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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
sensitiity of the capacity to the speedof the nodesand the number of TCP
connectionsin an ad hocnetwork. By incorporating the notion of aminimal
acceptableQoS metric (loss)for an individual sessionwe 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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|. INTRODUCTION

Capacitystudiesof multi-hop,ad-hocwirelessnetworkstypi-
cally concentrateon the MAC layer, andinvestigatethe effect
of various parameterssuch as the radio transmissionrange,
the nodedensityor the averagedistancebetweensessiorend-
points, on the maximal achiezable throughput. For example,
[1] shavs how anincreasen n, the numberof nodes,causes
the averagethroughputof an individual node to degrade as

1
larly, [2] studieshebehaior of theIEEE 802.11IMAC layer|[3]
andshowvs how theend-to-endhroughpugvailableto eachnode
degradesas @(ﬁ) for randomtraffic patterns,and remains
constanif the sessiongxhibit appropriatdocalizationproper
ties. We have recently[4] studiedthis capacityproblemfrom
the standpoinbf thetransportayerandshovedhow the capac-
ity metricsatthe TCP layer (assumingpersistentTCP sourceg
behae quite differently from the correspondingdealizedlink-
layermetrics.In particular
+ Ad-hocnetwork performancénvolvesatradeof betweerthe
metricsof enegy efficiencyandtotal TCP sessiorgoodput
« Boththesemetricsarestronglydependenonthevalueof the
radio transmissiorrange(R) andtypically attaintheir optimal
valuefor differentvaluesof R.

All thesestudieshave, however, focusedon the transport-
layerthroughputin static multi-hop networks anddo not con-
sidertheimpactof mobility on the overall network capacity In

whenthe nodesarerandomlydistributed. Simi-
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this paperwe extendtheearlierstudieson TCP-centriccapacity
in ad-hocnetworksin thefollowing ways:

(i) We examinehow variationsin the mobility ratesimpactthe
throughput achiesedatthe TCPlayet.

(i) We study how the capacityis affectedby the traffic load
(numberof TCP connections)n the network, taking careto en-
surethatthe offeredloadsarefeasiblein the sensethatthey do
not causeviolation of the associateduality of Service(QoS)
constraints.

(iii) We studythe sensitvity of capacityto two differenttraffic
sourcesrepresentindgwo extremesof TCP-basedpplications.
We considerbothpersistenor greedy(e.g.,FTP)traffic, aswell
asnon-persistentr intermittent(e.g., Telnet, HTTP) traffic.

(v) We study how our choice of the ad-hocrouting protocol
(AODV, DSR or DSDV) affectsthe capacityachiezed by TCP
sourcesandhow the optimalvalueof thetransmissiomangeR
varieswith the choiceof theroutingprotocol.

Our studiesassumehat all nodesare identicalin the sense
thatthey all usethe sametransmissiomangeR, the samebuffer
lengths B andfollow the samemobility pattern;we studythe
propertiesof TCP traffic astheseconfigurableparametersare
varied.Ourfocusis thuson evaluatingtheright choiceof R un-
derdifferentoperatingconditions.The commonphysicalchan-
nelis assumedo have abandwidthC'; for our studieswith IEEE
802.11LANSs, we have usedC' = 2 Mbps. Sincethe capacity
definition for TCP traffic is not immediatelyapparentwe de-
finethenetwork’s TCP-centriccapacityasthetotal (cumulative)
goodputachievedby all TCPsessionsAs in [4], weobsenethat
thereexistsanoptimalvalueof R wherethe capacityof the net-
work peaksdueto the counteractingorcesof the MAC andthe
TCPlayer. Moreover, dueto thedependencef the TCPsession
throughpubntheerrorrateandtheround-tripdelay theoverall
capacitydoesnot continuallyincreasewith thenumberof active
sessionsbeyondamaximalvalue theincreasen thenumberof
individual sessionss dominatedby the sharpedropin the per
sessiorthroughput.Accordingly, our studiessnableusto obtain
an upperboundto the maximumnumberof TCP sessionghat
canbesustainedn thead-hocnetwork underdifferentoperating
conditions.

LWhenreferringto TCPtraffic, we shallusetheterms‘throughput’and‘good-
put’ interchangeably—botteferto the numberof uniquepacletscommunicated
anddo not considerretransmittegaclets.



Therestof thepapelis organizedasfollows. In Sectionll, we
discusshe relatedwork. We enumeratehe varioussimulation
parametershat we have usedin our studiesin Sectionlll. In
SectionlV, we vary thenodemobility in the network andstudy
how it affectsthe capacity for both persistentandintermittent
TCPsources.In SectionV, we first studythe effect of varying
thenumberof sourcen the systemcapacity andsubsequently
(SectionVI) introducethe notion of minimal QoS constraints
to definea moreaccuratemeasuref the TCP-centriccapacity
In SectionVIl we studythreead hocrouting protocols(AODV,
DSR and DSDV) from the point of view of network capacity
Finally, SectionVIll hastheconclusion.

Il. RELATED WORK

It is widely recognizedhatnetwork capacityis a majorcon-
straintin the effective deployment of multi-hop wirelessnet-
works. In networks wherenodesusethe samephysicalchan-
nel, the transmissiorrangeof individual nodesis a key deter
minant of capacity sinceit effectively determinesthe extent
of spatialreusepossible. When sessionend-pointsare cho-
senat randomandthe transmissiorrangeis fixed, [1] demon-
stratedthat the capacityof eachindividual sessiorwould de-
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v/nlogn

nodes)and presentedhe designof an idealizedMAC proto-
col which would achieve this boundunderrandomtraffic pat-
terns. [1] alsoshavedthat, evenif the transmissiomangewas
variableand nodeswere placedoptimally, the maximumaver-

agepersessiorthroughputwould degradeas @ (ﬁ) aslong

asthe sessiorend-pointswere chosenat random. [2] consid-
eredhow thelEEE802.11MA C algorithmperformedelative to

theseboundsandalsoshovedthatif thetraffic patternsshaved
appropriatestochastidocality (moreaccuratelyif the probabil-
ity of the sessiondistancedecayedasterthan D—2), thenthe
ideal throughputper sessionwould remaina constant. These
studies however, considerdealizedsourceshatarecapableof

injectingpacletswhenever permittedby the MAC layer. In par

ticular, they donotconsidetheuseof TCPtraffic andtheimpact
of mobility/transmissiorerrorsin thelink layeron themaximal
link utilization by suchTCP sources.

In [4], we have studiedthe achievablethroughputin a static
ad-hocnetwork, whenthe individual flows perform TCP-based
congestioncontrol. We specifically explore the interactionof
TCP's flow control with the schedulingoperationsat the MAC
layer. Thethroughpuf asingleTCPflow is afunctionof both
its end-to-endossprobability p andthe round-tripdelay RT'T;
for moderatelylow valuesof p, the throughputof a persistent
TCPflow varies[7] as:

gradeas @

) with anincreasein n (the numberof

K

= RITx Vb (1)

p
wherek is aproportionalityconstantSincechangeso thetrans-
missionradius R affect bothp and RT'T', the throughputof an
individual TCP sessiorturnsoutto be heasily dependentn R.
If R is verysmall,the averagedegreeof connectvity of the
graphis low, leadingto a correspondingncreasen the number
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Fig. 1. CapacityversusTransmissiorRadiusfor a staticnetwork

of hops(V) in anindividual datapath. As anincreasen N in-

creasedoththe RTT andp, the individual sessiorthroughput
p decreasewith decreasing?, leadingto anoveralldropin the

systemthroughput.On the otherhand,if R is largerthanacer

tain value, then the resultantMAC-layer channelinterference
limits the numberof concurrenttransmissionsand effectively

throttlesthe capacityof individual hops. In sucha situation,
the TCP sessionsre preventedfrom betterexploiting the net-

work by the larger delayscausediueto collisionsandbacloffs

atthe MAC layer. Accordingly (asshowvn in Figure 1), when

the areaof the network and the numberof active sessionds

fixed,thecapacityis a bell-shapedunctionof the R. For values
of R larger thanthe optimal value R*, the network is MAC-

layer constained with the channelnterferencedominatingthe

throughput. For valuesof R smallerthan R*, the network is

TCP-layerconstained with the TCP sessiondeingunableto

pumpenoughpacletsinto the network.

In this paper we extendour analysisto studyboth the effect
of introducingmobility in suchad-hocnetworksandof varying
the numberof TCPflows. In addition,we shallalsoinvestigate
the sensitvity of our resultsto the choiceof a specificad-hoc
routing protocol. The performanceof differentad-hocrouting
protocolshasbeenextensively studiedin literature(e.g.,se€[8],
[9], [10]); however, thesestudieshave not explicitly considered
thedifferentialimpactof varying R.

I1l. SIMULATION PARAMETERS

Our performancestudiesare carried out using simulations
performedon the ns-2 simulator[11]. While we have experi-
mentedwith a variety of nodedensitiesandlayouts,we report
all resultsusinga representatie 50 nodead hoc network. The
nodesaredistributedrandomlyandmove aboutin anareaof 500
m x 500m. For our studieswe settheinterferenceangeto be
twice the transmissiorrange. A fixed numberof TCP connec-
tions arerun for a durationof 500 secondsandthe capacityis
calculatedby summingthe TCP goodputsover all the connec-
tions. Resultsareaveragedveraminimumof 10 separateuns.
While TCP Renois usedasthetransportayer, the datasources



Capacity vs Transmission Radius for various mobility scenarios
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Capacity vs Transmission Radius for various mobility scenarios with Telnet
25
T T T T

T T T
maximum speed 1m/s —+—
maximum speed 5m/s --x--
£ g...gMaximum speed 10m/s -- - -

P
5}
T

Total Capacity (KBytes/sec)
=
o
T

1 1 1 1 1 1
100 150 200 250 300 350
Transmission Radius

0 50 400

Fig. 3. CapacityversusTransmissiorRadiuswith Varying SpeedTelnetTraf-
fic)

(“the application”) are chosento be either persisten{FTP) or
intermittent(Telnet). Unlessotherwisespecified resultsarere-
portedusing DSR asthe ad-hocrouting protocol. Node mobil-
ity is modeledusingthe RandomwWaypointmodel[8], with the
pausetimeof all nodessetto 0 in all simulations.

IV. CAPACITY WITH VARYING NODE MOBILITY

We first studythe effectsof mobility on two differentclasses
of application— persistenandnon-persistentWhile the persis-
tenttraffic (FTP)is greedyandattemptgo inject packetswhen-
ever permittedby TCP’s congestiorwindow, the non-persistent
traffic (Telnet)produce®only sporadidourstsof paclkets.Hence,
aswill beseenlater, while the effectsof interferenceareclearly
visible in the caseof FTR, the MAC-layerinterferencés notso
critical in applicationssuchasTelnet.

The capacityof a network with 40 FTP connectionsvith dif-
ferentmobilities hasbeenplottedin Figure?2. In Figure 3, we
plot capacityversustransmissiorrangewith varying mobility
for Telnettraffic. The speedof a nodeis uniformly distributed

betweerD m/sanda maximumvalue(showvn in thefigures).

In Figure2, we seethatthe capacityof the network decreases
with increasingnodespeed.Clearly, the overheadof routere-
establishmentandthe fraction of paclketsdroppeddueto rout-
ing failures,increasesvith with increasingnodemobility. Fur-
thermorethe optimaltransmissiomadiusR* (correspondingo
maximumecapacity)shifts to the right (i.e., R* is higher) with
anincreasdn thenodespeedIn otherwords,we needa higher
transmissiorrangeto counteracthe high mobility in the net-
work. Notethat,asin the caseof a statictopologyusedin Fig-
urel, theshapeof the capacityersusransmissiomangeplotis
bell-shapedor mobile networksaswell. Moreover, we obsene
thattheincreasaén R* with largermobility ratesis notverydra-
matic;accordinglyit appearshata singlewell-chosenvalueof
R* will ensurereasonablygood (althoughnot necessarilyopti-
mal) network performancegvenif the nodespeedsannotbe
predictedprecisely

For Telnettraffic (Figure3) andfixednodespeedsthecapac-
ity increasesvith increasingtransmissiorradiustill a value of
R', after which the capacitydoesnot changeappreciablywith
R. Sincetelnettraffic is sporadicin nature,we do not obsene
theinterferenceeffect visible with FTR. In otherwords, dueto
theloweraveragepacletarrival rate,thenetwork is never MAC-
layer constrainedgvenat large valuesof R, therearevery few
requestgor concurrentaccesgo the 802.11channel. While the
numberof non-interferingconcurrentransmissiongossiblein
the network doesdip with anincreasein R, the telnetgood-
put remainsunaltered.This is alsothe reasonthatthe network
capacitywith Telnetapplicationis significantlylower thanthat
with the FTP (persistentsource.IncreasingR beyond R’ does
notresultin ary furtherincreasen the throughputithe number
of pacletstransferredn a single burstis usuallytoo small to
allow TCPto take advantageof the smallerlossprobabilityand
round-tripdelays.Hencefor light non-persistertraffic, the TCP
goodputdependsolelyonthe connectvity of the network.

V. VARYING NUMBER OF TCP CONNECTIONS

We now studyhow changego N, the numberof active TCP
flows, affectsthe overall systemthroughput.In generalwe can
clearly expectthe TCP goodputfor anindividual sessiorto de-
gradewith an increasen the offeredload. In essencean in-
creasein N leadsto a potentialincreasein both p and RTT,
sincethelargerloadleadsto morefrequentbuffer overflow and
largerbuffering delays.Accordingly, Equationl impliesadrop
in the TCP throughput.However, the effect on the overall sys-
tem capacityis unclear sincethis reductionmay or may not be
offsetby anincreasen the numberof distinctflows.

This phenomenons studiedin Figure 4 wherethe number
of FTP connectionds variedfrom 5 to 2000in an ad hoc net-
work with 50 nodes. The distribution of node speedis 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
TCP connectionsn the ad hoc network. It is worth noting that
the dropin throughputfor valuesof R largerthan R* is more
acutefor largervaluesof N. Whenthenetwork becomedviAC-
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constrainedand nodesmustperformexponentialbacloff more
frequentlyto accesghe channel,the individual nodesare un-
ableto cleartheir paclet buffersat a sufficiently high rate. Ac-
cordingly, the buffering lossesanddelaysarehigherfor higher
valuesof N, leadingto a sharpdropin systemthroughput—in
essencethe systemis now nearerto congestioncollapse Fig-
ure4 thusillustratesanimportantpoint: if the numberof persis-
tent TCP flowscannotbe accurately estimatedn advanceit is
betterto adopta conservativeapproach and set R to a smaller
value If the chosenvalueof R is larger than R*, the network
sufers a mud stiffer penalty

Figure5 plotsthe resultsobtainedby varying the numberof
TelnetsessionsDueto therathersporadicdnjection of paclets,

the overall traffic load is alwaysratherlow for Telnetsources.

Accordingly, the network is alwayssouice-constained evenat
large valuesof R. Accordingly, the capacityof the network is
seento linearly increasewith anincreasen the numberof TCP
sessionsAs seenearlierin Figure 3, the systemcapacitysatu-
ratesata certainvalue R’ of thetransmissiorrange.
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VI. QOS-AWARE CAPACITY

We have seenthat an unboundedncreasein the numberof
persisten{FTP)connectionganultimatelyleadto adropin the
systemcapacity Figure4, however, doesnot considerthe as-
sociatedssueof QoS;in particular it doesnotincorporatethe
factthatanincreasen thenumberof sessionstypically leadsto
adecreasén the performancemetricsof anindividual session.
For a more accuratedescriptionof capacity we have to addi-
tionally determinghe maximumnumberof active sessionghat
canbesimultaneouslyresentn thenetwork withoutcausingan
unacceptabldegradationn thequality of anindividual session.

We now attemptto answerthe question- whatis the max-
imum numberof TCP connectionghat canbe accommodated
in an ad hoc network with K nodes,without causinga viola-
tion in the QoSmetricsof eachindividual connectionVe point
out the inadequayg of the capacitygraphin Figure4 andargue
that Quality of Service(QoS)constraintsshouldbe taken into
accountn orderto answeltthe above question.

We now assumehatthe maximumpacletlossrateis fixedat
1% for minimumacceptableuality of service.In Figure6, we
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plot the maximaltotal capacity(subjectto the constraintof an
upperboundof 1% onthe pacletlossrate)versughetransmis-
sionradiusR for our 50 nodenetwork. We seethat capacityis
maximumwhen R is approximately75 meters. Figure 7 plots
the maximumpermissiblenumberof TCP connectiongsubject
to the 1% lossconstraintversusR. We seethatthe maximum
acceptablemumberof TCP connectionsshows a peakaswell,
and begins to drop fairly sharplyas R is increasedeyond an
optimal value. Further we seethata transmissiorradiusof ~
75 meterscorrespondso themaximumnumberof TCPconnec-
tions, i.e., ~ 140. Note that Figure 7 corveys more informa-
tion thanFigure 6: it enablesusto obtainan upperboundon
thenumberof simultaneoud CP connectiongfor 1% QoS)that
canbepermittedin a K nodeadhocnetwork. Thesegraphsalso
corvey theappropriatevalueof the transmissiomadiusR* that
yieldsmaximumsystencapacityandmaximumnumberof TCP
connectionslt is thereforeclearthat,evenwith QoSconstraints
imposedn thenetwork, thetotal capacityersusk behaior ex-
hibits the bell-shapedehaior seerearlierin Figurel andFig-
ure 4. However, the optimaltransmissiorradiusR* underQoS
constraintcanbe appreciablydifferentfrom the optimalrange
R* obtainedsimply from anaggreatecapacitystandpointAc-
cordingly, futurestudiesof adhocnetwork capacityshouldtake
into accountthe appropriateQoS constraintypaclet lossrate,
lateng, etc)aswell.

VIlI. AD HoCc ROUTING PROTOCOLS

In this section,we study the effect of a choiceof different
routing protocolson the TCP-centriccapacity While earlier
studieshave indeed performeda comparatie study of these
routing protocols,they do not considerthe impactof varying
thetransmissiorrangeR. We performedour studieswith three
of the morewidely discussead-hocrouting protocols,namely
AODV [12], DSR[13] andDSDV [14]. We compareDSDV,
DSRandAODV in a50-nodenetwork with (i) low nodemobil-
ity (Figure8) and(ii) highnodemobility (Figure9). Boththese
graphscorrespondo FTPtraffic.

It canbe seenthat for almostall valuesof the transmission
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radii, AODV protocolyields the lowest capacityas compared
to the DSDV andthe DSR protocols. The differencein capac-
ity of DSR,AODV andDSDV protocolsis morepronouncedt
highermobility andat highertransmissiomanges However, for
our purposesit is moreimportantto notethatthe value of the
optimumtransmissiorrange R*, is fairly similar for all three
ad-hocrouting protocols. In otherwords,the resultsof our ca-
pacityanalysisseemto hold (atleastqualitatively) arefairly in-
dependenbf the precisechoiceof the ad-hocrouting protocol.
Sincerouting protocolswill continueto evolve with time, veri-
fying this protocol-independends essentiato make our results
andobsenationsmeaningfulfor future ad-hocnetworks.

VIIl. CONCLUSION

In this paper we focus on the TCP capacityover a multi-
hop, wirelessnetwork whereall links sharethe samephysical
channel. We study the sensitvity of TCP capacityto differ-
entnetwork parametergnodemobility, numberof TCP connec-
tions), differentad hoc routing protocolsanddifferentapplica-
tions(Telnet,FTP).

Our resultsshow the existenceof a sharplydefinedoptimal
transmissiomangeR* in the caseof persisten{FTP)traffic; for
Telnettraffic, the systemcapacityincreaseswith increasingR
andeventually saturateat a value R'. Moreover, we have ob-
senedthatthat R* is higherfor highermobility rates—clearlya
larger R helpsto reducethe frequeng of mobility-relatedlink
breakageandthe consequenibssof datapaclets. By incorpo-
rating the notion of a minimal acceptabl&)oSmetric (loss)for
anindividual sessionwe thendefinedthe QoS-awae capacity
asamoreaccuratanodelof the TCP-centriccapacityof anad-
hocnetwork. Our simulationsdemonstratethatthe QoS-avare
capacityis a bell-shapedunction of the transmissiorrangeR
andis maximizedat a value of the transmissiorrangeR equal
to R*.

Severalavenuesemainfor futurework. We proposeo study
the QoS-avarecapacitymetric for additionalapplicationssuch
asHTTP, eachof which hasits own uniquepaclet arrival pat-
tern. Our studiesalsoneedto be extendedto cover UDP traffic



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 tradeof
betweerthe numberof hopsfrom sourceto destinatiorandthe
overall bandwidthavailableto individual nodesasthe transmis-
sionpaoweris varied. TheresultsassuméJDP traffic anda mod-
ified randomdirectionmobility model[5]. It will beinteresting
to studythe sensitvity of TCPtraffic to differentmobility mod-
els.
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