nev MAC protocols have to be designedfor MPR
networksandtheseprotocolshave to divertfrom thetraditional

bacloff mechanisms.

This work is one of the rst attemptsto understandhe
design considerationf distributed MAC protocolsfor net-
works with MPR capability Hence,thereare still mary open
problemgo dealwith. As mentionedabove, sincethe objective
of this work is mainly to provide insight regarding MAC
for networks with MPR capability the studied protocolsdo
not provide a completesolution. We intend to develop more
elaboratebacloff mechanismghat will utilize feedbackfrom
the recever more effectively or will estimatethe number
of contentingnodes (e.g., the work of [52] for the IEEE
802.11 case). These mechanismsshould deal with issues
such as power, rate, and congestioncontrol that have not
beenconsideredn this work and should be evaluatedusing
performancaneasuresuchasthroughputdelay andfairness.
Moreover, since under different settings,different values of
the protocol's parameterge.g., pis; Pif; Ws; Wi ) leadto optimal
performanceywe intendto developdistributedmechanismghat
would tune theseparametergo the optimal values.

Furthermore coexistenceof the new bacloff mechanisms
with the standardbacloff mechanismge.g.,the one usedin
IEEE 802.11)while MPR andsingle-capturesystemsoperate
in parallel requires careful consideration.Finally, in most
realistic scenariosa transmissioncan be receved by more
thanonedestination(i.e., by multiple recevers).This provides
diversity and e xibility that can be exploited by the MAC
protocol.On the otherhand,a transmissiorcaninterferewith
other transmissionssentto a few different recevers. Thus,
designingan efcient MPR MAC protocol for a multihop
settingis a challengingopenproblem.
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