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Abstract

We studythe performancametricsassociateavith TCP-regulatedtraffic in multi-hop, wirelessnetworks thatusea common
physicalchannel(e.g.,IEEE 802.11).In contrastto earlieranalysesye focussimultaneouslyn two key operatingmetrics—the
enegy efficiency andthetransport-laye(TCP)throughput Usinganalysisandsimulationsye shav how thesemetricsarestrongly
influencedby theradiotransmissiomangeof individual nodes.Dueto tradeofs betweertheindividual paclettransmissiorenegy
andthe likelihood of retransmissionshe total enegy consumptionis a corvex function of the numberof hops(and hence,of
thetransmissiommange).On the otherhand,the throughputof a single TCP sessiordecreasewith a decreasén the transmission
range. The overall achievable TCP throughputin anad-hocnetwork thusinvolvesa tradeof betweenthe reducedhroughputof
anindividual flow andthe greaterdegreeof spatialreusepossible.As a consequencef this tradeof, the overall network capacity
turnsout to be a concare function of the transmissiorrange. We analyzehow parametersuchasthe nodedensityandtheradio
transmissiorrangeatffect the overall network capacityunderdifferent operatingconditions. Our analysisshows that capacity
metricsat the TCP layer behave quite differently from the capacityresultspreviously presentedn literature. We thenextendthe
work andexaminethe sensitvity of the TCP-layercapacityto the speedof the nodesandthe numberof TCP connectionsn an
ad hocnetwork. By incorporatingthe notion of a minimal acceptabl&)oSmetric (loss)for anindividual sessionwe shov why
the QoS-compliantapacityis a moreaccuratemetric for studyingthe capacityof TCP traffic in anad hoc network. Finally, we
studythe dependencef capacityon the sourceapplication(Telnetor FTPtraffic) andon the choiceof thead hocroutingprotocol
(AODV, DSRor DSDV).

|. INTRODUCTION

Analysesof the transmissiorcapacityof multi-hop, ad hoc wirelessnetworks typically relateboundson
the maximalachievablethroughputto spatialreuseconstraintsand MA C-layereffects. In networks where
all nodesusesthe samephysicalchannel(suchas|EEE 802.11[1] basedad hoc LANS), the total network
capacityis clearlydependenbn the transmissionmangeof eachnode,sincea paclet transmissiorby anode
effectively precludesary simultaneoudransmissiondy neighboringnodes(within its interferencerange).
For a similar reason,the maximum achievable throughputis also a function of the node density which
implicitly determinesheaveragenumberof one-hopneighborgwho aresubjectto constrainton concurrent
transmissions).In recentwork, [2] shaved how an increasen N, the total numberof nodes,causeghe

throughputof anindividual nodeto degradeasO( L N) whenthe nodesarerandomlydistributed. [3]

n log

studiedthe behaior of the IEEE 802.11MAC layer and shoved how the end-to-endthroughputfor an
individual nodedegradesasO(ﬁ) for randomtraffic patternsandremainsconstanif the sessionxhibit
appropriatdocalizationproperties.

In this paper* we examinehow the characteristicef thetransport-layeprotocol(TCP) affect the achiev-
abletransmissiorcapacityof suchad-hocnetworks. The analysispresentedn this paperdiffersfrom prior
work in thefollowing key aspects:

! A preliminaryversionof the papetis to appeaitin IEEE Infocom’2002conferenceo be heldin New York, USA in June’2002.
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() In contrastto the useof greedytraffic sourcesusedin earlier studieson the the maximumachievable
capacity we considerTCP regulatedflows. Thetwo metricscanbe very different,since TCP flow control
may prohibit certainpaclet transmissionsevenif they satisfythe underlyingMA C-layer constraints.It is
well-known that the achievable throughputof a TCP connectionis a function of both its round-trip time
(RTT) andthe pacletlossrate—weshallshonv how boththoseparameterareaffectedby theunderlyingradio
transmissiomange.

(i) Besideghenetwork capacity(achiezablethroughput)we alsoconcentrat®n anothemetricof interest:
the enegy efficiency definedasthe averagetotal transmissiorenegy requiredto reliably transmita single
paclet (or byte)to its destination.Our metricincludesthe enegy spentin potentialretransmissionaeeded
to overcomepossibleerrorsin thetraffic path.

(iii) We examinehow variationsin themobility ratesmpactthethroughput achieredatthe TCPlayer Since
the cumulatve TCP throughputs alsoa functionof the traffic load (numberof TCP sessions)ywe take care
to ensurdhatthe offeredloadis feasible(in the sensehattheresultingnetwork performanceloesnotviolate
ary associate@uality of Service(QoS)constraints).

(iv) To ascertairthe sensitvity of our TCP-centricanalysesandresults,we alsostudythe behaior for two
differenttraffic sourcesrepresentingwo extremesof TCP-baseapplications.We considerboth persistent
or greedy(e.g.,FTP)traffic, aswell asnon-persistenbr intermittent(e.g., Telnet, HTTP) traffic.

(v) We alsostudythesensitvity of ourresultsto thechoiceof aspecificad-hoaoutingprotocol(AODV, DSR
or DSDV) anddemonstratéhat our analyticalconclusionsare essentiallyindependenbf protocol-specific
features.

For theanalysisn this paper we assumehatall nodesareidenticalin the sensehatthey all usethe same
transmissiorrangeR; we studythe propertiesof TCP traffic as R is varied. Our focusis on treating R as
a designparameterand evaluatinghow changesn R affect the overall network performancan different
operatingconditions.We shallalsostudyhow changedo N, the numberof ad-hocnodes affect the network
performancdor differentvaluesof R. We alsoassumehatthe maximumcapacityof the physicalchannel
is independenof the transmissiorrange andis denotedoy C; for our studieswith IEEE 802.11LANSs, we
have usedC = 2 Mbps.

We first demonstratéow the enegy-eficiencymetricis a function of the transmissiommange.In avariety
of multi-hop wirelessnetworking scenariosthe enegy efficiency is indeedthe mostcritical metric, since
it directly affectsthe network lifetime. Enegy-avaread hocrouting algorithmstypically choosea paththat
resultsin theminimumtotaltransmissiorenegy for asinglepaclet; [5] shovswhy amoreaccuratebjectve
shouldbe the minimumtotal effectivetransmissiorenegy, which focuseson reliable paclet receptionand
includesthe enegy spentin oneor moreretransmissions.

We thenstudyhow theradiotransmissiomangeaffectstheachievablethroughputof a TCPsessionn such
wirelessnetworks. It is well known thatthe throughputof a TCP sessionwhosecapacityis determinedoy
the error rateandnot network buffering constraints)/ariesasO(m) [6], [7] if the patherrorratep is

smallandasO(R%w) [8] if p is moderatelyhigh. We studyhow the rangeparameterR, indirectly affects
bothp and RT'T and hence,boundsthe TCP sessiorthroughput. Additionally, we also considerthe TCP
throughputachieszed over a chainof nodesusingthe 802.11MAC layer, and obsene how this throughput
variesfrom theidealmaximumpresentedh [3].

Both studiesmentionedabove arecomparedvith practicalresultsobtainedvia simulationgerformedusing
IEEE 802.11. We subsequentlysethe analyticalresultsto derive the total networktransmissiorcapacity
with TCPtraffic for suchadhocnetworksandits relationto thenumberof nodesV andthetransmissiomange
R. Sincethe capacitydefinitionfor TCP traffic is notimmediatelyapparentwe definethe network’s TCP-
centriccapacityasthe total (cumulative) goodputachiezed by all TCP sessionsWe considertwo different
scenariosin thefirst scenariowe assumehatthe numberof TCP sessionsaswell asthe numberof nodes

2Whenreferringto TCPtraffic, we shallusethe terms‘throughput’ and‘goodput’ interchangeably—botieferto the numberof uniquepaclets
communicate@nddo not considemretransmittegaclets.
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arefixed. We thenvary the total areaA of the wirelessnetwork (implicitly varying the nodedensity)and
thenobsene how the cumulative goodputvarieswith changesn the transmissiomrangeof individual nodes.
In the secondscenariowe assumehatthe network is dispersedver a fixed areaA andthatthe numberof

TCP sessiongs proportionalto the total numberof network nodes. Our analysisshows, thatin contrastto

earlierstudiesbasedon maximallink-layer throughputthe throughputof the individual TCPis O(é) and
thetotal network goodputs O(Ni) for moderatdink errorrates.We alsousesimulationstudieswith 802.11-
basedmulti-hop wirelessnetworks to quantitatvely explore the validity of our analysis. After establishing
the accurag of our analysisfor static networks, we extendthe framework to considerthe impactof node
mobility onthetotaltransmissiorcapacity Simulation-basedtudiesarealsousedto investigatehebehaior

of network capacitysubjectto reasonabléoS constraintsand to demonstratehat our resultshold for a

variety of routing protocolsandapplicationervironments.

The paperis organizedasfollows. In Sectionll we discussthe relatedwork. Transmissiorenepy effi-
cieng/ andtransmissiomrangeof nodesarediscussedn detailin Sectionlll. We considertheimpactof the
transmissiorrangeon the throughputachiezed by anidealizedTCP sessiornin SectionlV. Having studied
both the enegy-efiiciency andthe individual TCP sessiorbehaior with varying R, we focuson the total
capacityof the ad hoc network in SectionV. In SectionVI, we extendthe work to studythe transmission
capacityfor differentlevels of nodenodemobility andwith varyingnumberof TCP connectionsWe argue
why theincorporationof QoSconstraintss essentiafor determininga useful TCP-centricnotionof capacity
in anad hoc network. We alsostudythe dependencef capacityon the sourceapplication(Telnetor FTP),
and,onthechoiceof theadhocroutingprotocol(AODV, DSRandDSDV). We concluden SectionVIl with
abrief descriptionof our futurework in this area.

II. RELATED WORK

It is widely recognizedhat network capacityis a major constraintin the effective deploymentof multi-
hop wirelessnetworks. In networks wherenodesusethe samephysicalchannel the transmissiorrangeof
individual nodesis a key determinanbf capacity sinceit effectively determineghe extentof spatialreuse
possible Whenseesiorend-pointsarechoseratrandomandthetransmissiomangeis fixed,[2] demonstrated

thatthecapacityof eachindividual sessiorwould degradeasO ( Nll N) with anincreasen N (thenumber
og

of nodes)andpresentedhe designof anidealizedMA C which would achieve this bound. [2] alsoshoved
that, evenif nodeswere placedoptimally, the maximumaveragepersessiorthroughputwould degradeas
O (ﬁ) aslong asthe sessiorend-pointsverechoserat random.[10] consideredhe designof an optimal
MAC layerto maximizethetotal utilization of the sharedchannelbver all thenodesin a multi-hop network.
[3] considerechow the IEEE 802.11MAC algorithm performedrelative to the boundsenumeraten [2],
and alsoshoved that if the traffic patternsshaved appropriatestochastidocality (more accuratelyif the
probability of the sessiondistancedecayedfasterthan D—2), thenthe ideal throughputper sessiorwould
remaina constant. Thesestudies,however, consideridealizedsourceshat are completelygreedyandare
constrainegburelyby theMAC layer In particular they do not consideitheuseof TCPtraffic andtheimpact
of transmissiorerrorsin thelink layeronthe maximallink utilization by suchTCP sources.

Studieson enegy-efiicient communicatiorfor wirelessnetworks typically focuson the routing problem
alone:they areconcernedolelywith maximizingsomemeasuref thetotal transmissiorenegy or minimiz-
ing somefunction of the batterydrainage.For example,[9] adaptsDijkstra’s minimum costpathselection
algorithmto find minimumtotal enegy paths by settingthelink costto the associatedransmissioreneny.
Suchenepy-efficient routing protocolsassumehat, whenthe physicaldistanceof ahopis smaller thewire-
lessnodesareableto appropriatelyeducetheirtransmissiompower. Similarly, newverroutingalgorithms(e.g,
[11]) replacealong-distancénopwith a seriesof short-distancenes therebyminimizing thetotal power us-
age.Battery-avareroutingprotocols([12], [13]) oftenconsidettheresidualenegy level of thenodesbattery
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asametric,andhenceattemptto form routesusingpotentiallyless-drainechodes.Sincemodificationof the
transmissiomange impliesmodificationof the sessiorthroughput,suc powerconsciougoutingalgorithms
implicitly affect the networkcapacity Currentstudiesdo not however analyzehow the selectionof such
enegy-efficient pathsimpactothermetricssuchassessiorthroughput.

The performanceof TCP congestionavoidanceundervarying lossratesand RTT hasbeenextensvely
analyzedn literature(e.g. [6], [7], [8]), especiallyfor point-to-pointlinks. For moderateo low lossrates,
the TCPthroughputvariesinverselyasthe square-roobf thelossprobability Theinteractionof TCP perfor
mancewith the contention-baseMA C schedulingn multi-accessnediais lessclearlyunderstood.

[I1. ENERGY EFFICIENCY AND TRANSMISSION RANGE

We considera scenariowherethe transmitterradiosare capableof dynamicallyalteringtheir transmis-
sion power; accordingly the transmissiorenegy of a nodeis a non-decreasinfunction of thetransmission
distance.We first focussolely on the paclet transmissiorcost,andthenshonv how the enegy budgetmay
changesubstantiallyif we additionallyconsiderthe computingcost.

The power attenuatiorwith distanceD in wirelessernvironmentsis is usuallyproportionatto D¥ : K >
2. Under the assumptiorof omin-directionalantennasit follows that the transmissiorpower neededto
communicateover a radial distanceR is proportionalto R%. Moreover, a transmissionrangeof R implies
a coveragearea(within which concurrenttransmissionsre not allowed) o« R?. Accordingly, an enegy-
efficient transmissiorschemewill ensurethatthe transmissiorenegy over a singlehop (or link), E(R), of
distanceR is:

E(R) x R¥ (1)

Giventhe aborve relationshipbetweenthe transmissiorenegy and the total transmissiondistance,it is
easyto seethat the total enegy associatedvith a single transmissiorevent actually decrease# a hopis
sub-diidedinto multiple smallerones:clearly, if D; + Dy = D, thenDf + D¥ < DX if K > 2. Enegy-
efficientroutingprotocolsthususuallyseekio transmltapacletbetweerasourceS’ andadestinationD using
multiple short-distancéops,asopposedo a smallernumberof long-distancénops.Indeed,minimumtotal-
enegy routing algorithms,suchas|[9], resultin the formationof routeswith a large numberof short-range
hops. This intuition is, however, misleading:the formulation neglectsthe fact thatan increasen the hop-
countleadsto anincreasean the paclet errorrateoverthe entirepath,andtherebyincreaseshelik elihoodof
retransmissionandthusdecreasinghe sessiorthroughput. Accordingly, [5] proposesheuseof theeffective
transmissiorenegy (which includestheenegy spentin retransmissionsysthe appropriatametric.

Analysisin [5] shavsthat,in the absencef reliablelink layers(or whatis calledthe end-to-endetrans-
missionor EERmodel),theactualeffectiveenegy perreliably transmittedpacletovera H — hop path(with
nodesndexedas(1, ..., H + 1)) is givenby:

EEER Ez 1 zz+1 (2)

X
total Z]il(l pz,z+1) )

wherep; ;1 indicatesthepacleterrorrateof the:™ hop(betweemodes; andi +1). Ontheotherhand,if the

numberof permittedretransmissionsn eachlink is unboundedhence eachlink ensuresccuratedelivery

to the next hop), the total effective enegy per paclet (in the so calledhop-by-hopor HHR model)is given
by:

Ejgial® o€ Z Dise 3)

pz z—|—1

Analysisof theexpressiorfor theEERmodeshONsthat,evenlf all thelinks haveidenticalerrorratesthere

is anoptimalvaluefor thenumberof hopsassociateavith a specifictransmissiorpath.If thenumberof hops

is smaller the enegy budgetis dominatedoy the largertransmissiorenegiesneededo transmitover larger
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distancesif the numberof hopsis larger; it is the overheadassociatedavith retransmissionthat negatesthe
enegy gainsassociateavith smallerindividualhops.In contrastjf eachlink is allowedpotentiallyunlimited
numberof retransmissiomttemptsthe total effective transmissiorenegy alwaysdecreasewith increasing
H.

A. TransmissioreEnegy Efficiencyand TransmissiorRang

Beforeproceedindurther, it is necessaryo extendtheanalysisof effectivetransmissiorenegy mentioned
above. To applyourinsightsquantitatvely to technologiessuchaslEEE 802.11 we needto analyzethecase
whereeachlink hasan upperboundon the maximumnumberof retransmissiorattempts This boundis a
practicalnecessityto avoid abnormallylarge latenciesandbuffer overflows atthelink layer We assumehat
eachlink layeris permitteda total of max transmissionsglearly, sucharestrictionresurrectshe possibility
of end-to-endetransmissionf the caseof forwardingfailure at anintermediatdink. Also, for analytical
easewe assumdhatall links have the samepaclet error rate p andthe sametransmissiorenegy E. We
relegatethe completemathematicaainalysisto the Appendix,mentioningonly therelevantresultshere.

Resultl: If eachlink hasa transmissionpaclet error rate p, then the conditional expectednumberof
distincttransmissionggiventhe successfulorwarding over thelink, is givenby:

1 mazx x pm*t

Tgood = 1—

D 1_pma;v ’

andthe expectednumberof distincttransmissionsgiventhe failure of the link forwarding processs given
by:

Theda = Mmax.

Result2: In caseof anend-to-endailurein reliablepacletdelivery (oneof the H intermediatdinks failed
to reliably forwardthe paclet), thetotal numberof expecteddistincttransmissionss givenby:

Ty = Thea + Tyooa * (1 — q) * { (4)
1—H*(l—Q)H*+(H—1)*(1—q)H}
gx{1—(1—-¢q)"} ’

whereq = p™*. Similarly, if the packet wasindeedsuccessfullfforwardedto the destinatiomode thetotal
numberof expecteddistincttransmissionss:

Ttotal — H x Tgood (5)

good

By combiningthe above two resultswith the fact that the probability of successfupaclet end-to-end
deliveryis givenby (1 — ¢)¥ (whereq = p™**), we canfinally derive thefollowing result:

Result3: Thetotal effective numberof distinctpacket transmissionseededor reliablepacletdeliveryis
givenby:

P
T — Ttgtal % fai + Ttgial’ (6)
bad 1 — Pfaz'l good

wherePy,; =1 — (1 —¢)?.

SinceT is really afunctionof H, p andmaz, we representhis resultgenericallyasT' (H, p, max). We
deferthe quantitatve comparison®f our analyticalexpressiorwith simulationresultsto thenext sub-section
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Fig. 1. Effective TransmissiorEnegy versusNumberof Hops(TxThresh= 1)

and,insteadfocuson the expectedqualitatve behaior. Clearly, in the limited-retransmissiocase thereis
anoptimalvaluefor H, the numberof hops:if H becomedoo large, thenthe probability of an end-to-end
errorbecomeson-ngligible andthe consequengffectsof end-to-endetransmissionbegin to dominatethe
enegy budget. In fact, the approximatevalue of this optimal value canbe obtainedby realizingthat, from
the standpoinbf enegy consumptioralone,alink with a paclet errorrateof p anda transmissiorboundof
maz IS essentiallyequivalentto alink with no retransmissionbut alink paclet error rateof p™**. (Thisis
not completelyaccuratevhenwe considerthe effectson protocolsat higherlayers;for example,link-layer
retransmissionarelik ely to resultin greatewvariationin theforwardinglateny andhence the possibility of
spuriousTCP-layertimeouts.) Accordingly, usingthe analysisin [5], the optimal valueof H is, to a good
approximationgivenby W

For ageneralizechdhocnetwork, it is now easyto seethe connectiorbetweerthetransmissiomadiusand
effectiveeneny. If we assumehatthe averagedistancebetweertheend-pointof asessioris L, thenatrans-
missionrangeof R impliesthatthe averagenumberof hops,H is givenby [1%] , Or to agoodapproximation

by %. Accordingly, with a link layer boundof maz on the numberof retransmissionsgquation(6) shovs
thatthe effective enepy efficiency of theadhocnetwork is givenby (ignoring proportionalityconstants):

L
Etotal = RK * T <Eapa max) (7)

Clearly, aslong asthedecreasén R in theexpression(7) dominatesverthe correspondingncreasen 7°(.),
the enegy consumptionper byte decreasesBeyond the optimal valuefor R, the decreasen the enegy
spentin ary singletransmissioractity is negatedby thelargerincreasen 7'(.). Fromanenengy efficiency
perspectie, thereis an optimal valueto the radiusof acceptableeceptionquality R in anad hoc network;
decreasinghetransmissiomangebelow this optimalvaluedoesnotleadto greaterenepgy savings.

A.1 Applicability to the802.11Ernvironment

We appliedthis analyticalmodelto the 802.11-specifiervironment,usingthe 802.11limplementatiorin
thens-2[4] simulator For our simulations the distancebetweerthe sourceanddestinatiorwaskeptat 750
meterswhile the transmissiomangewasvariedbetween(30, 700) meters;H wasthusvariedfrom 2 to 24.
The enegy associatedavith eachtransmissiorwasassumedo be (ignoring proportionalityconstantsjjiven
by E o R?; the simulationswere run for both uncorrelatedi.e., i.i.d) and correlatederror models. For
theresultsplottedhere,we setthe transmissiorpower for a distanceof 250 metersto 0.03346W, andthen
computedhe correspondingower for othertransmissiordistancedy appropriatescaling.

The effective transmissiorenegy per packet wascomputedoy determiningthe total transmissiorenegy
spentin transferringa 10 MB-sizedfile usinga TCP flow from the sourceto the destination Sincethe num-
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ber of pacletstransferredeliably by TCP is the samefor all simulations,the total communicatiorenegy
consumptions adirectindicatorof thetransmissiorenepy efficiency. Thenumberof hopsH wasvariedby
simply insertingthe correspondingiumberof intermediatenodesbetweenthe sourceanddestination.The
total enegy consumptionis clearly a function of the maximumnumberof retransmissionsupportedateach
link (the TxThreshparametem ns-2).We presentesultsherefor TxThreshequalto 1 and4; the correspond-
ing value of max (seeEquation(7)) wasthus2 and5 respectiely. We simulatethe enepy efficiency for
TCPfile transferusingtwo standardnodelsfor thelink error: a) the two-stateMarkov-modulatedchannel
modelwith correlatederrorsandb) theindependenidentically distributed(i.i.d) modelwith independenand
identically distributedbit errorrates.

Figure 1 plots the simulatedtotal transmissiorenegy consumptionunderthe i.i.d model,as H varies
between2 and 23 for two differentvaluesof p, 0.1 and 0.2, and TxThreshequalto 1. The figure also
includesthe enepy efficiengy values(with appropriatescaling)predictedby Equation(7). We canseethat
thetheoreticamodel,while anaccurateeflectorof theoveralltrend,underestimatetheenegy consumption,
especiallyfor largervaluesof H. This is to be expected sinceour analyticalformulationdoesnot include
the enegy spentin the 802.11signaling(suchasRTS/CTS/ACK paclets),aswell asthe enegy wastagen
potentialMAC layercollisions(which canbe expectedo occurmoreoftenfor highervaluesof H). It is easy
to seethat, whenthelink layer permitsonly oneretransmissionthe optimal valueof H (from simulations)
is largerthan23 for p = 0.1; evenwhenthe errorrateis fairly large (p = 0.2), the optimalnumberof hops
is approximatelyl5. The numberof TCP level retransmissionfor the two caseshave alsobeenplottedin
Figure2; asexpectedthe numberof source-initiatedetransmissionseededncreasesvith increasingH .

To further studythe impactof link-layer retransmissionsye also studiedthe total enegy consumption
with TxThreshequalto 4 andthreelink errorrates:
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a) Thetwo-stateMarkov modelwherethe averagesojourntimesin the GoodandBad stateswere 1.0 and
0.3msrespectiely.

b) Thetwo-stateMarkov modelwherethe averagesojourntimesin the GoodandBad statewereidentical
andequalto 1.0ms.

c) Thei.i.d modelwith p setto 0.5 (avery highvalue).

Figure 3 plots thesesimulationresultsfor the total transmissiorenegy with TxThresh = 4; it is again
seenthatunderall theseoperatingconditions,the transmissiorenegy consumptiordecreaseaslong as H
is increasedaver ary realisticrange.

B. Total Enegy Efficiency

The discussiomand resultsof the previous sectionshow that a larger numberof hops,or equivalently a
smallertransmissiorrange,typically always increaseghe enegy efficieng. This agumentis, however,
misleading sincethis formulationignoresthe computingenegy- any nodeengagedn packet transmissions
alsoexpendsambientenegy in additionto thatconsumedy theradiointerface. In particular we shall see
in the next sectionthatanincreasan H typically leadsto a correspondingiropin the TCP goodput,evenif
the physicaldistancebetweerthe sourceanddestinatiomodess unchangedHence while thetransmission
enegy efficiengy may indeedincreasewith H, the resultantlossin throughputimplies that the transferof
a fixed numberof byteswill take a longertime. Sincethe total computingenegy canbe assumedo be
proportionalto thetotal activity duration,it shouldbe clearthatthis costwill only increasewith H.2

To formally explore this conceptwe repeatedhe enegy-relatedsimulations taking careto measureghe
totaltime takenby TCPto reliably transfertheentire10 MB file. If we thenassumehenP, is theambientor
standbypower spentby eachnodeduringthelifetime of the sessionthe computingenegy expenditureover
all the H nodesis equalto P, * H x simulationduration Accordingly, the total enegy consumptioris now
givenby:

Eiota = E(transmission) + H * P, * simulationduration

Figure4 plots the variationin this total enegy with changingH for the experimentsusingthe two-state
errormodelwith GoodandBadsojourntimesof 1.0msecand0.3mseaespectrely (TxThresh=4) Similarly,
Figure5 plots the total enegy consumptiorversusthe numberof hopsfor the two-stateerror modelwith

3To keepthe analyticalframenork simple,we have ignoredthe enegy spentby nodesin paclet reception althoughearlierstudies[14] have
documentedhat paclet receptionin currentwirelesscardsis almostas expensve as actual paclet transmission. For one thing, the paclet
receptionenepy is really dependenbn the recever hardwareimplementatiorand canbe expectedto reduceasmoreefficient recever circuits
aredesignedn the future. Moreover, includingthe receptionenegy doesnot alter our qualitative conclusionssinceit really senesto increase
theenepy costassociatedvith anincreasén thenumberof hopsH. Theinclusionof thecomputingenegy is itself adequatéor illustratingthe
pointthata significantpieceof theenegy budgetactuallyincreasesvith increasingH.
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GoodandBadsojourntimesof 1.0 msecand0.3msecrespectrely (TxThresh= 1), andthei.i.d errormodel
with p = 0.1 (TxThresh= 1). Theseresultscorrespondo a choiceof P, = 0.004 W.

It is easyto seethat, whenthe total enegy is consideredthe enegy consumptions minimizedfor re-
alistically small valuesof H. For example,if we consideronly the transmissiorenegy, the optimal value
of H wascertainlygreaterthan23 for thei.i.d channelwith an error rateof 0.1. However, whenthe total
enepgy consumptions consideredit is clearthatincreasinghe numberof hopsbeyond~ 10 — 12 hopswill
prove to be disadantageous(ln our simulatedenvironment,an optimalhop countof 12 corresponds$o an
optimaltransmissiorrange,R,, of ~ 65 meters.)Our studiesthusclearly showv thatarny adjustmentso the
transmissiorrangeto improve the network capacity(which we shall defineappropriatelyin the sectionV)
mustalsoconsiderthe potentialeffect on the enegy efficiency of the resultingnetwork. If the transmission
rangeis decreasetbeyond anoptimalvalue R, suchthatthe averagenumberof hopstraversedby a session
increasedeyond ~ 10 — 15, thenary increasein network capacitycomesonly at the expenseof higher
enegy consumption.

V. MAXIMUM THROUGHPUT OF A SINGLE TCP SESSION

After analyzingthe enegy-relatedmetricsof anad hoc network, we now considertheimpactof thetrans-
missionrangeonthethroughputchievedby anidealizedTCPsessionIn thissectionwe assuméheabsence
of any cross-trafic from othersessionsthe pathfor the sessiorof interestis thussimply anode-chainAnal-
ysisin [3] shavedthat,for suchachaintopology(wherethe nodescouldinterferewith theironeandtwo-hop
neighbors)the maximumideal capacityis %; with 802.11MA C-basedschedulingthe maximumobtained
throughpuis usuallyaround%. To achiere suchanidealthroughputthe MAC layermustbetheonly bottle-
neck;in contrasto theseanalyseswe considerapersistenflow subjecto thedynamicsof TCPflow control.
The throughputof a persistenfTCP flow dependon the rangeof the magnitudeof the error ratesandthe
buffer capacityavailableatintermediatenodes.

If the TCP lossesoccurprimarily dueto link errors,andif buffer overflow is a fairly rareevent,thenthe
throughpuof aTCP connectiorasafunctionof p and RT'T is givenby thewell-known square-rootormula:

K*xMSS x8

RTT.p) ~ ——227°
p( ,D) RIT+/p

(8)

where RT'T equalsthe round-tripdelay p equalsthe effective errorrate, M S S indicatesthe paclet size(in
bytes)andwherex is animplementation-specificonstant(For example, is ~ /2 for TCPwithoutdelayed
acknavledgmentsaand~ 1 with delayedacknavledgments.)lThe above equatiorholdsaslong asp doesnot
becomemuchlargerthan~ 15— 20% for mostTCPversionsjargervaluesof p leadto undesirabléransients
suchasretransmissiotimeoutsanda sharpedropin the TCPthroughput.



10

Ontheotherhand,if TCPlossesoccurprimarily dueto buffer overflows, the dynamicsof the connection
becomesnuchharderto analyzein the presencef multiple hops.In suchasituation,the RT'T is dominated
by thevariousqueuingdelays:however, in generalthethroughpuof the TCPflow decreasewith anincrease
intheRTT.

For practicalad hoctopologiesthe propagatiordelaysareusuallysmall-consequentlyhe RTT is dom-
inated by the queuingand transmissiordelays. Assumingthat nodesare homogeneougshe RTT is thus
directly proportionalto H, the numberof hops,sinceeachadditionalhop introducesqueuingandtransmis-
sion delays. If the error probability of eachlink is a constantp, the end-to-enderror probability is given
exactlyby 1 — (1 — p)¥; if H x p << 1, theend-to-encpaclet errorrateis thenapproximatelyH * p. Ac-
cordingly, for ad hoc networks operatingunderrelatively small end-to-endpaclet error rates(say lessthan
~ 10%), themaximalthroughputof a TCP connectiorshouldbehae asthe following functionof H:

1 1
X ——m— X —F.
P vE S H

However, if the errorratesareso low thatthe TCP flow almostnever halvesits window in responsdo a
link loss,it shouldbeclearthatthe throughputbecomesndependenof thelink errorprobabilities.In sucha
casesinceRTT «x H,theTCPthroughputwill vary as:

. (10)
pX g

For a fixed meandistanceL (in absoluteunits) betweerthe end-pointsof anad hoc sessionthe average

numberof hops,H, asafunctionof thetransmissiomangeR is givenby H = %. Accordingly, themaximum

throughputof a persistenfTCP flow will vary « R? if theflow is link-loss controlled,andx R if the flow
is buffer-losscontrolled. Of course the above equationshold goodonly whenp is lessthanthe theoretical
goodputof the chaintopology For example,in alineartopologywith ideal MAC schedulingandinterfer
enceradiusequalto the acceptablaeceptionradius,the dynamicsof TCP flow control act asthe primary
flow capacityconstraintaslongasy < % If theinequalitydoesnot hold, thenthe sessiorthroughputs con-
strained not by TCP dynamics pbut by theinterferenceat the MAC layer amongsimultaneougransmissions
by neighboringnodes.

(9)

A. Applicability to the802.11Environment

To studythe variationof TCP sessiorthroughputwith the numberof hopsin the 802.11ervironment,we
performedsimulationswith our chaintopology As before,the distancebetweernthe sessiorend-pointsvas
keptconstant-the numberof intermediatehopswasvariedby varyingthetransmissiomange.Moreover, we
plottedlog(p) againstlog(H); in this case the slopeof the resultantcurve determinegshe exponentin the
relationshipbetweernp andH.

Figure 6 plots the TCP throughput(in termsof paclets/secfor an MSS of 512 bytes)againstH on a
logarithmicscalewhenthelink errorrateis very small (0.001)and TxThresh=1;in this casethe resultant
end-to-endossrateis negligible and TCP is primarily buffer controlled. The slopeof the curveis ~ —1,
indicatingfairly good agreemenwith our analysis. On the otherhand,Figure 7 plots the TCP throughput
(againin units of paclket/secfor 512 byte packets)againstd for p = 0.1 andTxThresh=1.In this case the
resultanterror rateis moderatelyhigh; the slopeof the curwve is around—1.7 in this case,which indicates
fairly closeagreementvith our theoreticalnalysis.

Theresultson the TCP throughputin suchmulti-hop networks areimportantfrom the capacityanalysis
standpoint.The resultsshav thatfor TCP-controlledraffic, decreasinghe transmissiommangeactually pe-
nalizesthe maximumsessiorthroughputsincethe consequenincreasen the numberof hopsincreasesoth
the RTT andthe end-to-endossrate. As we shall seein the next section,this phenomenonmpactsthe
amountof TCPtraffic thatsucha multi-hop,wirelessnetwork maybe expectedo carry.
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V. TCP-BASED AD-HOC NETWORK CAPACITY

Having studiedboth the enegy-efliciency andthe individual TCP sessiorbehaior with varying R, we
now focuson the total capacityof the ad hoc network. Most literaturedefinesthe network capacityCap as
thetotal “one-hopthroughput’or the“bit-distanceproduct’-fundamentallyspeakingthis is aweightedsum
of all the sessiorthroughputswith the weight of eachsessiorequalto the distancgor the numberof hops)
overwhichit passes.

Fromatheoreticaberspectie,if thetransmissiorfandinterferenceyangeof theadhocnodesare R, then
a nodetransmittingpacletsat the channelcapacityC' effectively prohibitsany transmissioractwity for all
nodeswithin the coveragearea,which is o« R2?. Accordingly, if the areaof the ad hoc network is A, and
the transmissiorandinterferenceradii areboth R, the maximalideal (MA C-constrained¥apacityof the ad
hoc network is 72;“2. In a more genericcontext, wherereceptionandinterferenceradii are not necessarily
identical,the maximalnetwork capacityCap is %. In generalwe would thusexpectthe maximalideal
throughputo increasegquadraticallywith areductionin thetransmissionmadius.

Sincea greedyTCP flow (wherecwnd is the only constraintfor paclet generatiorat the transportiayer)
cannotavail of themaximalcapacitythe concepiof maximalTCPthroughputandnetwork capacitypecomes
trickier. It is also apparenthat attemptingto attain~ 100% link utilization by pumpingup the number
of parallel TCP sessionss alsonot feasible,especiallyin wirelessnetworks wherethe buffer capacityon
individual nodesis fairly limited. We thus study the expectedthroughputbehaior for two different, but
interesting operationakcenarios.
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A. TheFixedSessionyariable AreaFrameavork

In the fixed sessionyvariableareaframewvork, the numberof simultaneousl CP sessionsand the total
numberof network nodesis assumedo be a constant.We studychangeso the total TCP throughputwhen
the areaof the ad-hocnetwork (or equialently, the nodedensity)is varied. We recall from the previous
sectionon capacityof a single TCP sessiorthatfor afixedmeandistancel. betweerthe end-pointsof anad
hoc sessionthe averagenumberof hops, H, asa function of the transmissiorrangeR is givenby H = }%.
Fromthe standpoinif the MAC layer, the numberof permissibleconcurrentransmissionslecreasewith
increasingangeR; onanaverage, 4

Cap x T2 (11)

Now, for a fixed numberof TCP sessionsthe total throughputis proportionalto the throughputof an

individual TCP sessiorn(aslong asthe MAC layerboundsarenotviolated),i.e.,

Cap x _1 3 (12)
L\2
(%)

If Risverysmall,theaveragedegreeof connectity of thegraphis fairly small. Theresultansub-optimal
pathsmply thateachpaclethasto travel alargenumberof hops(H) to reachto thedestination Accordingly,
the TCP sessiorthroughputdecreasewith decreasing?, if R is belov a certainvalue. Thereforethe sum
of the throughputqover the fixed numberof sessionspecomesmaller On the otherhand,if R is larger
thana certainvalue,thenthe resultantMA C-layerchannelinterferenceandcollisionslimit the capacityof
the TCP sessionsin this rangeof R, the TCP sessionsre preventedfrom betterexploiting the network by
the larger delayscauseddue to collisions andbacloffs at the MAC layer We canthusexpectan optimal
valueof R, denotedby R*. To valuesof R larger than R*, the networkis MAC-layer constrained,with the
channelinterferencedominatingthethroughput;to theleft of thisvalue(smaller R), thenetworkis TCP-layer
constained(Equation12), with the TCP sessionsinableto pumpenoughpadetsinto the network.

Accordingly, it follows thatfor R smallerthanthis optimal value, the network capacitywill degradein
proportionto the TCP throughputdegradation(x R? from Equation9), if p lies within a sensibleoperating
range.To theright of this optimal value,the resultanthroughputis determineddy the competingeffectsof
higher TCP-layerthroughput(lower lossratesdueto smaller H) andgreaterMAC contention. Thus,from
Equation12 and Equation11, we would expectthe ‘capacity’ in this rangeto vary asthe productof two

conflictingcomponents:
A 1
Cap x ——5 x R
R? (L)a
R

vl !
—

(13)

Figure 8, Figure9 and Figure 10 shaw resultsfor capacityastransmissiorrangeR is varied. In these
simulations,50 nodeswere randomlydistributedin a squaregrid area. 25 TCP connectionsvere chosen
randomlyandevery nodewaseithera TCP sourceor a TCP destination put not both. All our simulations
with randomtopologiesuseDSR for computingthe sessiorpaths;in the absencef mobility, the choiceof
paths(andconsequemetwork performance)s expectedo beindependentf the choiceof a specificadhoc
routingprotocol.

In Figure 8 we plot the capacityversusR for an errorfree channelmodelanda squaregrid of 500m x
500m. We seethatthe optimalvalueof R (from a capacitystandpointjs ~ 35 — 40 meters.

In Figure 9, we have plotted TCP goodputversusthe transmissiorrangefor variouslink Packet Error
RateqPER)(for aconstan600m x 500mgrid) underthellD errormodel.We seethatasPERincreasesthe
TCP goodputdecreaseandthe the optimal transmissiorrange(i.e., the rangecorrespondingo maximum
TCP goodput)increasesThis canbe explainedby observingthata larger paclet error rateimplies a faster
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degradationin TCP throughputwith the numberof hopsin a path. Thus,a valueof R thatis optimal for
smallerp will prove sub-optimalfor largerp. As R is increasedthe averagevalueof H, andhenceH x p,
theend-to-encerrorrate,decreasekadingto moreaggressie behaior. Of course theresultantncreasen
thevalueof R* cannotbeverylarge,sincealarger R alsoimpliesgreaterdelaysandinterferenceatthe MAC
layer.

It is alsointerestingto seewhathappensf thetotal areaA of thewirelessmulti-hopnetwork is increased
withoutvaryingthetotal numberof nodes/V or thetransmissiomangeR. If n is thenodedensity thenclearly
A= % Further for networks wherethe sourceanddestinationarechoserat random,the averagedistance

of asession[ is clearly o Az, If thetransmissiomadiusR is choserto be greaterthanthe optimal value,
thenEquation13 shovsthatthetotal ‘TCP capacity’is givenby:
Ni
Cap x ——~ (14)
R2n1

Thus,in thefixedsessionyariableareaandconstantrange framewvork, thecapacityof thesystems inverse
in proportionto n%, or proportionalto Ai.In networkswheretheradiorangescannotbe adjustedpnemust
thusguardagainstpackingtoo mary nodesinto too smallanarea.

In Figure 10, we plot the systemcapacityversusthe transmissiorrangefor varying node densitiesby
changingthe area(300mx300m, 500mx500m, 700mx 700m). The simulationis donefor an errorfree
channeli.e, PER=0). It is seenfrom theplot thatfor afixedtransmissiomange the capacitydecreasewith
anincreasen thedensity
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B. TheVariable Sessiondrixed AreaFramevork

In contrastto the assumptionsf the previous section,now consideran operationainodewherethe cov-
eragearea, A, of the ad hoc network is fixed. Further the numberof simultaneouslyactive TCP sessions
in the network, denotedby T A, is directly proportionalto NV, the total numberof ad hoc nodes. Thus.
mathematically

TA=r~yxn, (15)

wherevy indicateshe probabilitythatarny givennodeis engagedn a TCP-basedransferatary instant.
Thisformulationis a usefulmodelfor understandingetwork dynamicsundercertainvery practicalsitua-
tions. Consideyfor examplethe problemof coveringa geographi@reawith acertainnumberof sensoi(say
thermalsensor)hodes. Eachnodeis autonomouslyprogrammedo periodically activateitself, monitor the
temperaturend communicatat to a centralauthority Thus,if the communicatiomprocesshappendor 15

minutesevery hour, we have amodelwherethe numberof active sessionss ith of thetotal numberof nodes
N. Thenetwork designemwould clearlybeinterestedn evaluatinghow his choiceof the nodaldensity(how
closelyto placethewirelessnodes)denotedy n, affectstheachievablenetwork capacity

To studythe dependencef total capacityon n, we make the fundamentahssumptiorthata largerr leads
to a smallertransmissiorrangeR. In well-designecdhetworks,the choiceof R is actuallybasedonthe need
to keepthe averagedegreeof eachnode,definedasthe numberof one-hopneighborsmoderatelyhigh; in
fact,classicaresultg15] statethatthe optimalnumberof one-homeighborgs ~ 6. As 7 increasesanodeis
ableto find one-hopneighborswithin a smallerradialdistance andconsequentlycanlower its transmission
radius.

3
Then,sinceeachTCP sessionpy our previoussection,hasp o either(%) ® (for moderatevaluesof p) or
o (%) (for low valuesof p), it follows thatthetotal capacityutilized by theadhocnetwork is then:

3
Cap o< v*n*xAx (%) for moderatep
o ykmxAx (%) for verylow p (16)

We considerafixedareaA andprogressiely increasead hoc nodedensityrn. Sincethetransmissiorradius
neededo maintaina constanhodaldegreedecreaseasthe square-roobf the numberof nodesijt is easyto
seethatnodedensityandthetransmissiomadiusarerelatedas

1
Rox —

VI



15

100000

10000 - /

1000
1

TCP Throughput (Packets/s) [Log scale]

n
e} 100
No. of nodes (Log scale)

Fig.11. TCPThroughputversusNodeDensity(Log Scale)for OptimumRange

By substitutingthis into equation(16), we finally getthe ‘capacity’ of the TCP-base&dhocnetwork as

A Axni
ENE: 0(7* * 74

Cap x 77% L Ti5 73 ; (17)
or,
A Axnz
Cap x 71*77* T *772’ (18)

whereEquation17 holdsfor moderatelylow valuesof link errorrates,and Equation18 holdsfor very low
valuesof link errorrates.

To illustratethe validity of our conclusionswe ran simulationswherethe areawaskept constantandthe
numberof nodeswasprogressiely increased Figure 11 plots the TCP throughputagainstthe logarithmof
the nodedensity for an operatingervironmentwherethe link paclet errorrate(i.i.d.) wasonly 0.001 and
TxThresh=1.The slopeof the graphin this caseis ~ 0.6, shoving the applicability of Equation18 to this
case(sincethe effective end-to-encerrorratewasvery low).

It is interestingto contrasttheseresultswith thoseon the idealizedlink capacityin [3], which shoved
that,undersimilar operatingconditions the idealizedlink-layer network capacitywould increaseasO (/7).
Clearly, theburstynatureof TCPtraffic (which preventsusfrom indiscriminatelyincreasinghetotal number
of sessions)andthedependencef TCPsessiorthroughpubnthelink errorratecanpreventTCP-basedlata
traffic from achieving thisidealvalue.

V1. SENSITIVITY OF CAPACITY TO NETWORK PARAMETERS, ROUTING PROTOCOLS AND
APPLICATIONS

The previous sectionsof the paperdealtwith enegy efficiency andtransport-layethroughputin a static,
multi-hop network with N nodes.We hadalsoassumedh greedymodel (FTP transferringa large file) for
sourcetraffic, with TCP’s congestionwindow actingasthe only constrainton the injection of new paclets
into thenetwork. In thissectionwefirstly studythe TCP-centridransmissiorcapacityin adhocnetworksfor
differentratesof nodemobility andfor varyingnumberof TCPconnectionsStudyingthecumulatve network
throughputasa function of solely the numberof TCP flows canbe misleading;while the total throughput
may increaseindividual flows may seeanunacceptabldegradationin their quality of service.Accordingly,
we incorporateboundson the maximumacceptabléossratein our computatioron the maximumachievable
cumulative TCPthroughput.We thenstudythe dependencef capacityon the sourceapplication(Telnetor
FTPtraffic). As we shallsee,applicationssuchasTelnet,with very intermittenttraffic, resultin very low
offeredloads.In suchenvironmentsthenetwork is almostnever MA C-layerconstrainedbutis largely source
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Capacity vs Transmission Radius for various mobility scenarios
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constained. Accordingly, the cumulatve throughputbehaior in this caseis very differentfrom scenarios
involving greedy(FTP) sources.Finally, we investigatehe mannerin which this computedcapacityvaries
with the choiceof a specificad-hocrouting protocol. In principle, it is clearthatdifferentrouting protocols
(e.g.,DSR[21], DSDV [22], AODV [20], etc)resultin theselectiorof differentpaths andwill, consequently
resultin differentvaluesfor the total throughput. Throughour studies,we primarily examinethe sensitivity
of our throughputresultsto variationsin the ad-hocrouting protocol; for example,doesthe optimal value
of thetransmissiomadius(which resultsin peaknetwork capacity)vary appreciablyacrosgifferentrouting
protocols?

A. SimulationParametes

The performancestudiesin this sectionarealsocarriedout usingsimulationsperformedon the ns-2sim-
ulator [4]. While we have experimentedwith a variety of nodedensitiesand layouts,we reportall results
usinga representatie 50 nodead hoc network. The nodesare distributedrandomlyand move aboutin an
areaof 500m x 500m. For our studies,we setthe interferencerangeto be twice the transmissiorrange.
A fixednumberof TCP connectionsarerun for a durationof 500 secondsandthe capacityis calculatedoy
summingthe TCP goodputsover all the connections.Resultsare averagedover a minimum of 10 separate
runs. While TCP Renois usedasthe transportlayer, the datasourceg*“the application”)are chosento be
eitherpersisten{FTP) or intermittent(Telnet). Unlessotherwisespecified resultsare reportedusingDSR
astheadhocrouting protocol. Nodemobility is modeledusingthe RandomWaypointmodel[17], with the
pausetime of all nodessetto 0 in all simulations.

B. Capacitywith Varying NodeMobility

To begin with, we studythe effectsof mobility ontwo differentclasse®f application- persistenandnon-
persistentWhile the persistentraffic (FTP)is greedyandattemptgo inject pacletswheneer permittedoy
TCP’scongestiorwindow, thenon-persistertraffic (Telnet)produce®only sporadidourstsof packets.Hence,
aswill be seenlater, while the effectsof interferenceareclearly visible in the caseof FTRE the MAC-layer
interferencas notsocritical in applicationssuchasTelnet.

Thecapacityof anetwork with 40 FTP connectionsvith differentmobilitieshasbeenplottedin Figurel2.
In Figure 13, we plot capacityversustransmissiomangewith varying mobility for Telnettraffic. The speed
of anodeis uniformly distributedbetweerD m/sanda maximumvalue(showvn in thefigures).

In Figure12, we seethatthe capacityof the network decreasewiith increasingnodespeed.Clearly, the
overheadf routere-establishmengndthefractionof pacletsdroppeddueto routingfailures,increasesvith
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with increasinghodemobility. FurthermoretheoptimaltransmissiomadiusR* (correspondingo maximum
capacity)shiftsto theright (i.e., R* is higher)with anincreasdn the nodespeed.In otherwords,we need
a highertransmissiorrangeto counteracthe high mobility in the network. Note that, asin the caseof a
statictopologyusedin Figure8, the shapeof the capacityversustransmissiorrangeplot is bell-shapedor
mobile networksaswell. Moreover, we obsene thattheincreasan R* with largermobility ratesis notvery
dramatic;accordinglyit appearshatasinglewell-chosernvalueof R* will ensurereasonablyood(although
not necessarilypptimal) network performanceevenif thenodespeedsannotbe predictedprecisely

For Telnettraffic (Figure 13) andfixed nodespeedsthe capacityincreasesvith increasingiransmission
radiustill avalueof R', afterwhich the capacitydoesnot changeappreciablywith R. Sincetelnettraffic
is sporadicin nature,we do not obsene the interferenceeffect visible with FTP. In otherwords,dueto the
lower averagepaclet arrival rate, the network is never MAC-layer constrainedgven at large valuesof R,
therearevery few requestgor concurrenticcesgo the802.11channel While the numberof non-interfering
concurrentransmissionpossiblein the network doesdip with anincreasan R, thetelnetgoodputremains
unaltered.Thisis alsothereasorthatthe network capacitywith Telnetapplicationis significantlylowerthan
thatwith the FTP (persistentsource.Increasingk beyond R’ doesnot resultin ary furtherincreasen the
throughput;the numberof pacletstransferredn a single burstis usuallytoo smallto allow TCP to take
advantageof the smallerloss probability and round-trip delays. Hencefor light non-persistentraffic, the
TCPgoodputdependsolelyonthe connectvity of the network.

C. Varying Numberof TCP Connections

We now studyhow changeso 7' A, thenumberof actve TCP flows, affectsthe overall systemthroughput.
In generalwe canclearlyexpectthe TCPgoodputfor anindividual sessiorto degradewith anincreasen the
offeredload. In essenceanincreasan T A leadsto a potentialincreasen bothp and RT'T, sincethelarger
load leadsto morefrequentbuffer overflov andlarger buffering delays. Accordingly, Equation8 impliesa
dropin the TCPthroughput However, theeffectontheoverall systemcapacityis uncleay sincethisreduction
may or may not be offsetby anincreasen thenumberof distinctflows.

This phenomenoris studiedin Figure 14 wherethe numberof FTP connectionss variedfrom 5 to 2000
in anad hoc network with 50 nodes. Node speedsare uniformly distributedbetween0 m/sandl1 m/s. As
the numberof TCP connectiondgncreasethe network capacityincreasesnitially. However, the capacity
beginsto degradebeyond 750 TCP connectionsn the ad hoc network. It is worth noting thatthe dropin
throughputor valuesof R largerthan R* is moreacutefor largervaluesof T'A. Whenthe network becomes
MA C-constrainecand nodesmust perform exponentialbacloff more frequentlyto accesgshe channelthe



18
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individual nodesareunableto cleartheir paclet buffersat a sufficiently high rate. Accordingly, the buffering
lossesanddelaysarehigherfor highervaluesof T' A, leadingto asharpdropin systenthroughput—iressence,
thesystems now nearetto congestioncollapse Figurel4thusillustratesanimportantpoint: if thenumberof
persistentTCPflowscannotbeaccumatelyestimatedn advanceit is betterto adopta conservativepproac
andset R to a smallervalue If the chosenvalueof R is larger than R*, the networksufers a mud stiffer
penalty

Figure 15 plotstheresultsobtainedby varyingthe numberof TelnetsessionsDueto the rathersporadic
injectionof paclets,theoveralltraffic loadis alwaysratherlow for TelnetsourcesAccordingly, the network
is alwayssouice-constained evenat large valuesof R. Accordingly, the capacityof the network is seento
linearly increasewith anincreasan the numberof TCP sessions As seenearlierin Figure 13, the system

capacitysaturatestacertainvalue R’ of thetransmissiomange.

D. QoS-ComplianCapacity

We have seenthat an unboundedncreasen the numberof persisten{FTP) connectionsan ultimately
leadto a dropin the systemcapacity Figure 14, however, doesnot considerthe associatedssueof QoS;
in particular it doesnot incorporatethe fact that an increasein the numberof sessionstypically leadsto
a decreasén the performancemetricsof an individual session.For a more accuratecharacteristicef the
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maximumpermissibleT CP throughputwe have to limit the maximumnumberof active sessionso ensure
thatthe quality of anindividual sessiordoesnot degradebelon anacceptabléhreshold.

We now attemptto answerthe question- what is the maximumnumberof TCP connectiongand the
resulting QoS-compliantnetwork throughput)that can be sustainedn an ad hoc network with K nodes,
without causinga violation of the QoS metricsof eachindividual connection?As anillustration of possible
QoSconstraintsye consideithemetricof padetlossrateandassumehatthe maximumacceptabléossrate
is fixedat 1%. Metrics otherthanthelossratecanalsobe consideredbut are oftentoo application-specific.
For example,differentapplicationsoften have appreciablydifferentboundson the permissibleend-to-end
delay;morewer, mostTCP applicationsarefairly insensitve to delayvariationsamongindividual paclets.

In Figure 16, we plot the maximaltotal capacity(subjectto the constraintof an upperboundof 1% on
the paclet loss rate) versusthe transmissiorradius R for our 50 node network. We seethat capacityis
maximumwhen R is approximately75 meters. Figure 17 plots the maximumpermissiblenumberof TCP
connectiongsubjectto the 1% lossconstraint)versusRk. We seethatthe maximumacceptableaumberof
TCPconnectionshavs apeakaswell, andbeginsto dropfairly sharplyasR is increasedeyondanoptimal
value. Further we seethat a transmissiorradiusof ~ 75 meterscorrespondso the maximumnumberof
TCP connectionsi.e., ~ 140. Note that Figure 17 corveys moreinformationthanFigure 16: it enableaus
to obtainan upperboundon the numberof simultaneoud CP connectiongfor 1% lossbound)that canbe
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Capacity vs Transmission Radius for various protocols at 1mps
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Fig. 18. Capacitywith DifferentAd Hoc RoutingProtocols(Speed:1 m/s)

Capacity vs Transmission Radius for various protocols at 20mps
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Fig. 19. Capacitywith DifferentAd Hoc RoutingProtocolg(Speed20 m/s)

permittedin a K nodead hoc network. Thesegraphsalsocorvey the appropriatevalueof the transmission
radius R* thatyields maximumsystemcapacityand maximumnumberof TCP connectionslt is therefore
clearthat, evenwith QoS constraintamposedin the network, the total capacityversusR behaior exhibits
thebell-shapedehaior seerearlierin Figure8 andFigure14.

E. AdHoc RoutingProtocols

In this sectionweinvestigatevhethertheshapeof thecapacityversugransmissiomadiuscurweis affected
by a changen the choiceof the ad hocrouting protocol. We alsoexaminewhetherthe optimaltransmission
radius,R*, is appreciablydifferentfor differentad hocroutingprotocols.

Severalearlierstudies(e.g.,[17], [19]) have comparedhe performanceof differentad hocrouting proto-
cols. Thesestudieshave, however, primarily studiedthe variationin throughputandlossratesasa function
of thenodemobility ratesandnetwork density but not asa function of the transmissiomange.Our primary
aimin this sectionis notto performacomparatie studyof therouting protocolswith varying R. Insteadwe
investigatevhetherthe bell-shapedurvesobtainedearlierusingthe DSRrouting protocolhold truefor other
well known ad hoc routing protocolssuchas DSDV [22] and AODV [20]. We compareDSDV, DSR and
AODV in a50-nodenetwork with (i) low nodemobility (Figure18) and(ii) high nodemobility (Figure19).
Both thesegraphscorrespondo FTPtraffic.
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It canbeseerthatfor almostall valuesof thetransmissiomadii, AODV protocolyieldsthelowestcapacity
ascomparedo the DSDV andthe DSR protocols. The differencein capacityof DSR, AODV andDSDV
protocolsis more pronouncedat highermobility andat highertransmissiorranges.However, for our pur
posesit is moreimportantto notethatthe shapeof the capacityversusR curveandthevalueof the optimum
transmissiomange R*, is fairly similar for all threead hocrouting protocols.In otherwords,the resultsof
our capacityanalysisarefairly independenfat leastqualitatively) of the precisechoiceof theadhocrouting
protocol. Sincerouting protocolswill continueto evolve with time, verifying this protocol-independends
essentiato makingour resultsandobsenationsmeaningfulfor futureadhocnetworks.

VIl. CONCLUSION

In this paper we focuson the theoreticalperformanceof TCP traffic over a multi-hop, wirelessnetwork
whereall links sharethesamephysicalchannel.ln contrasto earlierstudieghatlargely focusonthethrough-
put achiezableat the MAC layer, we concentrateon the goodputachiesableat the TCP layer. Our studies
shav thatthe TCP-layerthroughputis a function of the transmissiommange,R, of anindividual node,since
this parametedirectly affectsthe pathlength(in termsof hop count),andimplicitly, thelossrateandround
trip delayof a TCP session.

Our mostimportantcontribution lies in establishinghow the TCP-centriccapacitydiffers from the ideal-
ized MAC-layer capacity The achiezable TCP throughputdependn the tradeof betweentwo mutually
antagonistieffects:

a) thedegreeof spatialreusewhich determineshe numberof permittedconcurrentransmissionsand

b) TCP’sflow control algorithm,which reduceghe paclet transmissiorratein reactionto paclet lossesor
increasesn theroundtrip delay

A smallervalueof R resultsin asmallerinterferenceareaandthusalargervalueof themaximalMAC-layer
throughputHowever, asmallertransmissiomadiusalsoincreaseshelossrateandRTT encounterethy TCP
paclets,bothof whichleadto areductionin TCP’stransmissiomate.In generalthegoodputof anindividual
TCP flow decreaseaseitherO(ﬁ), or asO(+), dependingon the link error rate. The overall network

throughputthus exhibits a bell-shapeccurve with an optimal value R* for R; for R > R*,the network is
MAC-constrainedyhile for R < R*, thenetwork is TCP-constrainedDueto theseconstraintsthemaximal
TCP-layemetwork throughpuiwhenthenumberof sessionss variable)variesbetweerbetweerO (N %) and
O(N?), in contrastto the MAC-layerboundof O(nz) obtainedin earlierstudies.On the otherhand,when
the areaof the network andthe numberof active sessionss fixed, the capacityis a concae function of the
transmissiomange.

We have alsoshovedhow thecommunicatiorenepgy-efficiency is alsostronglydependenbnthetransmis-
sionradiusRk. Whenpacletretransmissionsieededor reliablecommunicationandend-to-endatenciesare
takeninto accountwe seethatit doesnot payto reduceR beyonda certainvalue—aly apparenteduction
in thetransmissiorenepgy of asinglepacletis swampedout by anincreasan the numberof retransmissions
andthe overall communicatioriateng. Our simulationstudiesalsoshow thatthe enegy consumederbyte
is minimizedfor a certaintransmissiomangeR,, thatcanoftenbedistinctfrom R*. Accordingly, thechoice
of a transmissiorrangeR, at leastin the range(R*, R.), essentiallyinvolvesa tradeof betweemetwork
throughputand enegy efficiency

In the secondpart of the paper we studiedthe sensitvity of TCP capacityto variousnetwork parameters
(nodemobility, numberof TCP connections)differentad hoc routing protocolsand differentapplications
(Telnet,FTP).Our resultsshaw the existenceof a sharplydefinedoptimaltransmissiomangeR* in the case
of persisten{FTP)traffic; for Telnettraffic, the systemcapacityincreasesvith increasingR andeventually
saturateat a value R'. Moreover, we have obsened that R* is higher for higher mobility rates—clearlya
larger R helpsto reducethe frequeny of mobility-relatedlink breakagesndthe consequenltoss of data
paclets. By incorporatingthe notion of a minimal acceptabléQoS metric (loss) for an individual session,
we definedandstudiedthe QoS-compliantapacityasa moreaccuratemetric of network performanceOur
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simulationsdemonstratethatthe QoS-compliantapacityis abell-shapedunctionof thetransmissiomange
R andexhibits arapid deceaseif the transmissiomangeexceedsan optimalvalue R*. Accordingly, if the
network load cannotbe estimatedaccuratelyin advance,it is betterto setthetransmissiorrange and power
level of thead hocnodesto a smaller ratherthana larger, value

We expectthatthework in this papemwill yield usefulinsightsinto the performancef multi-hopwireless
networks. In future work, we proposeto study QoS-compliantapacityfor additionalapplicationssuchas
HTTR, eachof which hasits own uniquepaclet arrival patternanddistinctQoSconstraints Our studiesalso
needto beextendedo cover UDP traffic andUDP-basedpplicationswhich oftenhave stringentconstraints
on additionalQoSmetricssuchasdelay jitter andpacletloss. Theresultsin this paperassumehe Random
Waypointmodel. In arecentpaper[16], the authorsexplore the tradeof betweenthe numberof hopsin a
traffic pathandandthe overall bandwidthavailableto individual nodesasthe transmissiorpower is varied.
Theseesultsassumed)DP traffic andamodifiedrandomdirectionmobility model[16]. It will beinteresting
to studythe sensitvity of our TCP-basedtudiesto differentmobility models.
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APPENDIX

In this appendix,we derive the expressionfor the total numberof paclet transmissionsiecessaryor
reliabledelivery of a paclet over an H hop path. The paclet errorratefor eachhopis p andthe maximum
numberof retransmissionatthelink layeris mazx.

Sincereliablelink forwardingfails only whenall maz transmission$ail, the unconditionalprobability of
link paclet transmissiorfailure, which we call ¢, is givenby ¢ = p™**; the correspondingrobability of
reliablelink delivery (potentiallyusingbetween(l, ..., maz) transmissionsjs then1 — ¢. Sincethe total
numberof link transmissionsgiventhatthelink hasreliably forwardedthe paclet, is atruncatedgeometric
distribution with parametep, the conditionalexpectednumberof transmissions],.q, over asinglelink, is
givenby:

max 1 maz *pma:c

Toood = ixptx(1—p) = — i (19)
good ; ( ) 1—p 1 — pmas

Sincelink paclet deliveryfails only afterexactly maz transmissionghe correspondingonditionalnumber
of transmissionggivenforwardingfailureis:

Thea = Max.

Now sinceeachlink fails to forward the paclket independentlywith ¢, the unconditionalprobability of suc-
cessfulend-to-enddelivery (without anothersourceretransmissionjs givenby Ps,.. = (1 — ¢)¥, andthe
unconditionalprobability of unsuccessfutnd-to-endleliveryis givenby

Pfail =1- (1 — q)H (20)

Next, we determinghe expectednumberof total paclet transmissiongover all the links thatattemptedo
transmitapaclet), 7o, giventhattheend-to-endorwarding attemptwasunsuccessfulSinceadownstream
nodeforwardspacletsonly whenall the upstrearmodessuccessfullftransmittedhe paclet, it is easyto see
thatthe conditionalprobability thatfailure occursat thes* link is givenby:

Probg,;(ilend-to-endailure) =
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(1-¢) " *q
Pfail

If failure occursatthe ™ link, the expectednumberof total link-layer transmissiongover all the upstream
nodes)is (i — 1) * Tyooa + Traq. Accordingly, the conditionalmeannumberof total link-layer transmissions
duringlink failureis:

Thei = Toad + Tgooa * (1 — q) * { (21)
L-H+ (-9 +(H-D*(1-9",
gx{1—(1-¢g)"} '

Ontheotherhand,if the paclket hasbeensuccessfullyecevedatthe end-destinationt is clearthatthetotal
expectedransmissiorenegy is

T — H % Tyopd- (22)

good

Sinceeachend-to-endransmissiorattempt(initiated at the transportiayer by the source)is independent
of prior end-to-endretransmissionsthe total numberof end-to-endtransmissiongor reliable delivery is
geometrlcalIydlstrlbutedwnh ameanof -——; henceon average the successfutransmissiorof a paclet

mvolves1 e — 1 failedend-to- enctransmlssmnsfollowed by thefinal successfubne. Accordingly, the
total effectlve numberof distinctpaclettransmissionss

P ai
T =T« 7=p— + Toosd (23)

whereT}ok*, T)ot% and Py, aregivenby equationg22), (22) and(20) respectiely.
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