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Abstract

Bandwidthdelay product(BDP)andits upperbourd (BDP-UB) have been well-undersood
in wireline neworks suchasthe Internet. However, they have notbeen cardully studedin
the multi-hop wirelessad hoc network (MANET) doman. In this pape, we showv thatthe
mostsignificantdifferenceof computng BDP andBDP-UBin MANET is the couping of
bandvidth and delay over a wirelesslink, whereonly one paclet is allowed to be trans-
mitted over the channel at atime. Basedon this obsewation, we prove that BDP-UB of a
pathin MANET is uppea boundedby N, whereN is the numberof roundtrip hopsof the
path We thenfurther obtain two tighter bound of BDP-UB, andverify them throughns-2
simulaions.

Theundestandng of BDP andBDP-UB alsocontributesto the soluion of how to prop-
erly set TCPs congestian window limit (CWL) in MANET, in orderto mitigate TCP’s
congestionwindow overshooting problem. Paststudieshave shavn thatusingasmallCWL
improves TCP performancen certan MANET scerarios however, no quartitative guide-
line hasbeengiven In this paper we provide a sygematicsoluion to this problem, by
dynamically appling thepaths BDP-UBasTCPs CWL. Simulationresuts showthatour
solution effectively improvesTCP perfomancein aMANET ervironment

Key words: Bandwidthdelay prodwct, TCP,Congesion window limit, Mobile adhoc
networks (MANET)

1 Introduction

Bandwidth-delayproduct(BDP) is a well-known conceptin measuringhe capac-
ity of a “network pipe” [1-3]. Whenappliedto the context of the TCP protocol,
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the numberof outsanding(i.e., in-flight or unacknavledged)datapaclets cannot
exceedthe TCPflow’s shareof BDP:

BDP (bits) = available_bandwidth (bits/sec) x round_trip_time (sec), (1)

whereavailable_bandwidth isthe TCPflow’s shareof bandwidthatthebottleneck
router Whenthereis nocompetingraffic, the TCPflow shouldbeallowedto obtain

all the bandwidth(i.e., total bandwidth)at the bottleneckrouter In otherwords,a

TCPflow’s BDP shouldnot exceedthe following:

BDP—UB (bits) = total_bandwidth (bits/sec) x round_trip_time (sec). (2)

Therefore BDP-UB is the upper bound of BDP for aflow, andcanbe considered
asameasuremerndf the maximum paclet carryingcapacityof the path.

BDP andBDP-UB have beenwell-understod in wireline networks suchasthe In-
ternet.In orderto take advantageof the “pipelining” effect of paclet transmisgn
over alarge bandwidthdelayproductpipe, TCP’s transmssionwindow shouldbe
large enoughto allow enoughin-fight pacletsto fill the pipe.In fact,the role of
TCP’s AIMD (Additive IncreaseMultiplicative Decreae) congestioncontrol al-
gorithmis to dynamically“probe” the currentavailable bandwidthof the path,in
orderto reachan optimal congestiorwindow size equalingits shareof the BDP.
WhenTCP’s congestiorwindow “overshoots” its shareof the BDP, paclet drop-
ping andqueuingmay occur Without competingraffic, a TCP flow’s shareof the
BDP shouldequalto the path's BDP-UB; with competimy traffic, its sharemaybe
lowered.In eithercase, TCP’s congestiorwindow shoud never exceedthe paths
BDP-UB, becausehatis the maximumpaclet carrying capacityof the path; be-
yond this, no additioral throughputcanbe obtained.We call the upperboundof
TCP’s congestio window asthe CongestiorWindow Limit (CWL) of a TCPflow.
Within theCWL, TCPadjuststs congestiorwindow accordingo its normalAIMD

algorithm

Theeffectof CWL andBDP-UB onTCPperformanceanbeillustratedin Figurel.
TCP’s congestio window mayovershootits shareof BDP, or eventhepaths BDP-
UB, leadingto droppedor queuedpaclets,and subsequeiht payingthe penalty
of congestionavoidance.Intuitively, if TCP’s CWL is limited belon the path's
BDP-UB, certain oversltooting can be prevented,henceit helpsto improve the
overall TCP performanceln wireline networkssuchastodays high-speednternet,
a commonpracticeis settingTCP’s CWL asunbouned or to a very large value,
in orderto take advantageof the pipelining effect of paclet transmision. Thisis
becausein wireline networks, a routers “sharp” drop-tail lossbehaior is ableto
cornvey congestiorsignalquickly to the end-systemd)encealleviate the window
overshmting problem.As we will seebelaw, thisis notthe casein mobile ad hoc
wirelessnetworks.

A multi-hop mobile ad hoc wirelessnetwork (MANET) [4] is formedby a col-
lection of mobile nodesconnectedy wirelesslinks. Paststudieshave shovn that
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TCP performspoorly in this ervironment(moredetailsin Section6). Onereason
for TCP’s poorperformancas its congestiorwindow overshootingproblem[5-8],

whichhappengommonlyin MANET. Thisis becausen contrasto wirelinelinks,

wirelessMAC layer’s droppingprobabilityincreasegradually whenthe network

is overloaded6], which allows a TCP senders congestiorwindow to “push” be-

yond the capacityof the path. This phenomenorunderscoreshe importanceof

limiting TCP’s CWL to mitigatethis problem.However, how to properly setthis

valueremainsanopenproblemin currentresearch.

In anearly paperby Gerlaetal. [5], the authorsshaved by simulationsthat TCP
performancalegradesfor CWL greaterthan1 or 2 paclets,dueto mediumcon-
tentionbetweenT CP dataandacknavledgmentpaclets. Therefore,usinga small
CWL alleviatespaclet contentiom at the MAC layer. Yet, the paperdid not shov
ary quantitatve guideliresof how to setthis limit. In later studieg[9, 10], TCP’s
CWL settingproblemwaslargely ignored;instead,a CWL of 8 pacletswascho-
senin their simulaticnsasa “common” valuein MANET. At the sametime, other
studieg[7, 8] confirmedthe factthata small CWL (i.e., 1 or 2 paclets) achieres
bestTCP performancen their simulatons.

Two recentstudesby Li etal. [11] andFu et al. [6] shedsomenew light to the
CWL settingproblemby consideringhe transmisioninterferencepropertyof the
IEEE 802.11MAC layer protocol.Their conclusionis thatthe maxinum wireless
channelutilizationin a chainof ad hoc nodesis 1/4 of the chainlength (details
in Section3.1). Therefore,a sensiblechoiceis to set TCP’s CWL to that value.
Although thesetwo studiesoffer considerablansightsinto TCP’s CWL setting
problemin MANET, especiallyunderthe IEEE 802.11MAC layer protocol,they
have not uncovered the fundamentatauseto this problem,which is linkedto the
upperboundof BDP of the path.

In this paper we solve TCP’s CWL settingproblemby identifying BDP-UB of a
pathin MANET. We first examinetheimportantdifferencein computirg BDP-UB
of a pathin MANET andwireline networks. Specificdly, we shav thatbecause
singlewirelesslink cannotcarry several paclets “back-to-back”in onetransmis-
sion, the delay of transmiting a paclet from a nodeto its next-hop neighboris



tightly coupledwith the bandwidthof the wirelesslink. Basedon this obsenation,
we prove that BDP-UB of a pathin MANET is tied to the numberof round-trip
hopsof a path,i.e., it is boundedoy N x S, whereN is the numberof round-trip
hopsand S is the size of the TCP datapaclet, independenbf the bandwidthof
the wirelesslinks. 2 We thenfurther obtaintwo tighter boundsof BDP-UB, one
basedon theinterferencepropertyof theIEEE 802.11MAC layer protocol(called
“hop-basedound”),andtheotherbasedntheknowledgeof perhoptransmisisn
delays(called “delay-basedbound”), and verify themthroughns-2 simulatons.
Thesetwo boundsprovide a solid groundfor our systemat solution to TCP’s
CWL settirg problem.Finally, we comparethe performancemprovementsof ap-
plying theseboundgso TCP’s CWL, andshow thatthehop-basedboundis asimple
andeffective solution.

Ourcontrikutionin this paperis two-fold. At thetheoreticafront, we show thefun-
damentatlifferenceof how to computeBDP andBDP-UBin theMANET domain,
andprove two boundsfor BDP-UB. At the practicalfront, we provide a solid and
systemat solutionto TCP’s CWL settingproblemin MANET, which effectively
improvesTCP performance.

Therestof the paperis organizedasfollows. In Section2, we discusghedifference
in computhg BDP and BDP-UB in MANET andwireline networks, and give a
looseboundfor BDP-UB. Two tighter boundsare thenintroducedin Section3
and Section4. In Section5, we shav the performanceamprovement of TCP by
applyingtheBDP-UB bounds Section6 discusseadditioral relatedwork. Section
7 concludeghepaper

2 Bandwidth-Delay Product and its Upper Bound in MANET

2.1 Computing BDP-UB in MANET

We carryover thesameconcepif BDP-UB from wireline networks(in Equation2
in Sectionl), asameasuremerdf themaximumpacletcarryingcapacityof apath.
The importantdifferenceof computng BDP-UB in MANET lies in the special
propertyof the wirelessMAC layer. In MANET, mobile nodesare connectedy
wirelesslinks. Beforetransmiting a paclet, a nodehasto contendfor the channel
following the MAC layer protocol,which is responsibldor resolvingthe conflict
in accessinghe sharedcchannel Herewe do not assumery particularMAC layer
protocol.We only assumehe following propertyof wirelesspaclet transmissin:
a channelcannothold multiple paclets“back-to-back”in onetransmision. After

2 For simplicity, we someimesuse N to repregnt BDP-UB, which always means‘ N
timesthe sizeof the TCP datapaclet”.



transmiting a paclet, the sendethasto contendfor the channelagainfor the next
transmisin. For instancejn the[EEE 802.11MAC layerprotocol,thesendercan
only sendadatapacletandgetanacknavledgmentback,beforeit contendgor the
channelagain.This paclettransmisin propertyis clearlyvery differentfrom that
in wireline networks, wheremultiple pacletscanbe pushednto a pipe, suchasa
long high-speedink, without waiting for the first paclet to reachthe otherendof
thelink.

The differenceof thesetwo typesof paclettransmissia is illustratedin Figure2.

Over awired link, the delayof sendinga paclet (from a sendersitting at oneend
of thelink to arecever sitting at the otherend)includesnot only thetime to push
the paclet into thelink (i.e., transmisn delay), but alsothe time for the signal
to propagatehroughthelink (i.e., propagatiordelay).Betweenthe sendeandthe
recever, the link can hold mary paclets back-to-backWhereasover a wireless
link, thisis notthe case pecauseherecever musthave recevedthe paclet before
the sendercanstartto transmitanotherone.In otherwords,the wirelesschannel
cannothold multiple pacletsin the air. As a result,the delay (d) of sendingout
a paclet over the wirelesslink is tightly coupled with the link’s bandwidth,asin

the following equation:d = S/b, where S is the size of the paclet, andb is the
wirelesslink’ s effective bandwidthin sendingout thatpaclket. Notethatwe referto

thelink’s bandwidthb asits effective bandwidth,which hasconsideredhe chan-
nel contentim overheadln a moreheavily contendedhannelthelink’s effective
bandwidthis smaller In contrast,a wired link’s bandwidthand delay cannotbe
completelycorrelatedo eachother becauseS /b is only thetime to inject a paclet
into the wireline pipe, not the delaythatthe recever actuallyreceives the paclet.

Beforethat,the sendemay have injectedmultiple pacletsinto the pipe.

This specialproperty of wirelesspaclket transmssionmakes the computaton of
BDP-UB very differentin MANET. In wireline networks, BDP-UB canbe calcu-
lated basedon the bottlenecklink’s bandwidthand the round-trip delay For in-
stancepver atrans-continental 1 fiber link, BDP-UB canbe calculatedas1 544
000bits/secx 0.1sec= 19 300bytes.Theround-tripdelay(0.1 sec)is dominated
by thelight signal’s propagatn delayinsidethefiber. In MANET, becausef the
tight couplingeffect of awirelesdink’ sbandwidthanddelay a very differentresult
is that,BDP-UB of a pathis tied to the numberof round-triphopsof a path,inde-
pendent of eachlink’ sbandwidh alongthatpath.We will provethisresultformally
in thefollowing section.

2.2 Loose Upper Bound of BDP-UB in MANET

We claim thatin MANET, BDP-UB of a pathwith N numberof round-triphops
cannotexceedN. A modelof the end-to-endT CP transmssionover MANET is
shavedin Figure3, whereonly onepacletis allowed over a wirelesslink. When
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exactly N TCP datapacletsareallowedto be outstandag in Figure3(a), at least
one paclet will be queuedat the bottleneckrouter This always keepsthe bottle-
necksaturatedwhich meangushingmorepacletsinto thepath(asin Figure3(b))
cannotfurther increasethe TCP flow’s throughput It only increaseghe backlog
at the bottleneckrouter Below we give a formal proof of this result.Note thatin

the proof, the specialpropertyof wirelesspaclet transmissin is reflededin the
correlationof a link’ s effective bandwidthandits paclet transmisgn delay(i.e.,
d=S5/b).

Theorem 1. In MANET, the upper bound of bandwidth-delay product of a path
cannot exceed N x S, where N isthe number of round-trip hops and S isthe size
of the TCP data packet, assuming similar bottleneck bandwidth along the forward

and return paths.

Proof. Considerapairof sendeandrecevernodesTheforwardpathhasn hopsof
wirelesslinks with bandwidthby, b, . . . , b,; thereturnpathhasm hopsof wireless
links with bandwidh b, b}, . . ., b,,. Thebottleneckbandwidthof the forward path
iS Byin, = min(by, b, ..., by,), andof thereturnpathis B, ., = min(b}, b, ..., b.).

Whena datapaclet with size S travelsfrom the senderto the recever alongthe
forwardpath,theone- V\aydelayls i + < BS +ot 5 5 — nB— Note
thatrouter*squeumgdelayshouldnotbelncludedln computng BDP Slmllarly the
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one-way delayof travelingalongthereturnpathfor a TCPacknavledgnentpaclet
(with sizeS' < S)is & + -+ + & <mz— <mzx—.
1 m mi

min n

By definition [1-3], the upperboundof the bandwidth-dedy product(BDP-UB)
of the pathis compued as the bottleneckbandwidthof the forward path, times
the round-tripdelay: BDP —UB = Bmm(% + o4 % + f—l + e+ %) <
Bpin(ng>— + mg—) = S(n +mEp=). Although the forward andreturnpaths
do not necessarilﬁ?&vel alongthe sameset of nodes(i.e., symmetic), they are
typically geometricallycloseto eachother Therefore we canreasonablyassume
that their bottleneckbandwidthsshouldbe similar: B,,;, ~ B,,.,.. As a result,
BDP-UB of the pathcannotexceedS(n + m), whichis S x N. O

Remark 1. An implicit assumptin in the proof is that concurrenttransmissins
are allowed betweenneighborig nodesat the MAC layer. This is not the case
with the useof omni-directioral antennasgueto the signalinterferencewithin a
neighborhoodirea We will exploit thisinterferencegropertybasedn the popular
IEEE 802.11MAC layerin Section3 to derive atighterboundfor BDP-UB.

Remark 2: In the proof, we have usedthe maximum delay of the forward path
(i.e., S/Bnin) to boundthe round-tripdelay leadingto a lossof precisionin the
computatia. If individual perhop delaysare available,the computatio of BDP-
UB may be mademore precise.We will explore this possiblity in Section4 to
derive anothettighter boundfor BDP-UB.



3 Hop-Based Upper Bound of BDP-UB

In this section,we derie a tighter boundof BDP-UB basedon the IEEE 802.11
MAC layer. We call it “hop-based”boundbecauseat dependson the numberof
round-triphopsof the path.

3.1 Transmission Interference under |EEE 802.11

TCP datapacletsmay encountesself-interferencalongthe forward path,caused
by IEEE 802.11MAC layer’s channelinterferencewithin a neighborhoodarea.
Pastresearctasshavn thatthe maximumspatialreuseof a chainof nodess only
1/4 of the chainlength[6, 11]. Below we give a brief explanationof this result.
Considera chainof nodesseparatedby the transmission range of the wirelesssig-
nal,asshawn in Figure4. Transmssionrangeis the maximun distancemorethan
which a wirelesssignalcannotbe correctlydecodeddueto signallossin propa-
gation.Within certaindistancebeyondthetransmssionrange althoughthe signal
cannotbecorrectlyreceved,it canstill causanterferenceo othersignals prevent-
ing thosesignalsfrom beingcorrectlydecodedThis longerdistanceis calledthe
interference range of thewirelesssignal,whichlargely depend®nthephysicalen-
vironmentandthe propagatn model.For instanceusingthe “Two-Ray-Ground”
signalpropagatiormodelin the ns-2simulator[12], thedefaulttransmisionrange
is 250mand the interferencerangeis 550m.In Figure 4, whennodeE is trans-
mitting a packet to nodeF, the nearespossibé concurrentransmssionis between
A and B, becauseE’s interferencerangecovers node C, which preventsnodeC
from correctly receving the RTS paclet from nodeB. Therefore,the maximum
spatialreuseis 1/4 of thechain.? In a“perfect” schedulingscenarioall the data
pacletsshouldbe pacedout evenly alongthe path,allowing concurrenpipelining
transmisin of the datapaclets.

The secondpartof interferencds causedy TCP datapaclketsand TCP acknawvl-

edgmenpacletsalongtheforward andreturnpaths Herewe assumehe TCPre-
ceiveracknavledgesevery datapacletit receves.Althoughtheforwardandreturn
pathsdo not necessarilyverlap,they areusuallycloseenoughto causecontention
for the wirelesschannel The transmisgin of a datapaclet alongthe forward path
will prevent the concurrentransmssionof an acknavledgmentpaclet alongthe
return pathin the sameneighborhoodandvice versa.In this case,if we reduce
the numberof pacletsto more than half, certainspatialreusewill be forfeited.
Therefore to accommodat¢his type of interference BDP-UB of the pathshould
bereducedoy lessthanhalf.

3 Note thatthis analsis depends on the interfererce range; a shorer interferene range,
e.g.,lessthan500m,mayallow B andC to correctly exchangetheir RTS-CTShandshale,
increasingthe spatal reuse to 1/3 of the chainlengh.
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Combiningthesetwo typesof interferencej.e. 1/4 reductionof BDP-UB dueto
MAC layer interferenceand1/2 reductiondueto TCP’s dataand acknavledge-
mentpacletstraveling alongdifferentdirections,we arrive at the following con-
clusion:

Corollary 1. In a IEEE 802.11-based MANET, the upper bound of bandwidth-
delay product of a chain cannot exceed £N, where N isthe number of round-trip
hops, and 1/8 < k < 1/4 isareduction factor due to transmission interference at
the MAC layer.

Remark 3: In Corollary 1, k£ indicatesthe degreeof interferenceby a TCP flow’s
acknavledgrent paclets. A larger £ value(i.e., closerto 1/4) meanghatthein-

terferencefrom the acknavledgmentpaclets is smaller and the chain of nodes
canaccommodatenore in-flight paclets. Sincean exact k£ value dependon the
schedulingof pacletsalongthe forward andreturnpathsiit is very difficult to be
theoreticallyderived In the next section,we will resortto simukationto obtainan

empiricalk value.

Remark 4. Corollary1is obtainedn abest-casehaintopology, wherespatialreuse
hasbeenmaximized.In a randomtopology spatialreusemay be reduced.As a
result,the paclet carrying capacityof a pathundera randomtopolagy shoud be
smaller thanthatin the chaintopology Therefore,the upperboundof BDP-UB
in Corollary 1 still holdsfor a pathwith the samenumberof round-triphopsin a
randomtopology

3.2 Validation of Corollary 1

We validat Corollary 1 usingthe ns-2 simulata [12]. Specifically we want to
shov thatBDP-UB of achaincannotexceedk N, wherek is boundedetweenl /4
and1/8, andwe wantto obtainanempiricalk valuefrom simuations.

The simulatedchaintopology consistof 16 stationarynodes(from 0 to 15), each



separatethy thetransmissinrange(250m)of the[EEE 802.11MAC layercapable
of 2 Mbpstransmisginrate.In eachsimulation,a TCP sendefat node0 transmits
aTCPflow * to areceieratnodeh (1 < h < 15). Thereis no otherbackground
traffic, i.e.,the TCP flow canobtainthe maximumpaclet carryingcapacityof the
chain. TCP’s datapaclet sizeis setto 1460 bytes.Eachsimulation run lastsfor
1000secondsAt the endof eachrun, we obtainthe average throughput of a TCP
flow overtheentirecourseof thesimulaton,in termsof thenumberof successfully
(i.e.,acknavledged)transmited pacletspersecond.

We obtainthe“true” BDP-UB of a pathbasedon thefollowing obsenation: when
thereis no competingraffic, bestTCP performanceanbeachiaredonly whenits
CWL is setto the paths BDP-UB. This is becausehe TCP flow’s shareof BDP
equalsto the path's BDP-UB without competingtraffic, and TCP’s bestperfor
mancecanbe obtainedonly whenits CWL is setto its shareof the BDP. Specifi-
cally, if CWL is smallerthanthe path's BDP-UB, increasingCWL will allow more
pipelining effect, which leadsto betterperformancejf CWL is largerthanBDP-
UB, it leadsto morecongestiorwindow overshootingwhichdecreasesCP’'sover-
all performanceThe“optimal” CWL shouldcorrespondo thetrueBDP-UB of the
path.Thereforewe areableto obtainthetrue BDP-UB of a chainthroughsimula-
tion asfollows: for eachreceverlocatedatnodeh, aTCPflow runseachtime with
adifferentCWL (from 1 to 20 paclets).Amongtheseruns,we selectthe TCPflow
with thebestthroughput, andconsideiits CWL astheoptimal CWL, whichreflects
thetrue BDP-UB of thepath: BDP—U B = arg maxcw (T hroughput(CW L)).

The simulationresultin Figure5 shaws thatfor a given chainwith 1 to 15 hops,
a TCP flow’s performancevarieswith its CWL. For instancejn thelongestchain
with 15 hops,the TCP flow achievzesthe bestperformancevhenits CWL is setto
5 paclets;hencewe considers pacletsasthe BDP-UB for the 15-hopchain.One
obsenationfrom Figure5 is thatfor long chains(3 to 15 hops), TCP performance
improvesinitially with theincreaseof CWL, thendegradesafterthe optimal CWL
(orthepathsBDP-UB) hasbeenreachedHowever, for shortchaing(1 and2 hops),
TCP performanceppearso stayunchangedor very minimally changedjwith the
increaseof CWL. Thisis becausén a shortchain,theself-interferencgroblemby
TCP’s dataandacknavledgmentpacletsis lessseveredueto the smallnumberof
contendinghodesThereforejn ashortchain,alarge CWL doesnothave thesame
negative impacton TCP performancesin longerchains.Fromtheresultin Figure
5(a),we choosaheoptimal CWL as2 pacletsfor the 1 and2 hopchainsalthough
its TCP performancas only slightly betterthanusingotherCW.Ls.

FromFigure5, we areableto identify the optimal CWL (or true BDP-UB) of each
path. We then plot the relationof BDP-UB with the round-trip hop-countof the
path (which is twice the chainlength),in Figure 6. It showns that BDP-UB can
be boundedby kN with £ = 1/5, where N is the numberof round-trip hops,

4 We useTCP-Rencasthe TCPversian in our simulaions.
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Fig. 5. TCPflow’s numberof succesfuly transnitted paclets varies with its CWL.

especiallyin thelong chaincasesThis resultvalidatesour analyticalpredictionin
Corollaryl. Figure6 alsosuggests CWL settingstratgy basedn the numberof
round-triphopsof the path,asshavn in Table1. Theresultsfor longerchainscan
be obtainedhroughsimilar simulations.

To furtherunderstand CP’s behaior with differentCWL settingswe examinethe
average congestion window size of a TCPflow in eachrun. Figure7 shovsthatex-
cepttheshortchaincaseqe.g.1 and2 hops),the averagecongestiorwindow size
of aTCPflow increasenitially with CWL, thenflattensout. ThatmeansT CPini-
tially gainsmorethroughpuby the pipelining effect of paclettransmisgn, but the
congestiorwindow continuego grow evenatftertheoptimal CWL is reachedcor-

11
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Tablel
Simulation resut of TCPflow’s optimal CWL.

respondingo the path's BDP-UB). The paclet queuesizeis keptrelatively large
(25 paclets)in thesesimulations therefore pacletlossis mainlydueto MAC layer
contentionloss,which is similar to the obserationin [6]. This is an examplethat
TCP’s congestiorwindow caneasilyovershooin MANET, andhenceunderscores
theimportanceof properlylimiting TCP’s CWL to mitigate this problem.

4 Delay-Based Upper Bound of BDP-UB

As mentionedearlierin Remark2 (following Theoreml), if individual perhop
delaysalongthe path are available, the computationof BDP-UB may be made
moreprecise.In this sectionwe will derive atighterboundof BDP-UB basedon
thisobsenation (calledthe“delay-based’bound).

4.1 Consideration of Per-Hop Delays

Supposehe individual perhop delaysared,, d», . . ., d, alongthe forward path,
andd!, d, ..., d!, alongthereturnpath.The maximumperhop delayof the for-

ward pathis d,,., = mazx(dy,ds,...,d,), which corresponddo the bottleneck
bandwidthas: B,,,;,, = % where S the TCP datapaclet size. By definition,

BDP-UB of thepathis: BDP—-UB = B,;,, x round_trip_delay = ﬁ(z&o d; +
Soitedh) = S(w). Therefore,BDP-UB of the pathis boundedby a

max
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Fig. 7. Relationof TCP’s average congestian window sizewith its CWL settings.

factordeterminedy the round-tripdelayandthe maximumdelay of the forward
path. This boundis lower than N in Theoreml, becausehe maximum perhop
delayd,,.. is usedasthe denomnatorin the computationFinally, dueto the con-
currenttransmis®n interferencaunderthe IEEE 802.11MAC layer (asin Section
3.1), this boundshouldbe reducedby a factorof 1/4. Therefore we arrive at the
following conclusion:

Corollary 2. In a IEEE 802.11-based MANET, the upper bound of bandwidth-

delay product of a chain of nodes cannot exceed Z% where d; and d;
are the per-hop packet transmission delays along the forward and return paths.
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Remark 5: Corollary 1 and2 arebothderivedfrom Theoreml which givesaloose
upperboundof N. Corollary1 directlyappliestheneighborhoodhterferencerop-
erty of IEEE 802.11to obtaina tighterbound.Corollary 2, on the otherhand,ob-
tainsperhopdelayinformatian to compue amorepreciseandlower BDP-UB, and
thenapplieslEEE 802.115 interferenceproperty Therefore the relationsof these
boundsare:BDP-U Brheorem1 > BDP—UBcoroliaryt > BDP—UBcoroiiary2-

Remark 6: The deploymentof Corollary 2 is morecomplicatedthanCorollary 1,
becausd requiresaMAC layerdelayestimatiormechanismandtwo additianal IP
headeffieldsto “probe” the maximumandtotal delayinformation alongthe path.
Therefore althoughCorollary 2 is theoreticallyviable, it depend<ritically onthe
accurag androbustnes®f the paclet delayestimaton mechanism.

4.2 \Validation of Corollary 2

We have validatedthe useof hop-basedCWL in Section3.2. In this section,we
validatethe delay-basedCWL by comparingits resultwith the hop-basedCWL
over the samenetwork topology.

In our simuation,delayinformatian is probedwith eachTCP datapaclketusingtwo

additionallP headeffields: a “total-delay” field to accumulateghe perhop delays,
anda “maximumdelay” field to carry the maximumperhop delay Eachrouter
alongthe pathmodifiesthesetwo fields accordingto the estimatedoaclet trans-
misson delayto the next-hop neighborof the paclet, which is availablefrom the
MAC layer[14]. The maximum delay of the forward pathis thenreturnedto the
TCPsendeiin theTCPACK paclets.Uponrecevinga TCPACK paclet,the TCP
sendeicompuesthe boundfor BDP-UB accordingto Corollary 2, anduseshatas
its CWL. Notethatthe CWL shouldbesetatleastto 1 paclet, evenwhentheresult
from Corollary 2 suggests smallerbound,to avoid stalling the TCP flow.

Overthechaintopology a TCPflow is transmitedfrom nodeO to nodeh (1 < h <
15) in eachsimulaton run. All otherparametersemainthe sameasin Section3.2.
At theendof eachrun, we collectthefollowing threemetricsfor the TCP flow: 1)
averagethroughput 2) averagecongestiorwindow size;and3) averageCWL size.
We thencomparethesemetricswith thoseobtainedn Section3.2to illustratethe
differencedetweerthe hop-basedoundandthedelay-basedound.

We first comparethe averageCWL sizein Figure 8(a). The resultshavs thatthe
CWL sizeobtainedfrom the hop-basednddelay-basedboundsarevery closeto
eachother especiallyin the long chain cases(18 to 30 round-trip hops).In the
mediumchaincaseg8 to 16 round-triphops),hop-basedCWL is slightly larger
than the delay-basedCWL. In short chain cases(2 and 4 hops),the hop-based
CWL is much larger, becauseve have selectedCWL to be 2 pacletsfor these
casesalthoughits theoreticalvalueshouldbe 2/5 and4/5, respectiely. Overall,
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Fig. 8. Comparisn of usinghop-basel CWL anddelaybasedCWL in chaintopdogy.

thetwo boundssufficiently agreewith eachother

Next, we comparehe overall TCP performancéi.e., averagethroughput)f using
hop-basedWL anddelay-base€WL. Theresultin Figure8(b) shavs thattheir
overall performancaes very closeto eachothet Thisis notsurprisingbecauseheir
CWoLsareverysimilar. We furtherexamineeachflow’s averagecongestiorwindow
sizein Figure8(c). It shawvs thatthe averagecongestiorwindow sizesare almost
identicalto their correspondingcWL sizesin Figure 8(a). That meansboth hop-
basedanddelay-base € WL areableto mitigate congestiorwindow overshooting,
andhencemprove TCP performance.
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5 Setting TCP'sCWL using BDP-UB boundsin MANET

5.1 Methodology

So far we have proved and validaed two upperboundsof BDP-UB, which can
be appliedto TCP’s CWL settingin adynamicMANET environment.Hop-based
CWL is derived from the round-trip hop countof the currentpath.In MANET,
round-triphop countof a pathcanbe obtainedfrom the routing protocolif source
routingis beingused(e.g.DSR[13]); alternatvely, eachpaclet’s IP headercanbe
augmentedo includea TTL-lik e counterto carrythehopcountof thepath.A TCP
flow’s CWL is setaccordingo thesimulaton resultin Tablel, becausét is alittle
bit lower thanthetheoreticaboundof BDP-UB from Corollary1.

Delay-basedC WL of a TCPflow is computedrom the maximumperhopdelayof
theforward pathandthetotal round-tripdelay accordingto Corollary 2. As in the
chaintopolagy, we implementa paclet delay estimatimm mechanismat the MAC
layer. If thecomputedesultis lessthanl paclet,the CWL is setto 1 paclet.

5.2 Evaluation

We evaluateour approachn ns-2(versionns-2.1b9a)singthe following simula-

tion network: thereare50 nodesmoving aroundin a 1500mby 300mspaceusing
the“randomway-point”mobility modelwith maximumspeedf 5 m/secandpause
time of 0 seconds?® This createsa moderatelydynamt network. In this erviron-

ment,we make surethatthe whole network is not partitionedat arny time during

the simulations.Moreover, in orderto limit theimpactof “f alselink failure”, ¢ we
setthemaximumre-transmissintime-out(RTO) to arelatively short2 secondsto

letthe TCP senderecover from thefailurequickly. Eachsimulationrun lasts1000
secondsDynamicSourceRouting(DSR[13]) is usedastherouting protocol.

We createseveral levels of traffic intensityin the network, eachwith a different
numberof concurrenfTCP flows (5, 10, 15, 20 and25), andbetweenra setof ran-
domly selectedsourceanddestinatiorpairs.In eachsimulaton, we useoneof the
followingtypesof TCP:1) TCPwith alarge CWL of 256paclets,2) TCPwith hop-
basedCWL, and3) TCPwith delay-basedCWL. The performancecomparisonn

5 Therandm way-pdnt mobility modelis recerily shavn to deaeasenodal speel over
time [15]. This is not a significant problemin our analysis beausewe are not conerned
abou the exactmobility speed.

6 Falselink failureis aphenomenoratthe MAC layerwheretwo nodes cannd talk to each
othe temporaly, eventhouch they arewithin eachother’s transmisionrange, dueto the
hiddenterminal prodem or the captuing of the wireless chamel by othe transmisions

16



Figure9(a) shavs that TCP with hop-basedCWL hasthe bestperformancei.e.,
8% to 16% morethroughputthan TCP with a large CWL. TCP with delay-based
CWL comesdn secondandhas3%to 12%morethroughputhanthe TCPwith large
CWL. Thatmeanghehop-base@nddelay-base®DP-UB boundscaneffectively
improve TCP performancen a dynamicmobile ad hoc network environment.Re-
call thatin a chaintopology the performanceof hop-basedCWL anddelay-based
CWL arevery closeto eachother(Figure8(b)); whereaserein a dynamt topol-
ogy, hop-basedWL performsbetterthanthe delay-basedCWL. This is because
themeasurementf paclettransmisiondelayin adynamicMANET ernvironment
IS not asaccurateasin a staticchaintopology while the hop countmeasurement
is not subjectto suchnoise.Therefore we concludethatthe hop-basedCWL is a
bettersolution for settingTCP’s CWL in adynamicMANET.

Two addedbenefitsof usinghop-base@nddelay-base@ WL canalsobeobsered
in our simulatons: 1) smallerend-to-enddelay due to shorterrouter queues(in
Figure9(b)); and2) improved network efficiency dueto fewer droppedpaclets(in
Figure9(c)). Theseresultsfurthersuggesthatboththe hop-base@nddelay-based
CWLsarebeneficiain improving end-to-endlelayandnetwork efficiency for TCP
flowsin MANET.

5.3 Impact of Pacing

TCPpacing [16] is asimpletechniqueo smoothTCPtraffic in wireline networks.
Thebasicideais to letthe TCPsendepaceawindow worth of pacletsoverthecur-

rentestimatedound-triptime, henceavoidspossble burstsof paclets.In MANET,

in addition to smoohing the traffic flow, TCP pacinghasthe potentialbenefitof

mitigating the degreeof channelcontentionat the MAC layer, which may helpto

improve a TCP flow’s overall performanceNote that TCP pacingis orthogonal to
its CWL setting:CWL decideghecongestia window limit, while pacingsmodhs
out the flow shape Herewe wantto explore the potental benefitof TCP pacing
with anappropriateCWL setting.

We usethe samesimulaton network andtraffic patternasin Section5.2. Pacing
is implemenéd in TCP’s paclet sendingroutine, to evenly paceout the paclets,
accordingo the currentcongestiorwindow sizeandtheestimatedound-triptime.

Thesimulatonresultin Figure5.3shavsthatpacinghasverylimitedimpactonthe
overall performanceof the TCP flows, i.e., Figure5.3is almostidenticalto Figure
9(a).Thisresultcoincideswith the TCPpacingresultobtainedn wireline networks
[16]. The possibé reasorfor thisis two-fold. First, asnotedin [16], a pacedTCP
misseghesendingopportuniiesandmayincur higherlossratecomparedo anon-
pacedTCP Secondjn this setof simulatons, TCP’s congestiorwindow is never
openedup to a large size, limiting the possiblebenefitsof pacing.To isolatethis
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Fig. 9. Comparism of TCP with hop-tasedCWL and delaybasedCWL in dynamic
MANET.

problem,we repeatTCP with pacingin a 15-hopchaintopolayy, where TCP’s
window size canopenup to 8 paclkets. The resultshavs that pacingstill hasonly
maiginal effect on TCP performanceTherefore we concludethat pacingdoesnot
have significantimpacton TCP performancen MANET.

18



180

140

120

100

Average Throughput (pkts/sec)

80 [TCP-Reno with fixed large CWL and Pacing —— |
FFCP-Reno with hop-based CWL and Pacing -
60 CP-I?eno with dela¥-based CWL and Pacing _ ke

0 5 10 15 20 25 30
Number of Concurrent TCP Flows

Fig. 10. Performaice of TCP pacirg with hop-basel CWL anddelay-bagd CWL.

6 Additional Related Work

Pastresearchn improving TCP performancen MANET hasspannedver differ-
entlayersof the protocolstack:1) transport{TCP) layer; 2) routing layer; and 3)
MAC layer. Our studyin this papertargetsthe TCP layer, andhassolved TCP’s
CWL settingproblemusinga theoreticallysolid baseof BDP-UB. We have also
discussedts relatedwork in Sectionl. Below we discusssomeotherrelatedwork
in improving TCP performancen MANET.

At the TCP layer, one areaof work is to achieze accuratecongestiondetection
by distingushing the causeof paclet lossbetweerrandomwirelesslossandcon-
gestionloss[17-19]. The basicideabehindthesestudiesis to correlatethe nature
of paclet lossto certainend-to-endmeasurementsuchas inter-arrival time of
paclets[17], variationof RTT [18], or thejoint statisics of inter-paclet delayand
short-ternthroughpu{19]. If thecauseof pacletlossisidentifiedasrandomloss,a
graduatedossavoidanceaction,otherthanTCP’s multiplicative window decrease,
canbetaken.Notethatsomeof thesestudesfocuson a hybrid wired andwireless
network scenariotheir resultswerenot necessarilyerifiedin a multi-hopadhoc
network ervironment.

At the routing layer, TCP performancecanbe improved by enhancinghe cross-
layercooperatiorbetweenl CPandtheroutingprotocol,with thegoalof differenti-
atingthe causeof pacletlossbetweernroutefailureandnetwork congestionTo this
end,two generalapproachebave beentaken. Thefirst approactrequiresherout-
ing protocolto notify TCPwhenroutefailureoccurs(TCP-ELFN[9], TCP-F[20]);
the other approachinfers route failure by two consecutie TCP re-transmission
time-outs(fixed-Rro [10]). With the exceptionof TCP-F(which relieson explicit
routere-establishmentotificationfrom theroutinglayer),all otherschemegntera
probing stateto periodically“probe” therouteuntil anew routeis re-establishedn-
dicatedby thereceptionof oneor two TCP acknavledgmenipaclet(s).In essence,
they sharethe sameprinciplewith the TCP-Probingapproach21], wherea “prob-
ing device” is usedto let the TCP sender“sit out” a bad network state,suchas
network blackout during terminalhandof betweerbase-stationslhis cross-layer
cooperatiorenableghe TCP sendeto recover quicker aftertheroutefailure,with-
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out exponenially backingoff its RTO timer, and henceavoids unnecessarypro-
longedperiodsof transmissin blackouts.

At the MAC layer, oneareaof work is to studythe MAC layer protocolsandto
comparetheir suitablity to supportTCP traffic in MANET. Tangetal. [22] com-
pareddifferentMAC layermechanismandtheir combinedeffectson TCP perfor
manceunderdifferentnetwork topologes.They concludethat CSMA/CA (Cartrier
SensingMultiple Accesswith Collision Avoidance)with RTS/CTS (Request-to-
Send/Clearto-Send) virtual sensingandlink-layer ACK (acknavledge)provides
asuperiomixture of fairnessandaggreyatenetwork throughpa. Not surprisingy,
thesearethe mechanismadoptedoy IEEE 802.11which hasbecomehedefacto
standardn connectingmobile nodesn a MANET.

Anotherareaof work atthe MAC layer hasfocusedon distributedfair scheduling
algorithns, to improve mediumaccesdairnesshetweencompetingpaclet trans-
missons,andto mitigatechannelkcapturingproblem.A list of algorithns andtheir

comparisorcanbefoundin [23,24] andthereferencestherein.

Finally, for a broaderdiscussiorof TCP performancedssuesin hybrid wired and
wirelessnetworks with mobility, interestedreadersare referredto the overvien
papersby Balakrishnaretal. [25] andby Tsaoussis andMatta[26].

7 Conclusion

This paperbringsthe well-known conceptof bandwidh-delayproduct(BDP) and
its upperbound(BDP-UB) from wireline networksinto the mobilead hocnetwork
(MANET) domain We shaw thatthemostsignificantdifferenceof computng BDP
andBDP-UBin MANET is thetight coupling of bandwidthanddelayoverawire-
lesslink. Basedon this obsenation, we prove that the upperboundof BDP in
MANET is tied to the numberof round-triphops(V) of a path.In otherwords,
BDP-UB of a pathis boundedoy N (in Theoreml). We thenfurther tightenthe
BDP-UB boundby consideringlEEE 802.11MAC layer protocol’s transmis®n
interferencen aneighborhoodreaandTCP’s DATA andACK interferencd“hop-
based’boundin Corollary 1), andthe knowledgeof perhop transmssiondelays
(“delay-baseddoundin Corollary 2). We verify thesetwo boundsboth through
ns-2simulations.Furthermorepur finding of theboundsfor BDP-UB in MANET
providesa systematicsoluion to the problemof how to properlyset TCP’s con-
gestionwindow limit (CWL), which hasbeenan openproblemin pastresearch.
Simulationresultsshowv thatboththe hop-basednddelay-basedboundsimprove
TCP performancean a dynamicMANET, andthatthe hop-basedboundis a better
solution dueto its effectivenessandsimplicity. We alsoexplorethe potentialbenefit
of TCP pacingandfind no significantimpacton TCP performance.
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