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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 sourcenodeto the desti-
nation. Sendingpaclets at the optimal rate for a given
routelengthmaximizeshroughputn the network, whereas
slightly increasingthe sendingrate over the optimal value
may decreas¢hroughputby up to 55%.

This paperpresentsa novel cross-layertechniquefor
o w controlin lightly-loadedMANETSs. Thetechniqueal-
lows applicationdo sendpacletsattheratethatmaximizes
throughputfor a given route length. To achieve this, the
routing layer noti es interestedapplicationsaboutrouting
changesandtheapplicationsadaptvely modify their send-
ing ratesbasedon the new route lengthto the destination.
In staticand mobile networks, this techniqueoutperforms
UDP-basedo wswith a x edsendingrateanddoublesthe
throughputof TCP for networks with up to 2 concurrent
o Ws.

1 Intr oduction

A multi-hop mobile ad hoc network (MANET) is a col-
lectionof mobile nodeghatcommunicatevith oneanother
over wirelesslinks without requiringsupportof a x edin-
frastructure. Instead,nodesagreeto relay one anothers
pacletstowardtheirdestinationsactingasroutersandauto-
matically organizinginto a cooperatie network. MANETS
have beenproposedor usein military, disasterrelief and
emepgeng operations.

Nodesin MANET typically communicateverthesame
wirelesschannel,which preventsclosely positionednodes
from transmittingsimultaneously A mediaaccessroto-
col (MAC) is usedto arbitrateaccesgo the channeland
recover from transmissiorerrors. The mostcommondis-
tributedMA C protocolusedin MANETS todayis the IEEE
802.11DistributedCoordinationFunction(DCF) [9].
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Becausemosttrafc in MANETS traversesmore than
one hop, the fact that two closely positionednodescan-
nottransmitsimultaneouslyeducesheachiezablethrough-
put signi cantly. Li et al. [10], investigatedthe problem
of achievable throughputin chaintopologiesand shoved
thatthethroughputis dependenon the pathlength. More-
over, they shovedthatbecausef the hiddenterminalprob-
lem [10] the throughputdegradesrom its optimal valueas
thesendingrateincreased®eyonda certainpoint.

This paperpresentsa novel cross-layertechniquethat
improves throughputand delivery ratio in lightly-loaded
MANETSs. We rst experimentallyobtainthe sendingrates
that achieve the maximumthroughputfor chainsof nodes
of differentlengths.We thenimplementa cross-layero w
controlarchitecturejn which the routing layer noti es ap-
plications of changesn the routing information, and the
applicationssettheir sendingrateaccordingto the precom-
putedvaluefor the currentroutelength.

Cross-layero w controlis extremely simple, but pow-
erful. We have evaluatedcross-layero w controlin static
and mobile ervironments. Experimentalresultsshown that
thecross-layero w controlarchitectureoutperformdJDP-
basedprotocolswith a x edsendingrate. Moreover, when
thereis only asingle o w, cross-layero w controldoubles
the throughputof TCR. However, asthe numberof ows
increasesgross-layero w controldoeslesswell thanTCP
becausét doesnot take into consideratiorcross-tratc in-
curredby multiple o ws.

Therestof this paperis organizedasfollows. Section2
describeghe IEEE 802.11DCF and the hiddenterminal
problem.Section3 rst presentshroughputmeasurements
of chaintopologiesof differentlengths,andthendescribes
the proposedcross-layer o w control architecture. Sec-
tion 4 presentexperimentalresults. Finally, Section5 de-
scribesrelatedwork, andSection6 concludeghe paperand
discussespportunitiedor futureresearch.
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Figure 1. Interference among chain of nodes.
Nodes A and D cannot transmit simultane-
ously.

2 Preliminaries

In this section,we rst brie y describehelEEE 802.11
Distributed CoordinationFunction(DCF) [9]. We thende-
scribethe hiddenterminalproblem.

2.1 Distributed Coordination Function

In DCF, whenanodewishesto transmita paclet, it rst
defersits transmissiorfor arandomlychoseninterval, and
then senseghe transmissionmedium. If the mediumis
idle, the nodetransmitsa Request-0-Send(RTS) paclet.
On receving the RTS, the destinationnodereplieswith a
ClearTo-Send CTS)paclet. Onreceving the CTSpaclet,
the sourcenode startsthe data transmission. Once the
DATA paclet was successfullyreceved, the destination
node sendsan acknavledged(ACK) to the sourcenode.
TheRTS-CTSexchangéds neededo let theneighbomodes
of both the sourceandthe destinationknow that the data
transmissionis aboutto begin. Clearly, a nodedoesnot
transmitneitherRTS nor CTSif it is awareof anongoing
transmissiorin its neighborhood.

Unfortunately RTS-CTS exchangeprior to the data
transmissiordoesnot guaranteesuccessfutiatapaclet de-
livery. Both the RTS-CTSexchangeandthe DATA-ACK
exchangecan fail either becauseof channelerrorsor the
hiddenterminalproblem[10] describedelon. DCF drops
a datapaclet if it fails to performRTS-CTSexchangefor
7 consecutie timesor receve an ACK after4 consecutie
datapacletretransmissions.

2.2 The Hidden Terminal Problem

A hiddenterminalis a nodethatis unavareof atrans-
missionin its vicinity and whoseattemptto transmitdata
will corruptthe ongoingtransmissionWe referto the exis-
tenceof hiddenterminalsin a network asthe hiddentermi-
nal problem We furtherreferto the rangeat which nodes
cansuccessfullyreceve pacletsasthetransmissiomange,
andto therangeat which the currenttransmissiorwill cor-
rupt otherongoingtransmissionssthe interferencerange.

Considera chainof nodesdepictedn Figurel. Assume
thatnodeA is sendingpacletsto nodeB. Thesolid-linecir-
clesshav the maximumtransmissiomangeof nodesA and
D andthe dotted-linecircle show the interferencerangeof
nodeD. NotethatnodeD is unavareof the ongoingtrans-
missionbecauseét receved neitherRTS nor CTS paclets.
A transmissiorof a pacletby nodeD will thereforecorrupt
pacletsrecevedby nodeB.

As we will shav in the next section the hiddenterminal
problemgreatlyaffectsthe maximalachievablethroughput
in MANETS.

3 Cross-Layer Flow Control

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

3.1 Chain Throughput

We have measuredhroughputn chaintopologiesyary-
ing the chainlength and the sendingrate. For our simu-
lations we usedthe ns- 2 simulator[5] with CMU wire-
lessextension[11]. The physicalradiocharacteristicsvere
chosento approximatethe Lucent WaveLAN direct se-
guencespreadspectrumradio with a 250mnominaltrans-
missionrange,550minterferencerangeand a raw capac-
ity of 2Mb/s. All experimentsusedistributedcoordination
function(DCF) of IEEE 802.11asthe MAC protocol.

Nodeswherepositioned200metersapart,while the rst
nodein the chaintransmittedL000byte pacletstowardthe
lastnodein the chainfor 100 seconds.Every pointin the
graphshasbeenaveragedover 50 runs. We have experi-
mentedwith two traf ¢ patternsi(i) CBR - thesourcesends
pacletsusingaconstanbit rate;(ii) CBR-ACK - thesource
sendspacketswith a constantbit rate,andthe destination
uponreceiptof the datapaclet sendsa 100B ACK backto
thesource.This traf ¢ patternmaybe usedby UDP-based
applicationghatrequirereliablepacletdelivery[3].

The resultsfor CBR-basedexperimentsare presented
in Figure2. The higherlines representchainsof shorter
length. For chainsof 2,3 and 4 nodesthe throughputis



[—2 —3 —4 —5 —6 —7 —8 —9 —10 11]

©
o
o

@©
o
o

~
o
o

@

o

o
L

o
o
o

N
o
o

w

o

o
L

Average Throughput (Kb/s)

40
80
120
160
200
240

O 0O 9 O 9 9 0O 9 9 9 9 O 9 99 9 9
DN QO T 0N OO T RN OO T DA
N momTF T I 0ODOWO O O ~NO DX o

Sending Rate (Kb/s)

Figure 2. CBR throughput as a function of
sending rate. Lines represent chains of dif-
ferent lengths (higher lines represent chains
of shor ter length).

graduallyincreasingipto acertainpointandthenstays at.
Thisis anexpectedresultsincewith up to 4 nodesno hid-
denterminalsare presentin the network. Nodesoverhear
oneanotherstransmissionandalmostno collisionsoccur
The extra paclets producedby higher sendingratesover-
o w the senders buffer andarebeingdiscarded However,
for thechainsof morethan4 nodes DCF fails to optimally
schedulepaclets. As aresult,a decreasef up to 55% of
the optimalthroughputmaybe experienced!
Theresultsfor CBR-ACK areplottedin Figure3. Inter

estingly the throughputslidesfrom the optimal level even
for the chain of 3 nodes. Although in this caseno hid-
denterminalsarepresentaftera certainpoint, the sending
ratebecomedarge enoughto incur contentionbetweerthe
datapaclets and the acknavledgments. Consequentially
somedataand ack pacletsover ow datalink buffersand
arebeingdropped.For chainsof 4 nodesjn contrastto the
CBRtrafc, the CBR-ACK trafc suffersfrom the notori-
ous hiddenterminal problem. This happensecauséoth
the sourcenodeandthe destinatiomnodemaytry to trans-
mit paclketssimultaneoushandcollide with eachother Be-
causeof the hiddenterminalproblem thethroughputslope
for chainsof 4 andmorenodesis sharpethanfor the chain
of 3 nodes.

3.2 Cross-Layer Flow Control

We next describea novel cross-layero w controltech-
nigue that leveragesthe obsenation that the optimal net-
work throughputin multi-hopMANETs is dependendnthe
routelengthfrom the sourceto the destinatiorandthe ap-
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Figure 3. CBR+ACK throughput as a function
of sending rate. Lines represent chains of dif-
ferent lengths (higher lines represent chains
of shor ter length).

plication's sendingrate.

Themainideabehindour cross-layero w controlis sim-
ple. The applicationthatis interestedo achieve the opti-
mal throughputshouldadaptvely modify its sendingrate
accordingwith the currentroute length to the destination
node.Fortunatelyroutelengthinformationis usuallymain-
tainedby the underlyingroutinglayer, andthereforecanbe
sharedwith interestedapplications.

Applicationsthatareinterestedn adaptingheir sending
rate register a callbackfunction at the underlyingrouting
layer. The callbackfunctionis invokedwheneerthe route
lengthto the destinationnode changeswhich may occut,
for example,asaresultof anew routediscoveryor acurrent
routebreak.

On acceptingthe noti cation, the applicationsetsthe
new sendingrate basedon the precomputedsendingrate
valuesobtainedin the previous section. We are currently
working on an analyticalalgorithm that will allow appli-
cationsto computethe optimal sendingrate, thusreducing
the needto store precomputedialues. Note that applica-
tionsarenot awareof the speci ¢ routethatthe underlying
routinglayer usesto routepackets,but only aboutan avail-
ability of sucha route andits length. If no routeto the
destinationexists, applicationmay eitherstoptransmitting
atall, or periodicallytransmitpacletsto encouragdarther
routediscoveries.

We have implementedndevaluatedhecross-layero w
controltechniquan ns-2.Next sectionpresent®ur evalua-
tion results.
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Figure 4. Comparison of achievable through-
put of different o w control protocols for
chains of diff erent lengths.

4 Evaluation

In this section,we useextensve simulationsto compare
the performanceof our cross-layero w control technique
describedn Section3 to thatof TCP-RencandotherUDP-
basedprotocolswith a x edsendingrate.

We further refer to the version of our cross-layerap-
proachthat adaptvely sendsCBR traf ¢ without generat-
ing acknavledgmentsas CL, andto the versionthat gen-
eratesan acknavledgmentfor every paclet receved by a
destinatiorasCL 4. We considerCL e protocolto quan-
tify the advantage®f the optimal pacingin the presencef
acknavledgmentso wing backfrom the destinationto the
source,andto shaw thatit is possibleto implementa reli-
able o w controlprotocolbasedn ourtechniquehatdoes
abetterjob thanTCP

4.1 Static Chain Topologies

We have evaluatedCL, CL, andTCP protocolson the
chaintopologiespresentedh section3. Theresultsarepre-
sentedn Figure4. It is not surprisingthat CL outperforms
both CL,« and TCP becauset sendspacletsonly in one
directionat the optimal possiblerate. Interestingly CL 5cx
greatly outperformsTCP for chainsof 4 and more nodes.
This is becaus€eTCP is unaware of the maximal possible
sendingateandthusperiodicallytriesto inject morepack-
etsthanthe network cansustain,thus causingcongestion,
paclet losses, retransmissionsand eventually decreasen
the overall throughput. The otherthing to noteis thatthe
throughputesultsfor CL stayalmostconstan@asthe num-
ber of nodesin the chainincreaseswhereador TCP and

CLax thethroughputecreasewith thelongerchains.This
is becausasthechainlengthincreasesnorehiddentermi-
nalsare presentin the network, increasingprobability for
pacletlosses.

Considerthe following example. Similarly to Fu et al.
[6], we stream1000Bpacletsfrom the rst nodeto thelast
nodein a chainof 6 nodesfor the period of 105 seconds.
In TCPR, 905 pacletsweresent,but only 835received. All
dropsweredueto failure of the 802.11MAC layerto suc-
cessfullytransmitRTS paclets. In UDP, streamingpack-
etsat a rate of 24 pacletsper secondresultsin 2520sent
anddeliveredpaclets. However, sendingat 25 pacletsper
secondresultsin 2565 paclets sent, but only 1405 pack-
etsreceived. Only 122 of the dropswerethe 802.11MAC
layer drops. All the otherswereasa resultof alink layer
buffer over ow or atimeoutat theroutinglayer®. This ex-
amplemotivatesthe importanceof UDP streampacingin
MANETSs.

4.2 Mobile Networks

We evaluatethe performancef CL, CL, andTCPpro-
tocolsin termsof throughputand delivery in mobile net-
works. Theresultsarefor networksof 100nodesrandomly
placed on both rectangular500m x 3000m and square
1200mx 1200m at spaceslin bothscenariosgvery node
hasaboutl3 neighborsonaveragegnougho preserecon-
nectvity evenin mobile networks. Similarly to relatedre-
search[2, 4], therectangulashapewvaschoserto forcethe
useof longerroutesbetweencommunicatiorpairs. Nodes
move following the randomwaypoint model [2] with no
pausetime. In this model,a nodechoosesa randompoint
within the spaceand startsmoving toward that point at a
speedandomlychosenfrom aninterval 0V (in our ex-
perimentsViax is equalto 10m/s). Upon reachingits des-
tination,the nodeselectsanotherdestinatiorandspeedye-
peatingthe process.

For both CBR and CBR-ACK traf ¢ patternswe have
experimentedvith 5 different x edsendingates:240,480,
720,960 and 1200Kb/s. We referto the CBR protocols
that sendpaclet at a x ed rate of X Kb/s as CBRyx, and
to the CBR-ACK protocolsasACKx. All protocolssend
datapacletsof 1000Bandacknaviedgmentsof 100B. All
experimentsuseDSR asanunderlyingrouting protocol.

We have experimentedvith 1 and2 simultaneouso ws.
Each o w is de ned by a pair of randomlychosensource
anddestinatiomodes.In eachexperimentthesourcenode
streamspaclets toward the destinationnode for 100 sec-
onds.Eachpointin thegraphss averagedover 20 random
topologies. In all graphs,the barsrepresenthe achieved

1At the routing layer whena paclet doesnot have a routeto a desti-
nationit waits in a sendbuffer until eitherthe routeis found or timeout
occurred.On atimeoutthe pacletis dropped
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throughputn termsof Megabitsreceived. The numberson
top of the barsrepresentielivery ratios.

To understandheresultsbetter we encourage¢hereader
to referencehe graphspresentedn Figures2, 3 and4.

Figures5 and 6 plot the throughputand delivery ratio
for oneandtwo CBR o ws performedin rectangulamand
squarescenariosespectrely.

CL consistentlyoutperformghe otherprotocolsin terms
of boththroughputanddeliveryratio. Thisis notsurprising
sinceCL sendgacletsattheoptimalpossiblerate. There-
sultsfor the rectangulaareaare moreimpressve thanfor
the squarearea. This is becausehe averageroute length
for the squarescenariois 4 and consequentiallyalmostno
hiddenterminalsare presentin the network. Packetsthat
cannotbe delivered simply over ow buffers and are be-

‘DCLack W ACK240 0O ACK480 CJACK720 mACK960 mACK1200 TCP‘

25 4

N
o
L

80% 18% 12% 9% 7%

o
L

22% 16% 12% 10% 76%

Throughput (Mb)
>
8
=X

o
L

1 flow 2 flow
Concurrent flows

Figure 7. 500m x 3000m Throughput and de-
livery ratios of CBR-ACK 0 ws.
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ing discarded. In the rectangularexperiment,the average
routelengthis 8.5andhiddenterminalsarecommon.Since
sendingattheoptimalrateavoidsthe hiddenterminalprob-
lem, CL achiesesbetterresultsthanprotocolswith the x ed
sendingrates.

For theexperimentswith two o ws,thebene tsof limit-
ing thesendingatearelessimpressve. Whenseveralcom-
petitive o wsarepresentn thenetwork, cross-trac causes
congestionsieducingthe bene ts of optimalpacing.

Figures7 and8 plot thethroughputanddeliveryratio for
oneandtwo CBR-ACK o wsperformedn rectangulaand
squarescenariosespectely.

CLaxk outperforms non-TCP protocols in terms of
throughputanddeliveryratioin all scenariosAgain, thisis
not a surprisingresultsinceCL  sendspacletsat the op-
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timal sendingrate. For the experimentswith only one o w,
CL g outperformsT CP by 53%attherectangulacaseand
by 37% at the squarecase. Initially, we were puzzledto
discover sucha signi cant differencebetweenthe experi-
ments. Closerexaminationof the individual runsrevealed
thatfor thesquareexperimentdargerportionof theaverage
is contributedby scenariosvith 2 to 3 hopsfrom thesource
tothedestination As wasshavnin Figure4, for thoseroute
lengthsthe performanceof TCPandCBR-ACK is similar.

As more o ws are introduced, TCP comescloserand
evenbeatsCL g in termsof both throughputanddelivery
ratio, which is expectedsinceCL ¢« doesnot take into ac-
countcross-traic andcongestiorin the network.

Interestingly the resultsfor CL4k in comparisorto the
protocolswith the x ed sendingrate are moreimpressve
thanfor CL in comparisorio theotherprotocols.Thisis be-
causewhenboth datapacletsandacknavledgmentgravel
throughthe network, the needto pacethe paclettransmis-
sionsbecomesnoreurgent. Thiswasalsoshavn in Figures
2 and3, whereexcessie sendingrateresultsin stabilization
of thethroughputat 70 Kb/s ratefor the CBR traf ¢ pattern
and20 Kb/sratefor the CBR-ACK traf ¢ pattern.

Figure9 summarizesheperformancesf CL, CL and
TCPin mobile ervironments.Not surprisingly CL outper
forms both CL,« and TCPin all scenariosandfor a sin-
gle ow experimentsin rectangularervironments,it dou-
blesthethroughputbof TCP.

4.3 Summary and Discussion

In summaryif reliabledelivery is not anissueandthe
load on the network is low, CL is the preferredsolution. If
reliable delivery is desirable but only one o w is present
in the network, CL,« shouldbe used. Otherwise,if reli-

abledeliveryis anissueor multiple o wsarepresenin the
network, TCPis the preferablesolution.

5 RelatedWork

Considerablgreviousresearchhasgoneinto ow con-
trol algorithmsfor both wireline andwirelessnetworks|[1,
12]. The mostcommonandwidely used o w control pro-
tocol todayis de nitely TCP. Albeit its wide usein the In-
ternettoday TCP wasreportedto behae poorly in wire-
lessmulti-hop networks[7, 8]. TCP treatsroute breaksas
a sign of congestiontimeoutsand consequentiallyesets
its congestiorwindow, reducingthe throughputdrastically
Holland et al. [8] suggesto useanexplicit link failure no-
ti cation to disablecongestiorcontrol mechanismnin TCP
until a new routeis found. Fu et al. [6] shav that TCP
tendsto usean averagecongestiorwindow thatis bigger
thanthe bestpossiblewindow, and proposetwo link layer
techniquego improve TCP throughput.Our approacHdif-
fersfrom theseeffortsin thatit studieghethroughputchar
acteristicoof UDP-basedo wsinsteadof TCP-basedo ws.

Chenetal. [3] have proposedan end-to-endrate-based
o w control scheme.In this schemejntermediaterouters
along the path to the destinationcomputethe bandwidth
availablefor the o w, andstorethis informationat the data
paclet'sheadersOnreceving datapaclets,the destination
periodically sendsa specialpaclet to the sourcenode,re-
vealingthe maximalavailable bandwidth. In contrast,our
schemaloesnotrequiresupporof intermediateroutersand
doesnot consumébandwidthby sendingperiodicmessages
to thesourcenodeif notnecessary

6 Conclusionsand Future Work

We have shavn thatthethroughputin wirelessnetworks
is highly dependenbn both the sendingrate and the path
lengthto the destination. We have then proposeda novel
cross-layer o w control techniquethat usesthe precom-
putedvaluesto achieze anoptimalthroughputin mobilead
hocnetworks.

In ourtechniqueinterestedapplicationscansubscribdo
receve noti cation from the routing layer on every rout-
ing change. The applicationscan then adapttheir send-
ing rateaccordingto the precomputedatefor a givenpath
length. We shaved that our techniqueconsistentlyoutper
forms UDP-basedrotocolswith x ed transmissiorrates.
Whenonly one o w is presentn thenetwork, ourtechnique
beatsTCPin termsof throughputy a factorof 2.

In thefuture,we planto make our techniqueawareof the
congestiorin the network, andbe ableto adaptits sending
rateaccordingly We alsoplanto extend our evaluationto
multiple o ws.
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