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Abstract— We study the capacity of multi-hop wirelessnetworks with
TCP regulated traffic. We study the dependenceof the capacity on the
transmission range of nodesin the network. Specifically, we examinethe
sensitivity of the capacity to the speedof the nodesand the number of TCP
connectionsin an ad hocnetwork. By incorporating the notion of a minimal
acceptableQoS metric (loss) for an individual session,we argue that the
QoS-aware capacity is a more accurate model of the TCP-centric capacity
of an ad-hocnetwork. We study the dependenceof capacity on the source
application (Telnetor FTP) and on the choiceof the ad-hocrouting protocol
(AODV, DSR or DSDV). We conclude that persistent and non-persistent
traffic behave quite differently in an ad-hocnetwork.
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I . INTRODUCTION

Capacitystudiesof multi-hop,ad-hocwirelessnetworkstypi-
cally concentrateon the MAC layer, andinvestigatethe effect
of various parameters,such as the radio transmissionrange,
the nodedensityor the averagedistancebetweensessionend-
points, on the maximal achievable throughput. For example,
[1] shows how an increasein � , the numberof nodes,causes
the averagethroughputof an individual node to degradeas��� �� �	� 
��
��� whenthenodesarerandomlydistributed. Simi-

larly, [2] studiesthebehavior of theIEEE802.11MAC layer[3]
andshowshow theend-to-endthroughputavailableto eachnode
degradesas

��� �� ��� for randomtraffic patterns,and remains
constantif thesessionsexhibit appropriatelocalizationproper-
ties. We have recently[4] studiedthis capacityproblemfrom
thestandpointof thetransportlayerandshowedhow thecapac-
ity metricsat theTCPlayer(assumingpersistentTCPsources)
behave quitedifferently from thecorrespondingidealizedlink-
layermetrics.In particular,� Ad-hocnetwork performanceinvolvesa tradeoff betweenthe
metricsof energyefficiencyandtotal TCPsessiongoodput.� Both thesemetricsarestronglydependenton thevalueof the
radio transmissionrange( � � andtypically attaintheir optimal
valuefor differentvaluesof � .

All thesestudieshave, however, focusedon the transport-
layer throughputin static, multi-hopnetworksanddo not con-
sidertheimpactof mobility on theoverall network capacity. In�
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thispaper, weextendtheearlierstudiesonTCP-centriccapacity
in ad-hocnetworksin thefollowing ways:
(i) We examinehow variationsin themobility ratesimpactthe
throughput1 achievedat theTCPlayer.
(ii) We study how the capacityis affectedby the traffic load
(numberof TCPconnections)in thenetwork, takingcareto en-
surethat theofferedloadsarefeasiblein thesensethat they do
not causeviolation of the associatedQuality of Service(QoS)
constraints.
(iii) We studythesensitivity of capacityto two differenttraffic
sources,representingtwo extremesof TCP-basedapplications.
Weconsiderbothpersistentor greedy(e.g.,FTP)traffic, aswell
asnon-persistentor intermittent(e.g.,Telnet,HTTP) traffic.
(v) We study how our choiceof the ad-hocrouting protocol
(AODV, DSR or DSDV) affectsthe capacityachievedby TCP
sources,andhow theoptimalvalueof thetransmissionrange�
varieswith thechoiceof theroutingprotocol.

Our studiesassumethat all nodesare identical in the sense
thatthey all usethesametransmissionrange� , thesamebuffer
lengths � and follow the samemobility pattern;we study the
propertiesof TCP traffic as theseconfigurableparametersare
varied.Our focusis thusonevaluatingtheright choiceof � un-
derdifferentoperatingconditions.Thecommonphysicalchan-
nel is assumedto haveabandwidth� ; for ourstudieswith IEEE
802.11LANs, we have used����� Mbps. Sincethecapacity
definition for TCP traffic is not immediatelyapparent,we de-
finethenetwork’sTCP-centriccapacityasthetotal(cumulative)
goodputachievedbyall TCPsessions.As in [4], weobservethat
thereexistsanoptimalvalueof � wherethecapacityof thenet-
work peaksdueto thecounteractingforcesof theMAC andthe
TCPlayer. Moreover, dueto thedependenceof theTCPsession
throughputontheerrorrateandtheround-tripdelay, theoverall
capacitydoesnotcontinuallyincreasewith thenumberof active
sessions–beyondamaximalvalue,theincreasein thenumberof
individual sessionsis dominatedby thesharperdropin theper-
sessionthroughput.Accordingly, ourstudiesenableusto obtain
an upperboundto the maximumnumberof TCP sessionsthat
canbesustainedin thead-hocnetwork underdifferentoperating
conditions.�

Whenreferringto TCPtraffic, weshallusetheterms‘throughput’and‘good-
put’ interchangeably–bothreferto thenumberof uniquepacketscommunicated
anddonotconsiderretransmittedpackets.
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Therestof thepaperis organizedasfollows. In SectionII, we
discussthe relatedwork. We enumeratethevarioussimulation
parametersthat we have usedin our studiesin SectionIII. In
SectionIV, we vary thenodemobility in thenetwork andstudy
how it affectsthe capacity, for both persistentandintermittent
TCPsources.In SectionV, we first studytheeffect of varying
thenumberof sourceson thesystemcapacity, andsubsequently
(SectionVI) introducethe notion of minimal QoSconstraints
to definea moreaccuratemeasureof theTCP-centriccapacity.
In SectionVII we studythreeadhocroutingprotocols(AODV,
DSR andDSDV) from the point of view of network capacity.
Finally, SectionVIII hastheconclusion.

I I . RELATED WORK

It is widely recognizedthatnetwork capacityis a majorcon-
straint in the effective deployment of multi-hop wirelessnet-
works. In networks wherenodesusethe samephysicalchan-
nel, the transmissionrangeof individual nodesis a key deter-
minant of capacity, since it effectively determinesthe extent
of spatial reusepossible. When sessionend-pointsare cho-
senat randomandthe transmissionrangeis fixed, [1] demon-
stratedthat the capacityof eachindividual sessionwould de-

gradeas
� � �� ��� 
��
� � with an increasein � (the numberof

nodes)and presentedthe designof an idealizedMAC proto-
col which would achieve this boundunderrandomtraffic pat-
terns. [1] alsoshowedthat,even if the transmissionrangewas
variableandnodeswereplacedoptimally, the maximumaver-

ageper-sessionthroughputwould degradeas
��� �� �! aslong

as the sessionend-pointswerechosenat random. [2] consid-
eredhow theIEEE802.11MAC algorithmperformedrelativeto
thesebounds,andalsoshowedthatif thetraffic patternsshowed
appropriatestochasticlocality (moreaccurately, if theprobabil-
ity of the sessiondistancedecayedfasterthan "$#&% ), then the
ideal throughputper sessionwould remaina constant. These
studies,however, consideridealizedsourcesthatarecapableof
injectingpacketswheneverpermittedby theMAC layer. In par-
ticular, they donotconsidertheuseof TCPtraffic andtheimpact
of mobility/transmissionerrorsin thelink layeron themaximal
link utilization by suchTCPsources.

In [4], we have studiedthe achievablethroughputin a static
ad-hocnetwork, whenthe individual flows performTCP-based
congestioncontrol. We specificallyexplore the interactionof
TCP’s flow controlwith theschedulingoperationsat theMAC
layer. Thethroughputof asingleTCPflow is a functionof both
its end-to-endlossprobability ' andtheround-tripdelay �)(*( ;
for moderatelylow valuesof ' , the throughputof a persistent
TCPflow varies[7] as:+ � ,�)(*(.- � '0/ (1)

where, isaproportionalityconstant.Sincechangesto thetrans-
missionradius � affect both ' and �)(*( , the throughputof an
individualTCPsessionturnsout to beheavily dependenton � .

If � is very small, the averagedegreeof connectivity of the
graphis low, leadingto a correspondingincreasein thenumber
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Fig. 1. CapacityversusTransmissionRadiusfor astaticnetwork

of hops( 1 ) in anindividual datapath.As anincreasein 1 in-
creasesboththe �)(*( and ' , the individual sessionthroughput
+

decreaseswith decreasing� , leadingto anoveralldropin the
systemthroughput.On theotherhand,if � is largerthana cer-
tain value, then the resultantMAC-layer channelinterference
limits the numberof concurrenttransmissionsand effectively
throttlesthe capacityof individual hops. In sucha situation,
the TCP sessionsarepreventedfrom betterexploiting the net-
work by thelargerdelayscauseddueto collisionsandbackoffs
at the MAC layer. Accordingly (asshown in Figure1), when
the areaof the network and the numberof active sessionsis
fixed,thecapacityis abell-shapedfunctionof the � . For values
of � larger than the optimal value �32 , the network is MAC-
layer constrained, with thechannelinterferencedominatingthe
throughput. For valuesof � smallerthan � 2 , the network is
TCP-layerconstrained, with the TCP sessionsbeingunableto
pumpenoughpacketsinto thenetwork.

In this paper, we extendour analysisto studyboth theeffect
of introducingmobility in suchad-hocnetworksandof varying
thenumberof TCPflows. In addition,we shallalsoinvestigate
the sensitivity of our resultsto the choiceof a specificad-hoc
routing protocol. The performanceof differentad-hocrouting
protocolshasbeenextensively studiedin literature(e.g.,see[8],
[9], [10]); however, thesestudieshavenot explicitly considered
thedifferentialimpactof varying � .

I I I . SIMULATION PARAMETERS

Our performancestudiesare carried out using simulations
performedon the ns-2simulator[11]. While we have experi-
mentedwith a varietyof nodedensitiesandlayouts,we report
all resultsusinga representative 50 nodead hoc network. The
nodesaredistributedrandomlyandmoveaboutin anareaof 500
m - 500m. For our studies,we settheinterferencerangeto be
twice the transmissionrange.A fixed numberof TCP connec-
tions arerun for a durationof 500 secondsandthe capacityis
calculatedby summingthe TCP goodputsover all the connec-
tions.Resultsareaveragedoveraminimumof 10separateruns.
While TCPRenois usedasthetransportlayer, thedatasources
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Fig. 2. CapacityversusTransmissionRadiuswith VaryingSpeed(FTPTraffic)
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Fig. 3. CapacityversusTransmissionRadiuswith VaryingSpeed(TelnetTraf-
fic)

(“the application”)arechosento be eitherpersistent(FTP) or
intermittent(Telnet).Unlessotherwisespecified,resultsarere-
portedusingDSRasthead-hocroutingprotocol. Nodemobil-
ity is modeledusingtheRandomWaypointmodel[8], with the
pausetimeof all nodessetto 0 in all simulations.

IV. CAPACITY WITH VARYING NODE MOBIL ITY

We first studytheeffectsof mobility on two differentclasses
of application– persistentandnon-persistent.While thepersis-
tenttraffic (FTP)is greedyandattemptsto injectpacketswhen-
everpermittedby TCP’s congestionwindow, thenon-persistent
traffic (Telnet)producesonly sporadicburstsof packets.Hence,
aswill beseenlater, while theeffectsof interferenceareclearly
visible in thecaseof FTP, theMAC-layerinterferenceis not so
critical in applicationssuchasTelnet.

Thecapacityof a network with 40 FTPconnectionswith dif-
ferentmobilities hasbeenplottedin Figure2. In Figure3, we
plot capacityversustransmissionrangewith varying mobility
for Telnettraffic. Thespeedof a nodeis uniformly distributed

between0 m/sanda maximumvalue(shown in thefigures).
In Figure2, weseethatthecapacityof thenetwork decreases

with increasingnodespeed.Clearly, the overheadof routere-
establishment,andthe fractionof packetsdroppeddueto rout-
ing failures,increaseswith with increasingnodemobility. Fur-
thermore,theoptimaltransmissionradius� 2 (correspondingto
maximumcapacity)shifts to the right (i.e., �32 is higher)with
anincreasein thenodespeed.In otherwords,we needa higher
transmissionrangeto counteractthe high mobility in the net-
work. Note that,asin thecaseof a statictopologyusedin Fig-
ure1, theshapeof thecapacityversustransmissionrangeplot is
bell-shapedfor mobilenetworksaswell. Moreover, weobserve
thattheincreasein � 2 with largermobility ratesis notverydra-
matic;accordingly, it appearsthata singlewell-chosenvalueof� 2 will ensurereasonablygood(althoughnot necessarilyopti-
mal) network performance,even if the nodespeedscannotbe
predictedprecisely.

For Telnettraffic (Figure3) andfixednodespeeds,thecapac-
ity increaseswith increasingtransmissionradiustill a valueof�65 , after which the capacitydoesnot changeappreciablywith� . Sincetelnettraffic is sporadicin nature,we do not observe
the interferenceeffect visible with FTP. In otherwords,dueto
theloweraveragepacketarrival rate,thenetwork is neverMAC-
layerconstrained;evenat largevaluesof � , therearevery few
requestsfor concurrentaccessto the802.11channel.While the
numberof non-interferingconcurrenttransmissionspossiblein
the network doesdip with an increasein � , the telnet good-
put remainsunaltered.This is alsothe reasonthat the network
capacitywith Telnetapplicationis significantlylower thanthat
with theFTP(persistent)source.Increasing� beyond �65 does
not resultin any further increasein thethroughput;thenumber
of packets transferredin a singleburst is usually too small to
allow TCPto take advantageof thesmallerlossprobabilityand
round-tripdelays.Hencefor light non-persistenttraffic, theTCP
goodputdependssolelyon theconnectivity of thenetwork.

V. VARYING NUMBER OF TCP CONNECTIONS

We now studyhow changesto 1 , thenumberof active TCP
flows,affectstheoverall systemthroughput.In general,we can
clearlyexpecttheTCPgoodputfor anindividual sessionto de-
gradewith an increasein the offered load. In essence,an in-
creasein 1 leadsto a potentialincreasein both ' and �7(0( ,
sincethelargerloadleadsto morefrequentbuffer overflow and
largerbufferingdelays.Accordingly, Equation1 impliesa drop
in theTCPthroughput.However, theeffect on theoverall sys-
temcapacityis unclear, sincethis reductionmayor maynot be
offsetby anincreasein thenumberof distinctflows.

This phenomenonis studiedin Figure 4 wherethe number
of FTP connectionsis variedfrom 5 to 2000in an ad hoc net-
work with 50 nodes. The distribution of nodespeedis uni-
formly distributed between0 m/s and 1 m/s. As the number
of TCP connectionsincrease,the network capacityincreases
initially. However, the capacitybegins to degradebeyond 750
TCPconnectionsin theadhocnetwork. It is worth notingthat
the drop in throughputfor valuesof � larger than � 2 is more
acutefor largervaluesof 1 . Whenthenetwork becomesMAC-
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constrainedandnodesmustperformexponentialbackoff more
frequentlyto accessthe channel,the individual nodesareun-
ableto cleartheir packet buffersat a sufficiently high rate. Ac-
cordingly, thebuffering lossesanddelaysarehigherfor higher
valuesof 1 , leadingto a sharpdrop in systemthroughput–in
essence,the systemis now nearerto congestioncollapse. Fig-
ure4 thusillustratesanimportantpoint: if thenumberof persis-
tentTCPflowscannotbeaccuratelyestimatedin advance, it is
betterto adopta conservativeapproach andset � to a smaller
value. If the chosenvalueof � is larger than � 2 , the network
suffersa much stiffer penalty.

Figure5 plots the resultsobtainedby varying the numberof
Telnetsessions.Dueto therathersporadicinjectionof packets,
the overall traffic load is alwaysratherlow for Telnetsources.
Accordingly, thenetwork is alwayssource-constrained, evenat
large valuesof � . Accordingly, the capacityof the network is
seento linearly increasewith anincreasein thenumberof TCP
sessions.As seenearlierin Figure3, thesystemcapacitysatu-
ratesata certainvalue �65 of thetransmissionrange.
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VI. QOS-AWARE CAPACITY

We have seenthat an unboundedincreasein the numberof
persistent(FTP)connectionscanultimatelyleadto adropin the
systemcapacity. Figure4, however, doesnot considerthe as-
sociatedissueof QoS;in particular, it doesnot incorporatethe
factthatanincreasein thenumberof sessions,typically leadsto
a decreasein theperformancemetricsof an individual session.
For a more accuratedescriptionof capacity, we have to addi-
tionally determinethemaximumnumberof activesessionsthat
canbesimultaneouslypresentin thenetwork withoutcausingan
unacceptabledegradationin thequalityof anindividualsession.

We now attemptto answerthe question- what is the max-
imum numberof TCP connectionsthat canbe accommodated
in an ad hoc network with : nodes,without causinga viola-
tion in theQoSmetricsof eachindividualconnection?Wepoint
out the inadequacy of thecapacitygraphin Figure4 andargue
that Quality of Service(QoS)constraintsshouldbe taken into
accountin orderto answertheabovequestion.

We now assumethatthemaximumpacket lossrateis fixedat
1% for minimumacceptablequality of service.In Figure6, we
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plot the maximaltotal capacity(subjectto the constraintof an
upperboundof 1% on thepacket lossrate)versusthetransmis-
sionradius � for our 50 nodenetwork. We seethatcapacityis
maximumwhen � is approximately75 meters.Figure7 plots
themaximumpermissiblenumberof TCPconnections(subject
to the1% lossconstraint)versus� . We seethat themaximum
acceptablenumberof TCP connectionsshows a peakaswell,
andbegins to drop fairly sharplyas � is increasedbeyond an
optimal value. Further, we seethata transmissionradiusof ;
75meterscorrespondsto themaximumnumberof TCPconnec-
tions, i.e., ; 140. Note that Figure 7 conveys more informa-
tion thanFigure6: it enablesus to obtainan upperboundon
thenumberof simultaneousTCPconnections(for 1%QoS)that
canbepermittedin a : nodeadhocnetwork. Thesegraphsalso
convey theappropriatevalueof thetransmissionradius �)< that
yieldsmaximumsystemcapacityandmaximumnumberof TCP
connections.It is thereforeclearthat,evenwith QoSconstraints
imposedin thenetwork, thetotalcapacityversus� behavior ex-
hibits thebell-shapedbehavior seenearlierin Figure1 andFig-
ure4. However, theoptimal transmissionradius �)< underQoS
constraintscanbeappreciablydifferentfrom theoptimal range� 2 obtainedsimply from anaggregatecapacitystandpoint.Ac-
cordingly, futurestudiesof adhocnetwork capacityshouldtake
into accountthe appropriateQoSconstraints(packet lossrate,
latency, etc)aswell.

VI I . AD HOC ROUTING PROTOCOLS

In this section,we study the effect of a choiceof different
routing protocolson the TCP-centriccapacity. While earlier
studieshave indeedperformeda comparative study of these
routing protocols,they do not considerthe impact of varying
thetransmissionrange� . We performedour studieswith three
of themorewidely discussedad-hocroutingprotocols,namely
AODV [12], DSR [13] andDSDV [14]. We compareDSDV,
DSRandAODV in a 50-nodenetwork with (i) low nodemobil-
ity (Figure8) and(ii) highnodemobility (Figure9). Both these
graphscorrespondto FTPtraffic.

It canbe seenthat for almostall valuesof the transmission

0

20

40

60

80

100

120

140

0 50 100 150 200 250 300 350 400

To
ta

l C
ap

ac
ity

 (K
B

yt
es

/s
ec

)

4

Transmission Radius

Capacity vs Transmission Radius for various protocols at 20mps

DSR
DSDV
AODV

Fig. 9. Capacitywith DifferentAd HocRoutingProtocols(Speed:20m/s)

radii, AODV protocolyields the lowestcapacityas compared
to the DSDV andthe DSRprotocols.The differencein capac-
ity of DSR,AODV andDSDV protocolsis morepronouncedat
highermobility andathighertransmissionranges.However, for
our purposes,it is moreimportantto notethat the valueof the
optimumtransmissionrange � 2 , is fairly similar for all three
ad-hocroutingprotocols. In otherwords,theresultsof our ca-
pacityanalysisseemto hold (at leastqualitatively) arefairly in-
dependentof theprecisechoiceof thead-hocroutingprotocol.
Sinceroutingprotocolswill continueto evolve with time, veri-
fying thisprotocol-independenceis essentialto makeourresults
andobservationsmeaningfulfor futuread-hocnetworks.

VI I I . CONCLUSION

In this paper, we focus on the TCP capacityover a multi-
hop, wirelessnetwork whereall links sharethe samephysical
channel. We study the sensitivity of TCP capacityto differ-
entnetwork parameters(nodemobility, numberof TCPconnec-
tions),differentadhoc routingprotocolsanddifferentapplica-
tions(Telnet,FTP).

Our resultsshow the existenceof a sharplydefinedoptimal
transmissionrange� 2 in thecaseof persistent(FTP)traffic; for
Telnet traffic, the systemcapacityincreaseswith increasing�
andeventuallysaturateat a value �65 . Moreover, we have ob-
servedthatthat � 2 is higherfor highermobility rates–clearly, a
larger � helpsto reducethe frequency of mobility-relatedlink
breakagesandtheconsequentlossof datapackets.By incorpo-
ratingthenotionof a minimal acceptableQoSmetric (loss)for
an individual session,we thendefinedtheQoS-aware capacity
asa moreaccuratemodelof theTCP-centriccapacityof anad-
hocnetwork. OursimulationsdemonstratedthattheQoS-aware
capacityis a bell-shapedfunction of the transmissionrange �
andis maximizedat a valueof the transmissionrange� equal
to �)< .

Severalavenuesremainfor futurework. We proposeto study
theQoS-awarecapacitymetric for additionalapplicationssuch
asHTTP, eachof which hasits own uniquepacket arrival pat-
tern. Our studiesalsoneedto beextendedto cover UDP traffic
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and UDP-basedapplications,which often have stringentcon-
straintson additionalQoSmetricssuchasdelay.

The results in this paper assumethe Random Waypoint
model. In a recentpaper[5], the authorsexplore the tradeoff
betweenthenumberof hopsfrom sourceto destinationandthe
overallbandwidthavailableto individualnodesasthetransmis-
sionpoweris varied.TheresultsassumeUDPtraffic andamod-
ified randomdirectionmobility model[5]. It will beinteresting
to studythesensitivity of TCPtraffic to differentmobility mod-
els.
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