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Abstract— In a wir elessad hocnetwork wheremulti-hop traf�c
dominatesthe network, spatial reusehasan enormousimpact on
the network performance in terms of end-to-endthr oughput and
delay characteristics.In this paper, we investigatethe MAC coor-
dination of persistent �o ws in 802.11ad hoc networks and point
out that the aggressive behavior of 802.11MAC can thr ottle the
spatial reuseand reducebandwidth ef�ciency. We thus propose
an adaptive layer-2 pacing schemefully compatible with 802.11
MAC using explicit MAC feedback to balance the transmissions
on adjacent nodes.By promoting MAC coordination, our scheme
can assistthe MAC to operate around its saturation state while
minimizing resource contention. Experiment resultsdemonstrate
that our scheme signi�cantly outperforms the original 802.11
MAC by boosting the thr oughput while still maintaining latency
at a low level.

I . INTRODUCTION

Over thepastfew yearsthesuccessof IEEE 802.11technol-
ogy hasled to rapid proliferation of wirelessLANs and also
madeIEEE 802.11MAC protocol [1] the de facto multiple
accessstandardfor wirelessad hoc networks. As an essen-
tial performancebenchmarkin ad hoc environment, spatial
reusedominatesthe numberof simultaneouscommunications
allowed in a given region, which in turn strongly affects the
aggregatethroughputanddelaycharacteristicsof thenetwork.
This paperinvestigatesthe spatialreuseef�ciency in staticor
low-mobility ad hoc networks in the presenceof multi-hop
traf�c, and further proposesto promotecoordinationamong
neighboringnodeson the link layer to leveragespatialreuse.

Prior researchhas suggestedthat 802.11 MAC does not
function well in multi-hop environmentsince it has intrinsic
�a ws in combatingthehiddenandexposedterminalproblems
[2], [3]. In an ad hoc network, when a persistentdata �o w
travels from source to destinationover multiple hops, the
pipelineef�ciency along the pathbecomesa dominantfactor
affecting the throughputand latency as the hop count grows.
The pipeline ef�ciency, characterizedby simultaneoususeof
the samespectrumalong the path of the data �o w, relies
on the coordination of transmissionsat each relay node.
However, currentwirelessMAC protocolsonly governsingle-
hop packet delivery basedon the interferenceinformation
collectedwithin thescopeof asinglehop,thuslackingsupport
of concertedtransmissionsamongrelaynodesin a largerarea.
As a result, directly applying the existing MAC protocolsin
multi-hop networks usually leadsto sub-optimalspatialreuse
andperformancedegradation.

In this paper, we shedlight on the spatial reuseof persis-
tent multi-hop traf�c in 802.11 ad hoc networks. The ideal
spatialreuseshouldoperatearoundits saturationstate,where
bandwidthef�ciency is maximizedwhile incurring minimum
resourcecontention.Our study reveals that the 802.11MAC
tendsto over-utilize thespectrumby attemptingmoresimulta-
neoustransmissionsthanbeingallowedin aneighborhood,and
therebyis proneto collisionsandinvoluntarypacket dropson
theMAC layer. Speci�cally, theaggressive behavior of 802.11
MAC leadsto unnecessaryRTS failuresandensuingspectrum
wastage.We further show that by properly tuning its trans-
missionrate,a “polite” relay nodewho yields channelaccess
to otherscan neverthelessdeliver betteroverall performance.
Theseobservationsmotivateus to employ adaptive pacingto
orchestratethetransmissionsof relaynodesin amorebalanced
manner, which is veri�ed by simulationsshowing performance
improvementsover original 802.11MAC.

Accordingto our scheme,for anactive nodein thenetwork,
thetraf�c informationin amulti-hopneighborhoodis collected
by its MAC via a newly introducedMAC signal.The multi-
hop traf�c inferenceis then conveyed to a link layer traf�c
shaperto assistdynamicadjustmentof transmissionrate.As
opposedto theTCPpacingin literature[10], [11], [12], which
is a mixtureof rate-basedtransmissioncontrolandcongestion
control on a per �o w basis,we proposeto apply adaptive
pacingdirectly on the link layer. Our layer-2 pacingscheme
is transparentto upper layer protocols, involving no cross-
layer designissuesandthusrepresentinga lightweightpacing
scheme.It makesuseof instantMAC feedbacksfor immediate
traf�c coordination,resultingin fasterconvergence.

The restof the paperis organizedasfollows. In SectionII
we examinethe spatialreuseof persistentmulti-hop traf�c in
802.11ad hoc networks. Our layer-2 adaptive pacingscheme
is presentedin SectionIII and then evaluatedby simulations
in SectionIV. We give a literaturesurvey in SectionV and
concludethe paperin SectionVI.

I I . SPATIAL REUSE AND PIPELINE EFFICIENCY IN

MULTI-HOP NETWORKS

We begin our discussionwith an investigation of IEEE
802.11 Distribution Coordination Function (DCF) in terms
of its medium reservation mechanism.We will show that
it suffers from low pipeline ef�ciency in the presenceof
persistentmulti-hop traf�c andthusthrottlesthe spatialreuse.



A. Diagnosing802.11DCF

The IEEE 802.11MAC accomplishescontention-basedac-
cessusing DCF which distributesthe channelreservation in-
formationby announcingtheimpendinguseof themediumvia
RTS/CTSframes.The exchangeof RTS/CTSframesbetween
senderand receiver prior to the actual data frame intends
to identify hiddenterminals.However, it is shown that there
are effectivenessissuesin 802.11DCF when it reserves the
channelin thesingle-hopneighborhoodof senderandreceiver
[4], [5]. In this section,we further examine the behavior of
802.11DCF in multi-hop scenarioswhere a persistent�o w
traveling acrossmultiple hopsattemptsto maximizeits end-
to-endthroughput.
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Fig. 1. A persistent̄ ow traversesa chainandgeneratesunattendedRTS at
node1. Dottedline circle standsfor carriersenserangewhile solid line circle
standsfor transmissionrange.Node2, in its deferralstatewhenhearingthe
RTS from node1, deliberatelyignoresthe RTS andcausesits failure.

We usethe examplein Figure1 in which a persistent�o w
traversesa chain from node0 to node7. At sometime node
4 receivesthek-th packet of thepersistent�o w andcontinues
to forward it to node5, with a precedingRTS. Let us assume
in the neighborhoodof node4, node3 and 5 are within its
transmissionrange (solid line circle centeredat node 4 in
Figure 1), while node 2 and 6 are out of its transmission
rangebut within its carrier senserange(dotted line circle).
Accordingto 802.11DCF, node3 setsits NetworkAllocation
Vector (NAV) accordingto the duration �eld embeddedin
the RTS frame and starts to defer until NAV counts down
to zero. While node 2 sensesthe signal in the channelbut
cannotcorrectly decodeit, it still defersfor a durationequal
to theextendedinterframespace(EIFS).Supposethatthe�o w
is uninterruptedandpacket k+ 1 arrivesat node1, who would
sensethe channelto be idle andthus initiate an RTS to node
2. Sincenode2 is in its deferralstateand cannotreply with
a CTS, node 1 would attempt the RTS repeatedlyuntil the
RTS/CTS handshake eventually gets through.1 We refer to
thesevain RTS attemptsasunattendedRTS, sinceits intended
receiver purposelyignoresthe RTS owing to the deferral.

In 802.11,repetitive unsuccessfulRTS is harmful because
any node that overhearsit may defer accessunnecessarily.

1In IEEE 802.11DCF, an upper limit is imposedon maximum allowed
RTS retransmissions.

From a MAC layer perspective, unsuccessfulRTS commonly
takesplacein threescenarios:

� RTS collideswith otherpacketsat the intendedreceiver.
� ReturnedCTS collideswith otherpacketsat the sender.
� Receiver intentionallyignorestheRTS (unattendedRTS).
In any of the scenariosabove, the senderfails to receive

the respondingCTS andwould retransmitthe RTS. Although
they are not involved in collisions, unattendedRTS frames
still result in RTS failures and may prompt the senderto
repeatunsuccessfulRTS attempts,making the situationeven
worse. According to our observations, unattendedRTS can
take up as much as 70% RTS failuresand may thus account
for signi�cant performancedegradation.

B. PipelineEf�ciency and Link Layer Coordination

In 802.11 DCF, a backloggednode always attempts to
transmit whenever it considersthe channel is clear in its
vicinity, through either physical carrier sensing or virtual
carrier sensingachieved by RTS/CTShandshake [1]. As we
have seenin Figure1, this best-effort strategy at an individual
node, however, may lead to aggressive behavior along a
pipeline.Ironically, lower pipelineef�ciency may result from
this, becausethe unattendedRTS, a potential performance
killer, makes false channelreservation and thus wastesthe
spectrum.

Oursolutionto improve thepipelineef�ciency is to enhance
link layer coordination among the neighboring nodes.We
proposeadaptive pacing to help distribute persistenttraf�c
amongrelaynodesin a morebalancedway. We show that this
approachis effective at boostingthe spatialreuseandend-to-
endthroughput.Anotherapproachis to adjustthecarriersense
range[7], which is beyond the scopeof this paper.

I I I . ADAPTIVE PACING FOR IMPROVED SPATIAL REUSE

In this section,we presentour adaptive pacingschemein
detail.It makesnecessarychangesto thelink layerarchitecture
and introducesa simple modi�cation to the 802.11 MAC
frame.Ourschemeis fully compatiblewith theoriginal802.11
MAC, so a smoothmigration is possiblefor deployment.

A. Locking Traf�c in Pace

We begin with a simulation study which pacesthe CBR
(constantbit rate) traf�c in a chain topology to gain insights
into the link layer coordination.We use the same 8-node
chain topologyas in Figure1 with UDP/CBRtraf�c pumped
continually from the left to the right in a network of 2Mbps
bandwidth.Each UDP packet has 512 bytes, carrying CBR
traf�c. Figure2 shows the end-to-endmeasurementsin terms
of transmittedandreceivedpacketsin ns-2with regardto CBR
traf�c interval.

It is seenthat when CBR traf�c hasa fast pace,i.e., with
a small interval, it suffers a considerablepacket loss. This
happenswhenpacket delivery getssaturatedalongthepipeline
and cannotgrow even if more packets are injected into the
network. On the other hand,as the CBR traf�c slows down,
the received packetscanpick up at somepoint andeventually
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Fig. 2. TheCBRtraf®c is pumpedinto an8-nodechain.Thex-axisrepresents
theCBR interval, andthey-axisrepresentsend-to-endmeasurementsin terms
of transmittedandreceived UDP packets.At somepoint the CBR traf®c rate
is lockedwith maximumreceivedpacketsandno packet dropsin thepipeline.

get lockedto thetransmissionrate.Theend-to-endthroughput
reachesits peakwhenpaceis locked,wherethebesttradeoff is
achievedbetweenhiddenterminalsandexposedterminals.It is
interestingto noticethat a persistent�o w may acquirehigher
throughputif it properlyyields channelaccessandmaintains
its pacein harmony, which in turn suggeststhat aggressive
behaviors usually receive penalties.

In real world scenarios,however, not all kinds of �o ws
can inherently achieve the desiredpacing. TCP, as a com-
mon example, is known to generatebursty traf�c and has
poor interactionswith the underlying802.11MAC in multi-
hop environment [11], [12]. According to its window based
congestioncontrol algorithm,a singleTCP ACK may trigger
multiple transmissionsof TCP packets from the sender. The
sender's MAC then performs in a best-effort manner and
pumpsdatainto thepipelineregardlessof theproperpace.As
we have explained,any aggressive transmissionattemptalong
the pipeline is penalizeddue to the spatial reuseand may
be subject to packet drops, causingsubstantialperformance
degradation.We identify the above problemas pipeline syn-
dromefor TCP. Thecongestioncontrolalgorithmin TCPalso
leadsto other de�ciencies in 802.11 ad hoc networks, e.g.,
false indication of link congestion,which we do not cover
in this paper. To sumup, TCP bringsburstinessto multi-hop
networks and may potentially hurt the spatialreuse.We will
show that thepipelinesyndromecanbe�x edusingour pacing
schemewithout affecting the end-to-endsemanticsof TCP.

B. TransmissionRateControl on the Link Layer

In our scheme,pacing is directly applied on layer-2, as
opposedto the TCP pacing in [10], [11], [12]. The reason
is threefold.First, this implementationis transparentto upper
layer protocols.As we have seen,pacingprovesto be helpful
to persistenttraf�c, which may be composedof TCP traf�c
or UDP traf�c, or both. As far as spatialreuseis concerned,
we do not needto differentiatethe �o ws on the link layer.
Our approachis capableof handlinghybrid traf�c in a uni�ed
framework anddoesnot involve cross-layerdesignissues.

Second,TCP pacingroutinely works with congestioncon-

trol algorithm on an end-to-endbasis.In reality, however, a
TCP�o w maytravel acrossbothwired andwirelessnetworks.
This is oftenseenin a multi-hopwirelessaccessnetwork, e.g.,
a wirelessmeshnetwork, wheretraf�c is skewedandoftendi-
rectedto Internetgateways.SinceTCPcalls for differentend-
to-end control strategies in wired and wirelessenvironment,
TCPpacing[11] doesnotoffer auniversalsolutioneffective to
heterogeneousnetworks.However, layer-2 pacingonly applies
to the wirelessstationsandthusevadesthis problem.

Finally, layer-2 pacingcan make useof instantsingle-hop
feedbackfor timely MAC coordinationamong neighboring
nodes,which resultsin fasterconvergenceascomparedto any
transportlayer implementation.Therefore,adaptive pacingon
the link layer is a moredesirablesolutionthanend-to-endrate
control in wirelessad hoc networks.
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Fig. 3. This is a link layer diagramin which token bucket ®lter is usedasa
traf®c shaperto enforceadaptive pacing.Tokensareissuedat a dynamicpace
set forth by the pacetuner which works with 802.11DCF as an enhanced
feature.Explicit MAC feedbackis introducedto assistpaceadjustmenton the
¯y.

To implement pacing on the link layer, we proposeto
useToken Bucket Filter (TBF) to smoothtraf�c and provide
support to MAC coordination, as shown in Figure 3. In
this link layer diagram, a TBF sits betweenthe interface
queueand the MAC function. TBF is a pure traf�c shaper
to �lter the traf�c basedon the expenditureof tokens and
can effectively alleviate burstiness.In our scheme,adaptive
pacingis accomplishedby issuingtokensat a dynamicpace
setforth by thepacetuner, which coordinatesthetransmission
rate with neighboringnodesthroughexplicit MAC feedback
(to be discussedin SectionIII-C). In this way, the link layer
at eachnodecan work distributively towardsbalancedtraf�c
in the node's vicinity.

It is worth mentioningthat the optimal pacefor persistent
traf�c usuallyexceedsthemaximumbackoff window allowed
in 802.11.For example, in Figure 2 optimality is achieved
when CBR traf�c interval is approximately19 milliseconds,
indicatedby the receiving peak value. Thereforewe do not
implement pacing inside the 802.11 DCF by adding extra
backoff time for outgoingpackets.

C. IntroducingExplicit Feedback to 802.11DCF

In SectionII-A, we noted that unattendedRTS represents
an early indicationof throttledspatialreusein the sensethat
aggressive transmissionattemptscan overwhelm a pipeline.



Thuswe canuseit asa feedbackfor triggeringa MAC sender
to adjustits paceso that the MAC may probefor the optimal
transmissionratein the neighborhood.This is the mechanism
of adaptive pacing. We further enhancethe 802.11 DCF to
incorporatethis explicit MAC feedbackby making moderate
modi�cations on the receiver andsenderside,respectively.

1) Modi�cations on the MAC receiverside: MAC receiver
is responsiblefor tracking any unattendedRTS framesand
conveying this information to MAC sender. In our scheme,
we use CTS frame as the feedbackcarrier becauseit is a
shortcontrol frameandhassomevacant�elds availablein its
frameformat.Accordingto the802.11standard[1], insidethe
2-byte FrameControl �eld of the CTS frame, thereare two
unusedsub�elds namedMore Fragments�eld andRetry �eld,
respectively, with eachtakinguponebit andalwayssetto zero.
Therefore,we can make useof thesetwo single-bit �elds to
deliver the pacing feedbackto the senderwhile keepingour
schemecompatiblewith the original 802.11 DCF. We thus
introducetwo new bits to replaceunusedold �elds: EPF bit
for backward compatibility, andSLW bit for pacetuning.

� EPF (Explicit Pacing Feedback): This bit is set to 1 if
explicit pacingfeedbackis enabledon the receiver node.
For backward compatibility, it is set to 0 on non-pacing
nodes.

� SLW (Slow Pacing): This bit is setto 1 by theMAC re-
ceiver if it successfullyreceivesbut intentionallydeclines
at leastoneRTS requestdueto deferralsinceits lastCTS
transmission;otherwiseit is setto 0. It is usedto inform
the MAC senderwhetherits transmissionrate is too fast
causingunattendedRTSandthusshouldbesloweddown.
The SLW bit is alwaysset to 0 on non-pacingnodes.

2) Modi�cations on the MAC senderside: As soon as a
MAC senderreceives the CTS frame containingthe pacing
feedback,it usesthe tokenbucket �lter to updateits transmis-
sionrate.Thewholeprocessis explainedin Algorithm 1. Since
our schemeassumesthe same mechanismfor contention-
basedaccessasin 802.11DCF, all routinebackoff or deferral
operationsareomitted in this algorithm.

As shown in Algorithm 1, for eachoutgoingRTS, theMAC
senderstartsa timer to wait for the correspondingCTS, and
retransmitsRTS in caseof timeout.2 The total retransmission
attemptsshould not exceed ShortRetr yLimit , set to 7 in
802.11 [1]. Once the expectedCTS is received, the sender
proceedsto retrieve its EPF bit to check if pacing feedback
is carriedin this CTS frame.Whenever feedbackis available,
the paceshoulddecreaseif SLW bit is set to 1, or increaseif
it is set to 0. Pacetuning is performedthroughchangingthe
TBF token issuerate.

To approachtheoptimal ratepromptly, thesendervariesits
pacewhenever a new feedbackis received. The paceupdate
methodcanbeeitherlinearor multiplicative. In thelattercase,
the TBF token interval is multiplied by a ratio every time a
new feedbackis received.More sophisticatedpaceadjustment

2According to 802.11DCF [1], the sendershouldincreasethe contention
window andperformbackoff beforeattemptingRTS retransmission.

Algorithm 1 MAC senderpacetuning using explicit pacing
feedback

r etr yCount  0
transmitRTS frameand initiate a timer
while CTS not received beforetimeoutdo

if r etr yCount < ShortRetr yLimit then
r etr yCount  r etr yCount + 1
retransmitRTS frameandrestartthe timer

else
abort transmissionandnotify upperlayer
QUIT the algorithm

end if
end while
checkthe validity of the received CTS frame
if EPFbit is set to 1 then

if SLW bit is set to 1 then
decreaseTBF token issuerate

else
increaseTBF token issuerate

end if
end if
proceedto transmitDATA frame

algorithms can be attemptedby combining the linear and
multiplicative methods.In general,�ne tuningof transmission
rate is subjectto the degreeof traf�c �uctuation.

In our scheme,for any overwhelmednodethat is not able
to answerevery incoming RTS, it shouldbe allowed to send
a slow-pacing feedback(SLW=1) to any aggressive sender
in its neighborhood,whetherthis sendergeneratesthe latest
unattendedRTS or not. In this regard, we are not interested
in the speci�c reasonbehindeachfeedbackon which sender
should be held accountablefor the latest unattendedRTS.
In other words, the SLW bit in a feedbackmay be set by
an unattendedRTS that belongsto a differentpersistent�o w
from the one whoseCTS carriesthis feedback.This should
not compromisethe effectivenessof our schemebecausewe
only take actionson individual nodesanddo not differentiate
between�o ws on a speci�c nodeas long as spatial reuseis
the soleconcern.

It is seenthat any node using our enhanced802.11DCF
with adaptive pacing,whetherit actsas a senderor receiver
at some instant, can seamlesslywork with any other non-
pacing original 802.11 node, if any. This demonstratesfull
compatibility of our schemeandguaranteesthat it canhave a
smoothtechnicalmigration.

IV. EXPERIMENT RESULTS

In this sectionwe evaluatethe performanceof our scheme
via simulations in ns-2 with different network topologies.
First we revisit the 8-nodechain topology in Figure 1 which
is traversedby a TCP �o w from the left to the right. We
assume�x ed-ratepacingandusex-axis to representthe token
issueinterval for TBF, asshown in Figure4. The end-to-end
TCPtransmitted/receivedpacketsaremeasuredover30secand



comparedwith the results from non-pacingoriginal 802.11
protocol using the sametopology, which are denotedby two
horizontallinesin this �gure. It is seenthatat theoptimalpace
TCPthroughputreachesits peakvalue,which is approximately
167% higher than the throughputwithout pacing.It suggests
that pacing can signi�cantly improve TCP performanceby
coordinatingthe traf�c along the pipeline.

We thenevaluateour adaptive pacingschemeusingthegrid
topology in Figure 5. All the nodes,eachequippedwith a
single transceiver with 2Mbpsbandwidth,areplacedon an 8
by 8 grid network with minimumseparationdistanceof 200m
(the transmissionrange in ns-2 is 250m). k �o ws traverse
acrossthe network, while at the sametime anotherk �o ws
traversedown, with k < 7. All �o ws carryeitherTCPor UDP
traf�c over 7 hops,with packet size of 512 bytes.AODV is
usedas the ad hoc routing protocol.For the adaptive pacing
algorithm at eachnode, we assumethe depth of the token
bucket is suf�ciently large. We usemultiplicative methodfor
paceadjustmentwith 40msecas the initial pace,and at each
paceadjustmentwe increasepaceby 10% or decreasepace
by 5%. All end-to-endmeasurementsaremadeover 30secon
the MAC layer.

Figure 6 shows the number of transmitted/received TCP
packets on a per �o w basis.The x-axis representsthe total
numberof �o ws in thegivengrid network. We seethatdueto
the limited network capacity, per �o w throughputgoesdown
as more �o ws are addedto the network. Our pacingscheme
achieves considerablyhigher throughput than the original
802.11MAC, while the loss ratesstaycomparable.

Figures7 and8 demonstratethe end-to-endthroughputand
delaymeasurementsfrom the correspondingUDP experiment
in the given grid network. CBR traf�c is assumedand has
a transmissioninterval of 10msec,which can suf�ciently
saturatethe pipelineandthussuffers from worsepacket drop.
We observe that our schemeoutperformsthe original 802.11
MAC on the per �o w UDP throughput,while its latency is
not adversely affected despitethe extra delay introducedby
pacingon the link layer.

We alsoran the simulationin a large randomnetwork with
228 nodeshomogeneouslyspreadacrossa 1600mby 1600m
region. All the simulation settingsother than the topology
remainthesamewith thegrid network. As shown in Figure9,
althoughthe throughputadvantagehasshrunkascomparedto
that of grid networks,we still achieve higherTCP throughput
whenadaptive pacingis turnedon.

V. RELATED WORK

Recentlythespatialreuseef�ciency in IEEE 802.11adhoc
networks has attractedextensive researchattention. In [2],
Li et al. evaluatethe in�uence of interferencerangeon the
network throughputfrom the perspective of spatialreuse.The
paperexaminesthe interactionof the 802.11 MAC and ad
hoc forwarding via simulationsand analysisby employing
a simpli�ed spatial reusemodel, in which the transmission
andinterferencerangesareassumedto be �x ed. In [3], Xu et

al. useTCP simulationsto show that 802.11MAC doesnot
function well in multi-hop networks.

The Signal to Interferenceand NoiseRatio hasbeenused
to evaluatethe scopeof the interferencein ad hoc networks,
leadingto a betterunderstandingof thespatialreuseef�ciency
for 802.11DCF [4], [5], [6], [7]. In [4], theauthorsshow that
the RTS/CTS handshake is not always effective becausethe
powerneededfor interruptingapacket receptionis muchlower
than that for delivering a packet successfully. The paperthus
concludesthat the virtual carriersensing(VCS) implemented
in the 802.11 DCF cannot prevent all the interferenceas
expected in the design. The authors in [5] further investi-
gate the effectivenessof the 802.11 VCS schemethrough
three scenariosin which the spatial reuseexhibits distinct
characteristics.The paperalso proposesa simple schemeto
help mitigate the spatial reuseproblem.By pointing out the
spatialreusein 802.11ad hoc modeis sub-optimaldueto the
de�ciency in its channelreservationmechanism,theauthorsin
[6] proposeto incorporatedistanceinformationin thedecision
making processfor the channelreservation. In [7], Zhu et
al. proposeto enhancethe 802.11 physical carrier sensing
with tunablesensingthresholdto improve the spatial reuse.
By setting optimal thresholdvalueswhich are derived from
analyticalestimations,the authorsclaim that the schemecan
potentiallyachieve higheraggregatenetwork throughput.

Some researchershave found that the end-to-end �o w
control in TCPhasenormousimpacton theMAC ef�ciency in
802.11adhocnetworks.While someof themdevelopvariants
of TCP to control the traf�c rate, othersseekalternatives to
TCP tailored towards the characteristicsof ad hoc environ-
ment.Sundaresanet al. in [8] andChenet al. in [9] propose
two new transportprotocolsfor wirelessmulti-hop networks
usingpurerate-basedtransmissioncontrol. Insteadof sending
new packetsinto thenetwork uponreceiving acknowledgments
for old packets, both protocols transmit packets at a pre-
determinedrate, which is decided on the feedback from
intermediatenodesalong the path.

By combining rate-basedtransmissioncontrol with TCP
congestioncontrol, TCP pacing is proposedas a solution to
conquerthe burstinessof TCP traf�c which may reducethe
spatial reuseef�ciency in ad hoc networks [10], [11], [12].
In [10], Aggarwal et al. presenta comprehensive evaluation
of TCP pacing for the Internet. The authors consider an
implementationof pacingbasedon a leaky bucket algorithm
with evenly spacedpacket transmissionswithin thecongestion
window. The papershows that this schemeleadsto signi�-
cantly lessgoodputthanregular TCP but with betterfairness.

In [11], Fu et al. point out that the TCP throughputcould
improve signi�cantly over multi-hop wireless networks if
congestionwindow should operatearound the optimal size
thatmaximizesthespatialreuse.Thepaperfurtherstudiesthe
packet lossesunderdifferentloadconditionsandalsoproposes
to useadaptive pacingto balancetraf�c amongintermediate
nodes.In a recentwork, [12] introducesa congestioncontrol
algorithm for TCP over 802.11multi-hop networks in which
a TCP senderadaptively sets its transmissionrate using an
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Fig. 4. TheTCPtraf®c is pumpedinto an8-node
chainwhere®xed-ratepacingis enforced.Thex-
axis representsthe token issueinterval, and the
y-axis representsend-to-endTCP measurements.
For comparisonwe plot two horizontallines rep-
resentingtransmittedand received TCP packets
for the sametopologybut with pacingdisabled.

Fig. 5. This is an 8 by 8 grid topology
with 200m as the minimum separationdistance
betweenneighboringnodes.At the sametime k
¯ows traverseacrossthe network, while another
k ¯ows traversedown. Each¯ow has7 hopsand
k is lessthan7.

Fig. 6. Per ¯ow end-to-endmeasurementsfor
TCPtraf®c in thegivengrid network. Thex-axis
representsthe numberof ¯ows in the network,
andthey-axisrepresentstransmittedandreceived
TCP packetson a per ¯ow basis.
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Fig. 7. Per ¯ow end-to-endmeasurementsfor
UDP traf®c in the given grid network

Fig. 8. Averageend-to-enddelayfor UDPtraf®c
in the given grid network

Fig. 9. Per ¯ow end-to-endmeasurementsfor
TCP traf®c in a randomnetwork

estimateof the current four-hop propagation delay and the
statisticsof the recentround trip time.

VI . CONCLUSION

In this paper, we investigatedthe MAC coordinationin ad
hoc networks in the presenceof persistentmulti-hop �o ws
from theperspective of spatialreuse.We proposedanadaptive
pacingmechanismusinga tokenbucket �lter in 802.11adhoc
networks to balancethe transmissionson adjacentnodesfor
betterspatialreuse.We introducedanexplicit pacingfeedback
througha simplemodi�cation to the CTS frameformat while
maintainingits compatibility with the original 802.11MAC.
Simulation results demonstratedthe performanceimprove-
mentsof our schemeover the original 802.11MAC in terms
of the end-to-endthroughput.
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