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Abstract—The TCP-Friendly RateControl (TFRC) isa rate-basedtrans-
port protocol designedfor streaming multimedia applications to provide
smooth, low delay and TCP-Friendly packet transmission. However, as
TFRC was designedfor wir ed networks, it doesnot perform well in mul-
tihop ad hoc wirelessnetworks. Specifically, MAC layer contention effects,
such as retransmissionand exponential backoff mislead TFRC’s conges-
tion control mechanism,resultingin an inaccuratesendingrate adjustment.
This paper illustrates that an unmodified TFRC’s sendingrate overloads
the multihop wirelessMAC layer, leading to increasedround-trip times,
higher lossevent rates,and lower thr oughput. Weproposean enhancement
to TFRC, called RE TFRC, that usesmeasurementsof the current round-
trip time and a modelof wir elessdelay to restrict TFRC bitrates fr om over-
loading the MAC layer, while retaining the desirable TCP-Friendly char-
acteristics. RE TFRC requiresminimal changesto TFRC and no changes
to the MAC layer and evaluation of RE TFRC shows substantial improve-
mentsover TFRC for somewirelessscenarios.
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I . INTRODUCTION

The TransmissionControl Protocol (TCP) is the de facto
transportlayerprotocolusedin wirelessad hocnetworks. Re-
centresearch[1], [2], [3], [4], [5], [6], [7] hasshown thatTCP
canperformpoorly in 802.11wirelessnetworksbecausemany
of theTCPmechanismsassumeawired network infrastructure.

Designedto support rate-basedstreamingmultimedia and
telephony applicationsover wired networks, the TCP-Friendly
RateControl (TFRC)protocol[8],1 faceschallengessimilar to
thatof TCPon wirelessadhocnetworks. However, to thebest
of our knowledge,therehasbeenvery little TFRC-relatedper-
formanceresearchdonefor wirelessnetworks.

At the core of TCP/TRFC’s wirelesschallengeis the wire-
less Media Access Control (MAC) layer of IEEE 802.11.
802.11 uses Carrier SenseMultiple Access with Collision
Avoidance(CSMA/CA) andtheRequest-to-Send/Clear-to-Send
(RTS/CTS) mechanismto reducehidden terminal collisions.
However, asthe802.11MAC layerapproachessaturation,con-
tention delays and retransmissionscausedby the RTS/CTS
mechanismbecomethemajorcauseof TCP/TFRCperformance
degradation. This behavior is referredto as RTS/CTS jam-
ming[9] or RTS/CTS-inducedcongestion[10]. Moreover, since
TFRC observes loss eventsafter the MAC contentionphase,
TFRCis unawareof MAC layercongestionanddoesnot com-
pensatefor it. Consequently, TFRCoverestimatesthemaximum
sendingrate, overloadsthe MAC layer andexacerbatesMAC
layer congestion. Eventually, the wirelessnetwork reachesa�

The Datagram Congestion Control Protocol (DCCP) has pro-
posed to use TFRC as its congestion control mechanism. See
http://www.ietf.cnri.reston.va.us/html.charters/dccp-charter.html.

sub-optimalstablestatewith respectto throughputandround-
trip time.

Previous researchin TCP performanceimprovementsover
wirelessad hoc network includesinvestigatinglink breakage
androuting failure issues[1], [2], [4], link layer solutions[3],
[7], MAC layer solutions [5], and TCP protocol modifica-
tions [6]. A few recentpapershave focusedon methodologies
to improve TCP throughputby controlling the total numberof
packetsin flight. Fuetal [7] presentalink layerapproachnamed
Link-RED thatreducesMAC layercollisionsby limiting TCP’s
sendingwindow, while Cali et al [5] limit TCP window sizes
directly. While thesepreviouseffortsshareacommongoalwith
this research,aswindow-basedapproachesthey arenot appli-
cableto the rate-basedTFRC protocol. Furthermore,noneof
thesestudiesattemptto minimizeround-triptimeswhich areof
critical concernfor interactivemultimediaapplications.

This investigation focuses on the problem of the mis-
interactionbetweenTFRCandthe802.11MAC layer. Specifi-
cally, theobjectiveis to makeTFRCawareof RTS/CTS-induced
congestionsuchthatit choosesa near-optimalsendingratethat
avoidsMAC layersaturation.A majorcontributionof thispaper
is the introductionof a new RateEstimation(RE) algorithmin
TFRCto estimatethesaturationcapacityof theMAClayer. This
involvescreatingamodelfor round-triptimeduringMAC layer
saturationandderiving a compositeTFRC lossevent ratethat
reflectsthecurrentMAC layercongestionlevel. By limiting the
sendingrateto a valuethat is lower thantheestimatedrate,RE
TFRC avoids MAC layer congestion.NS-2 simulationresults
presentedin this reportcomparingRE TFRC with TFRC indi-
catea 5% to 43% reductionin round-triptimes,a 8% to 75%
reductionin the lossevent rate,andup to 7% improvementin
overall throughput.Given that TFRC is intendedfor multime-
dia applications,large delayreductionswith slight throughput
improvementswith RE TFRCimpliesthis schemecanimprove
performancefor streamingflows in wirelessnetworks.

The restof this paperis organizedasfollows: SectionII an-
alyzesTFRC behavior in wirelessad hoc networks andinves-
tigatesthe relationshipbetweenperformanceanda constrained
sendingrate; SectionIII detailsthe RE TFRC algorithm;Sec-
tion IV evaluatestheRETFRCalgorithmin severalwirelessad
hocnetwork scenarios;SectionV summarizesour conclusions
andpresentspossiblefuturework.

I I . TFRC PERFORMANCE ANALYSIS

While the RTS/CTScollision avoidancemechanismreduces
hiddenterminal collisions in the 802.11MAC layer, repeated
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Fig. 1. Simulationtopology

MAClayerbackoffsandretransmissionscanleadtosub-optimal
transportlayer performancein wirelessenvironments. Fu et
al [7] demonstratestheimpactof hiddenterminalson thetrans-
port layerprotocol.

In TCP-Friendlytransportprotocols,the senderrespondsto
network congestionby adjustingits transmissionrateor window
sizebasedon packet lossandround-triptime informationgath-
eredfrom the network. However, sincethesemetricsalso in-
cludetheeffectsof theRTS/CTSmechanism,MAC layerback-
offs andretransmissionswhenoperatingon a wirelessnetwork,
they cannotbeusedeffectively ascongestionindicators.

This sectionshows simulations(via NS-2[11]) of theTFRC
protocolwith a constrainedsendingrateto exploretherelation-
ship betweenthe TFRC throughput,round-trip time and loss
event rate in multihop 802.11ad hoc networks. The goal is a
meaningfulcharacterizationof the effectsof 802.11on TFRC
and to gain insight into adaptingTFRC’s sendingrate when
transmittingstreamingflowsoverwirelessLANs.

A. SimulationEnvironment

To simplify the analysisof TFRC performance,the chain
topologyshown in Figure1with thedefaultNS-2802.11param-
etersettingsis usedin aseriesof simulations.For thesimulation
resultspresented,all nodesareimmobile,thedistancebetween
nodesis setto 200meters,thetransmissionrangeis 250meters,
andthe wirelesschannelcapacityis 2 Mbps (the NS-2 default
setting).

Thethroughputequationusedfor TFRC[8] is aversionof the
throughputequationfor aconformantTCPRenoflow:"$# %&(' )+*�,-/.10�243�57698�:;37<=.10?>�2 )�@ ' - *�,A @ (1)

where
"

is thetransmissionratein bytes/second,% is thepacket
size in bytes, & is the round-triptime in seconds,2 is the loss
event ratewhich is the numberof losseventsasa fraction of
thenumberof packetstransmitted( BDC 2 C < ), 576E8�: is theTCP
retransmissiontimeoutvaluein seconds,and F is thenumberof
packetsacknowledgedby a singleTCPacknowledgment.

Researchin [12] establishesthemaximumthroughputfor an
ad hoc network to be approximately GH to GI of the link capac-
ity. Our simulationsshow the maximumachievable through-
put for TFRC over a multihop wirelessnetwork to be signifi-
cantly lower thanthe line capacity. SinceBianchi [13] showed
that 802.11 MAC layer throughput decreaseswhen offered
loadexceedsthe saturationthreshold,this lower-than-expected
throughputcan be attributed to the RTS/CTScongestion[10]
thatoccurswhentheMAC layerbecomessaturated.

As expected,all transportlayerpacket lossin oursimulations
arecausedby MAC layercontentionandframedropswhenno
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Fig. 2. Offeredloadandthroughputversustheconstrainedsendingrate

transportlayercongestionis induced.While TFRCis supposed
to reactto transportlayer losses,it is not tunedto respondto
MAC layer congestion,andhencedoesnot reduceits sending
rateappropriately. TheMAC layercongestionalsocausesanin-
creasein MAC contentiontime andend-to-endround-triptime.
Thedetailsof thisperformancearenotgivenheredueto lackof
space,but thecompleteanalysiscanbefoundin [14].

B. RateConstrainedSimulations

To clarify the behavior of TFRC in overloadingthe 802.11
MAC layer in a multihop environment,we modified NS-2 to
provide a version of TFRC that had a manually constrained
sendingrate. Figure 2 shows the TFRC offered load and
throughputastheconstrainedsendingrateis variedfor a seven
hopnetwork. As theconstrainedrateincreases,offeredloadand
throughputincreaselinearlyuntil adivergenceoccursatapprox-
imately300Kbps.Beyondthispoint, increasingtheconstrained
TFRC rate yields reducedthroughput. The observed gap be-
tweenofferedloadandthroughputat high TFRCratesis dueto
lost packets.

Figure3 showsa sharpincreasein MAC layerlossesstarting
at about300 Kbps, as the constrainedsendingrate increases.
Graphsof TFRC’s round-triptimeandlosseventrate(available
in [14]) alsoshow a sharpincreaseat about300 Kbps. Addi-
tional simulationsrun with typical wirelessbit error ratesstill
show constrainingtherateof TFRCunder300Kbpsachievesa
round-triptime lower thanthatof unconstrainedTFRC.

In rate-constrainedmode,TFRC usesthe minimum of the
constrainedrateandtheTCP-Friendlyrateto control thesend-
ing rate. Figure4 depictsthe relationshipbetweenthe average
sendingrate, the constrainedsendingrate and the computed
TCP-Friendlyrate. Above 300 Kbps, TFRC usesthe TCP-
Friendlyrateto controlthesendingrate.ThisimpliesthatTFRC
doesnot keepthesendingratebelow theMAC saturationpoint
on wirelessLANs. Namely, TFRC will selecta sub-optimal
transmissionrate on wirelessLANs when the MAC layer is
saturated.Thus,the next sectionpresentsa new algorithmde-
signedto constrainTFRC andavoid saturatingthe MAC layer
on 802.11wirelessnetworks.
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I I I . ENHANCING TFRC PERFORMANCE

A. RateEstimation

From the resultsin SectionII, when unconstrained,TFRC
producesanofferedloadthatis abovetheratesustainableby the
multi-hop802.11MAC layer. TheMAC layerthensuffersfrom
multipleframeretransmissionsthatincreasetheround-triptime.
Although TFRC eventuallyreceivessomepacket lossnotifica-
tion becauseof the frameretransmissions,thesepacket losses
arrivetoo latefor TFRCto curtail its offeredloadbelow thesat-
urationpoint of theMAC layer. To beableto adjustits sending
rate to below the MAC layer saturationpoint, TFRC needsto
determinethe lossevent rate(2 ) that correspondsto the MAC
layercongestionpoint.

We proposeto enhancethe performanceof TFRC basedon
aspectsof TCPWestwood [15], a TCPvariantdesignedto per-
form well overwirelesslinks. TCPWestwoodusesa bitratees-
timation algorithmbasedon the minimum observedround-trip
time and acknowledgmentrate to computea window thresh-
old for TCP. Whenever there is congestion,the TCP conges-
tion window is set equal to the window capableof produc-
ing the bitrate estimate( M ) assumingno queuingdelay (i.e.NPO�QSRUTVN # MXW &�Y[Z]\ ). We proposea similar algorithmto esti-
matetheMAC layersaturationbitrate.However, insteadof us-
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Fig. 5. Throughputversuslosseventrate(̂ ) for differentround-triptimes

ing &�Y[Z]\ , weuse& : , 8 , whichrepresentstheminimumround-trip
time duringMAC layersaturation.& : , 8 is usedinsteadof &�Y[Z�\
becausewhenthemaximumsustainablethroughputin theMAC
layeris achieved,thereis asmallqueueat individualnodesof a
multihopflow. TFRC hasa built-in function for estimatingthe
receiving rate, _ , which is usedasabasisfor ourmodifications.

As describedin SectionII, TFRC’s sendingrate is not con-
strainedby a window size but ratherby the computedTCP-
Friendlyrate.TFRCusesanequationbasedonTCPthroughput
to computeanestimatedTCP-Friendlysendingrate,which is a
function of the round-trip time ( & ), lossevent rate (2 ), packet
size and time out value ( & 5 T ). Assuminga fixed packet size
(typically aroundthe network MTU) and the default value of& 5 T #a` W & (assetin [8]), wesimplify theTCP-Friendlybitrate
equationin Equation1 andderivea functionfor 2 :"b#dc 3 &;e 2 @ (2)2 # c 3 &;e " @ (3)

Therefore,the equivalent TFRC loss event rate (2gf ) can be
estimatedusingtheinversefunction

c 3 &;e " @ , andthen2gf andthe
currentround-triptime measuredby TFRC ( &Vh�i 6 ) canbe used
to estimatetheoptimumsendingrate( _ f ) thatwill just saturate
theMAC layer:

2 f # c 3 & : , 8 e _ @_ f # c 3 & h�i 6 e 2 f @
Figure 5 depictsthe relationshipbetweenTCP-Friendlybi-

trateandlosseventrate,whereeachcurve is theTCP-Friendly
bitratefor a particularround-triptime.

B. Round-Trip TimeModeling

Realizingthe benefitsof the proposedTFRC enhancements
requiresamechanismto compute& : , 8 , theminimumround-trip
time during MAC layer saturation.Previous researchon delay
modelingof 802.11networks[16] shows thattheaveragedelay
(the servicetime) of a singlehopad hoc network at saturation
canbemodeledby: j # jPk .l5Em (4)
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TABLE I

PHYSICAL LAYER PARAMETERS

DSSS FHSSnporqts
32 16n o4uwv

1024 1024
MAC header 34bytes 34bytes
Phyheader 24bytes 16bytes
ACK 38bytes 30bytes
CTS 38bytes 30bytes
RTS 44bytes 36bytes
Slot time 20 x sec 50 x sec
SIFS 10 x sec 28 x sec
DIFS 50 x sec 128 x sec

where5Em is thetimerequiredto to successfullytransmitapacket
and

jPk
is theaverageMAC layerback-off time:jPk #zy 3|{ Y[Z�\~} < @>�� . 37< } � @� 5 h (5)

Here,y is theaverageback-off stepsize,{ Y[Z]\ is theinitial con-
tentionwindow size, � is theprobabilityof successfultransmis-
sion,and 5 h is thetime wastedduringa singlecollision. { Y[Z�\
is a physicallayer parameter(with a default of 32 for Direct-
SequenceSpreadSpectrum(DSSS)),while [16] assumesy and� arecomputableasfunctionsof thenumberof nodes( Q ) in the
network. 5 m and 5 h areconstantsfor fixedsizepacketsandcan
becomputedusing:5 m # & 5 % . % O c % .l��.l��5 % . % O c % .l�P.1�.��~������. % O c % .l��.1�U����. R?O c % .l� (6)5 h # & 5 % . R?O c % .l� (7)

where & 5 % , �w5 % , ����� , � and �~�V��� are the transmissiontimes
of RTS, CTS, ACK, packet header(physical layer plus MAC
layer)anddatapackets,respectively, and �~����� # � for afixed
packet size. � is thepropagationdelay. % O c % (ShortInterframe
Space),R?O c % (DistributedInterframeSpace)andotherspecific
valuesfor DSSSandFHSSarelistedin TableI.

Therefore,given the physicalnetwork type and the number
of nodesin thenetwork, Equation6 canbeusedto estimatethe
averageservicetime to obtainthedelayunderMAC saturation
conditions.

To extendthis modelin multi-hopwirelessnetworks,we as-
sumethatundersaturationconditions,thetraffic at eachhop is
independent,which allows a multi-hop ad hoc network to be
dividedconceptuallyinto multiple independent,single-hopnet-
works. By using the modelon eachof the singlehops,a cu-
mulative delayfor themulti-hopnetwork canbeestimated.By
assumingRTS/CTSsolvesthe hiddenterminalproblemin ap-
plying the single-hopanalysis,we do not needto considerthe
interferencefrom other nodesoutsidethe transmissionrange.
The � -hopchainnetwork canthenbedividedinto � } > single-
hopnetworkswith four nodesandtwo single-hopnetworkswith
threenodesat the sourceanddestination.The round-triptime
at thetransportlayer(suchasin TFRC)is estimatedby measur-
ing thetime elapsedbetweensendinga datapacket andreceiv-
ing theacknowledgment.Therefore,theround-triptime canbe
computedas:
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Fig. 6. Estimatingtheoptimumround-triptime

& 3 � @ # �=�Z���� jS�w� 8 �w� . �=�Z]��� j�� h�� �� > W j �w� 8 � 3|0 @ .�3 � } > @ j �w� 8 � 3 ` @.�> W j � h�� 3|0 @ .�3 � } > @ j � h�� 3 ` @ (8)

Basedonthemodel,theround-triptime( & 3 � @ ) from Equation8
assumessaturationof theMAC layerandcanthereforebeused
for & : , 8 for an � hopadhocwirelessnetwork.

Figure6 depictstheround-triptime estimatefrom thismodel
and the round-trip time obtainedby TFRC during simulation.
TFRCprovidesanofferedloadabovetheMAC saturationlevel
which causestheround-triptime to increasebeyond & : , 8 .
C. AlgorithmSummaryandImplementation

By combiningthe lossevent rateestimationalgorithmfrom
TFRC and the extendedround-trip time model, we provide a
completerate estimationalgorithm for TFRC, shown in Fig-
ure7.

on receiving �� 7¡
1. ¢�£ (not ¤9¥t¦¨§©¤7ª���«¨ª )
2. // computeoriginal TCP-Friendlyrate¬1­ £U®�«9¯�°�±�²9�� 7¡?³ ^µ´
3. // choosemodeledRTT or smallestmeasuredRTT«9¶�·+¸ ­º¹ ��»�®]«�®�¼�´�² ¹ ¢�½g®|¾ ¿À¥t¢�Áw¢�½?Â n ¢�½UÁ�¦9§ÄÃ�´�´
4. // computenew losseventrategivenRTT^�Å ­ £U®�« ¶�·+¸ ²¨Æ4´
5. // computenew TCP-FriendlyÆÇÅ ­ £U®]« ¯�°�± ²|^�Å]´
6. // useoriginal rateif new rateis largerÆ Å ­~¹ ¢]½g® ¬ ²wÆ Å ´
7. // if thereis a ratechange,dosoincrementally¢�£P®�«w��ª�È ¯�°�±©É Æ Å ´Á�È9 7«+È¨��¤9È «w��ª�È�®�´È¨¥�¤9È ¢]½� �«wÈ¨��¤9È «w��ª�È�® ^ Å ´
8. È9½UÁÄ¢�£

Fig. 7. Therateestimationalgorithmfor TFRC(RETFRC)

To make the implementationof the RE TFRC algorithm in
Figure 7 more stableand adaptive, a few enhancementswere
needed.First,at line 2 and6 of thealgorithm,theTCP-Friendly
sendingratecomputationthatis fundamentalto TFRCis usedto
ensureappropriateresponseto transportlayercongestion.Sec-
ond,noteasthe numberof hopsor flows increases,the round-
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trip time curveof &Vh�i 6 will shift up andgo abovethe & : , 8 curve
in Figure5. In thiscase,the & : , 8 curveno longerrepresentssat-
uration.Hence,& Y[Z�\ shouldbeusedin placeof & : , 8 . Therefore,
line 3,determinestheminimumround-triptimein aslidingwin-
dow interval andusesthelargerof thecomputedround-triptime
( & 3 � @ ) andthewindow valueto estimate2Ëf in thesesituations.

IV. PERFORMANCE EVALUATION

Thegoalsof RateEstimationTFRC(RETFRC)areto reduce
MAC layer congestion,reduceTFRC lossevent rateandaver-
ageround-triptime, andimprove throughputwithout changing
theMAC layerprotocol.ThissectionevaluatesRETFRCusing
NS-2simulationswith thesamewirelesschaintopologyusedin
SectionII. Thefirst stepis a detailedanalysisof RE TFRCper-
formancein a sevenhopsimulation.This is followedby simu-
lationexperimentresultswherethethenumberof hopsis varied
from 4 to 15 andothersimulationswherethreeflows generate
theofferedload. Thesectionconcludeswith a studyof thebe-
havior of theRETFRCin typicalBit ErrorRate(BER)network
environment.

A. PerformanceImprovement

A sevenhopchaintopologywasusedto comparea standard
TFRC implementationagainstthe RateEstimationTFRC (RE
TFRC)algorithm. SincetheRTS backoff mechanismdropsan
RTS frameafter seven consecutive collisions,this event repre-
sentsa packet lossasseenby TFRC.Figure8 presentstheCu-
mulative DensityFunction(CDF) for RTS retransmissionsfor
thetwo simulations.Thex-axisis thenumberof RTScontention
backoffs from 0 to 7 where0 impliesno collisionsand7 means
TFRC will seethis asa lossevent. Figure8 shows that TFRC
hasa 89%chanceof not having to retransmitanRTS while RE
TFRC,hasa93%chanceof nothaving to retransmitanRTS,so
RE TFRCwill experiencelessbackoff delay. Sincethebackoff
algorithmcausesexponentialgrowth in backoff delaywith an
increasein thenumberof retransmissions,theseeminglysmall
differencesin the CDF curvesrepresentsignificantchangesin
the contentiondelay. The reducedcollisionsresult in a lower
losseventrateandround-triptime anda smoothersendingrate
for RE TFRC(see[14]).
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B. Multi-hop PerformanceEvaluation

Thenext evaluationof RETFRCinvolvesvaryingthenumber
of wirelesshopsfrom 4 to 15. Figure9 shows theimprovement
of MAC layerlossratefor RETFRC.TheMAC layerdropratio
is reducedby between13%to 66%comparedto TFRC.

Figure10 demonstratesthat theround-triptime of RE TFRC
is 5% to 40% lower than that of TFRC, andFigure11 shows
thattheRE TFRClosseventrateis 8% to 55%lessthanthatof
TFRC.

From the resultsof multi-hop simulations,RE TFRC also
shows up to 5% throughputimprovementover TFRCwhenthe
numberof hopsis increasedfrom 5 to 15. (see[14]).

C. Multi-flow PerformanceEvaluation

This sectionconsiderssituationswherethreeflows arepro-
viding the offeredload. TableII shows RE TFRC reducesthe
MAC layerdroprate,TFRClosseventrateandaverageround-
trip timessignificantly. However, RE TFRChaslittle effect on
throughputin the multi-flows scenarios(see[14]). The “-” in
thetablemeansthedifferenceis lessthan1%.

D. Bit Error RateEvaluation

The Bit Error Rate (BER) in wirelessnetworks is usually
higherthanin wired networks. Typical BER rangesfrom < B(ÍËÎ
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TABLE II

RE TFRC IMPROVEMENT FOR MULTI -FLOW ENVIRONMENT

Hops 7-hop 15-hop

MAC dropfractionreduction 50% 85%
RTT reduction 29% 43%
Lossratereduction 53% 75%
Throughputimprovement - -

to < B ÍgÏ wereusedto evaluateRE TFRC.A 7-hopwirelessnet-
work topology with single flow simulationis usedto demon-
stratetheeffectsof variousBERonRE TFRCperformance.As
shown in TableIII, RETFRCperformsconsiderablybetterover
mostof metricsovera wide rangeof BER.

V. CONCLUSIONS

This paperpresentsa new algorithm,RateEstimation(RE)
TFRC,designedto enhanceTFRCperformancein wirelessAd
Hoc network environment. RE TFRC estimatesa sendingrate
usinganoptimalround-triptimebasedon thenetwork topology
andequivalent lossevent rate. The optimal round-trip time is
estimatedby modelingmulti-hop contentiondelayandservice
time and the equivalent loss event rate is estimatedusing the
inverseTCPFriendly rateequationwith theoptimal round-trip
time. Thebasicideais to infer thelower-layerMAC layerjam-
ming in the upperlayerTFRC to make it awareof lower layer
congestionandreducethejammingeffects.

Our simulationsconfirm that the RE algorithm can signifi-
cantly enhanceTFRC performancewith a reducedround trip

TABLE III

RE TFRC IMPROVEMENT FOR VARIOUS BER

BER < B ÍËÎ < B Í H < B ÍËÏ
MAC dropfractionreduction 77% 25% 12%
RTT reduction 39% 32% 14%
Lossratereduction 55% 45% 29%
Throughputimprovement 7% 4% -

time and lossevent ratewhile still providing the sameor bet-
ter throughputthanregularTFRC.As TFRC wasdesignedfor
streamingmultimediaand telephony applications,large delay
and loss rate reductionswith slight throughputimprovements
implies this schemecan improve performancefor streaming
flows in wirelessnetworks.

OurcurrentongoingRETFRCresearchis focusedonrefining
the sendingrate,lossevent rateandround-triptime estimation
algorithm. The goal is a more robust RE algorithm that will
adaptandremainstableevenwhenthe wirelessnodesbecome
mobileandthetopologiesaremorecomplex. OtherpotentialRE
enhancementsincludeincorporatingparticularcharacteristicsof
TFRCapplications,suchasstreamingmultimedia,in furtherop-
timizing performance.Ultimately, theobjective is to implement
TFRC with wirelessextensionson an operationalad hocwire-
lessnetwork testbedandempiricallyevaluateits performance.
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