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Abstract

The throughput in multi-hop ad hoc networks
(MANETs) is highly dependenton the sending rate
and the route length from the sourcenode to the desti-
nation. Sendingpackets at the optimal rate for a given
routelengthmaximizesthroughputin thenetwork,whereas
slightly increasingthe sendingrateover the optimal value
maydecreasethroughputby up to 55%.

This paperpresentsa novel cross-layertechniquefor
�o w control in lightly-loadedMANETs. Thetechniqueal-
lowsapplicationsto sendpacketsat theratethatmaximizes
throughputfor a given route length. To achieve this, the
routing layer noti�es interestedapplicationsaboutrouting
changes,andtheapplicationsadaptively modify their send-
ing ratesbasedon the new routelengthto the destination.
In staticandmobile networks, this techniqueoutperforms
UDP-based�o ws with a �x edsendingrateanddoublesthe
throughputof TCP for networks with up to 2 concurrent
�o ws.

1 Intr oduction

A multi-hopmobileadhocnetwork (MANET) is a col-
lectionof mobilenodesthatcommunicatewith oneanother
over wirelesslinks without requiringsupportof a �x ed in-
frastructure. Instead,nodesagreeto relay one another's
packetstowardtheirdestinations,actingasroutersandauto-
maticallyorganizinginto a cooperativenetwork. MANETs
have beenproposedfor usein military, disasterrelief and
emergency operations.

Nodesin MANET typically communicateover thesame
wirelesschannel,which preventscloselypositionednodes
from transmittingsimultaneously. A mediaaccessproto-
col (MAC) is usedto arbitrateaccessto the channeland
recover from transmissionerrors. The mostcommondis-
tributedMAC protocolusedin MANETs todayis theIEEE
802.11DistributedCoordinationFunction(DCF) [9].

Becausemost traf�c in MANETs traversesmore than
one hop, the fact that two closely positionednodescan-
nottransmitsimultaneouslyreducestheachievablethrough-
put signi�cantly. Li et al. [10], investigatedthe problem
of achievable throughputin chain topologiesand showed
that thethroughputis dependenton thepathlength.More-
over, they showedthatbecauseof thehiddenterminalprob-
lem [10] thethroughputdegradesfrom its optimalvalueas
thesendingrateincreasesbeyonda certainpoint.

This paperpresentsa novel cross-layertechniquethat
improves throughputand delivery ratio in lightly-loaded
MANETs. We �rst experimentallyobtainthesendingrates
that achieve the maximumthroughputfor chainsof nodes
of differentlengths.We thenimplementa cross-layer�o w
controlarchitecture,in which therouting layernoti�es ap-
plicationsof changesin the routing information, and the
applicationssettheir sendingrateaccordingto theprecom-
putedvaluefor thecurrentroutelength.

Cross-layer�o w control is extremelysimple,but pow-
erful. We have evaluatedcross-layer�o w control in static
andmobile environments.Experimentalresultsshow that
thecross-layer�o w controlarchitectureoutperformsUDP-
basedprotocolswith a �x edsendingrate. Moreover, when
thereis only a single�o w, cross-layer�o w controldoubles
the throughputof TCP. However, as the numberof �o ws
increases,cross-layer�o w controldoeslesswell thanTCP
becauseit doesnot take into considerationcross-traf�c in-
curredby multiple �o ws.

Therestof this paperis organizedasfollows. Section2
describesthe IEEE 802.11DCF and the hiddenterminal
problem.Section3 �rst presentsthroughputmeasurements
of chaintopologiesof differentlengths,andthendescribes
the proposedcross-layer�o w control architecture. Sec-
tion 4 presentsexperimentalresults.Finally, Section5 de-
scribesrelatedwork, andSection6 concludesthepaperand
discussesopportunitiesfor futureresearch.
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Figure 1. Interf erence among chain of nodes.
Nodes A and D cannot transmit sim ultane­
ousl y.

2 Preliminaries

In this section,we �rst brie�y describetheIEEE 802.11
DistributedCoordinationFunction(DCF) [9]. We thende-
scribethehiddenterminalproblem.

2.1 Distributed Coordination Function

In DCF, whena nodewishesto transmita packet, it �rst
defersits transmissionfor a randomlychoseninterval, and
then sensesthe transmissionmedium. If the medium is
idle, the nodetransmitsa Request-To-Send(RTS) packet.
On receiving the RTS, the destinationnodereplieswith a
Clear-To-Send(CTS)packet. Onreceiving theCTSpacket,
the sourcenode starts the data transmission. Once the
DATA packet was successfullyreceived, the destination
nodesendsan acknowledged(ACK) to the sourcenode.
TheRTS-CTSexchangeis neededto let theneighbornodes
of both the sourceand the destinationknow that the data
transmissionis about to begin. Clearly, a nodedoesnot
transmitneitherRTS nor CTS if it is awareof an ongoing
transmissionin its neighborhood.

Unfortunately, RTS-CTS exchangeprior to the data
transmissiondoesnot guaranteesuccessfuldatapacket de-
livery. Both the RTS-CTSexchangeandthe DATA-ACK
exchangecan fail either becauseof channelerrorsor the
hiddenterminalproblem[10] describedbelow. DCF drops
a datapacket if it fails to performRTS-CTSexchangefor
7 consecutive timesor receive anACK after4 consecutive
datapacket retransmissions.

2.2 The Hidden Terminal Problem

A hiddenterminal is a nodethat is unawareof a trans-
missionin its vicinity andwhoseattemptto transmitdata
will corrupttheongoingtransmission.We referto theexis-
tenceof hiddenterminalsin a network asthehiddentermi-
nal problem. We further refer to the rangeat which nodes
cansuccessfullyreceive packetsasthetransmissionrange,
andto therangeat which thecurrenttransmissionwill cor-
ruptotherongoingtransmissionsastheinterferencerange.

Considera chainof nodesdepictedin Figure1. Assume
thatnodeA is sendingpacketsto nodeB. Thesolid-linecir-
clesshow themaximumtransmissionrangeof nodesA and
D andthedotted-linecircle show the interferencerangeof
nodeD. NotethatnodeD is unawareof theongoingtrans-
missionbecauseit received neitherRTS nor CTS packets.
A transmissionof apacketby nodeD will thereforecorrupt
packetsreceivedby nodeB.

As wewill show in thenext section,thehiddenterminal
problemgreatlyaffectsthemaximalachievablethroughput
in MANETs.

3 Cross-Layer Flow Control

In this section,we �rst presentour measurementsof
throughputin chaintopologiesfor both unidirectionaland
bidirectional�o ws. We thendescribeour proposedcross-
layer�o w controlalgorithm.

3.1 Chain Throughput

We havemeasuredthroughputin chaintopologies,vary-
ing the chain length and the sendingrate. For our simu-
lations we usedthe ns-2 simulator[5] with CMU wire-
lessextension[11]. Thephysicalradiocharacteristicswere
chosento approximatethe Lucent WaveLAN direct se-
quencespreadspectrumradiowith a 250mnominaltrans-
missionrange,550minterferencerangeanda raw capac-
ity of 2Mb/s. All experimentsusedistributedcoordination
function(DCF) of IEEE802.11astheMAC protocol.

Nodeswherepositioned200metersapart,while the�rst
nodein thechaintransmitted1000bytepacketstowardthe
last nodein thechainfor 100 seconds.Every point in the
graphshasbeenaveragedover 50 runs. We have experi-
mentedwith two traf�c patterns:(i) CBR- thesourcesends
packetsusingaconstantbit rate;(ii) CBR-ACK - thesource
sendspacketswith a constantbit rate,andthe destination
uponreceiptof thedatapacket sendsa 100BACK backto
thesource.This traf�c patternmaybeusedby UDP-based
applicationsthatrequirereliablepacketdelivery [3].

The results for CBR-basedexperimentsare presented
in Figure 2. The higher lines representchainsof shorter
length. For chainsof 2,3 and 4 nodesthe throughputis
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Figure 2. CBR thr oughput as a function of
sending rate . Lines represent chains of dif­
ferent lengths (higher lines represent chains
of shor ter length).

graduallyincreasingupto acertainpointandthenstays�at.
This is anexpectedresultsincewith up to 4 nodes,no hid-
denterminalsarepresentin the network. Nodesoverhear
oneanother's transmissionsandalmostnocollisionsoccur.
The extra packetsproducedby highersendingratesover-
�o w thesender's buffer andarebeingdiscarded.However,
for thechainsof morethan4 nodes,DCF fails to optimally
schedulepackets. As a result,a decreaseof up to 55% of
theoptimalthroughputmaybeexperienced!

Theresultsfor CBR-ACK areplottedin Figure3. Inter-
estingly, the throughputslidesfrom the optimal level even
for the chain of 3 nodes. Although in this caseno hid-
denterminalsarepresent,aftera certainpoint, thesending
ratebecomeslargeenoughto incur contentionbetweenthe
datapackets and the acknowledgments. Consequentially,
somedataandack packetsover�ow datalink buffers and
arebeingdropped.For chainsof 4 nodes,in contrastto the
CBR traf�c, the CBR-ACK traf�c suffers from thenotori-
oushiddenterminalproblem. This happensbecauseboth
thesourcenodeandthedestinationnodemay try to trans-
mit packetssimultaneouslyandcollidewith eachother. Be-
causeof thehiddenterminalproblem,thethroughputslope
for chainsof 4 andmorenodesis sharperthanfor thechain
of 3 nodes.

3.2 Cross-Layer Flow Control

We next describea novel cross-layer�o w control tech-
nique that leveragesthe observation that the optimal net-
work throughputin multi-hopMANETs is dependentonthe
routelengthfrom thesourceto thedestinationandtheap-
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Figure 3. CBR+ACK thr oughput as a function
of sending rate . Lines represent chains of dif­
ferent lengths (higher lines represent chains
of shor ter length).

plication'ssendingrate.

Themainideabehindourcross-layer�o w controlis sim-
ple. The applicationthat is interestedto achieve the opti-
mal throughputshouldadaptively modify its sendingrate
accordingwith the currentroute length to the destination
node.Fortunately, routelengthinformationis usuallymain-
tainedby theunderlyingroutinglayer, andthereforecanbe
sharedwith interestedapplications.

Applicationsthatareinterestedin adaptingtheirsending
rate registera callbackfunction at the underlyingrouting
layer. Thecallbackfunctionis invokedwhenever theroute
length to the destinationnodechanges,which may occur,
for example,asaresultof anew routediscoveryor acurrent
routebreak.

On acceptingthe noti�cation, the applicationsetsthe
new sendingrate basedon the precomputedsendingrate
valuesobtainedin the previous section. We arecurrently
working on an analyticalalgorithm that will allow appli-
cationsto computetheoptimalsendingrate,thusreducing
the needto storeprecomputedvalues. Note that applica-
tionsarenot awareof thespeci�c routethat theunderlying
routinglayerusesto routepackets,but only aboutanavail-
ability of sucha route and its length . If no route to the
destinationexists,applicationmay eitherstoptransmitting
at all, or periodicallytransmitpacketsto encouragefarther
routediscoveries.

Wehaveimplementedandevaluatedthecross-layer�o w
controltechniquein ns-2.Next sectionpresentsourevalua-
tion results.
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Figure 4. Comparison of achievable thr ough­
put of diff erent �o w contr ol protocols for
chains of diff erent lengths.

4 Evaluation

In this section,we useextensivesimulationsto compare
the performanceof our cross-layer�o w control technique
describedin Section3 to thatof TCP-RenoandotherUDP-
basedprotocolswith a �x edsendingrate.

We further refer to the version of our cross-layerap-
proachthat adaptively sendsCBR traf�c without generat-
ing acknowledgmentsasCL, and to the versionthat gen-
eratesan acknowledgmentfor every packet received by a
destinationasCLack. We considerCLack protocolto quan-
tify theadvantagesof theoptimalpacingin thepresenceof
acknowledgments�o wing backfrom thedestinationto the
source,andto show that it is possibleto implementa reli-
able�o w controlprotocolbasedon our techniquethatdoes
abetterjob thanTCP.

4.1 Static Chain Topologies

We have evaluatedCL, CLack andTCPprotocolson the
chaintopologiespresentedin section3. Theresultsarepre-
sentedin Figure4. It is not surprisingthatCL outperforms
both CLack andTCP becauseit sendspacketsonly in one
directionat the optimal possiblerate. Interestingly, CLack

greatlyoutperformsTCP for chainsof 4 andmorenodes.
This is becauseTCP is unaware of the maximal possible
sendingrateandthusperiodicallytriesto injectmorepack-
etsthanthe network cansustain,thuscausingcongestion,
packet losses,retransmissions,andeventuallydecreasein
the overall throughput.The other thing to note is that the
throughputresultsfor CL stayalmostconstantasthenum-
ber of nodesin the chain increases,whereasfor TCP and

CLack thethroughputdecreaseswith thelongerchains.This
is becauseasthechainlengthincreases,morehiddentermi-
nalsarepresentin the network, increasingprobability for
packet losses.

Considerthe following example. Similarly to Fu et al.
[6], we stream1000Bpacketsfrom the�rst nodeto thelast
nodein a chainof 6 nodesfor the periodof 105 seconds.
In TCP, 905packetsweresent,but only 835 received. All
dropsweredueto failureof the802.11MAC layer to suc-
cessfullytransmitRTS packets. In UDP, streamingpack-
etsat a rateof 24 packetsper second,resultsin 2520sent
anddeliveredpackets. However, sendingat 25 packetsper
secondresultsin 2565 packetssent,but only 1405 pack-
etsreceived. Only 122of thedropswerethe802.11MAC
layer drops. All the otherswereasa resultof a link layer
buffer over�ow or a timeoutat theroutinglayer 1. This ex-
amplemotivatesthe importanceof UDP streampacingin
MANETs.

4.2 Mobile Networks

Weevaluatetheperformanceof CL, CLack andTCPpro-
tocols in termsof throughputand delivery in mobile net-
works.Theresultsarefor networksof 100nodesrandomly
placed on both rectangular500m x 3000m and square
1200mx 1200m�at spaces.In bothscenarios,every node
hasabout13neighborsonaverage,enoughto preservecon-
nectivity even in mobilenetworks. Similarly to relatedre-
search[2,4], therectangularshapewaschosento forcethe
useof longerroutesbetweencommunicationpairs. Nodes
move following the randomwaypoint model [2] with no
pausetime. In this model,a nodechoosesa randompoint
within the spaceandstartsmoving toward that point at a
speedrandomlychosenfrom aninterval 0-Vmax (in our ex-
perimentsVmax is equalto 10m/s). Upon reachingits des-
tination,thenodeselectsanotherdestinationandspeed,re-
peatingtheprocess.

For both CBR andCBR-ACK traf�c patterns,we have
experimentedwith 5 different�x edsendingrates:240,480,
720, 960 and1200Kb/s. We refer to the CBR protocols
that sendpacket at a �x ed rate of X Kb/s as CBRX , and
to the CBR-ACK protocolsasACKX . All protocolssend
datapacketsof 1000Bandacknowledgmentsof 100B.All
experiments,useDSRasanunderlyingroutingprotocol.

We haveexperimentedwith 1 and2 simultaneous�o ws.
Each�o w is de�ned by a pair of randomlychosensource
anddestinationnodes.In eachexperiment,thesourcenode
streamspackets toward the destinationnodefor 100 sec-
onds.Eachpoint in thegraphsis averagedover20 random
topologies. In all graphs,the barsrepresentthe achieved

1At the routing layer, whena packet doesnot have a routeto a desti-
nationit waits in a sendbuffer until either the route is found or timeout
occurred.On a timeoutthepacket is dropped
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throughputin termsof Megabitsreceived.Thenumberson
topof thebarsrepresentdeliveryratios.

To understandtheresultsbetter, weencouragethereader
to referencethegraphspresentedin Figures2, 3 and4.

Figures5 and 6 plot the throughputand delivery ratio
for oneandtwo CBR �o ws performedin rectangularand
squarescenariosrespectively.

CL consistentlyoutperformstheotherprotocolsin terms
of boththroughputanddeliveryratio. This is notsurprising
sinceCL sendspacketsat theoptimalpossiblerate.There-
sultsfor the rectangularareaaremoreimpressive thanfor
the squarearea. This is becausethe averageroute length
for the squarescenariois 4 andconsequentiallyalmostno
hiddenterminalsarepresentin the network. Packets that
cannotbe delivered simply over�ow buffers and are be-
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ing discarded.In the rectangularexperiment,the average
routelengthis 8.5andhiddenterminalsarecommon.Since
sendingat theoptimalrateavoidsthehiddenterminalprob-
lem,CL achievesbetterresultsthanprotocolswith the�x ed
sendingrates.

For theexperimentswith two �o ws,thebene�tsof limit-
ing thesendingratearelessimpressive. Whenseveralcom-
petitive�o wsarepresentin thenetwork,cross-traf�c causes
congestions,reducingthebene�tsof optimalpacing.

Figures7 and8 plot thethroughputanddeliveryratio for
oneandtwo CBR-ACK �o wsperformedin rectangularand
squarescenariosrespectively.

CLack outperforms non-TCP protocols in terms of
throughputanddeliveryratio in all scenarios.Again, this is
not a surprisingresultsinceCLack sendspacketsat theop-
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timal sendingrate.For theexperimentswith only one�o w,
CLack outperformsTCPby 53%at therectangularcaseand
by 37% at the squarecase. Initially, we were puzzledto
discover sucha signi�cant differencebetweenthe experi-
ments.Closerexaminationof the individual runsrevealed
thatfor thesquareexperimentslargerportionof theaverage
is contributedby scenarioswith 2 to 3 hopsfrom thesource
to thedestination.As wasshown in Figure4, for thoseroute
lengthstheperformanceof TCPandCBR-ACK is similar.

As more �o ws are introduced,TCP comescloserand
evenbeatsCLack in termsof both throughputanddelivery
ratio, which is expectedsinceCLack doesnot take into ac-
countcross-traf�c andcongestionin thenetwork.

Interestingly, the resultsfor CLack in comparisonto the
protocolswith the �x ed sendingratearemore impressive
thanfor CL in comparisonto theotherprotocols.Thisis be-
causewhenbothdatapacketsandacknowledgmentstravel
throughthenetwork, theneedto pacethepacket transmis-
sionsbecomesmoreurgent.Thiswasalsoshown in Figures
2 and3, whereexcessivesendingrateresultsin stabilization
of thethroughputat70Kb/s ratefor theCBRtraf�c pattern
and20Kb/s ratefor theCBR-ACK traf�c pattern.

Figure9 summarizestheperformancesof CL, CLack and
TCPin mobileenvironments.Not surprisingly, CL outper-
forms both CLack andTCP in all scenarios,andfor a sin-
gle �o w experimentsin rectangularenvironments,it dou-
blesthethroughputof TCP.

4.3 Summary and Discussion

In summary, if reliabledelivery is not an issueandthe
loadon thenetwork is low, CL is thepreferredsolution. If
reliabledelivery is desirable,but only one �o w is present
in the network, CLack shouldbe used. Otherwise,if reli-

abledelivery is anissueor multiple �o wsarepresentin the
network, TCPis thepreferablesolution.

5 RelatedWork

Considerablepreviousresearchhasgoneinto �o w con-
trol algorithmsfor bothwireline andwirelessnetworks [1,
12]. Themostcommonandwidely used�o w controlpro-
tocol todayis de�nitely TCP. Albeit its wide usein the In-
ternettoday, TCP was reportedto behave poorly in wire-
lessmulti-hop networks [7, 8]. TCP treatsroutebreaksas
a sign of congestion,timeoutsand consequentiallyresets
its congestionwindow, reducingthethroughputdrastically.
Hollandet al. [8] suggestto useanexplicit link failureno-
ti�cation to disablecongestioncontrol mechanismin TCP
until a new route is found. Fu et al. [6] show that TCP
tendsto usean averagecongestionwindow that is bigger
thanthebestpossiblewindow, andproposetwo link layer
techniquesto improve TCPthroughput.Our approachdif-
fersfrom theseefforts in thatit studiesthethroughputchar-
acteristicsof UDP-based�o wsinsteadof TCP-based�o ws.

Chenet al. [3] have proposedan end-to-endrate-based
�o w control scheme.In this scheme,intermediaterouters
along the path to the destinationcomputethe bandwidth
availablefor the�o w, andstorethis informationat thedata
packet'sheaders.Onreceiving datapackets,thedestination
periodicallysendsa specialpacket to the sourcenode,re-
vealingthe maximalavailablebandwidth. In contrast,our
schemedoesnotrequiresupportof intermediateroutersand
doesnotconsumebandwidthby sendingperiodicmessages
to thesourcenodeif notnecessary.

6 Conclusionsand Future Work

We haveshown thatthethroughputin wirelessnetworks
is highly dependenton both the sendingrateandthe path
length to the destination.We have thenproposeda novel
cross-layer�o w control techniquethat usesthe precom-
putedvaluesto achieveanoptimalthroughputin mobilead
hocnetworks.

In our technique,interestedapplicationscansubscribeto
receive noti�cation from the routing layer on every rout-
ing change. The applicationscan then adapttheir send-
ing rateaccordingto theprecomputedratefor a givenpath
length. We showedthatour techniqueconsistentlyoutper-
forms UDP-basedprotocolswith �x ed transmissionrates.
Whenonly one�o w is presentin thenetwork,ourtechnique
beatsTCPin termsof throughputby a factorof 2.

In thefuture,weplanto makeourtechniqueawareof the
congestionin thenetwork, andbeableto adaptits sending
rateaccordingly. We alsoplan to extendour evaluationto
multiple �o ws.
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