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Abstract—In awirelessad hoc network where multi-hop traf ¢
dominatesthe network, spatial reusehasan enormousimpact on
the network performancein terms of end-to-endthroughput and
delay characteristics.In this paper, we investigatethe MAC coor-
dination of persistent o wsin 802.11ad hoc networks and point
out that the aggressve behavior of 802.11MAC can throttle the
spatial reuseand reducebandwidth ef ciency. We thus propose
an adaptive layer-2 pacing schemefully compatible with 802.11
MAC using explicit MAC feedbackto balancethe transmissions
on adjacent nodes.By promoting MAC coordination, our scheme
can assistthe MAC to operate around its saturation state while
minimizing resouice contention. Experiment resultsdemonstrate
that our schemesigni cantly outperforms the original 802.11
MAC by boosting the thr oughput while still maintaining latency
at a low level.

I. INTRODUCTION

Over the pastfew yearsthe succes®f IEEE 802.11technol-
ogy hasled to rapid proliferation of wirelessLANs and also
made|EEE 802.11 MAC protocol [1] the de facto multiple
accessstandardfor wirelessad hoc networks. As an essen-
tial performancebenchmarkin ad hoc ervironment, spatial
reusedominateshe numberof simultaneousommunications
allowed in a given region, which in turn strongly affects the
aggregatethroughputanddelaycharacteristic®f the network.
This paperinvesticatesthe spatialreuseef ciency in staticor
low-mobility ad hoc networks in the presenceof multi-hop
trafc, and further proposesto promote coordinationamong
neighboringnodeson the link layer to leveragespatialreuse.

Prior researchhas suggestedhat 802.11 MAC does not
function well in multi-hop ernvironmentsinceit hasintrinsic
aws in combatingthe hiddenandexposedterminalproblems
[2], [3]. In an ad hoc network, when a persistentdata o w
travels from sourceto destinationover multiple hops, the
pipeline ef ciency alongthe pathbecomesa dominantfactor
affecting the throughputand lateny asthe hop countgrows.
The pipeline efciency, characterizedy simultaneoususe of
the same spectrumalong the path of the data ow, relies
on the coordination of transmissionsat each relay node.
However, currentwirelessMAC protocolsonly govern single-
hop paclet delivery basedon the interferenceinformation
collectedwithin the scopeof a singlehop, thuslackingsupport
of concertedransmissioneamongrelay nodesin alargerarea.
As a result, directly applying the existing MAC protocolsin
multi-hop networks usually leadsto sub-optimalspatialreuse
and performancedegradation.

In this paper we shedlight on the spatialreuseof persis-
tent multi-hop trafc in 802.11ad hoc networks. The ideal
spatialreuseshouldoperatearoundits saturationstate,where
bandwidthef ciency is maximizedwhile incurring minimum
resourcecontention.Our study revealsthat the 802.11MAC
tendsto over-utilize the spectrumby attemptingmoresimulta-
neoudransmissionshanbeingallowedin aneighborhoodand
therebyis proneto collisionsandinvoluntary paclet dropson
the MAC layer. Speci cally, theaggressie behaior of 802.11
MAC leadsto unnecessarRTS failuresandensuingspectrum
wastage We further shav that by properly tuning its trans-
missionrate, a “polite” relay nodewho yields channelaccess
to otherscan neverthelesgleliver betteroverall performance.
Theseobsenationsmotivate us to employ adaptve pacingto
orchestrat¢hetransmissionsf relaynodesin amorebalanced
mannerwhichis veri ed by simulationsshaving performance
improvementsover original 802.11MAC.

Accordingto our schemefor anactive nodein the network,
thetrafc informationin amulti-hopneighborhoods collected
by its MAC via a newly introducedMAC signal. The multi-
hop traf c inferenceis then corveyed to a link layer trafc
shaperto assistdynamicadjustmentof transmissiorrate. As
opposedo the TCP pacingin literature[10], [11], [12], which
is a mixture of rate-basedransmissiorcontrol andcongestion
control on a per ow basis,we proposeto apply adaptve
pacingdirectly on the link layer Our layer2 pacingscheme
is transparento upper layer protocols,involving no cross-
layer designissuesandthusrepresenting lightweight pacing
schemelt makesuseof instantMA C feedbackdor immediate
trafc coordination,resultingin fastercorvergence.

The restof the paperis organizedasfollows. In Sectionll
we examinethe spatialreuseof persistenimulti-hoptrafc in
802.11ad hoc networks. Our layer2 adaptve pacingscheme
is presentedn Sectionlll andthen evaluatedby simulations
in SectionlV. We give a literature surwey in SectionV and
concludethe paperin SectionVI.

Il. SPATIAL REUSE AND PIPELINE EFFICIENCY IN
MULTI-HOP NETWORKS

We bggin our discussionwith an investication of IEEE
802.11 Distribution Coomination Function (DCF) in terms
of its medium resenation mechanism.We will shav that
it suffers from low pipeline efciency in the presenceof
persistenmulti-hoptrafc andthusthrottlesthe spatialreuse.



A. Diagnosing802.11DCF

The IEEE 802.11MAC accomplishegontention-basedc-
cessusing DCF which distributesthe channelresenation in-
formationby announcingheimpendinguseof the mediumvia
RTS/CTSframes.The exchangeof RTS/CTSframesbetween
senderand recever prior to the actual data frame intends
to identify hiddenterminals.However, it is shavn that there
are effectivenessissuesin 802.11DCF whenit reseres the
channelin the single-hopneighborhoof sendemndrecever
[4], [5]. In this section,we further examine the behaior of
802.11 DCF in multi-hop scenarioswhere a persistento w
traveling acrossmultiple hops attemptsto maximizeits end-
to-endthroughput.
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Fig. 1. A persistentow traversesa chainandgeneratesinattendedRTS at
nodel. Dottedline circle standsfor carriersenseangewhile solid line circle
standsfor transmissiorrange.Node 2, in its deferralstatewhen hearingthe
RTS from node1, deliberatelyignoresthe RTS and causests failure.

We usethe examplein Figure 1 in which a persistento w
traversesa chainfrom nodeO to node7. At sometime node
4 recevesthe k-th paclet of the persistento w andcontinues
to forward it to node5, with a precedingRTS. Let usassume
in the neighborhoodof node 4, node 3 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
range but within its carrier senserange (dotted line circle).
Accordingto 802.11DCF, node3 setsits NetworkAllocation
\ector (NAV) accordingto the duration eld embeddedin
the RTS frame and startsto defer until NAV countsdown
to zero. While node 2 senseshe signal in the channelbut
cannotcorrectly decodeit, it still defersfor a durationequal
to the extendednterframespaceEIFS). Supposeghatthe o w
is uninterruptecandpaclet k+ 1 arrivesat node1, who would
sensethe channelto be idle andthusinitiate an RTS to node
2. Sincenode?2 is in its deferralstateand cannotreply with
a CTS, node 1 would attemptthe RTS repeatedlyuntil the
RTS/CTS handsha& eventually gets through! We refer to
thesevain RTS attemptsasunattendedRTS sinceits intended
recever purposelyignoresthe RTS owing to the deferral.

In 802.11,repetitve unsuccessfuRTS is harmful because
ary node that overhearsit may defer accessunnecessarily

lIn IEEE 802.11DCF, an upperlimit is imposedon maximum allowed
RTS retransmissions.

From a MAC layer perspectie, unsuccessfuRTS commonly
takesplacein threescenarios:

RTS collideswith other paclets at the intendedrecever.
ReturnedCTS collides with otherpaclets at the sender
Receverintentionallyignoresthe RTS (unattendedrTS).

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

B. Pipeline Ef ciency and Link Layer Coorination

In 802.11 DCF, a backloggednode always attemptsto
transmit whenever it considersthe channelis clear in its
vicinity, through either physical carrier sensingor virtual
carrier sensingachieved by RTS/CTS handsha& [1]. As we
have seenin Figure 1, this best-efort stratgy at anindividual
node, howvever, may lead to aggressie behaior along a
pipeline.Ironically, lower pipeline ef ciency may resultfrom
this, becausethe unattendedRTS, a potential performance
killer, makes false channelresenation and thus wastesthe
spectrum.

Our solutionto improve the pipelineef ciency is to enhance
link layer coordination among the neighboring nodes. We
proposeadaptve pacing to help distribute persistenttrafc
amongrelay nodesin a morebalancedvay. We shav thatthis
approachs effective at boostingthe spatialreuseand end-to-
endthroughput Anotherapproachs to adjustthe carriersense
range[7], which is beyond the scopeof this paper

In this section,we presentour adaptve pacing schemein
detail.lt makesnecessarghangeso thelink layerarchitecture
and introducesa simple modi cation to the 802.11 MAC
frame.Our schemas fully compatiblewith the original 802.11
MAC, so a smoothmigrationis possiblefor deployment.

ADAPTIVE PACING FOR IMPROVED SPATIAL REUSE

A. Locing Trafc in Pace

We begin with a simulation study which pacesthe CBR
(constantbit rate) traf c in a chaintopologyto gain insights
into the link layer coordination.We use the same 8-node
chaintopologyasin Figure1 with UDP/CBRtrafc pumped
continually from the left to the right in a network of 2Mbps
bandwidth.Each UDP paclet has 512 bytes, carrying CBR
traf c. Figure2 shavs the end-to-endneasurementis terms
of transmittecandreceved pacletsin ns-2with regardto CBR
trafc intenal.

It is seenthat when CBR traf c hasa fastpace,i.e., with
a small intenval, it suffers a considerablepaclet loss. This
happensvhenpaclet delivery getssaturatecilongthe pipeline
and cannotgrow even if more paclets are injectedinto the
network. On the other hand,asthe CBR trafc slows down,
the recevved pacletscanpick up at somepoint and eventually



35

—+— Received UDP packets
©-- Sent UDP packets

°

o
Locked in pacg ® P

/ —e
/
/
S /

N

end-to-end packet number
~

1r e

05 1 1 1 1
0.01 0.014 0.016 0.018 0.02

CBR traffic interval in seconds

1
0.012 0.022

Fig.2. TheCBRtraf®c is pumpednto an8-nodechain.Thex-axisrepresents
the CBRintenval, andthe y-axisrepresentend-to-endneasurements terms
of transmittedandreceived UDP paclets. At somepoint the CBR traf®c rate
is lockedwith maximumreceved pacletsandno paclet dropsin the pipeline.

getlockedto thetransmissionate. The end-to-endhroughput
reachests peakwhenpaceis locked, wherethebesttradeof is

achievedbetweerhiddenterminalsandexposederminals.lt is

interestingto noticethata persistento w may acquirehigher
throughputif it properlyyields channelaccessand maintains
its pacein harmoty, which in turn suggestshat aggressie

behaiors usually receie penalties.

In real world scenarios,however, not all kinds of ows
can inherently achieve the desiredpacing. TCR as a com-
mon example, is known to generatebursty trafc and has
poor interactionswith the underlying802.11MAC in multi-
hop ervironment[11], [12]. According to its window based
congestioncontrol algorithm, a single TCP ACK may trigger
multiple transmission®f TCP paclets from the sender The
senders MAC then performsin a best-efort mannerand
pumpsdatainto the pipelineregardlessof the properpace.As
we have explained,ary aggressie transmissiorattemptalong
the pipeline is penalizeddue to the spatial reuseand may
be subjectto paclet drops, causingsubstantialperformance
degradation.We identify the above problemas pipeline syn-
dromefor TCR. The congestiorcontrolalgorithmin TCP also
leadsto other de cienciesin 802.11ad hoc networks, e.g.,
false indication of link congestion,which we do not cover
in this paper To sumup, TCP brings burstinesso multi-hop
networks and may potentially hurt the spatialreuse.We will
shaw thatthe pipelinesyndromecanbe x ed usingour pacing
schemewithout affecting the end-to-endsemanticsof TCP

B. TransmissiorRate Control on the Link Layer

In our scheme,pacing is directly applied on layer2, as
opposedto the TCP pacingin [10], [11], [12]. The reason
is threefold.First, this implementations transparento upper
layer protocols.As we have seen pacingprovesto be helpful
to persistenttrafc, which may be composedof TCP trafc
or UDP trafc, or both. As far as spatialreuseis concerned,
we do not needto differentiatethe ows on the link layer.
Our approachis capableof handlinghybrid trafc in auni ed
framavork and doesnot involve cross-layerdesignissues.

Second,TCP pacingroutinely works with congestioncon-

trol algorithm on an end-to-endbasis.In reality, however, a
TCP ow maytravel acrossbothwired andwirelessnetworks.
Thisis oftenseenin a multi-hopwirelessaccessietwork, e.g.,
awirelessmeshnetwork, wheretraf ¢ is skewed andoftendi-
rectedto Internetgatevays. Since TCP calls for differentend-
to-end control stratgies in wired and wirelessernvironment,
TCPpacing[11] doesnot offer auniversalsolutioneffective to
heterogeneousetworks. However, layer2 pacingonly applies
to the wirelessstationsand thus evadesthis problem.

Finally, layer2 pacingcan make useof instantsingle-hop
feedbackfor timely MAC coordinationamong neighboring
nodeswhich resultsin fastercorvergenceascomparedo ary
transportlayerimplementationTherefore,adaptve pacingon
thelink layeris a moredesirablesolutionthanend-to-endrate
control in wirelessad hoc networks.
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To implement pacing on the link layer, we proposeto
use Token Budket Filter (TBF) to smoothtrafc and provide
supportto MAC coordination, as shavn in Figure 3. In
this link layer diagram, a TBF sits betweenthe interface
gueueand the MAC function. TBF is a pure trafc shaper
to Iter the trafc basedon the expenditureof tokens and
can effectively alleviate burstiness.In our scheme,adaptve
pacingis accomplishedvy issuingtokensat a dynamic pace
setforth by the pacetuner which coordinateghe transmission
rate with neighboringnodesthrough explicit MAC feedback
(to be discussedn Sectionlll-C). In this way, the link layer
at eachnode canwork distributively towardsbalancedrafc
in the nodes vicinity.

It is worth mentioningthat the optimal pacefor persistent
trafc usuallyexceedshe maximumbacloff window allowed
in 802.11. For example, in Figure 2 optimality is achieved
when CBR trafc interval is approximatelyl9 milliseconds,
indicated by the receving peakvalue. Thereforewe do not
implement pacing inside the 802.11 DCF by adding extra
bacloff time for outgoingpaclets.

C. IntroducingExplicit Feedbak to 802.11DCF

In Sectionll-A, we notedthat unattendedRTS represents
an early indication of throttled spatialreusein the sensethat
aggressie transmissionattemptscan overwhelm a pipeline.



Thuswe canuseit asa feedbackfor triggeringa MAC sender
to adjustits paceso thatthe MAC may probefor the optimal
transmissiorratein the neighborhoodThis is the mechanism
of adaptve pacing. We further enhancethe 802.11 DCF to
incorporatethis explicit MAC feedbackby making moderate
modi cations on the recever and senderside, respectiely.

1) Modi cations on the MAC receiverside: MAC recever
is responsiblefor tracking ary unattendedRTS framesand
conveying this information to MAC sender In our scheme,
we use CTS frame as the feedbackcarrier becauseit is a
shortcontrolframeandhassomevacant elds availablein its
frameformat. Accordingto the 802.11standard1], insidethe
2-byte FrameControl eld of the CTS frame, there are two
unusedsub elds namedMore Fragmentseld andRetry eld,
respectrely, with eachtakingup onebit andalwayssetto zero.
Therefore,we can make use of thesetwo single-bit elds to
deliver the pacingfeedbackto the senderwhile keepingour
schemecompatiblewith the original 802.11 DCE We thus
introducetwo new bits to replaceunusedold elds: EPF bit
for backward compatibility and SLW bit for pacetuning.

EPF (Explicit Pacing Feedback) This bit is setto 1 if

explicit pacingfeedbackis enabledon the recever node.
For backward compatibility it is setto O on non-pacing
nodes.

SLW (Slow Pacing): This bit is setto 1 by the MAC re-

ceiverif it successfullyecevesbut intentionallydeclines
atleastoneRTS requestdueto deferralsinceits lastCTS
transmissionptherwiseit is setto 0. It is usedto inform

the MAC sendemwhetherits transmissiorrateis too fast
causingunattendedRTS andthusshouldbe sloved down.

The SLW bit is always setto 0 on non-pacingnodes.

2) Modi cations on the MAC senderside: As soonas a
MAC senderreceies the CTS frame containingthe pacing
feedbackjt usesthetokenbucket Iter to updateits transmis-
sionrate. Thewholeprocesss explainedin Algorithm 1. Since
our schemeassumesthe same mechanismfor contention-
basedaccessasin 802.11DCEF, all routinebacloff or deferral
operationsare omittedin this algorithm.

As shavn in Algorithm 1, for eachoutgoingRTS, the MAC
senderstartsa timer to wait for the correspondingCTS, and
retransmitsRTS in caseof timeout? The total retransmission
attemptsshould not exceed ShortRetryLimit , setto 7 in
802.11[1]. Oncethe expectedCTS is receved, the sender
proceeddo retrieve its EPF bit to checkif pacingfeedback
is carriedin this CTS frame.Wheneer feedbackis available,
the paceshoulddecreaséf SLW bit is setto 1, or increaseif
it is setto 0. Pacetuning is performedthroughchangingthe
TBF tokenissuerate.

To approachthe optimal rate promptly, the sendewariesits
pacewheneer a new feedbackis receved. The paceupdate
methodcanbe eitherlinear or multiplicative. In thelattercase,
the TBF token interval is multiplied by a ratio every time a
new feedbackis received. More sophisticateghaceadjustment

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

Algorithm 1 MAC senderpacetuning using explicit pacing
feedback
retryCount O
transmitRTS frame andinitiate a timer
while CTS not receved beforetimeoutdo
if retryCount < ShortRetryLimit then
retryCount retryCount + 1
retransmitRTS frame and restartthe timer
else
aborttransmissiorand notify upperlayer
QUIT the algorithm
end if
end while
checkthe validity of the receved CTS frame
if EPFbit is setto 1 then
if SLW bit is setto 1 then
decreasd BF tokenissuerate
else
increaseTBF tokenissuerate
end if
end if
proceedto transmitDATA frame

algorithms can be attemptedby combining the linear and
multiplicative methodsln general, ne tuningof transmission
rateis subjectto the degreeof trafc uctuation.

In our schemefor ary overwhelmednodethatis not able
to answerevery incoming RTS, it shouldbe allowed to send
a slow-pacing feedback(SLW=1) to ary aggressie sender
in its neighborhoodwhetherthis sendergenerateghe latest
unattendedRTS or not. In this regard, we are not interested
in the speci ¢ 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 different persistento w
from the one whose CTS carriesthis feedback.This should
not compromisethe effectivenessof our schemebecauseve
only take actionson individual nodesand do not differentiate
between o ws on a speci ¢ nodeas long as spatial reuseis
the sole concern.

It is seenthat ary node using our enhanced302.11 DCF
with adaptve pacing,whetherit actsas a senderor recever
at some instant, can seamlesslywork with ary other non-
pacing original 802.11 node, if ary. This demonstrategull
compatibility of our schemeandguaranteeshatit canhave a
smoothtechnicalmigration.

IV. EXPERIMENT RESULTS

In this sectionwe evaluatethe performanceof our scheme
via simulationsin ns-2 with different network topologies.
First we revisit the 8-nodechaintopologyin Figure 1 which
is traversedby a TCP ow from the left to the right. We
assumex ed-ratepacingandusex-axisto representhe token
issueinterval for TBF, asshavn in Figure 4. The end-to-end
TCPtransmitted/receedpacletsaremeasureaver 30secand



comparedwith the resultsfrom non-pacingoriginal 802.11
protocol using the sametopology which are denotedby two
horizontallinesin this gure. It is seenthatatthe optimal pace
TCPthroughputeachesdts peakvalue,whichis approximately
167% higher than the throughputwithout pacing.It suggests
that pacing can signi cantly improve TCP performanceby
coordinatingthe traf c alongthe pipeline.

We thenevaluateour adaptve pacingschemausingthe grid
topology in Figure 5. All the nodes,eachequippedwith a
single transceter with 2Mbps bandwidth,are placedon an 8
by 8 grid network with minimum separatiordistanceof 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 carryeitherTCP or UDP
trafc over 7 hops,with paclet size of 512 bytes. AODV is
usedas the ad hoc routing protocol. For the adaptie pacing
algorithm at each node, we assumethe depth of the token
bucket is sufciently large. We use multiplicative methodfor
paceadjustmentwith 40msecasthe initial pace,andat each
paceadjustmentwe increasepaceby 10% or decreasepace
by 5%. All end-to-endneasurementare madeover 30secon
the MAC layer

Figure 6 shavs the number of transmitted/receed TCP
paclets on a per ow basis. The x-axis representghe total
numberof o wsin the givengrid network. We seethatdueto
the limited network capacity per o w throughputgoesdown
asmore ows are addedto the network. Our pacingscheme
achieves considerably higher throughput than the original
802.11MAC, while the loss ratesstay comparable.

Figures7 and8 demonstratéhe end-to-endhroughputand
delaymeasurementsom the correspondindgJDP experiment
in the given grid network. CBR trafc is assumedand has
a transmissionintenal of 10msec,which can sufciently
saturatehe pipeline andthus suffers from worsepaclet drop.
We obsenre that our schemeoutperformsthe original 802.11
MAC on the per ow UDP throughput,while its lateny is
not adwersely affected despitethe extra delay introducedby
pacingon the link layer

We alsoran the simulationin a large randomnetwork with
228 nodeshomogeneouslgpreadacrossa 1600mby 1600m
region. All the simulation settings other than the topology
remainthe samewith the grid network. As shavn in Figure9,
althoughthe throughputadvantagehasshrunkascomparedo
that of grid networks, we still achieve higher TCP throughput
when adaptve pacingis turnedon.

V. RELATED WORK

Recentlythe spatialreuseef ciency in IEEE 802.11ad hoc
networks has attractedextensve researchattention. In [2],
Li et al. evaluatethe in uence of interferencerangeon the
network throughputfrom the perspectie of spatialreuse.The
paper examinesthe interaction of the 802.11 MAC and ad
hoc forwarding via simulationsand analysisby emplging
a simpli ed spatial reusemodel, in which the transmission
andinterferencerangesareassumedo be x ed.In [3], Xu et

al. use TCP simulationsto shav that 802.11 MAC doesnot
function well in multi-hop networks.

The Signalto Interferenceand Noise Ratio hasbeenused
to evaluatethe scopeof the interferencein ad hoc networks,
leadingto a betterunderstandingf the spatialreuseef ciency
for 802.11DCF [4], [5], [6], [7]. In [4], the authorsshav that
the RTS/CTS handshag is not always effective becausehe
power neededor interruptinga pacletreceptionis muchlower
thanthat for delivering a paclet successfully The paperthus
concludeghat the virtual carrier sensing(VCS) implemented
in the 802.11 DCF cannot prevent all the interferenceas
expectedin the design. The authorsin [5] further investi-
gate the effectivenessof the 802.11 VCS schemethrough
three scenariosin which the spatial reuse exhibits distinct
characteristicsThe 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 channekesenationmechanismthe authorsin
[6] proposeto incorporatedistancenformationin the decision
making processfor the channelresenation. In [7], Zhu et
al. proposeto enhancethe 802.11 physical carrier sensing
with tunable sensingthresholdto improve the spatial reuse.
By setting optimal thresholdvalueswhich are derived from
analytical estimations the authorsclaim that the schemecan
potentially achiese higher aggreate network throughput.

Some researchershave found that the end-to-end ow
controlin TCP hasenormousmpactonthe MAC ef ciency in
802.11ad hoc networks. While someof themdevelop variants
of TCP to control the trafc rate, othersseekalternatves to
TCP tailored towards the characteristicof ad hoc erviron-
ment. Sundaresaet al. in [8] and Chenet al. in [9] propose
two new transportprotocolsfor wirelessmulti-hop networks
usingpurerate-basedransmissiorcontrol. Insteadof sending
new pacletsinto the network uponreceving acknavliedgments
for old paclets, both protocols transmit paclets at a pre-
determinedrate, which is decided on the feedbackfrom
intermediatenodesalong the path.

By combining rate-basedransmissioncontrol with TCP
congestioncontrol, TCP pacingis proposedas a solution to
conqguerthe burstinessof TCP trafc which may reducethe
spatial reuseefciency in ad hoc networks [10], [11], [12].
In [10], Aggarwal et al. presenta comprehense evaluation
of TCP pacing for the Internet. The authors consider an
implementationof pacingbasedon a leaky bucket algorithm
with evenly spacedpaclet transmissionsvithin the congestion
window. The papershaws 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
thatmaximizesthe spatialreuse.The paperfurther studiesthe
pacletlossesunderdifferentload conditionsandalsoproposes
to useadaptve pacingto balancetraf c amongintermediate
nodes.In a recentwork, [12] introducesa congestioncontrol
algorithmfor TCP over 802.11multi-hop networks in which
a TCP senderadaptvely setsits transmissionrate using an
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estimateof the current four-hop propagtion delay and the

statisticsof the recentroundtrip time.

VI. CONCLUSION

in the given grid network

(4

(5]

In this paper we investigatedthe MAC coordinationin ad

hoc networks in the presenceof persistentmulti-hop o ws

(6]

from the perspectie of spatialreuse We proposecanadaptie

pacingmechanisrusingatokenbucket Iter in 802.11adhoc

(7]

networks to balancethe transmissionsn adjacentnodesfor
betterspatialreuse We introducedan explicit pacingfeedback 8]
througha simplemodi cation to the CTS frameformatwhile

maintainingits compatibility with the original 802.11MAC.
Simulation results demonstratedthe performanceimprove-

El

mentsof our schemeover the original 802.11MAC in terms

of the end-to-endthroughput.
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