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Abstract— We study the performance metrics associatedwith TCP-
regulatedtraffic in multi-hop, wirelessnetworks that usea common phys-
ical channel (e.g, IEEE 802.11). In contrast to earlier analyses,we focus
simultaneouslyon two key operating metrics—the enemy efficiencyand the
sessionthroughput. Using analysis and simulations, we shov how these
metrics are strongly influenced by the radio transmissionrange of individ-
ual nodes.Due to tradeoffs betweenthe individual packet transmissionen-
ergy and the lik elihood of retransmissionsihe total energy consumptionis
a corvex function of the number of hops (and hence,of the transmission
range). On the other hand, the TCP sessionthr oughput decreasessupra-
linearly with a decreasein the transmissionrange. In certain scenariosthe
overall network capacity can then be a concave function of the transmis-
sionrange. Basedon our analysisof the performance of an individual TCP
sessionwe finally study how parameters such asthe node density and the
radio transmissionrange affect the overall network capacity under differ-
ent operating conditions. Our analysisshows that capacity metrics at the
TCP layer behave quite differ ently than correspondingidealizedlink-lay er
metrics.

|. INTRODUCTION

Analysesof multi-hop, ad-hocwirelessnetworks typically
concentrate®n deriving boundson the maximalachievable ca-
pacity, asa function of parametersuchasthe radio transmis-
sion range, node density total numberof nodesand the av-
eragedistancetraversedby traffic sessions.Thus,[1] shoved
thatthe end-to-endhroughputavailableto eachnodeis O(\/iﬁ)
(wheren is the numberof nodes)for randomtraffic patterns,
and remainsconstantif the sessionsxhibit appropriatdocal-
ization properties.Similarly, [2] demonstratethe existenceof
a global schedulingalgorithmthat canprovide a throughputof
Q(m), whenboththenetwork layoutandindividual ses-

sionsend-pointsaredistributedrandomly For networks where
all nodesusethe samephysicalradio channel(suchas IEEE
802.11[3] basedad-hocLANS), the total network capacityis
dependenbn the transmissiorrangeof eachnode. This is, of
courseexpected,sincea paclet transmissiorby a nodeeffec-
tively precludesimultaneousransmission®y all nodeswithin
thisrange(interferenceaegion).

Theanalysisof multi-hopwirelessnetwork performancepre-
sentedn this paperdiffersfrom suchprior analysisin two key
aspects:

(i) Besidesthe network capacity we also concentrateon an-
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other metric of interest: the enegy efficiency definedas the
averagetotal transmissiorenepgy requiredto reliably transmita
singlepaclet (or byte)to its destination Our metricincludesthe
enegy spentin potentialretransmissionseededto overcome
possibleerrorsin thetraffic path.

(i) In contrastto greedytraffic sourcesusedas the basisfor

maximalcapacityanalysiswe considerTCP regulatedflows It

is well-known thatthemaximalachiezablethroughpuof aTCP
connectionis a function of bothits round-triptime (RTT) and
the pathlossrate—weshall shov how boththoseparametersire
affectedby the underlyingradiotransmissiomange.

For the analysisin this paper we assumehat all nodesare
identical in the sensethat they all usethe sametransmission
rangeR; we studythe propertiesof TCP traffic as R is varied.
Our focusis on treating R asa designparameterand evaluat-
ing how changesn R affectthe overall network performanceén
differentoperatingconditions. For this discussionwe thusdo
not considerscenariosvhereindividual nodesadaptvely alter
their transmissiorpower levels basedon variouscriteria, such
aslink distance®r neighborhoododedensity Further we as-
sumethat the maximumcapacityof the physicalchannelis C;
for our studieswith IEEE 802.11LANs, we have usedC = 2
Mbps.

We first demonstraténow the enegy-eficiencymetric is a
function of the transmissiorrange. In a variety of multi-hop
wirelessnetworks (suchas battery-operatedensometworks),
the enegy efficiency is indeedthe mostcritical metric, sinceit
directly affectsthenetwork lifetime. Eneigy-awaread-hocrout-
ing algorithmstypically choosea paththat resultsin the min-
imum total transmissiorenepy for a single paclet; [4] showvs
why a moreaccurateobjective shouldbe the minimumtotal ef-
fective transmissionenegy, which focuseson reliable paclet
receptionandincludesthe enegy spentin oneor moreretrans-
missions.

We then study how the radio transmissiorrangeaffects the
maximalachievablethroughputof a TCP sessiorin suchwire-
lessnetworks. It is well known that the throughputof a TCP
session(whosecapacityis determineddy the errorrateandnot
network buffering constraints)/ariesaSO(m) [5], [6] if

the patherrorratep is smalIandasO(ﬁT*p) [7] if p is mod-

eratelyhigh. We studyhow the rangeparameterR, indirectly



affects both p and RT'T and hence,boundsthe TCP session
throughput. Additionally, we also considerthe TCP through-
putachievedoverachainof nodesusingthe 802.11MAC layer,
andobsenrehow thisthroughputariesfrom theidealmaximum
presentedi [1].

Both studiesmentionedabove are comparedwith practical
resultsobtainedvia simulationsperformedusing IEEE 802.11.
We subsequentlysetheanalyticalresultsto derive thetotal net-
work capacitywith TCPtraffic for suchad-hocnetworks. Since
the capacitydefinitionfor TCPtraffic is notimmediatelyappar
ent, we definethe network’s TCP-centriccapacityasthe total
(cumulative) goodputachieved by all TCP sessions.We then
considerthe impactof the transmissiorrangeR on this capac-
ity in two differentscenarios.In the first scenariowe assume
thatthenumberof TCPsessionsaswell asthenumberof nodes
are fixed. We thenvary the total areaA of the wirelessnet-
work (implicitly varyingthenodedensity)andthenobsernehow
the cumulative goodputvarieswith changesn thetransmission
rangeof individual nodes. In the secondscenariowe assume
that the network is dispersedver a fixed areaA andthatthe
numberof TCP sessionss proportionalto the total numberof
network nodes. Our analysisshows, thatin contrastto earlier
studiesbasedbn maximallink-layer throughputthe throughput
of theindividual TCPis O(L%) andthetotal network goodput

n
is O(ni) for moderatdink errorrates.We alsousesimulation
studieswith 802.11-basecdhulti-hopwirelessnetworksto quan-
titatively explorethevalidity of our analysis.

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
minantof capacity sinceit effectively determineghe extent of
spatialreusepossible [2] demonstratethat,underrandomses-
sion paths,the capacityof eachindividual sessiorwould de-

gradeas (2 (\/Lﬁ) with an increasen n the numberof nodes,

while the total network capacitywould grow as€(y/n). More-
over, [2] alsoshaved how anideal MAC protocolcouldbede-
signedto provide eachnodeat IeastQ(#gW) of the max-
imal channelcapacity [9] consideredhe designof an opti-
mal MAC layerto maximizethe total utilization of the shared
channelover all the nodesin a multi-hop network. [1] consid-
eredhow thelEEE802.11MA C algorithmperformedelative to
theseboundsandalsoshovedthatif thetraffic patternsshaved
appropriatestochastidocality (moreaccuratelyif the probabil-
ity of the sessiondistancedecayedfasterthan D—2), thenthe
ideal throughputper sessionwould remaina constant. These
studies however, considerdealizedsourceshatarecapableof
injectingpacletswhenever permittedby the MAC layer. In par
ticular, they do not considerthe useof TCP traffic andthe im-
pactof transmissiorerrorsin thelink layeron the maximallink
utilization by suchTCP sources.

Studieson enegy-efficient communicatiorfor wirelessnet-
works typically focus on the routing problemalone: they are

concernedsolely with maximizing somemeasureof the total
transmissiorenegy or minimizing somefunctionof the battery
drainage For example [8] adaptDijkstra’s minimumcostpath
selectionalgorithmto find minimumtotal enegy paths,by set-
ting the link costto the associatedransmissiorenegy. Such
enegy-efficient routing protocolsassumehat, whenthe phys-
ical distanceof a hop is smaller the wirelessnodesare ableto
appropriatelyreducetheir transmissiorpower. Similarly, never
routingalgorithms(e.g,[10]) seekto reducealong-distancénop
into a seriesof short-distancenes,therebyminimizing the to-
tal power usage. Battery-avare routing protocols([11], [12])
often considerthe residualenegy level of the nodes battery
asametric, andhenceattemptto form routesusing potentially
less-drainedhodes. Suchstudiesdo not however analyzehow
the selectionof suchenepgy-efficient pathsimpact other met-
rics suchassessiorthroughput:sincemodificationof thetrans-
missionrangeimplies modificationof the sessiornthroughput,
such power-consciousrouting algorithmsimplicitly affect the
network capacity

The performanceof TCP congestioravoidanceundervary-
ing lossratesand RTT hasbeenextensiely analyzedn litera-
ture (e.qg. [5], [6], [7]), especiallyfor point-to-pointlinks. For
moderateo low lossrates the TCP throughputvariesinversely
as the square-roobf the loss probability. The interactionof
TCP performancewith the contention-base®AC scheduling
in multi-accessnediais lessclearlyunderstood.

I1l. ENERGY EFFICIENCY AND TRANSMISSION RANGE

We considerascenariovherethetransmitteradiosarecapa-
ble of dynamicallyalteringtheir transmissiorpower, basedon
the transmissiordistance.We first focussolely on the commu-
nicationcost,andthenshav how the enegy budgetis changed
substantiallyif we additionallyconsiderthe computingcost.

We alsoassumehe useof omni-directionalantennaaccord-
ingly, if the maximumdistancefor acceptableeceptionis R,
it follows thatthe coverageareafor reliablereceptionis oc R2.
Sincethe power attenuatiorwith distanceD is usually propor
tionalto DX : K > 2, it follows thatthe optimaltransmission
power neededo communicateover a radial distanceR is pro-
portionalto R¥. Accordingly, anenegy-efiicient transmission
schemewill ensurethat the transmissiorenegy over a single
hop(or link), E(R), of distanceR is:

(1)

Given the above relationshipbetweenthe optimal transmis-
sionenegy andthe total transmissiordistancejt is easyto see
thatthetotal enegy associatedavith a singletransmissiorevent
actuallydecrease# a hopis sub-dvidedinto multiple smaller
ones:clearly if Dy +D, = D, thenDF +D¥ < DK if K > 2.
Enegy-efficientrouting protocolsthususuallyseekto transmit
a paclet betweena sourceS and a destinationD using mul-
tiple short-distancenops, as opposedto a smallernumber of
long-distancehops. Indeed,minimum total-enegy routing al-
gorithms,suchas|[8], resultin the formation of routeswith a
large numberof short-rangehops. This intuition is, however,
misleading:the formulationneglectsthefactthatanincreasen

E(R) x R¥



the hop-countleadsto anincreasan the paclet error rate over
the entirepath,andtherebyincreaseshe likelihoodof retrans-
missionsandthusdecreasinghe sessiorthroughput.
Analysisin [4] shaws that, in the absenceof reliable link
layers(or whatis calledthe end-to-endretransmissioror EER
model), the actual effective enegy per reliably transmitted

pacletovera N — hop path(with nodesndexedas(1,..., N +
1)) is givenby:
N pK
v DK
Egi? o %z_l i,i+1 , (2)
[Tiz: @ = piit1)

wherep; ;11 indicatesthe paclet error rate of the it" hop (be-
tweennodesi andi + 1). On the otherhand,if the number
of permittedretransmissionen eachlink is unboundedhence,
eachlink ensuresiccuratedeliveryto the next hop),thetotal ef-
fective enegy per paclet (in the so calledhop-by-hopor HHR
model)is givenby:

z z+1
pz H—l

HHR
total

o Z —

Analysisof theexpressiorfor the EERmodeshovsthat,even
if all thelinks haveidenticalerrorratesthereis anoptimalvalue
for the numberof hopsassociatedvith a specifictransmission
path. If the numberof hopsis smaller the enegy budgetis
dominatedby the largertransmissiorenegiesneededo trans-
mit over larger distancesjf the numberof hopsis larger, it is
the overheadassociatedvith retransmissionshat negatesthe
enegy gainsassociatedvith smallerindividual hops. In con-
trast, if eachlink is allowed potentially unlimited number of
retransmissiorattempts,the total effective enegy always de-
creasesvith increasingV.

(3)

A. TransmissiorEnegy Efficiencyand TransmissiorRange

Beforeproceedindurther it is necessarjo extendtheanaly-
sis of effectivetransmissiorenegy mentionedabove. To apply
ourinsightsquantitatively to technologiessuchasIEEE802.11,
we needto analyzethe casewhereeachlink hasanupperbound
onthemaximumumberof retransmissiorattempts Thisbound
is a practicalnecessityto avoid abnormallylarge latenciesand
buffer overflowsatthelink layer. We assumehateachlink layer
is permittedatotal of max transmissions;learly, sucharestric-
tion resurrectghe possibility of end-to-endretransmissionin
the caseof forwardingfailure at anintermediatdink. Also, for
analyticalease we assumehatall links have the samepaclet
errorratep andthe sametransmissiorenegy E.

Dueto the considerablymoreinvolved natureof the calcula-
tionsfor effective enepy in this case we relegatethe complete
mathematicaanalysigo the Appendix,mentioningonly therel-
evantfeatureshere.

Resultl: If eachlink hasatransmissiorpaclet error ratep,

thenthe conditionalexpectednumberof distincttransmissions,

giventhe successfulorwarding overthelink, is givenby:

1 mazx x pme*
1-p

Tgood = 1 — pmaz )

and the expectednumberof distinct transmissionsgiven the
failure of thelink forwarding processs givenby:

Thad = Mmax.

Result2: In caseof an end-to-endfailure in reliable paclet
delivery (oneof the NV intermediatdinks failed to reliably for-
wardthe paclet), thetotalnumberof expecteddistincttransmis-
sionsis givenby:

Tbad + Tgood * (1 - q) * {

I1-N+x(1—g)N" 1+ (N —-1)%
gx{1-(1-9"}

whereq = p™®, Similarly, if the packet wasindeedsuccess-

fully forwardedto the destinatiomnode,the total numberof ex-
pecteddistincttransmissionss:

total
Tbad

(4)

__ \N
(1-9q) 1

total
Tgood -

N x Tgood (5)

By combiningthe above two resultswith the fact that the
probability of successfupaclet end-to-endleliveryis givenby
(1—q)N (whereq = p™a*), we canfinally derivethefollowing
result:

Result3: Thetotal effective numberof distinct paclettrans-
missionsneededor reliablepacletdeliveryis givenby:

Pfail Ttotal

Ttotal
1— Pfazl good >

T= bad

(6)

wherePjo; =1 — (1 — )V

SinceT is really a function of N, p and maz, we rep-
resentthis result genericallyas T'(N, p, max). We defer the
guantitatve comparison®f our analyticalexpressiorwith sim-
ulation resultsto the next sub-sectionand, instead,focus on
the expected qualitatve behaior. Clearly, in the limited-
retransmissiocasethereis anoptimalvaluefor N, thenumber
of hops:if N becomegoo large,thentheprobabilityof anend-
to-enderrorbecomesion-ngligible andthe consequengffects
of end-to-endetransmissionkegin to dominateheenegy bud-
get. In fact, the approximatevalue of this optimal valuecanbe
obtainedby realizing that, from the standpointof enegy con-
sumptionalone,a link with a packet errorrateof p andatrans-
missionboundof max is essentiallyequivalentto a link with
noretransmissionbut a link pacleterrorrateof p™**. (Thisis
not completelyaccuratevhenwe considerthe effectson proto-
colsathigherlayers;for example link-layerretransmissionare
likely to resultin greatevariationin theforwardinglateng/ and
hencethe possibility of spuriousTCP-layertimeouts.)Accord-
ingly, usingthe analysisin [4], the optimal valueof N is, to a
goodapproximationgivenby log(l:zly”””) .

For a generalizecad-hocnetwork, it is now easyto seethe
connectionbetweenthe transmissiorradius and effective en-
ergy. If we assumehatthe averagedistancebetweenthe end-
pointsof asessioris L, thenatransmissiomangeof R implies
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Fig. 1. CommunicatiorEnegy versusNumberof Hops(TxThresh= 1)

thattheaveragenumberof hops,N is givenby (%1 , ortoagood

approximationby %. Accordingly, with a link layer boundof
max onthenumberof retransmissiongquation(6) shovs that
theeffective enepy efficiengy of thead-hocnetwork is givenby
(ignoring proportionalityconstants):

£ max
R,p,

Clearly, aslong asthedecreasén R in the expression(7) dom-
inatesover the correspondingncreasen T'(.), the enegy con-
sumptionper byte decreasesBeyond the optimal valuefor R,
the decreasén the enegy spentin ary singletransmissiorac-
tivity is negatedby thelargerincreasdn 7'(.). Fromanenegy
efficiency perspectie, thereis anoptimal valueto the radiusof
acceptableeceptiorguality R in anad-hometwork; decreasing
thetransmissiomangebelow this optimalvaluedoesnotleadto
greaterenegy savings.

(7)

Communication Energy (J)

Etotal = RK *T (

A.1 Applicability to the 802.11Environment

We appliedthis analyticalmodelto the 802.11-specifi@nvi-
ronmentusingthe802.11limplementatiorin thens-2simulator
For our simulations the distancebetweerthe sourceand desti-
nationwaskeptat 750 meterswhile thetransmissiomangewas
variedbetween(30, 700) meters;N wasthusvariedfrom 2 to
24. Theenegy associatedvith eachtransmissiorwasassumed
to be (ignoring proportionality constantsgivenby E « RZ;
the simulationswere run for both uncorrelatedi.e., i.i.d) and
correlatederror models.For theresultsplottedhere,we setthe
transmissiorpower for a distanceof 250 metersto 0.03346W,
andthencomputedhe correspondingpower for othertransmis-
siondistancedy appropriatescaling(proportionalto thesquare
of thedistance).

Thecommunicatiorenegy efficiency (the effective transmis-
sion enegy per packet) was computedby determiningthe to-
tal transmissiorenegy spentin transferringa 10 MB-sizedfile
usinga TCP flow from the sourceto the destination.Sincethe
numberof pacletstransferredeliably by TCPis thesameor all
simulations,the total communicatiorenegy consumptioris a
directindicatorof thetransmissiorenegy efficiency. Thenum-
berof hopsNV wasvariedby simply insertingthe corresponding
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numberof intermediatenodesbetweenthe sourceanddestina-
tion. The total enegy consumptioris clearly a function of the
maximumnumberof retransmissionsupporteciteachlink (the
TxThreshparametein ns-2). We presentresultsherefor Tx-

Threshequalto 1 and4; the corresponding/alue of maz (see
Equation(7)) wasthus2 and5 respectrely. We simulatetheen-
ergy efficiengy for TCPfile transferusingtwo standardnodels
for thelink error: a) the two-stateMarkov-modulatedchannel
modelwith correlatederrorsandb) theindependenidentically
distributed (i.i.d) modelwith independentind identically dis-

tributedbit errorrates.

Figure 1 plots the simulatedtotal transmissionenegy con-
sumption,underthei.i.d model,as N variesbetween? and23
for two differentvaluesof p, 0.1 and0.2, and TxThreshequal
to 1. Thefigurealsoincludesthe enegy efficiency values(with
appropriatescaling)predictedby Equation(7). We canseethat
the theoreticalmodel, while an accuratereflectorof the over-
all trend,underestimatethe enegy consumptionespeciallyfor
larger valuesof N. This is to be expected,sinceour analyti-
cal formulationdoesnotincludethe enegy spentin the 802.11
signaling(suchas RTS/CTS/ACK paclets),aswell asthe en-
ergy wastagein potentialMAC layer collisions (which canbe
expectedto occurmoreoftenfor highervaluesof V). It is easy
to seethat,whenthelink layerpermitsonly oneretransmission,
the optimalvalueof N (from simulations)is largerthan23 for



p = 0.1; evenwhenthe error rate is fairly large (p = 0.2),
the optimal numberof hopsis approximatelyl5. The number
of TCP level retransmissionor the two caseshave alsobeen
plottedin Figure2; asexpectedthe numberof source-initiate
retransmissionseededncreasesvith increasingV.

To further studythe impactof link-layer retransmissionsye
alsostudiedthe total enegy consumptiorwith TxThreshequal
to 4 andthreelink errorrates:

a) The two-stateMarkov model where the average sojourn
timesin the GoodandBad stateswere 1.0 and 0.3 msrespec-
tively.

b) The two-state Markov model where the average sojourn
timesin the GoodandBad statewereidenticalandequalto 1.0
ms.

¢) Thei.i.d modelwith p setto 0.5 (averyhighvalue).
Figure3 plotsthesesimulationresultsfor the total transmission
enegy with TxThresh = 4; it is againseenthatunderall these
operatingconditions,the transmissiorenegy consumptiorde-
creasesslongasN isincreasedverary realisticrange.

k=]
2

B. Total Enegy Efficiency

The discussiorandresultsof the previous sectionshow that -
alargernumberof hops,or equivalentlya smallertransmissio
range typically alwaysincreaseshe enengy efficiengy. Thisar
gumentis, however, misleading,sincethis formulationignores
the computingenegy- ary nodeengagedn paclet transmis-
sionsalsoexpendsambientenegy in additionto thatconsumed
by the radio interface. In particular we shall seein the next
sectionthatanincreasen N typically leadsto a corresponding
dropin the TCP goodput,evenif the physicaldistancebetween
thesourceanddestinatiomodess unchangedHencewhile the
transmissiorenegy efficiency mayindeedincreasewith IV, the
resultantossin throughputimplies that the transferof a fixed
numberof byteswill take alongertime. Sincethetotal comput-
ing enegy canbeassumedo beproportionakto thetotal activity
duration,it shouldbe clearthatthis costwill only increaseawith
N.

To formally explore this concept,we repeatedthe enegy-
relatedsimulations taking careto measurahe total time taken
by TCPto reliably transfertheentire 10 MB file. If we thenas-
sumethen P, is the ambientor standbypower spentby each
node during the lifetime of the session,the computing en-
ergy expenditureover all the N nodesis equalto P, * N x
simulationduration Accordingly, thetotal enegy consumption
is now givenby:

=3

Eiotar = E(transmission) + N = P, * simulationduration

Figure 4 plots the variationin this total enegy with chang-
ing N for the experimentsusingthe two-stateerrormodelwith
GoodandBad sojourntimesof 1.0 msecand0.3 msecrespec-
tively (TxThresh=4).Similarly, Figure5 plotsthe total enegy
consumptiorversusthe numberof hopsfor the two-stateerror
modelwith Good and Bad sojourntimesof 1.0 msecand0.3
msecrespectiely (TxThresh= 1), andthei.i.d errormodelwith
p = 0.1 (TxThresh=1). Theseresultscorrespondo achoiceof
P, = 0.004 W.
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It is easyto seethat, when the total enegy is considered,
both graphsshav minimum enegy consumptionfor realisti-
cally small valuesof N. For example,if we consideronly
the transmissiorenegy, the optimal value of N was certainly
greaterthan 23 for the i.i.d channelwith an error rate of 0.1.
However, whenthetotal enegy consumptions consideredit is
clearthatincreasinghenumberof hopsheyond~ 10— 12 hops
will prove to be disadwantageous.(In our simulatederviron-
ment,anoptimalhop countof 12 correspond$o atransmission
rangeof ~ 65 meters.)Our studiesthusclearly shov thatary
adjustmentgo the transmissiorrangeto improve the network
capacity(which we shall defineappropriatelyin the sectionV)
mustconsidetthepotentialeffectontheenepy efficiency of the
resultingnetwork. If the transmissiorrangeis decreaseduch
thattheaveragenumberof hopstraversedby asessiorincreases
beyond~ 10 — 15, thenary increasen network capacitycomes
only atthe expenseof lower enegy efficiengy.

IV. MAXIMUM THROUGHPUT OF A SINGLE TCP SESSION

After analyzingthe enegy-relatedmetricsof anad-hocnet-
work, we now considertheimpactof thetransmissiomangeon
the throughputachiezed by an idealizedTCP session. In this
section,we assumehe absencef ary cross-trafic from other
sessionsithe path for the sessionof interestis thus simply a
node-chainAnalysisin [1] shovedthat,for suchachaintopol-
ogy (wherethe nodescould interferewith their one and two-



hop neighbors)the maximumideal capacityis < ; with 802.11
MA C-basedscheduling the maximumobtainedthroughputis
usually around % To achieve suchan ideal throughput,the
MAC layer must be the only bottleneck;in contrastto these
analyseswe considera persistentflow subjectto the dynal -§
ics of TCP flow control. The throughputof a persistenfTCP £ 2
flow dependson the rangeof the magnitudeof the error rates <
andthebuffer capacityavailableatintermediatenodes.

If the TCP lossesoccur primarily dueto link errors,and if
buffer overflow is a fairly rare event, thenthe throughputof a
TCP connectionas a function of p and RTT is given by the
well-known square-rooformula:

TCP Throu

kK*MSS %8

P(RTT,p) ~ —prr v

(8)

where RT'T equalsthe round-tripdelay p equalsthe effective
errorrate, M S S indicatesthe paclet size (in bytes)andwhere
k is an implementation-specificonstant. (For example, « is
~ /2 for TCPwithoutdelayedacknavledgmentsand~ 1 with
delayedacknavledgments.)The above equationholdsaslong
asp doesnot becomevery greaterthan~ 15 — 20% for most‘
TCP versions;larger valuesof p leadto undeS|rabIeranS|entSF
suchasretransmissionimeoutsanda sharperdropin the TCP ~
throughput.

Ontheotherhand,if TCPlossesccurprimarily dueto buffer
overflaws,thedynamicsof theconnectiorbecomesnuchharder
to analyzein the presencef multiple hops.In sucha situation,
the RT'T is dominatedby the variousqueuingdelays;however,
in general,the throughputof the TCP flow decreasewvith an
increasan theRTT.

For practicalad-hoctopologies,the propagationdelaysare
usuallysmall-consequentlyhe RT'T is dominatediy thequeu-
ing andtransmissiordelays.Assumingthatnodesarehomoge-
neous,the RTT is thusdirectly proportionalto N, the num-
ber of hops,sinceeachadditionalhop introducesqueuingand
transmissiordelays. If the error probability of eachlink is a
constantp, the end-to-encerror probability is given exactly by
1—(1-p)V;if N xp << 1, theend-to-engpacleterrorrateis
thenapproximatelyV xp. Accordingly, for ad-hocetworksop-
eratingunderrelatively smallend-to-engaclketerrorrates(say
lessthan~ 10%), themaximalthroughpubf a TCP connection
shouldbehae asthefollowing functionof N:

ghput (Log Scale)

1 1
X —/ X —F.
P Nsx+vN N3

However, if theerrorratesaresolow thatthe TCPflow almost
never halvesits window in responséo alink loss,it shouldbe
clearthat the throughputbecomesndependentf the link er
ror probabilities. In sucha case,since RTT «x N, the TCP
throughputwill varyas:

(9)

1
p X~

N (10)

For a fixed meandistanceL (in absoluteunits) betweenthe
end-pointof anad-hocsessiontheaveragenumberof hops,V,
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asa function of the transmissionmangeR is givenby N = %
Accordingly, the maximumthroughpuof a persistenf CPflow
will vary o R3 if theflow is link-loss controlled,and < R if
the flow is buffer-loss controlled. Of course,the above equa-
tionshold goodonly whenp is lessthanthetheoreticalgoodput
of the chaintopology For example,in a linear topology with
ideal MAC schedulingandinterferenceradiusequalto the ac-
ceptableeceptionradius,thedynamicsof TCP flow controlact
asthe primary flow capacityconstraintaslong asp < % If
theinequalitydoesnothold, thenthe sessiorthroughpuis con-
strained,not by TCP dynamics,but by the interferenceat the
MAC layer amongsimultaneoudransmissiondy neighboring
nodes.

A. Applicability to the 802.11Ernvironment

To study the variation of TCP sessionthroughputwith the
numberof hopsin the 802.11ernvironment,we performedsim-
ulationswith our chaintopology As before,the distancebe-
tweenthe sessiorend-pointswvaskept constant-the numberof
intermediatéhopswasvariedby varyingthetransmissiomange.
Moreover, we plottedlog(p) againstlog(N); in this case,the
slopeof theresultantcurve determineghe exponentin therela-
tionshipbetweerp andN.

Figure 6 plots the TCP throughput(in termsof paclets/sec
for an MSS of 512 bytes) againstN on a logarithmic scale
whenthelink errorrateis very small (0.001)and TxThresh=1;



in this case the resultantend-to-endossrateis negligible and
TCP is primarily buffer controlled. The slopeof the curve is
~ —1, indicatingfairly goodagreementvith our analysis.On
theotherhand,Figure7 plotsthe TCPthroughpuiagainin units
of paclet/secfor 512 byte paclets)againstV for p = 0.1 and
TxThresh=1.In this case the resultanterrorrateis moderately
high; the slopeof the curve is around—1.7 in this case which
indicatesfairly closeagreementvith our theoreticalanalysis.

The resultson the TCP throughputin such multi-hop net-
works are important from the capacity analysis standpoint.
The results shov that for TCP-controlledtraffic, decreasing
the transmissionrange actually penalizesthe maximum ses-
sionthroughputsincethe consequenincreasen the numberof
hopsincreasedoththe RT'T andthe end-to-endossrate. As
we shall seein the next section,this phenomenonmpactsthe
amountof TCP traffic that sucha multi-hop, wirelessnetwork
may be expectedo carry.

V. TCP-BASED AD-HOC NETWORK CAPACITY

Having studiedboth the enegy-efficiency andthe individual
TCP sessionbehaior with varying R, we now focus on the
total capacityof the ad-hocnetwork. Most literature defines
the network capacityC'ap asthethetotal “one-hopthroughput”
or the “bit-distanceproduct™-fundamentallyspeakingthis is a
weightedsumof all the sessiorthroughputswith theweightof
eachsessiorequalto the distance(or the numberof hops)over
whichit passes.

Fromatheoreticalperspectie,if thetransmissiorfandinter-
ference)rangeof the ad-hocnodesare R, thena nodetrans-
mitting pacletsat the channelcapacityC effectively prohibits
ary transmissioractivity for all nodeswithin the coveragearea,
whichis oc R2. Accordingly, if the areaof the ad-hocnetwork
is A, andthe transmissionand interferenceradii are both R,
the maximalideal capacityof the ad-hocnetwork is TS:};; . In
a more genericcontext, wherereceptionandinterferenceradii
arenotnecessarilydentical,themaximalnetwork capacityCap
is o %. In general,we would thus expect the maximal
ideal throughputto increasequadraticallywith a reductionin
thetransmissiomadius.

Sincea greedyTCPflow (wherecwnd is the only constraint
for paclet generatiorat the transportiayer) cannotavail of the
maximalcapacity the conceptof maximal TCP throughputand
network capacitybecomedrickier. It is alsoapparenthat at-
temptingto attain~ 100% link utilization by pumpingup the
numberof parallel TCP sessionss alsonot feasible,especially
in wirelessnetworks where the buffer capacityon individual
nodesis fairly limited. We thusstudythe expectedthroughput
dynamicsfor two different, but interesting,operationalscenar
ios.

A. TheFixedSession\ariable AreaFrameavork

We now attemptto formalize the notion of capacityin this
scenaridfixedsessionyariablearea).We recallfrom the previ-
oussectionon capacityof a single TCP sessiorthatfor a fixed
meandistancel (in absoluteunits) betweenthe end-pointsof
anad-hocsessiontheaveragenumberof hops,V, asafunction

v

of the transmissiorrangeR is givenby N = . For the link
layer, the numberof simultaneousctive sessionslecreasavith
increasingangeR. Onanaverage,

Cap x i (11)

R2

Now, for afixednumberof TCP sessionsgapacityis propor

tionalto TCPthroughput(aslong asthe MAC layerboundsare
notviolated),i.e.,

Cap x (12)

1

3

T 2
(*

If R isverysmall,the averagedegreeof connectvity of the
graphis fairly small. The resultantsub-optimalpathsimply
that eachpaclet hasto travel a large numberof hops (V) to
reachto thedestination Accordingly, the TCP sessiorthrough-
put decreasewith decreasingR, if R is belov a certainvalue.
Thereforethe sumof thethroughputqover thefixed numberof
sessionspecomessmaller On the otherhand,if R is larger
thana certainvalue, thenthe resultantMA C-layer channelin-
terferenceandcollisionslimit the capacityof the TCP sessions.
In this rangeof R, the TCP sessionsre preventedfrom better
exploiting the network by the larger delayscausediueto colli-
sionsandbacloffs at the MAC layer, hencethe TCP through-
put (thatdecreasewith increasingV) for eachsessioris small.
We canthusexpectan optimal valueof R. To theright of this
value (larger R), the networkis MAC-layer constained, with
the channelinterferencedominatingthe throughput;to the left
of this value(smaller R), the networkis TCP-layerconstiained
(Equation12), with the TCP sessionsinableto pumpenough
padketsinto the network.

Accordingly, it follows that for R smallerthanthis optimal
value, the network capacitywill degradein proportionto the
TCP throughputdegradation(cx R? from Equation9), if p lies
within a sensibleoperatingrange. To the right of this optimal
value, the resultantthroughputis determinedby the compet-
ing effectsof higherTCP-layerthroughput(lowerlossratesdue
to smallerN) andgreaterMAC contention. Thus,from Equa-
tion 12 andEquation11, we would expectthe ‘capacity’ in this
rangeto vary as:

- xR7.
RZ /N0
R

Cap x (13)

Figure8, Figure9 andFigure10 show resultsfor capacityas
transmissiomangeR is varied. In thesesimulations,50 nodes
wererandomlydistributedin a squaregrid area. 25 TCP con-
nectionswere chosenrandomly and every node was either a
TCP sourceor a TCP destination but not both. All our simu-
lationswith randomtopologiesuseDSRfor computingthe ses-
sion paths;in the absencef mobility, the choiceof paths(and
consequemetwork performancejs expectedo beindependent
of thechoiceof a specificad-hocrouting protocol.

In Figure 8 we plot the capacityversusR for an errorfree
channeimodelanda squaregrid of 500m x 500m. We seethat
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theoptimalvalueof R (from acapacitystandpointjs ~ 35—40
meters.

In Figure 9, we have plotted TCP goodputversusthe trans-
missionrangefor variouslink Packet Error Rates(PER) (for a
constant500m x 500m grid) underthe 1ID error model. We
seethatas PERincreasesthe TCP goodputdecreaseandthe
the optimaltransmissiomange(i.e., therangecorrespondingo
maximum TCP goodput)increases.This canbe explainedby
observingthata larger paclet error rateimplies a fasterdegra-
dationin TCP throughputwith the numberof hopsin a path.
Thus,avalueof R thatis optimalfor smallerp will prove sub-
optimalfor largerp. As R is increasedthe averagevalueof N,
andhenceN x p, theend-to-encerrorrate,decreasekeadingto
more aggressie behaior. Of course the resultantincreasen
the optimal value of R cannotbe very large, sincea larger R
alsoimpliesgreaterdelaysandinterferenceatthe MAC layer.

It is alsointerestingto seewhathappensf thetotal areaA of
thewireless multi-hopnetwork is increasedvithoutvaryingthe
total numberof nodesn or thetransmissiomangeR. If n is the
nodedensity thenclearly A = % Further for networkswhere
the sourceand destinationare chosenat random, the average
distanceof a session,L is clearly Az If the transmission
radius R is chosento be greaterthan the optimal value, then

n
100
Transmission range (m)

n n
60 80

Fig. 10. CapacityversusTransmissiorRangefor varying Density

Equationl3 shows thatthetotal “TCP capacity’is givenby:

T

(14)

Thus,in the fixed sessionyariable area and constantrange
framawork, the capacityof the systems inversein proportionto
n%, or proportionalto A% . In networkswherethe radioranges
cannotbe adjusted,one must thus guard againstpacking too
mary nodesinto too smallanarea.

In Figure 10, we plot the systemcapacityversusthe trans-
missionrangefor varying nodedensitiesby changingthe area
(300mx300m,500mx 500m,700mx 700m). The simulationis
donefor anerrorfreechannefi.e, PER= 0). It is seernfrom the
plot thatfor a fixed transmissiorrange,the capacitydecreases
with anincreasén the density

B. TheVariable Sessiongrixed AreaFramavork

In contrastto the assumption®f the previous section,now
consideran operationalmodewherethe coveragearea, A, of
the ad-hocnetwork is fixed. Further the numberof simultane-
ously active TCP sessionsn the network, denotedby 7', is di-
rectly proportionato n, thetotalnumberof ad-hocnodes.Thus.
mathematically
(15)

wherey indicategheprobabilitythatany givennodeis engaged
in aTCP-basedransferatary instant.

Thisformulationis ausefulmodelfor understandingetwork
dynamicsundercertainvery practicalsituations. Considey for
example,the problemof coveringa geographiareawith a cer
tain numberof sensolsaythermalsensornodes.Eachnodeis
autonomouslyprogrammedo periodicallyactivateitself, mon-
itor the temperatureand communicatat to a centralauthority
Thus,if thecommunicatiorprocesshappengor 15 minutesev-
ery hour, we have a modelwherethe numberof active sessions

is ith of the total numberof nodesn. The network designer
would clearly be interestedn evaluatinghow his choiceof the
nodaldensity(how closelyto placethewirelessnodes)denoted
by n, affectsthe achiezablenetwork capacity

To studythe dependencef total capacityon 5, we make the

fundamentabssumptiorthata largern leadsto a smallertrans-

T=~xn,



missionrangeR. In well-designecetworks,the choiceof R is
actually basedon the needto keepthe averagedegreeof each
node,definedasthe numberof one-hopneighborsmoderately_
high; in fact, classicalresults[13] statethat the optimal num-
berof one-hopneighborss ~ 6. As 7 increasesa nodeis able g
to find one-hopneighborswithin a smallerradial distanceand g
consequentlycanlower its transmissiomadius. i

Then, sinceeachTCP sessionby our previous section,has

3
p o either (£)2 (for moderatevaluesof p) or o (£) (for low

valuesof p), it follows thatthetotal capacityutilized by the ad-
hocnetwork is then:

Log scal

TCP Throughput

3

Cap o yxn*Ax <%) for moderatep
R
X ykpx Ax (f) for verylow p (16)

We thusconsidera fixedareaA andprogressiely increasead-
hocnodedensityn. Sincethe optimaltransmissiorradius(that
neededio maintaina constantnodal degree)decreasess the
square-roobf the numberof nodes,it is easyto seethatnode
densityandthe transmissiomadiusarerelatedas

Ro -

Vi

By substitutingthis into equation(16), we finally getthe‘ca-
pacity’ of the TCP-basedd-hocnetwork as

A Axni
"Y*’I’]* Oc"y* *7’]4

Cap x T}% L ILs 73 ) a7
or,
A Axnz
Capocfyl*nik 0(7*71*7727 (18)
7z % L0-5 L2

whereEquation17 holdsfor moderateljow valuesof link error
rates,and Equation18 holdsfor very low valuesof link error
rates.

To illustrate the validity of our conclusionswe ran simula-
tionswherethe areawaskeptconstantandthe numberof nodes
wasprogressiely increased Figure 11 plotsthe TCP through-
put againstthe logarithm of the nodedensity for an operating
environmentwherethe link paclet error rate (i.i.d.) wasonly
0.001 and TxThresh=1. The slopeof the graphin this caseis
~ 0.6, shaving the applicability of Equation18 to this case
(sincethe effective end-to-enderrorratewasvery low).

It is interestingo contrastheseresultswith thoseon theide-
alized link capacityin [1], which shaved that, under similar
operatingconditions,the idealizedlink-layer network capacity
would increaseas O(,/n). Clearly, the bursty natureof TCP
traffic (which preventsus from indiscriminatelyincreasingthe
total numberof sessions)andthe dependencef TCP session
throughputon the link error rate can prevent TCP-basedlata
traffic from achieving thisidealvalue.
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Fig.11. TCPThroughputversusNodeDensity(Log Scale)or OptimumRange

VI. CONCLUSION

In this paperwe focusonthetheoreticaperformancef TCP
traffic over a multi-hop, wirelessnetwork whereall links share
the samephysicalchannel. Our analysisshows thatit is often
difficult to simultaneoushimprove both the enegy efficiency
andthe sessiorthroughput. We studiedhow the transmission
enegy efficiency decreasewith anincreasen theaveragenum-
ber of hopsfor a sessionandis a combinedeffect of smaller
enegy for individual paclet transmissionsand larger retrans-
missionprobabilities.

Thisimprovementin enegy efficiengy, however, comeswith
a cost: the TCP sessiongoodput. We shoved how the good-
putof anindividual TCPflow decreaseaseitherO(;l-%r), oras
O(%), dependingon the error rate of the link layer. Accord-
ingly, a decreasén theradiotransmissiorrangeR impliesthat
asessiontakeslongerto transfera fixed quantityof data.When
theambientcomputingenegy is consideredn tandemwith the
communicationcosts,we shav that a smaller R is beneficial
from an enegy perspectie only up to a certainlimit. A de-
signerof sucha multi-hop wirelessnetwork needsto consider
theseenegy-bandwidthtradeofs while decidingon the node
densityandradiotransmissiomange.

Perhapsmostimportantly we shov how the transportlayer
(TCP) capacityof the network differs from the idealizedlink-
layer capacity We considertwo distinctoperationaimodesand
shaw that,in eithercasethecapacityis typically decidedby the
tradeof betweerthe maximumattainablethroughputof a TCP
sessiorandtheinterferenceeffectsatthe MAC layer Whenthe
areaof the network andthe numberof active sessionss fixed,
the capacityis a concae function of the transmissiorrange.
On the otherhand,if the numberof active sessionscaleslin-
earlywith thenumberof nodestheeffective TCP-layercapacity
variesbetweenO(n1) andO(nz), in contrastto the idealized
boundof O(n?).

In future,we needto extendour analysisandsimulationstud-
ies to mobile ad-hocernvironments,since node mobility will
clearly impact both the enegy consumptionand the individ-
ual sessiongoodput. Clearly, varying the transmissionrange
R directly affectsthe frequeng of link breakagesn suchmo-
bile environments-sincesuchbreakageseadto bothadditional



routingoverheadsandpacletlossesthey affectboththeenegy
consumptiorandtheoverallgoodputn non-trivial ways.More-
over, we alsoneedto studythecomparatie performancef var
ious ad-hocrouting protocolssuchasAODV, DSRandTORA,
which areexpectedo differ in termsof importantperformance
metricssuchasthepacletdeliveryratio, theaverageforwarding
latengy andthe enegy consumption.

APPENDIX

In this appendixwe derive the expressiorfor the total num-
ber of paclet transmissionsiecessaryor reliabledelivery of a
pacletoveran N hoppath.Thepaclketerrorratefor eachhopis
p andthe maximumnumberof retransmissionat thelink layer
is mazx.

Sincereliablelink forwardingfails only whenall max trans-
missionsfail, the unconditionalprobability of link paclettrans-
missionfailure, which we call ¢, is givenby ¢ = p™?*; the
correspondingprobability of reliablelink delivery (potentially
usingbetween(1, ..., maz) transmissionsis thenl — ¢. Since
the total numberof link transmissionsgiven thatthe link has
reliably forwardedthe paclet, is a truncatedgeometricdistri-
bution with parameterp, the conditional expectednumberof
transmissionsT,,,4, Over asinglelink, is givenby:

max
. 1 max * per
Tgood:iz_;l*pz*(l_p) = 1—-p 1—pmez ~ (19)

Sincelink pacletdeliveryfailsonly afterexactlymaz transmis-
sions, the correspondingonditional numberof transmissions,
givenforwardingfailureis:

Tyaqa = max.

Now sinceeachlink fails to forward the paclet independently
with ¢, the unconditionalprobability of successfukend-to-end
delivery (without anothersourceretransmission)s given by
Pouec = (1 — ¢)N, andthe unconditionalprobability of un-
successfuénd-to-endleliveryis givenby
Praa =1—(1=¢g)". (20)
Next, we determingheexpectechumberof total paclettrans-
missiong(over all thelinks thatattemptedo transmita paclet),
Tietal, giventhattheend-to-endorwarding attemptwasunsuc-
cessful Sincea downstrearmodeforwardspacletsonly when
all the upstreammodessuccessfulljtransmittedhe paclet, it is
easyto seethatthe conditionalprobability thatfailure occursat
thei®" link is givenby:
Prob . (ilend-to-endailure) 7]3”1)? ail (0
fail

(1

—q) g
Proa ’

If failure occursat the it* link, the expectednumberof total
link-layer transmissiongover all the upstreamnodes)is (i —

1) * Tyooa + Thaa. Accordingly, theconditionalmeannumberof
total link-layer transmissionsluringlink failureis:

Ttotal

bad (21)

1.

Tbad + Tgood * (1 - q) * {
I-N+(1-gV '+ (N-1)x(1-g)"
gx{1-(1-¢g"}

Onthe otherhand,if the paclet hasbeensuccessfullyreceved

attheend-destinationt is clearthatthetotal expectedransmis-
sionenepy is

Teood = (22)

Since eachend-to-endransmissiorattempt(initiated at the
transporiayerby thesource)s independensf prior end-to-end
retransmissionsthe total numberof end-to-endrransmissions
for reliable delivery is geometricallydistributed with a mean
of ﬁ; hence,on average,the successfutransmissiorof
a paclet involves#fml — 1 failed end-to-endransmissions,
followed by thefinal successfubne. Accordingly, the total ef-
fective numberof distinctpaclettransmissionss

N x Tgood-

Pfail + Ttotal

T = Ttotal *
bad ood
1— Proa 9

(23)

whereT/fol*!, Ttotel and Py, aregivenby equationg22), (22)

and(20) respectiely.
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