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Abstract

We studythe performancemetricsassociatedwith TCP-regulatedtraffic in multi-hop,wirelessnetworks thatusea common
physicalchannel(e.g.,IEEE 802.11). In contrastto earlieranalyses,we focussimultaneouslyon two key operatingmetrics–the
energyefficiency andthetransport-layer(TCP)throughput.Usinganalysisandsimulations,weshow how thesemetricsarestrongly
influencedby theradiotransmissionrangeof individualnodes.Dueto tradeoffs betweentheindividualpacket transmissionenergy
andthe likelihoodof retransmissions,the total energy consumptionis a convex function of the numberof hops(andhence,of
thetransmissionrange).On theotherhand,thethroughputof a singleTCPsessiondecreaseswith a decreasein thetransmission
range.The overall achievableTCPthroughputin anad-hocnetwork thusinvolvesa tradeoff betweenthereducedthroughputof
anindividual flow andthegreaterdegreeof spatialreusepossible.As a consequenceof this tradeoff, theoverall network capacity
turnsout to bea concave functionof the transmissionrange.We analyzehow parameterssuchasthenodedensityandtheradio
transmissionrangeaffect the overall network capacityunderdifferent operatingconditions. Our analysisshows that capacity
metricsat theTCPlayerbehave quitedifferently from thecapacityresultspreviously presentedin literature.We thenextendthe
work andexaminethe sensitivity of the TCP-layercapacityto the speedof the nodesandthe numberof TCP connectionsin an
ad hocnetwork. By incorporatingthenotion of a minimal acceptableQoSmetric (loss)for an individual session,we show why
theQoS-compliantcapacityis a moreaccuratemetric for studyingthecapacityof TCPtraffic in anadhocnetwork. Finally, we
studythedependenceof capacityon thesourceapplication(Telnetor FTPtraffic) andon thechoiceof theadhocroutingprotocol
(AODV, DSRor DSDV).

I . INTRODUCTION

Analysesof the transmissioncapacityof multi-hop,ad hoc wirelessnetworks typically relateboundson
the maximalachievablethroughputto spatialreuseconstraintsandMAC-layereffects. In networks where
all nodesusesthe samephysicalchannel(suchasIEEE 802.11[1] basedad hocLANs), the total network
capacityis clearlydependenton thetransmissionrangeof eachnode,sincea packet transmissionby a node
effectively precludesany simultaneoustransmissionsby neighboringnodes(within its interferencerange).
For a similar reason,the maximumachievable throughputis also a function of the nodedensity, which
implicitly determinestheaveragenumberof one-hopneighbors(whoaresubjectto constraintsonconcurrent
transmissions).In recentwork, [2] showed how an increasein � , the total numberof nodes,causesthe

throughputof an individual nodeto degradeas ��� �� �
	���
���� whenthenodesarerandomlydistributed. [3]

studiedthe behavior of the IEEE 802.11MAC layer and showed how the end-to-endthroughputfor an
individual nodedegradesas ��� �� ��� for randomtraffic patterns,andremainsconstantif thesessionsexhibit
appropriatelocalizationproperties.

In this paper,1 we examinehow thecharacteristicsof thetransport-layerprotocol(TCP)affect theachiev-
abletransmissioncapacityof suchad-hocnetworks. Theanalysispresentedin this paperdiffers from prior
work in thefollowing key aspects:�
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(i) In contrastto the useof greedytraffic sourcesusedin earlier studieson the the maximumachievable
capacity, we considerTCPregulatedflows. The two metricscanbevery different,sinceTCPflow control
may prohibit certainpacket transmissions,even if they satisfythe underlyingMAC-layerconstraints.It is
well-known that the achievable throughputof a TCP connectionis a function of both its round-trip time
(RTT) andthepacket lossrate–weshallshow how boththoseparametersareaffectedby theunderlyingradio
transmissionrange.
(ii) Besidesthenetwork capacity(achievablethroughput),wealsoconcentrateon anothermetricof interest:
theenergy efficiency, definedastheaveragetotal transmissionenergy requiredto reliably transmita single
packet (or byte) to its destination.Our metric includestheenergy spentin potentialretransmissionsneeded
to overcomepossibleerrorsin thetraffic path.
(iii) Weexaminehow variationsin themobility ratesimpactthethroughput2 achievedattheTCPlayer. Since
thecumulativeTCPthroughputis alsoa functionof thetraffic load(numberof TCPsessions),we take care
to ensurethattheofferedloadis feasible(in thesensethattheresultingnetwork performancedoesnotviolate
any associatedQuality of Service(QoS)constraints).
(iv) To ascertainthesensitivity of our TCP-centricanalysesandresults,we alsostudythebehavior for two
differenttraffic sources,representingtwo extremesof TCP-basedapplications.We considerbothpersistent
or greedy(e.g.,FTP)traffic, aswell asnon-persistentor intermittent(e.g.,Telnet,HTTP) traffic.
(v) Wealsostudythesensitivity of ourresultsto thechoiceof aspecificad-hocroutingprotocol(AODV, DSR
or DSDV) anddemonstratethat our analyticalconclusionsareessentiallyindependentof protocol-specific
features.

For theanalysisin this paper, weassumethatall nodesareidenticalin thesensethatthey all usethesame
transmissionrange � ; we studythe propertiesof TCP traffic as � is varied. Our focusis on treating � as
a designparameter, andevaluatinghow changesin � affect the overall network performancein different
operatingconditions.Weshallalsostudyhow changesto � , thenumberof ad-hocnodes,affect thenetwork
performancefor differentvaluesof � . We alsoassumethat themaximumcapacityof thephysicalchannel
is independentof the transmissionrange andis denotedby � ; for our studieswith IEEE 802.11LANs, we
haveused��� � Mbps.

We first demonstratehow theenergy-efficiencymetric is a functionof thetransmissionrange.In a variety
of multi-hop wirelessnetworking scenarios,the energy efficiency is indeedthe mostcritical metric, since
it directly affectsthenetwork lifetime. Energy-awareadhocroutingalgorithmstypically choosea paththat
resultsin theminimumtotal transmissionenergy for asinglepacket; [5] showswhy amoreaccurateobjective
shouldbe the minimumtotal effectivetransmissionenergy, which focuseson reliablepacket receptionand
includestheenergy spentin oneor moreretransmissions.

Wethenstudyhow theradiotransmissionrangeaffectstheachievablethroughputof aTCPsessionin such
wirelessnetworks. It is well known that the throughputof a TCPsession(whosecapacityis determinedby
the error rateandnot network buffering constraints)variesas ��� �� �!�#"�� $ � [6], [7] if thepatherror rate % is

smallandas �&� �� �'�(")$ � [8] if % is moderatelyhigh. We studyhow therangeparameter, � , indirectly affects
both % and ��*+* andhence,boundsthe TCP sessionthroughput.Additionally, we alsoconsiderthe TCP
throughputachieved over a chainof nodesusingthe 802.11MAC layer, andobserve how this throughput
variesfrom theidealmaximumpresentedin [3].

Bothstudiesmentionedabovearecomparedwith practicalresultsobtainedviasimulationsperformedusing
IEEE 802.11. We subsequentlyusethe analyticalresultsto derive the total networktransmissioncapacity
with TCPtraffic for suchadhocnetworksandits relationto thenumberof nodes� andthetransmissionrange� . Sincethecapacitydefinition for TCPtraffic is not immediatelyapparent,we definethenetwork’s TCP-
centriccapacityasthe total (cumulative) goodputachievedby all TCPsessions.We considertwo different
scenarios.In thefirst scenario,we assumethatthenumberof TCPsessions,aswell asthenumberof nodes,

Whenreferringto TCPtraffic, we shallusetheterms‘throughput’and‘goodput’ interchangeably–bothreferto thenumberof uniquepackets
communicatedanddo notconsiderretransmittedpackets.
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arefixed. We thenvary the total area - of the wirelessnetwork (implicitly varying the nodedensity)and
thenobservehow thecumulativegoodputvarieswith changesin thetransmissionrangeof individualnodes.
In thesecondscenario,we assumethat thenetwork is dispersedover a fixedarea- andthat thenumberof
TCP sessionsis proportionalto the total numberof network nodes.Our analysisshows, that in contrastto
earlierstudiesbasedon maximallink-layer throughput,thethroughputof theindividual TCPis �&� ���., � and

thetotalnetwork goodputis ���/� �0 � for moderatelink errorrates.Wealsousesimulationstudieswith 802.11-
basedmulti-hop wirelessnetworks to quantitatively explore the validity of our analysis.After establishing
the accuracy of our analysisfor static networks, we extendthe framework to considerthe impactof node
mobility onthetotal transmissioncapacity. Simulation-basedstudiesarealsousedto investigatethebehavior
of network capacitysubjectto reasonableQoS constraintsand to demonstratethat our resultshold for a
varietyof routingprotocolsandapplicationenvironments.

The paperis organizedasfollows. In SectionII we discussthe relatedwork. Transmissionenergy effi-
ciency andtransmissionrangeof nodesarediscussedin detail in SectionIII. We considerthe impactof the
transmissionrangeon the throughputachievedby an idealizedTCP sessionin SectionIV. Having studied
both the energy-efficiency andthe individual TCP sessionbehavior with varying � , we focuson the total
capacityof thead hoc network in SectionV. In SectionVI, we extendthe work to studythe transmission
capacityfor differentlevelsof nodenodemobility andwith varyingnumberof TCPconnections.We argue
why theincorporationof QoSconstraintsis essentialfor determiningausefulTCP-centricnotionof capacity
in anadhocnetwork. We alsostudythedependenceof capacityon thesourceapplication(Telnetor FTP),
and,onthechoiceof theadhocroutingprotocol(AODV, DSRandDSDV). Weconcludein SectionVII with
abrief descriptionof our futurework in this area.

I I . RELATED WORK

It is widely recognizedthat network capacityis a major constraintin the effective deploymentof multi-
hopwirelessnetworks. In networkswherenodesusethe samephysicalchannel,the transmissionrangeof
individual nodesis a key determinantof capacity, sinceit effectively determinestheextent of spatialreuse
possible.Whenseesionend-pointsarechosenatrandomandthetransmissionrangeis fixed,[2] demonstrated

thatthecapacityof eachindividualsessionwoulddegradeas��� �� ��	���
���� with anincreasein � (thenumber

of nodes)andpresentedthedesignof an idealizedMAC which would achieve this bound. [2] alsoshowed
that, even if nodeswereplacedoptimally, the maximumaverageper-sessionthroughputwould degradeas�21 �� �(3 aslong asthesessionend-pointswerechosenat random.[10] consideredthedesignof anoptimal
MAC layerto maximizethetotal utilizationof thesharedchanneloverall thenodesin a multi-hopnetwork.
[3] consideredhow the IEEE 802.11MAC algorithm performedrelative to the boundsenumeratein [2],
andalsoshowed that if the traffic patternsshowed appropriatestochasticlocality (more accurately, if the
probability of the sessiondistancedecayedfasterthan 465!7 ), then the ideal throughputper sessionwould
remaina constant.Thesestudies,however, consideridealizedsourcesthat arecompletelygreedyandare
constrainedpurelyby theMAC layer. In particular, they donotconsidertheuseof TCPtraffic andtheimpact
of transmissionerrorsin thelink layeron themaximallink utilizationby suchTCPsources.

Studieson energy-efficient communicationfor wirelessnetworks typically focuson the routing problem
alone:they areconcernedsolelywith maximizingsomemeasureof thetotal transmissionenergy or minimiz-
ing somefunctionof the batterydrainage.For example,[9] adaptsDijkstra’s minimum costpathselection
algorithmto find minimumtotal energy paths,by settingthelink costto theassociatedtransmissionenergy.
Suchenergy-efficient routingprotocolsassumethat,whenthephysicaldistanceof ahopis smaller, thewire-
lessnodesareableto appropriatelyreducetheir transmissionpower. Similarly, newerroutingalgorithms(e.g,
[11]) replacea long-distancehopwith aseriesof short-distanceones,therebyminimizing thetotalpowerus-
age.Battery-awareroutingprotocols([12], [13]) oftenconsidertheresidualenergy level of thenode’sbattery
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asa metric,andhenceattemptto form routesusingpotentiallyless-drainednodes.Sincemodificationof the
transmissionrange impliesmodificationof thesessionthroughput,such power-consciousroutingalgorithms
implicitly affect the networkcapacity. Currentstudiesdo not however analyzehow the selectionof such
energy-efficient pathsimpactothermetricssuchassessionthroughput.

The performanceof TCP congestionavoidanceundervarying loss ratesandRTT hasbeenextensively
analyzedin literature(e.g. [6], [7], [8]), especiallyfor point-to-pointlinks. For moderateto low lossrates,
theTCPthroughputvariesinverselyasthesquare-rootof thelossprobability. Theinteractionof TCPperfor-
mancewith thecontention-basedMAC schedulingin multi-accessmediais lessclearlyunderstood.

I I I . ENERGY EFFICIENCY AND TRANSMISSION RANGE

We considera scenariowherethe transmitterradiosarecapableof dynamicallyalteringtheir transmis-
sionpower; accordingly, thetransmissionenergy of a nodeis a non-decreasingfunctionof thetransmission
distance.We first focussolely on thepacket transmissioncost,andthenshow how the energy budgetmay
changesubstantiallyif weadditionallyconsiderthecomputingcost.

Thepowerattenuationwith distance4 in wirelessenvironmentsis is usuallyproportionalto 4�8:9<; =� . Under the assumptionof omin-directionalantennas,it follows that the transmissionpower neededto
communicateover a radialdistance� is proportionalto �>8 . Moreover, a transmissionrangeof � implies
a coveragearea(within which concurrenttransmissionsarenot allowed) ?@�A7 . Accordingly, an energy-
efficient transmissionschemewill ensurethat the transmissionenergy over a singlehop(or link), B&�C� � , of
distance� is: B��/� � ?D� 8 (1)

Given the above relationshipbetweenthe transmissionenergy and the total transmissiondistance,it is
easyto seethat the total energy associatedwith a single transmissionevent actuallydecreasesif a hop is
sub-dividedinto multiple smallerones:clearly, if 4 �FE 4 7 �G4 , then 4&8� E 4&87�H 4&8 if K I2� . Energy-
efficientroutingprotocolsthususuallyseekto transmitapacketbetweenasourceJ andadestination4 using
multipleshort-distancehops,asopposedto a smallernumberof long-distancehops.Indeed,minimumtotal-
energy routingalgorithms,suchas[9], resultin the formationof routeswith a largenumberof short-range
hops. This intuition is, however, misleading:the formulationneglectsthe fact that an increasein the hop-
countleadsto anincreasein thepacketerrorrateover theentirepath,andtherebyincreasesthelikelihoodof
retransmissionsandthusdecreasingthesessionthroughput.Accordingly, [5] proposestheuseof theeffective
transmissionenergy (which includestheenergy spentin retransmissions)astheappropriatemetric.

Analysisin [5] shows that, in theabsenceof reliablelink layers(or what is calledtheend-to-endretrans-
missionor EERmodel),theactualeffectiveenergy perreliably transmittedpacketovera KMLON
PQ% path(with
nodesindexedas �SR�TVUVUWUXTYK E R � ) is givenby:

B[Z\Z �]_^/]_`ba ? cedfhg � 4�8fji fhk �l df_g � �mR+Ln% fji f_k � � T (2)

where% fji f_k � indicatesthepacketerrorrateof the o ]_p hop(betweennodeso and o E R ). Ontheotherhand,if the
numberof permittedretransmissionson eachlink is unbounded(hence,eachlink ensuresaccuratedelivery
to thenext hop), the total effective energy perpacket (in thesocalledhop-by-hopor HHR model)is given
by: B dqd �]_^r]_`ma ? ds f_g � 4&8fti f_k �R+Lu% fji f_k � U (3)

Analysisof theexpressionfor theEERmodeshowsthat,evenif all thelinks haveidenticalerrorrates,there
is anoptimalvaluefor thenumberof hopsassociatedwith aspecifictransmissionpath.If thenumberof hops
is smaller, theenergy budgetis dominatedby thelargertransmissionenergiesneededto transmitover larger
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distances;if thenumberof hopsis larger, it is theoverheadassociatedwith retransmissionsthatnegatesthe
energy gainsassociatedwith smallerindividualhops.In contrast,if eachlink is allowedpotentiallyunlimited
numberof retransmissionattempts,thetotal effective transmissionenergy alwaysdecreaseswith increasingK .

A. TransmissionEnergyEfficiencyandTransmissionRange

Beforeproceedingfurther, it is necessaryto extendtheanalysisof effectivetransmissionenergymentioned
above. To applyour insightsquantitatively to technologies,suchasIEEE802.11,weneedto analyzethecase
whereeachlink hasan upperboundon the maximumnumberof retransmissionattempts. This boundis a
practicalnecessityto avoid abnormallylargelatenciesandbuffer overflowsat thelink layer. Weassumethat
eachlink layer is permitteda total of v6w x transmissions;clearly, sucha restrictionresurrectsthepossibility
of end-to-endretransmissionsin thecaseof forwardingfailureat an intermediatelink. Also, for analytical
ease,we assumethat all links have the samepacket error rate % andthe sametransmissionenergy B . We
relegatethecompletemathematicalanalysisto theAppendix,mentioningonly therelevantresultshere.

Result1: If eachlink hasa transmissionpacket error rate % , then the conditionalexpectednumberof
distincttransmissions,giventhesuccessfulforwardingover thelink, is givenby:

*zy ^{^{| � RR}Ln% L v6w�x�~�%(� `S�R}Ln% � `S� T
andtheexpectednumberof distinct transmissions,giventhe failure of the link forwarding processis given
by: *z� `b| ��v6w�x�U

Result2: In caseof anend-to-endfailurein reliablepacketdelivery(oneof the K intermediatelinks failed
to reliably forwardthepacket), thetotal numberof expecteddistincttransmissionsis givenby:* ]_^r]_`ba� `m| � *�� `m| E *zy ^{^{| ~��SR+L�� � ~�� (4)R�L�K�~>�mR+L�� � d 5 � E �/K�L�R � ~>�mR+L�� � d��~��'R+L��SR�L�� � d}� � T
where ����% � `S� . Similarly, if thepacket wasindeedsuccessfullyforwardedto thedestinationnode,thetotal
numberof expecteddistincttransmissionsis:* ]_^r]_`may ^{^{| ��K�~�*zy ^{^{| (5)

By combiningthe above two resultswith the fact that the probability of successfulpacket end-to-end
delivery is givenby �mR+L�� � d (where �>��% � `m� ), wecanfinally derive thefollowing result:

Result3: Thetotal effectivenumberof distinctpacket transmissionsneededfor reliablepacket delivery is
givenby: *���* ]_^/]_`ba� `m| ~ �q� ` f aR+L �q� ` f a E * ]_^/]_`bay ^{^{| T (6)

where ��� ` f a ��R+L��mR+L�� � d .

Since * is really a functionof K�T�% and v6w�x , we representthis resultgenericallyas *��/KeT/%�T�v6w�x � . We
deferthequantitativecomparisonsof ouranalyticalexpressionwith simulationresultsto thenext sub-section
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Fig. 1. EffectiveTransmissionEnergy versusNumberof Hops(TxThresh= 1)

and,instead,focuson theexpectedqualitative behavior. Clearly, in the limited-retransmissioncase,thereis
anoptimalvaluefor K , thenumberof hops: if K becomestoo large, thentheprobabilityof anend-to-end
errorbecomesnon-negligible andtheconsequenteffectsof end-to-endretransmissionsbegin to dominatethe
energy budget. In fact, theapproximatevalueof this optimal valuecanbeobtainedby realizingthat, from
thestandpointof energy consumptionalone,a link with a packet errorrateof % anda transmissionboundofv6w�x is essentiallyequivalentto a link with no retransmissionsbut a link packet error rateof % � `S� . (This is
not completelyaccuratewhenwe considertheeffectson protocolsat higherlayers;for example,link-layer
retransmissionsarelikely to resultin greatervariationin theforwardinglatency andhence,thepossibilityof
spuriousTCP-layertimeouts.)Accordingly, usingthe analysisin [5], the optimal valueof K is, to a good
approximation,givenby 5 �	���
Y� � 5 $Q #¡�¢Y£ .For ageneralizedadhocnetwork, it is now easyto seetheconnectionbetweenthetransmissionradiusand
effectiveenergy. If weassumethattheaveragedistancebetweentheend-pointsof asessionis ¤¥ , thenatrans-
missionrangeof � impliesthattheaveragenumberof hops,K is givenby ¦#§¨��© , or to a goodapproximation
by §¨� . Accordingly, with a link layer boundof v6w x on the numberof retransmissions,equation(6) shows
thattheeffectiveenergy efficiency of theadhocnetwork is givenby (ignoringproportionalityconstants):

B ]_^/]_`ba ��� 8 ~�*�ª ¤¥� T/%�T�v6w�x
« (7)

Clearly, aslongasthedecreasein � in theexpression(7) dominatesover thecorrespondingincreasein *��mU � ,
the energy consumptionper byte decreases.Beyond the optimal value for � , the decreasein the energy
spentin any singletransmissionactivity is negatedby thelarger increasein *¬�SU � . Fromanenergy efficiency
perspective, thereis anoptimal valueto the radiusof acceptablereceptionquality � in anadhocnetwork;
decreasingthetransmissionrangebelow this optimalvaluedoesnot leadto greaterenergy savings.

A.1 Applicability to the802.11Environment

We appliedthis analyticalmodelto the802.11-specificenvironment,usingthe802.11implementationin
thens-2[4] simulator. For our simulations,thedistancebetweenthesourceanddestinationwaskeptat ­�®°¯
meters,while thetransmissionrangewasvariedbetween�/±�¯²TQ­°¯�¯ � meters;K wasthusvariedfrom � to �´³ .
Theenergy associatedwith eachtransmissionwasassumedto be(ignoringproportionalityconstants)given
by B ? �A7 ; the simulationswere run for both uncorrelated(i.e., i.i.d) andcorrelatederror models. For
theresultsplottedhere,we setthe transmissionpower for a distanceof 250metersto 0.03346W, andthen
computedthecorrespondingpower for othertransmissiondistancesby appropriatescaling.

Theeffective transmissionenergy perpacket wascomputedby determiningthetotal transmissionenergy
spentin transferringa 10 MB-sizedfile usinga TCPflow from thesourceto thedestination.Sincethenum-
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ber of packetstransferredreliably by TCP is the samefor all simulations,the total communicationenergy
consumptionis adirectindicatorof thetransmissionenergy efficiency. Thenumberof hopsK wasvariedby
simply insertingthecorrespondingnumberof intermediatenodesbetweenthe sourceanddestination.The
total energy consumptionis clearlya functionof themaximumnumberof retransmissionssupportedat each
link (theTxThreshparameterin ns-2).Wepresentresultsherefor TxThreshequalto 1 and4; thecorrespond-
ing valueof v6w�x (seeEquation(7)) wasthus � and ® respectively. We simulatethe energy efficiency for
TCPfile transferusingtwo standardmodelsfor the link error: a) the two-stateMarkov-modulatedchannel
modelwith correlatederrorsandb) theindependentidenticallydistributed(i.i.d) modelwith independentand
identicallydistributedbit errorrates.

Figure1 plots the simulatedtotal transmissionenergy consumption,underthe i.i.d model,as K varies
between2 and 23 for two different valuesof % , ¯#UtR and ¯²U·� , and TxThreshequal to 1. The figure also
includestheenergy efficiency values(with appropriatescaling)predictedby Equation(7). We canseethat
thetheoreticalmodel,while anaccuratereflectorof theoveralltrend,underestimatestheenergy consumption,
especiallyfor larger valuesof K . This is to be expected,sinceour analyticalformulationdoesnot include
theenergy spentin the802.11signaling(suchasRTS/CTS/ACK packets),aswell astheenergy wastagein
potentialMAC layercollisions(whichcanbeexpectedto occurmoreoftenfor highervaluesof K ). It is easy
to seethat,whenthe link layerpermitsonly oneretransmission,theoptimalvalueof K (from simulations)
is larger than �°± for %¸�¹¯#UtR ; evenwhentheerror rateis fairly large(%¸�¹¯#Uº� ), theoptimalnumberof hops
is approximately15. Thenumberof TCP level retransmissionsfor the two caseshave alsobeenplottedin
Figure2; asexpected,thenumberof source-initiatedretransmissionsneededincreaseswith increasingK .

To further studythe impactof link-layer retransmissions,we alsostudiedthe total energy consumption
with TxThreshequalto 4 andthreelink errorrates:
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a) The two-stateMarkov modelwheretheaveragesojourntimesin theGoodandBadstateswere1.0 and
0.3msrespectively.
b) The two-stateMarkov modelwheretheaveragesojourntimesin theGoodandBadstatewereidentical
andequalto 1.0ms.
c) Thei.i.d modelwith % setto ¯#U·® (a veryhighvalue).
Figure3 plots thesesimulationresultsfor the total transmissionenergy with TxThresh � ³ ; it is again
seenthatunderall theseoperatingconditions,the transmissionenergy consumptiondecreasesaslong as K
is increasedoverany realisticrange.

B. Total EnergyEfficiency

The discussionandresultsof the previous sectionshow that a larger numberof hops,or equivalently a
smaller transmissionrange,typically always increasesthe energy efficiency. This argumentis, however,
misleading,sincethis formulationignoresthecomputingenergy– any nodeengagedin packet transmissions
alsoexpendsambientenergy in additionto thatconsumedby theradio interface.In particular, we shall see
in thenext sectionthatanincreasein K typically leadsto a correspondingdropin theTCPgoodput,evenif
thephysicaldistancebetweenthesourceanddestinationnodesis unchanged.Hence,while thetransmission
energy efficiency may indeedincreasewith K , the resultantloss in throughputimplies that the transferof
a fixed numberof byteswill take a longer time. Sincethe total computingenergy canbe assumedto be
proportionalto thetotal activity duration,it shouldbeclearthatthiscostwill only increasewith K .3

To formally explore this concept,we repeatedtheenergy-relatedsimulations,takingcareto measurethe
total time takenby TCPto reliably transfertheentire10MB file. If we thenassumethen � ` is theambientor
standbypowerspentby eachnodeduringthelifetime of thesession,thecomputingenergy expenditureover
all the K nodesis equalto � ` ~�K»~ simulationduration. Accordingly, thetotal energy consumptionis now
givenby: B ]_^r]_`ma �:B��½¼S¾´w'¿ÁÀVvÂo�ÀÃÀVo{PÃ¿ � E K�~ � ` ~ simulationdurationU

Figure4 plots thevariationin this total energy with changingK for the experimentsusingthe two-state
errormodelwith GoodandBadsojourntimesof 1.0msecand0.3msecrespectively (TxThresh=4).Similarly,
Figure5 plots the total energy consumptionversusthe numberof hopsfor the two-stateerror modelwith.

To keeptheanalyticalframework simple,we have ignoredtheenergy spentby nodesin packet reception,althoughearlierstudies[14] have
documentedthat packet receptionin currentwirelesscardsis almostas expensive as actualpacket transmission.For one thing, the packet
receptionenergy is really dependenton thereceiver hardwareimplementationandcanbeexpectedto reduceasmoreefficient receiver circuits
aredesignedin thefuture. Moreover, includingthereceptionenergy doesnot alterour qualitative conclusions,sinceit really servesto increase
theenergy costassociatedwith anincreasein thenumberof hops Ä . Theinclusionof thecomputingenergy is itself adequatefor illustratingthe
point thata significantpieceof theenergy budgetactuallyincreaseswith increasingÄ .
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GoodandBadsojourntimesof 1.0msecand0.3msecrespectively (TxThresh= 1), andthei.i.d errormodel
with %Â��¯#UtR (TxThresh= 1). Theseresultscorrespondto achoiceof � ` ��¯²Uº¯�¯´³ W.

It is easyto seethat, whenthe total energy is considered,the energy consumptionis minimizedfor re-
alistically small valuesof K . For example,if we consideronly the transmissionenergy, the optimal value
of K wascertainlygreaterthan23 for the i.i.d channelwith an error rateof 0.1. However, whenthe total
energy consumptionis considered,it is clearthatincreasingthenumberof hopsbeyond Å�RV¯�LÆRÇ� hopswill
prove to bedisadvantageous.(In our simulatedenvironment,anoptimalhopcountof RÃ� correspondsto an
optimal transmissionrange,��È , of ÅMÉ ® meters.)Our studiesthusclearlyshow thatany adjustmentsto the
transmissionrangeto improve the network capacity(which we shall defineappropriatelyin the sectionV)
mustalsoconsiderthepotentialeffect on theenergy efficiency of theresultingnetwork. If the transmission
rangeis decreasedbeyondanoptimalvalue ��È suchthat theaveragenumberof hopstraversedby a session
increasesbeyond Å RÇ¯�LGRÃ® , thenany increasein network capacitycomesonly at the expenseof higher
energy consumption.

IV. MAXIMUM THROUGHPUT OF A SINGLE TCP SESSION

After analyzingtheenergy-relatedmetricsof anadhocnetwork, wenow considertheimpactof thetrans-
missionrangeonthethroughputachievedby anidealizedTCPsession.In thissection,weassumetheabsence
of any cross-traffic from othersessions;thepathfor thesessionof interestis thussimplyanode-chain.Anal-
ysisin [3] showedthat,for suchachaintopology(wherethenodescouldinterferewith theironeandtwo-hop
neighbors),themaximumideal capacityis Ê Ë ; with 802.11MAC-basedscheduling,themaximumobtained
throughputis usuallyaround Ê Ì . To achievesuchanidealthroughput,theMAC layermustbetheonly bottle-
neck;in contrastto theseanalyses,weconsiderapersistentflow subjectto thedynamicsof TCPflow control.
The throughputof a persistentTCP flow dependson the rangeof the magnitudeof the error ratesandthe
buffer capacityavailableat intermediatenodes.

If theTCPlossesoccurprimarily dueto link errors,andif buffer overflow is a fairly rareevent,thenthe
throughputof aTCPconnectionasafunctionof % and ��*+* is givenby thewell-known square-rootformula:Í �/��*+*+Tr% � Å�Î ~}ÏDJÐJ¸~ÒÑ��*+*�~ � % T (8)

where ��*+* equalstheround-tripdelay, % equalstheeffective errorrate, ÏDJÐJ indicatesthepacket size(in
bytes)andwhereÎ is animplementation-specificconstant.(For example,Î is Å � � for TCPwithoutdelayed
acknowledgmentsand ÅMR with delayedacknowledgments.)Theaboveequationholdsaslong as % doesnot
becomemuchlargerthan Å�RÃ®ÓL6�°¯ Ô for mostTCPversions;largervaluesof % leadto undesirabletransients
suchasretransmissiontimeoutsanda sharperdropin theTCPthroughput.



10

On theotherhand,if TCPlossesoccurprimarily dueto buffer overflows, thedynamicsof theconnection
becomesmuchharderto analyzein thepresenceof multiplehops.In suchasituation,the ��*�* is dominated
by thevariousqueuingdelays;however, in general,thethroughputof theTCPflow decreaseswith anincrease
in theRTT.

For practicaladhoctopologies,thepropagationdelaysareusuallysmall–consequently, the ��*+* is dom-
inatedby the queuingand transmissiondelays. Assumingthat nodesarehomogeneous,the ��*+* is thus
directly proportionalto K , thenumberof hops,sinceeachadditionalhop introducesqueuingandtransmis-
sion delays. If the error probability of eachlink is a constant% , the end-to-enderror probability is given
exactly by R�L��mR�LO% � d ; if K�~Õ% H�H R , theend-to-endpacket errorrateis thenapproximatelyK�~Õ% . Ac-
cordingly, for adhocnetworksoperatingunderrelatively smallend-to-endpacket error rates(say, lessthanÅ�RÇ¯ Ô ), themaximalthroughputof a TCPconnectionshouldbehaveasthefollowing functionof K :Í ? RK�~ � K ? RK . , U (9)

However, if theerror ratesareso low that theTCPflow almostnever halvesits window in responseto a
link loss,it shouldbeclearthatthethroughputbecomesindependentof thelink errorprobabilities.In sucha
case,since ��*+*�?DK , theTCPthroughputwill varyas:Í ? RK (10)

For a fixedmeandistance ¤¥ (in absoluteunits)betweentheend-pointsof anadhocsession,theaverage
numberof hops,K , asafunctionof thetransmissionrange� is givenby KÖ�×§¨� . Accordingly, themaximum

throughputof a persistentTCPflow will vary ?Ø� ., if theflow is link-losscontrolled,and ?Ù� if theflow
is buffer-losscontrolled. Of course,theabove equationshold goodonly when Í is lessthanthe theoretical
goodputof thechaintopology. For example,in a linear topologywith idealMAC schedulingandinterfer-
enceradiusequalto the acceptablereceptionradius,the dynamicsof TCP flow control act asthe primary
flow capacityconstraintaslongas Í�Ú Ê Û . If theinequalitydoesnothold, thenthesessionthroughputis con-
strained,not by TCPdynamics,but by theinterferenceat theMAC layer amongsimultaneoustransmissions
by neighboringnodes.

A. Applicability to the802.11Environment

To studythevariationof TCPsessionthroughputwith thenumberof hopsin the802.11environment,we
performedsimulationswith our chaintopology. As before,thedistancebetweenthesessionend-pointswas
keptconstant–thenumberof intermediatehopswasvariedby varyingthetransmissionrange.Moreover, we
plotted ÜtÝ�Þ\� Í � againstÜtÝ�Þ\�CK � ; in this case,the slopeof the resultantcurve determinesthe exponentin the
relationshipbetweenÍ and K .

Figure 6 plots the TCP throughput(in termsof packets/secfor an MSS of 512 bytes)against K on a
logarithmicscalewhenthe link error rateis very small (0.001)andTxThresh=1;in this case,the resultant
end-to-endlossrateis negligible andTCP is primarily buffer controlled. The slopeof the curve is ÅßL[R ,
indicatingfairly goodagreementwith our analysis.On the otherhand,Figure7 plots the TCP throughput
(againin unitsof packet/secfor 512bytepackets)againstK for %¸�¹¯#UàR andTxThresh=1.In this case,the
resultanterror rate is moderatelyhigh; the slopeof the curve is around L�R�Uº­ in this case,which indicates
fairly closeagreementwith our theoreticalanalysis.

The resultson the TCP throughputin suchmulti-hop networksareimportantfrom the capacityanalysis
standpoint.Theresultsshow that for TCP-controlledtraffic, decreasingthe transmissionrangeactuallype-
nalizesthemaximumsessionthroughput,sincetheconsequentincreasein thenumberof hopsincreasesboth
the ��*+* and the end-to-endloss rate. As we shall seein the next section,this phenomenonimpactsthe
amountof TCPtraffic thatsuchamulti-hop,wirelessnetwork maybeexpectedto carry.
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V. TCP-BASED AD-HOC NETWORK CAPACITY

Having studiedboth the energy-efficiency andthe individual TCP sessionbehavior with varying � , we
now focuson the total capacityof theadhocnetwork. Most literaturedefinesthenetwork capacity��wV% as
thetotal “one-hopthroughput”or the“bit-distanceproduct”–fundamentallyspeaking,this is aweightedsum
of all thesessionthroughputs,with theweightof eachsessionequalto thedistance(or thenumberof hops)
overwhich it passes.

Fromatheoreticalperspective,if thetransmission(andinterference)rangeof theadhocnodesare � , then
a nodetransmittingpacketsat the channelcapacity � effectively prohibitsany transmissionactivity for all
nodeswithin the coveragearea,which is ?â�A7 . Accordingly, if the areaof the ad hoc network is - , and
thetransmissionandinterferenceradii areboth � , themaximalideal (MAC-constrained)capacityof thead
hoc network is Ê "{ãä "�� , . In a moregenericcontext, wherereceptionandinterferenceradii arenot necessarily
identical,themaximalnetwork capacity��wÇ% is ? ã� , . In general,we would thusexpectthemaximalideal
throughputto increasequadraticallywith a reductionin thetransmissionradius.

Sincea greedyTCPflow (where åQæ�¿Áç is theonly constraintfor packet generationat thetransportlayer)
cannotavail of themaximalcapacity, theconceptof maximalTCPthroughputandnetwork capacitybecomes
trickier. It is also apparentthat attemptingto attain Å RÇ¯�¯�Ô link utilization by pumpingup the number
of parallelTCP sessionsis alsonot feasible,especiallyin wirelessnetworks wherethe buffer capacityon
individual nodesis fairly limited. We thusstudy the expectedthroughputbehavior for two different, but
interesting,operationalscenarios.
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A. TheFixedSession,Variable AreaFramework

In the fixed session,variableareaframework, the numberof simultaneousTCP sessionsand the total
numberof network nodesis assumedto bea constant.We studychangesto thetotal TCPthroughputwhen
the areaof the ad-hocnetwork (or equivalently, the nodedensity)is varied. We recall from the previous
sectionon capacityof a singleTCPsessionthatfor a fixedmeandistance¤¥ betweentheend-pointsof anad
hocsession,theaveragenumberof hops, K , asa functionof the transmissionrange� is givenby K×� §¨� .
Fromthe standpointof the MAC layer, thenumberof permissibleconcurrenttransmissionsdecreaseswith
increasingrange� ; on anaverage, ��wV%Â? -� 7 (11)

Now, for a fixed numberof TCP sessions,the total throughputis proportionalto the throughputof an
individualTCPsession(aslongastheMAC layerboundsarenotviolated),i.e.,

��wV%Â? R1 §¨� 3 . , (12)

If � is verysmall,theaveragedegreeof connectivity of thegraphis fairly small.Theresultantsub-optimal
pathsimply thateachpackethasto travel alargenumberof hops( K ) to reachto thedestination.Accordingly,
theTCPsessionthroughputdecreaseswith decreasing� , if � is below a certainvalue. Thereforethesum
of the throughputs(over the fixed numberof sessions)becomessmaller. On the otherhand,if � is larger
thana certainvalue,thenthe resultantMAC-layerchannelinterferenceandcollisionslimit the capacityof
theTCPsessions.In this rangeof � , theTCPsessionsarepreventedfrom betterexploiting thenetwork by
the larger delayscauseddueto collisionsandbackoffs at the MAC layer. We canthusexpectan optimal
valueof � , denotedby � " . To valuesof � larger than � " , thenetworkis MAC-layerconstrained,with the
channelinterferencedominatingthethroughput;to theleft of thisvalue(smaller � ), thenetworkis TCP-layer
constrained(Equation12),with theTCPsessionsunableto pumpenoughpacketsinto thenetwork.

Accordingly, it follows that for � smallerthanthis optimal value,the network capacitywill degradein
proportionto theTCPthroughputdegradation( ?¹� ., from Equation9), if % lies within a sensibleoperating
range.To theright of this optimalvalue,theresultantthroughputis determinedby thecompetingeffectsof
higherTCP-layerthroughput(lower lossratesdueto smaller K ) andgreaterMAC contention.Thus,from
Equation12 andEquation11, we would expect the ‘capacity’ in this rangeto vary as the productof two
conflictingcomponents: �[wV%&? -� 7 R1 §¨� 3 . , ?D�eè �, U (13)

Figure8, Figure9 andFigure10 show resultsfor capacityas transmissionrange � is varied. In these
simulations,50 nodeswererandomlydistributed in a squaregrid area. 25 TCP connectionswerechosen
randomlyandevery nodewaseithera TCPsourceor a TCPdestination,but not both. All our simulations
with randomtopologiesuseDSRfor computingthesessionpaths;in theabsenceof mobility, thechoiceof
paths(andconsequentnetwork performance)is expectedto beindependentof thechoiceof aspecificadhoc
routingprotocol.

In Figure8 we plot the capacityversus� for an error-free channelmodelanda squaregrid of 500m é
500m.Weseethattheoptimalvalueof � (from a capacitystandpoint)is ÅD± ®�L�³ ¯ meters.

In Figure9, we have plotted TCP goodputversusthe transmissionrangefor variouslink Packet Error
Rates(PER)(for aconstant500m é 500mgrid) undertheIID errormodel.WeseethatasPERincreases,the
TCP goodputdecreasesandthe the optimal transmissionrange(i.e., the rangecorrespondingto maximum
TCPgoodput)increases.This canbeexplainedby observingthata largerpacket error rateimpliesa faster
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degradationin TCP throughputwith the numberof hopsin a path. Thus,a valueof � that is optimal for
smaller% will prove sub-optimalfor larger % . As � is increased,theaveragevalueof K , andhenceKÖ~Ð% ,
theend-to-enderrorrate,decreasesleadingto moreaggressivebehavior. Of course,theresultantincreasein
thevalueof � " cannotbevery large,sincea larger � alsoimpliesgreaterdelaysandinterferenceat theMAC
layer.

It is alsointerestingto seewhathappensif thetotal area- of thewireless,multi-hopnetwork is increased
withoutvaryingthetotalnumberof nodes� or thetransmissionrange� . If ë is thenodedensity, thenclearly-ì� � í

. Further, for networkswherethesourceanddestinationarechosenat random,theaveragedistance

of a session,¤¥ is clearly ?D- �, . If the transmissionradius � is chosento begreaterthantheoptimalvalue,
thenEquation13 showsthatthetotal ‘TCP capacity’is givenby:

��wV%Â? � �0� �, ë �0 (14)

Thus,in thefixedsession,variableareaandconstantrangeframework,thecapacityof thesystemis inverse
in proportionto ë �0 , or proportionalto - �0 . In networkswheretheradiorangescannotbeadjusted,onemust
thusguardagainstpackingtoomany nodesinto toosmallanarea.

In Figure 10, we plot the systemcapacityversusthe transmissionrangefor varying nodedensitiesby
changingthe area(300mé 300m, 500mé 500m, 700mé 700m). The simulation is donefor an error-free
channel(i.e,PER= 0). It is seenfrom theplot thatfor afixedtransmissionrange,thecapacitydecreaseswith
anincreasein thedensity.
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B. TheVariable Sessions,FixedAreaFramework

In contrastto theassumptionsof theprevioussection,now consideranoperationalmodewherethecov-
eragearea, - , of the ad hoc network is fixed. Further, the numberof simultaneouslyactive TCP sessions
in the network, denotedby *�- , is directly proportionalto � , the total numberof ad hoc nodes. Thus.
mathematically *�-��ïî�~�¿qT (15)

whereî indicatestheprobabilitythatany givennodeis engagedin aTCP-basedtransferat any instant.
This formulationis ausefulmodelfor understandingnetwork dynamicsundercertainverypracticalsitua-

tions.Consider, for example,theproblemof coveringageographicareawith acertainnumberof sensor(say
thermalsensor)nodes.Eachnodeis autonomouslyprogrammedto periodicallyactivateitself, monitor the
temperatureandcommunicateit to a centralauthority. Thus,if the communicationprocesshappensfor RÃ®
minuteseveryhour, wehaveamodelwherethenumberof activesessionsis �Ë ]_p of thetotal numberof nodes� . Thenetwork designerwould clearlybeinterestedin evaluatinghow his choiceof thenodaldensity(how
closelyto placethewirelessnodes),denotedby ë , affectstheachievablenetwork capacity.

To studythedependenceof total capacityon ë , we make the fundamentalassumptionthata larger ë leads
to a smallertransmissionrange� . In well-designednetworks,thechoiceof � is actuallybasedon theneed
to keeptheaveragedegreeof eachnode,definedasthenumberof one-hopneighbors,moderatelyhigh; in
fact,classicalresults[15] statethattheoptimalnumberof one-hopneighborsis ÅDÉ . As ë increases,anodeis
ableto find one-hopneighborswithin a smallerradialdistance,andconsequently, canlower its transmission
radius.

Then,sinceeachTCPsession,by our previoussection,has Í ? either 1 � §¨ 3 . , (for moderatevaluesof % ) or? 1 � §¨ 3 (for low valuesof % ), it follows thatthetotal capacityutilized by theadhocnetwork is then:

�[wV% ? î<~Òë�~Ò-ð~ � � ¤¥ � . , for moderate%? î<~Òë�~Ò-ð~�� � ¤¥ � for very low % (16)

We considera fixedarea- andprogressively increaseadhocnodedensity ë . Sincethetransmissionradius
neededto maintaina constantnodaldegreedecreasesasthesquare-rootof thenumberof nodes,it is easyto
seethatnodedensityandthetransmissionradiusarerelatedas�D? R� ë
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By substitutingthis into equation(16),wefinally getthe‘capacity’ of theTCP-basedadhocnetwork as

��wÇ%&? î�~�ë[~�-ë .0 ~�¤¥ ��ò ó ? î�~�-ð~Òë �0¤¥ . , T (17)

or, ��wÇ%&? î�~�ë[~�-ë �, ~�¤¥Õô ò ó ? î�~�-ð~Òë �,¤¥ �, T (18)

whereEquation17 holdsfor moderatelylow valuesof link error rates,andEquation18 holdsfor very low
valuesof link errorrates.

To illustratethevalidity of our conclusions,we ransimulationswheretheareawaskeptconstantandthe
numberof nodeswasprogressively increased.Figure11 plots theTCPthroughputagainstthe logarithmof
the nodedensity, for an operatingenvironmentwherethe link packet error rate(i.i.d.) wasonly ¯#Uõ¯�¯#R and
TxThresh=1.Theslopeof thegraphin this caseis Åö¯#UõÉ , showing theapplicability of Equation18 to this
case(sincetheeffectiveend-to-enderrorratewasvery low).

It is interestingto contrasttheseresultswith thoseon the idealizedlink capacityin [3], which showed
that,undersimilar operatingconditions,theidealizedlink-layer network capacitywould increaseas �&� � ë � .
Clearly, theburstynatureof TCPtraffic (whichpreventsusfrom indiscriminatelyincreasingthetotalnumber
of sessions),andthedependenceof TCPsessionthroughputonthelink errorratecanpreventTCP-baseddata
traffic from achieving this idealvalue.

VI. SENSITIVITY OF CAPACITY TO NETWORK PARAMETERS, ROUTING PROTOCOLS AND

APPLICATIONS

Theprevioussectionsof thepaperdealtwith energy efficiency andtransport-layerthroughputin a static,
multi-hop network with � nodes.We hadalsoassumeda greedymodel(FTP transferringa large file) for
sourcetraffic, with TCP’s congestionwindow actingastheonly constrainton the injectionof new packets
into thenetwork. In thissection,wefirstly studytheTCP-centrictransmissioncapacityin adhocnetworksfor
differentratesof nodemobility andfor varyingnumberof TCPconnections.Studyingthecumulativenetwork
throughputasa function of solely the numberof TCP flows canbe misleading;while the total throughput
mayincrease,individualflows mayseeanunacceptabledegradationin theirquality of service.Accordingly,
we incorporateboundsonthemaximumacceptablelossratein ourcomputationonthemaximumachievable
cumulative TCPthroughput.We thenstudythedependenceof capacityon thesourceapplication(Telnetor
FTP traffic). As we shall see,applications,suchasTelnet,with very intermittenttraffic, result in very low
offeredloads.In suchenvironments,thenetwork is almostneverMAC-layerconstrained,but is largelysource
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constrained. Accordingly, the cumulative throughputbehavior in this caseis very differentfrom scenarios
involving greedy(FTP)sources.Finally, we investigatethemannerin which this computedcapacityvaries
with thechoiceof a specificad-hocroutingprotocol. In principle, it is clearthatdifferentroutingprotocols
(e.g.,DSR[21], DSDV [22], AODV [20], etc)resultin theselectionof differentpaths,andwill, consequently,
resultin differentvaluesfor thetotal throughput.Throughour studies,we primarily examinethesensitivity
of our throughputresultsto variationsin the ad-hocrouting protocol; for example,doesthe optimal value
of thetransmissionradius(which resultsin peaknetwork capacity)vary appreciablyacrossdifferentrouting
protocols?

A. SimulationParameters

Theperformancestudiesin this sectionarealsocarriedout usingsimulationsperformedon thens-2sim-
ulator [4]. While we have experimentedwith a variety of nodedensitiesandlayouts,we reportall results
usinga representative 50 nodead hoc network. The nodesaredistributedrandomlyandmove aboutin an
areaof 500 m é 500m. For our studies,we setthe interferencerangeto be twice the transmissionrange.
A fixednumberof TCPconnectionsarerun for a durationof 500secondsandthecapacityis calculatedby
summingtheTCPgoodputsover all theconnections.Resultsareaveragedover a minimum of 10 separate
runs. While TCP Renois usedasthe transportlayer, the datasources(“the application”)arechosento be
eitherpersistent(FTP) or intermittent(Telnet). Unlessotherwisespecified,resultsarereportedusingDSR
astheadhocroutingprotocol.Nodemobility is modeledusingtheRandomWaypointmodel[17], with the
pausetimeof all nodessetto 0 in all simulations.

B. Capacitywith VaryingNodeMobility

To begin with, westudytheeffectsof mobility on two differentclassesof application– persistentandnon-
persistent.While thepersistenttraffic (FTP) is greedyandattemptsto inject packetswhenever permittedby
TCP’scongestionwindow, thenon-persistenttraffic (Telnet)producesonly sporadicburstsof packets.Hence,
aswill beseenlater, while theeffectsof interferenceareclearlyvisible in thecaseof FTP, theMAC-layer
interferenceis not socritical in applicationssuchasTelnet.

Thecapacityof anetwork with 40FTPconnectionswith differentmobilitieshasbeenplottedin Figure12.
In Figure13, we plot capacityversustransmissionrangewith varyingmobility for Telnettraffic. Thespeed
of anodeis uniformly distributedbetween0 m/sandamaximumvalue(shown in thefigures).

In Figure12, we seethat thecapacityof thenetwork decreaseswith increasingnodespeed.Clearly, the
overheadof routere-establishment,andthefractionof packetsdroppeddueto routingfailures,increaseswith
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with increasingnodemobility. Furthermore,theoptimaltransmissionradius� " (correspondingto maximum
capacity)shifts to theright (i.e., � " is higher)with an increasein thenodespeed.In otherwords,we need
a higher transmissionrangeto counteractthe high mobility in the network. Note that, as in the caseof a
statictopologyusedin Figure8, theshapeof thecapacityversustransmissionrangeplot is bell-shapedfor
mobilenetworksaswell. Moreover, we observe thattheincreasein � " with largermobility ratesis not very
dramatic;accordingly, it appearsthatasinglewell-chosenvalueof � " will ensurereasonablygood(although
notnecessarilyoptimal)network performance,evenif thenodespeedscannotbepredictedprecisely.

For Telnettraffic (Figure13) andfixed nodespeeds,the capacityincreaseswith increasingtransmission
radiustill a valueof ��ø , after which the capacitydoesnot changeappreciablywith � . Sincetelnet traffic
is sporadicin nature,we do not observe the interferenceeffect visible with FTP. In otherwords,dueto the
lower averagepacket arrival rate, the network is never MAC-layerconstrained;even at large valuesof � ,
therearevery few requestsfor concurrentaccessto the802.11channel.While thenumberof non-interfering
concurrenttransmissionspossiblein thenetwork doesdip with anincreasein � , thetelnetgoodputremains
unaltered.This is alsothereasonthatthenetwork capacitywith Telnetapplicationis significantlylower than
thatwith theFTP(persistent)source.Increasing� beyond ��ø doesnot resultin any further increasein the
throughput;the numberof packets transferredin a singleburst is usually too small to allow TCP to take
advantageof the smallerlossprobability andround-tripdelays. Hencefor light non-persistenttraffic, the
TCPgoodputdependssolelyon theconnectivity of thenetwork.

C. VaryingNumberof TCPConnections

Wenow studyhow changesto *�- , thenumberof activeTCPflows,affectstheoverallsystemthroughput.
In general,wecanclearlyexpecttheTCPgoodputfor anindividualsessionto degradewith anincreasein the
offeredload. In essence,anincreasein *�- leadsto a potentialincreasein both % and ��*+* , sincethelarger
load leadsto morefrequentbuffer overflow andlargerbuffering delays.Accordingly, Equation8 impliesa
dropin theTCPthroughput.However, theeffectontheoverallsystemcapacityis unclear, sincethisreduction
mayor maynotbeoffsetby anincreasein thenumberof distinctflows.

This phenomenonis studiedin Figure14 wherethenumberof FTPconnectionsis variedfrom 5 to 2000
in an ad hoc network with 50 nodes.Nodespeedsareuniformly distributedbetween0 m/s and1 m/s. As
the numberof TCP connectionsincrease,the network capacityincreasesinitially. However, the capacity
begins to degradebeyond 750 TCP connectionsin the ad hoc network. It is worth noting that the drop in
throughputfor valuesof � largerthan � " is moreacutefor largervaluesof *�- . Whenthenetwork becomes
MAC-constrainedandnodesmustperformexponentialbackoff morefrequentlyto accessthe channel,the
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individualnodesareunableto cleartheirpacket buffersatasufficiently high rate.Accordingly, thebuffering
lossesanddelaysarehigherfor highervaluesof *�- , leadingto asharpdropin systemthroughput–inessence,
thesystemis now nearerto congestioncollapse. Figure14thusillustratesanimportantpoint: if thenumberof
persistentTCPflowscannotbeaccuratelyestimatedin advance, it is betterto adopta conservativeapproach
andset � to a smallervalue. If thechosenvalueof � is larger than � " , thenetworksuffers a much stiffer
penalty.

Figure15 plots theresultsobtainedby varyingthenumberof Telnetsessions.Dueto therathersporadic
injectionof packets,theoverall traffic loadis alwaysratherlow for Telnetsources.Accordingly, thenetwork
is alwayssource-constrained, evenat largevaluesof � . Accordingly, thecapacityof thenetwork is seento
linearly increasewith an increasein thenumberof TCPsessions.As seenearlierin Figure13, thesystem
capacitysaturatesatacertainvalue ��ø of thetransmissionrange.

D. QoS-CompliantCapacity

We have seenthat an unboundedincreasein the numberof persistent(FTP) connectionscanultimately
leadto a drop in the systemcapacity. Figure14, however, doesnot considerthe associatedissueof QoS;
in particular, it doesnot incorporatethe fact that an increasein the numberof sessions,typically leadsto
a decreasein the performancemetricsof an individual session.For a moreaccuratecharacteristicsof the
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maximumpermissibleTCPthroughput,we have to limit themaximumnumberof active sessionsto ensure
thatthequality of anindividualsessiondoesnot degradebelow anacceptablethreshold.

We now attemptto answerthe question- what is the maximumnumberof TCP connections(and the
resultingQoS-compliantnetwork throughput)that can be sustainedin an ad hoc network with ; nodes,
without causinga violation of theQoSmetricsof eachindividual connection?As anillustrationof possible
QoSconstraints,weconsiderthemetricof packet lossrateandassumethatthemaximumacceptablelossrate
is fixedat 1%. Metricsotherthanthelossratecanalsobeconsidered,but areoftentoo application-specific.
For example,differentapplicationsoften have appreciablydifferentboundson the permissibleend-to-end
delay;moreover, mostTCPapplicationsarefairly insensitiveto delayvariationsamongindividualpackets.

In Figure16, we plot the maximal total capacity(subjectto the constraintof an upperboundof 1% on
the packet loss rate) versusthe transmissionradius � for our 50 nodenetwork. We seethat capacityis
maximumwhen � is approximately75 meters.Figure17 plots the maximumpermissiblenumberof TCP
connections(subjectto the 1% lossconstraint)versus� . We seethat the maximumacceptablenumberof
TCPconnectionsshowsapeakaswell, andbeginsto dropfairly sharplyas � is increasedbeyondanoptimal
value. Further, we seethat a transmissionradiusof Å 75 meterscorrespondsto the maximumnumberof
TCPconnections,i.e., Å 140. Note thatFigure17 conveys moreinformationthanFigure16: it enablesus
to obtainanupperboundon thenumberof simultaneousTCPconnections(for 1% lossbound)thatcanbe
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permittedin a ; nodeadhocnetwork. Thesegraphsalsoconvey theappropriatevalueof thetransmission
radius ��û thatyieldsmaximumsystemcapacityandmaximumnumberof TCPconnections.It is therefore
clearthat,evenwith QoSconstraintsimposedin thenetwork, the total capacityversus� behavior exhibits
thebell-shapedbehavior seenearlierin Figure8 andFigure14.

E. AdHocRoutingProtocols

In thissection,weinvestigatewhethertheshapeof thecapacityversustransmissionradiuscurveis affected
by a changein thechoiceof theadhocroutingprotocol.We alsoexaminewhethertheoptimaltransmission
radius,� " , is appreciablydifferentfor differentadhocroutingprotocols.

Severalearlierstudies(e.g.,[17], [19]) have comparedtheperformanceof differentadhocroutingproto-
cols. Thesestudieshave, however, primarily studiedthevariationin throughputandlossratesasa function
of thenodemobility ratesandnetwork density, but not asa functionof thetransmissionrange.Our primary
aim in thissectionis not to performacomparativestudyof theroutingprotocolswith varying � . Instead,we
investigatewhetherthebell-shapedcurvesobtainedearlierusingtheDSRroutingprotocolhold truefor other
well known ad hoc routing protocolssuchasDSDV [22] andAODV [20]. We compareDSDV, DSR and
AODV in a 50-nodenetwork with (i) low nodemobility (Figure18) and(ii) high nodemobility (Figure19).
Both thesegraphscorrespondto FTPtraffic.
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It canbeseenthatfor almostall valuesof thetransmissionradii, AODV protocolyieldsthelowestcapacity
ascomparedto the DSDV andthe DSR protocols. The differencein capacityof DSR,AODV andDSDV
protocolsis morepronouncedat highermobility andat highertransmissionranges.However, for our pur-
poses,it is moreimportantto notethattheshapeof thecapacityversus� curveandthevalueof theoptimum
transmissionrange � " , is fairly similar for all threead hocroutingprotocols.In otherwords,theresultsof
our capacityanalysisarefairly independent(at leastqualitatively) of theprecisechoiceof theadhocrouting
protocol. Sinceroutingprotocolswill continueto evolve with time, verifying this protocol-independenceis
essentialto makingour resultsandobservationsmeaningfulfor futureadhocnetworks.

VII . CONCLUSION

In this paper, we focuson the theoreticalperformanceof TCPtraffic over a multi-hop,wirelessnetwork
whereall links sharethesamephysicalchannel.In contrastto earlierstudiesthatlargelyfocusonthethrough-
put achievableat the MAC layer, we concentrateon the goodputachievableat the TCP layer. Our studies
show that theTCP-layerthroughputis a functionof the transmissionrange,� , of an individual node,since
this parameterdirectly affectsthepathlength(in termsof hopcount),andimplicitly, thelossrateandround
trip delayof aTCPsession.

Our mostimportantcontribution lies in establishinghow theTCP-centriccapacitydiffers from the ideal-
ized MAC-layercapacity. The achievableTCP throughputdependson the tradeoff betweentwo mutually
antagonisticeffects:
a) thedegreeof spatialreuse,which determinesthenumberof permittedconcurrenttransmissions,and
b) TCP’s flow controlalgorithm,which reducesthepacket transmissionratein reactionto packet lossesor
increasesin theroundtrip delay.
A smallervalueof � resultsin asmallerinterferencearea,andthusa largervalueof themaximalMAC-layer
throughput.However, asmallertransmissionradiusalsoincreasesthelossrateandRTT encounteredby TCP
packets,bothof whichleadto areductionin TCP’s transmissionrate.In general,thegoodputof anindividual
TCP flow decreasesaseither �&�Â�d ., � , or as �&�z�d � , dependingon the link error rate. The overall network

throughputthusexhibits a bell-shapedcurve with an optimal value � " for � ; for �×IÖ� " ,the network is
MAC-constrained,while for � H � " , thenetwork is TCP-constrained.Dueto theseconstraints,themaximal
TCP-layernetwork throughput(whenthenumberof sessionsis variable)variesbetweenbetween�&�C� �0 � and�&�C� �, � , in contrastto theMAC-layerboundof ���C¿ �, � obtainedin earlierstudies.On theotherhand,when
theareaof thenetwork andthenumberof active sessionsis fixed, thecapacityis a concave functionof the
transmissionrange.

Wehavealsoshowedhow thecommunicationenergy-efficiency is alsostronglydependentonthetransmis-
sionradius� . Whenpacketretransmissions,neededfor reliablecommunication,andend-to-endlatenciesare
taken into account,we seethat it doesnot payto reduce� beyonda certainvalue—any apparentreduction
in thetransmissionenergy of asinglepacket is swampedoutby anincreasein thenumberof retransmissions
andtheoverall communicationlatency. Our simulationstudiesalsoshow thattheenergy consumedperbyte
is minimizedfor acertaintransmissionrange��È , thatcanoftenbedistinctfrom � " . Accordingly, thechoice
of a transmissionrange � , at leastin the range �C� " TY��È � , essentiallyinvolvesa tradeoff betweennetwork
throughputandenergyefficiency.

In thesecondpartof thepaper, we studiedthesensitivity of TCPcapacityto variousnetwork parameters
(nodemobility, numberof TCP connections),differentad hoc routing protocolsanddifferentapplications
(Telnet,FTP).Our resultsshow theexistenceof a sharplydefinedoptimaltransmissionrange� " in thecase
of persistent(FTP) traffic; for Telnettraffic, thesystemcapacityincreaseswith increasing� andeventually
saturateat a value ��ø . Moreover, we have observed that � " is higher for highermobility rates–clearly, a
larger � helpsto reducethe frequency of mobility-relatedlink breakagesandthe consequentlossof data
packets. By incorporatingthe notion of a minimal acceptableQoSmetric (loss) for an individual session,
we definedandstudiedtheQoS-compliantcapacityasa moreaccuratemetricof network performance.Our
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simulationsdemonstratedthattheQoS-compliantcapacityis abell-shapedfunctionof thetransmissionrange� andexhibits a rapid decreaseif the transmissionrangeexceedsanoptimalvalue ��û . Accordingly, if the
network loadcannotbeestimatedaccuratelyin advance,it is betterto setthetransmissionrangeandpower
levelof theadhocnodesto a smaller, ratherthana larger, value.

Weexpectthatthework in this paperwill yield usefulinsightsinto theperformanceof multi-hopwireless
networks. In future work, we proposeto studyQoS-compliantcapacityfor additionalapplicationssuchas
HTTP, eachof which hasits own uniquepacket arrival patternanddistinctQoSconstraints.Our studiesalso
needto beextendedto coverUDPtraffic andUDP-basedapplications,whichoftenhavestringentconstraints
on additionalQoSmetricssuchasdelay, jitter andpacket loss.Theresultsin this paperassumetheRandom
Waypointmodel. In a recentpaper[16], the authorsexplore the tradeoff betweenthe numberof hopsin a
traffic pathandandtheoverall bandwidthavailableto individual nodesasthetransmissionpower is varied.
TheseresultsassumedUDPtraffic andamodifiedrandomdirectionmobility model[16]. It will beinteresting
to studythesensitivity of our TCP-basedstudiesto differentmobility models.
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APPENDIX

In this appendix,we derive the expressionfor the total numberof packet transmissionsnecessaryfor
reliabledelivery of a packet over an K hoppath. Thepacket error ratefor eachhop is % andthemaximum
numberof retransmissionsat thelink layeris v6w�x .

Sincereliablelink forwardingfails only whenall v6w x transmissionsfail, theunconditionalprobabilityof
link packet transmissionfailure, which we call � , is given by �ü��% � `m� ; the correspondingprobability of
reliablelink delivery (potentiallyusingbetween�SR�TVUVUVUýT�v6w�x � transmissions)is then R>L�� . Sincethe total
numberof link transmissions,giventhatthelink hasreliably forwardedthepacket, is a truncatedgeometric
distribution with parameter% , theconditionalexpectednumberof transmissions,*þy ^{^{| , over a singlelink, is
givenby: *þy ^{^{| � � `S�s f_g � o�~�% f ~>�mR+Ln% � � RR+Lu% L v6w�x�~�% � `m�R�Le% � `S� U (19)

Sincelink packet delivery fails only afterexactly v6w�x transmissions,thecorrespondingconditionalnumber
of transmissions,givenforwardingfailureis: *z� `b| ��v6w�x�U
Now sinceeachlink fails to forward thepacket independentlywith � , theunconditionalprobabilityof suc-
cessfulend-to-enddelivery (without anothersourceretransmission)is givenby �qÿ�� ��� �ß�SR>Lï� � d , andthe
unconditionalprobabilityof unsuccessfulend-to-enddelivery is givenby

�q� ` f a � R+L��SR�L�� � d U (20)

Next, wedeterminetheexpectednumberof total packet transmissions(overall thelinks thatattemptedto
transmitapacket), * ]_^r]_`ma� `b| , giventhattheend-to-endforwardingattemptwasunsuccessful. Sinceadownstream
nodeforwardspacketsonly whenall theupstreamnodessuccessfullytransmittedthepacket, it is easyto see
thattheconditionalprobabilitythatfailureoccursat the o ]_p link is givenby:

� ¾°P � � ` f a �Co�� end-to-endfailure� � � ¾°P � � ` f a �½o ���� ` f a
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� �SR�L � � f 5 � ~����� ` f a U
If failureoccursat the o ]_p link, theexpectednumberof total link-layer transmissions(over all theupstream
nodes)is �CoFL�R � ~Ò*þy ^{^{| E *z� `m| . Accordingly, theconditionalmeannumberof total link-layer transmissions
duringlink failureis: * ]_^r]_`ba� `m| � *�� `m| E *zy ^{^{| ~��SR+L�� � ~�� (21)R�L�K�~>�mR+L�� � d 5 � E �/K�L�R � ~>�mR+L�� � d��~��'R+L��SR�L�� � d � � U
On theotherhand,if thepacket hasbeensuccessfullyreceivedat theend-destination,it is clearthatthetotal
expectedtransmissionenergy is * ]_^r]_`bay ^{^r| ��KØ~�*þy ^{^{| U (22)

Sinceeachend-to-endtransmissionattempt(initiatedat the transportlayerby thesource)is independent
of prior end-to-endretransmissions,the total numberof end-to-endtransmissionsfor reliable delivery is
geometricallydistributedwith a meanof �� 5��
	 ¡���
 ; hence,on average,thesuccessfultransmissionof a packet

involves �� 5��
	 ¡���
 L�R failedend-to-endtransmissions,followedby thefinal successfulone. Accordingly, the
total effectivenumberof distinctpacket transmissionsis

*���* ]_^/]_`ba� `m| ~ �q� ` f aR+L �q� ` f a E * ]_^/]_`bay ^{^{| T (23)

where* ]_^r]_`ma� `m| , * ]_^r]_`may ^{^{| and �q� ` f a aregivenby equations(22), (22)and(20) respectively.
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