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Abstiact—The TCP-Friendly Rate Control (TFRC) is arate-basedtrans-
port protocol designedfor streaming multimedia applications to provide
smooth, low delay and TCP-Friendly packet transmission. However, as
TFRC was designedfor wired networks, it doesnot perform well in mul-
tihop ad hoc wir elessnetworks. Specifically MAC layer contention effects,
such as retransmissionand exponential backoff mislead TFRC’s conges-
tion control mechanismyesultingin aninaccurate sendingrate 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. We proposean enhancement
to TFRC, called RE TFRC, that usesmeasuementsof the current round-
trip time and a model of wir elessdelayto restrict TFRC bitrates from 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 impr ove-
mentsover TFRC for somewir elessscenarios.
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I. INTRODUCTION

The TransmissionControl Protocol (TCP) is the de facto
transportlayer protocolusedin wirelessad hoc networks. Re-
centresearcH1], [2], [3], [4], [5], [6], [7] hasshawvn that TCP
canperformpoorly in 802.11wirelessnetworks becausenary
of the TCP mechanismassume wired network infrastructure.

Designedto supportrate-basedstreamingmultimedia and
telepholy applicationsover wired networks, the TCP-Friendly
RateControl (TFRC) protocol[8],! faceschallengessimilar to
thatof TCP on wirelessad hoc networks. However, to the best
of our knowledge,therehasbeenvery little TFRC-relatedper
formanceresearctdonefor wirelessnetworks.

At the core of TCP/TRFCS wirelesschallengeis the wire-
less Media Access Control (MAC) layer of IEEE 802.11.
802.11 uses Carrier SenseMultiple Access with Collision
Avoidancg([CSMA/CA) andtheRequest-to-Send/Cle#n-Send
(RTS/CTS) mechanismto reducehidden terminal collisions.
However, asthe 802.11MAC layerapproachesaturationcon-
tention delays and retransmissiongausedby the RTS/CTS
mechanisnibecomeahemajorcauseof TCP/TFRCperformance
degradation. This behavior is referredto as RTS/CTS jam-
ming [9] or RTS/CTS-inducedongestiorj10]. Moreover, since
TFRC obsenes loss events after the MAC contentionphase,
TFRCis unavareof MAC layercongestiormnddoesnot com-
pensatdor it. ConsequentlyTFRCoverestimatethemaximum
sendingrate, overloadsthe MAC layer and exacerbateMAC
layer congestion. Eventually the wirelessnetwork reachesa

1The Datagram Congestion Control Protocol (DCCP) has pro-
posed to use TFRC as its congestion control mechanism.  See
http://wwwietf.cnri.reston.a.us/hinl.chaters/dap-chaterhtml.

sub-optimalstablestatewith respectto throughputand round-
trip time.

Previous researchin TCP performancemprovementsover
wirelessad hoc network includesinvestigatinglink breakage
androuting failureissued[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
pacletsin flight. Fuetal [7] presentlink layerapproacnamed
Link-RED thatreducesvIAC layercollisionsby limiting TCP’s
sendingwindow, while Cali et al [5] limit TCP window sizes
directly. While thesepreviousefforts sharea commongoalwith
this researchaswindow-basedapproacheshey are not appli-
cableto the rate-based’ FRC protocol. Furthermorenone of
thesestudiesattemptto minimize round-triptimeswhich areof
critical concernfor interactive multimediaapplications.

This investigation focuses on the problem of the mis-
interactionbetweenT FRC andthe 802.11MAC layer. Specifi-
cally, theobjectiveis to make TFRCawareof RTS/CTS-induced
congestiorsuchthatit chooses nearoptimal sendingratethat
avoidsMA C layersaturation A majorcontritution of this paper
is theintroductionof a new RateEstimation(RE) algorithmin
TFRCto estimatahesaturatiorcapacityof theMAC layer. This
involvescreatinga modelfor round-triptime duringMAC layer
saturationand deriving a compositeTFRC loss eventrate that
reflectsthe currentMAC layercongestiorevel. By limiting the
sendingrateto a valuethatis lower thanthe estimatedate, RE
TFRC avoids MAC layer congestion.NS-2 simulationresults
presentedn this reportcomparingRE TFRC with TFRC indi-
catea 5% to 43% reductionin round-triptimes, a 8% to 75%
reductionin the losseventrate,andup to 7% improvementin
overall throughput. Giventhat TFRC is intendedfor multime-
dia applications large delay reductionswith slight throughput
improvementsvith RE TFRCimpliesthis schemecanimprove
performancdor streaminglows in wirelessnetworks.

The restof this paperis organizedasfollows: Sectionll an-
alyzesTFRC behaior in wirelessad hoc networks andinves-
tigatesthe relationshipbetweernperformanceanda constrained
sendingrate; Sectionlll detailsthe RE TFRC algorithm; Sec-
tion IV evaluategshe RE TFRCalgorithmin severalwirelessad
hoc network scenariosSectionV summarize®ur conclusions
andpresentpossiblefuture work.

Il. TFRC PERFORMANCE ANALYSIS

While the RTS/CTScollision avoidancemechanisnreduces
hiddenterminal collisionsin the 802.11MAC layer, repeated
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MA C layerbacloffs andretransmissionsanleadto sub-optimal
transportlayer performancein wirelesservironments. Fu et
al [7] demonstratetheimpactof hiddenterminalson thetrans-
portlayerprotocol.

In TCP-Friendlytransportprotocols,the senderrespond<€o
network congestiorby adjustingits transmissiomateor window
sizebasedon pacletlossandround-triptime informationgath-
eredfrom the network. However, sincethesemetricsalsoin-
cludetheeffectsof the RTS/CTSmechanismMAC layerback-
offs andretransmissionghenoperatingon a wirelessnetwork,
they cannotbe usedeffectively ascongestionindicators.

This sectionshavs simulations(via NS-2[11]) of the TFRC
protocolwith a constrainegendingrateto exploretherelation-
ship betweenthe TFRC throughput,round-trip time and loss
eventratein multihop 802.11ad hoc networks. The goalis a
meaningfulcharacterizatiorof the effectsof 802.11on TFRC
and to gain insight into adaptingTFRC’s sendingrate when
transmittingstreaminglows over wirelessLANS.

A. SimulationEnvironment

To simplify the analysisof TFRC performance the chain
topologyshavnin Figurel with thedefaultNS-2802.11param-
etersettingds usedn aseriesof simulations.For thesimulation
resultspresentedall nodesareimmobile, the distancebetween
nodess setto 200metersthetransmissiomangeis 250 meters,
andthe wirelesschannelcapacityis 2 Mbps (the NS-2 default
setting).

Thethroughpuequationusedfor TFRC[8] is aversionof the
throughputequationfor aconformanfl CP Renoflow:

L)

r 2_22 + 3p(trio(1 + 32p?) \/ %)2)

whereX isthetransmissiomatein bytes/second; is thepaclet
sizein bytes,r is the round-triptime in secondsp is the loss
event rate which is the numberof loss eventsas a fraction of
the numberof pacletstransmitted0 < p < 1), t,4, isthe TCP
retransmissiotimeoutvaluein secondsandb is the numberof
pacletsacknavledgedby a single TCP acknavledgment.

Researclin [12] establisheshe maximumthroughputfor an
ad hoc network to be approximately% to % of the link capac-
ity. Our simulationsshov the maximum achievable through-
put for TFRC over a multihop wirelessnetwork to be signifi-
cantly lower thantheline capacity SinceBianchi[13] shoved
that 802.11 MAC layer throughputdecreasesvhen offered
load exceedsthe saturatiornthreshold this lowerthan-expected
throughputcan be attributed to the RTS/CTS congestion[10]
thatoccurswhenthe MAC layerbecomesaturated.

As expectedall transporfayerpacketlossin our simulations
arecausedy MAC layer contentionandframedropswhenno
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Fig. 2. Offeredloadandthroughputversusthe constrainegendingate

transportiayercongestioris induced.While TFRCis supposed
to reactto transportlayer losses,it is not tunedto respondto
MAC layer congestionand hencedoesnot reduceits sending
rateappropriately TheMAC layercongestioralsocausesnin-
creasén MAC contentiontime andend-to-endound-triptime.
Thedetailsof this performancearenot givenheredueto lack of
spacehut thecompleteanalysiscanbefoundin [14].

B. RateConstminedSimulations

To clarify the behaior of TFRC in overloadingthe 802.11
MAC layer in a multihop ervironment,we modified NS-2 to
provide a versionof TFRC that had a manually constained
sendingrate. Figure 2 shows the TFRC offered load and
throughputasthe constrainegsendingrateis variedfor a seven
hopnetwork. As theconstrainedateincreasespfferedloadand
throughpuincreasdinearly until adivergenceoccursatapprox-
imately300Kbps. Beyondthis point,increasingheconstrained
TFRC rate yields reducedthroughput. The obsened gap be-
tweenofferedload andthroughputat high TFRCratesis dueto
lost paclets.

Figure3 shavs a sharpincreasen MAC layerlossesstarting
at about300 Kbps, as the constrainedsendingrate increases.
Graphsof TFRC's round-triptime andlosseventrate(available
in [14]) alsoshav a sharpincreaseat about300 Kbps. Addi-
tional simulationsrun with typical wirelessbit error ratesstill
shav constraininghe rateof TFRCunder300Kbpsachie/esa
round-triptime lower thanthatof unconstrainedFRC.

In rate-constrainednode, TFRC usesthe minimum of the
constrainedateandthe TCP-Friendlyrateto controlthe send-
ing rate. Figure4 depictsthe relationshipbetweenthe average
sendingrate, the constrainedsendingrate and the computed
TCP-Friendlyrate. Above 300 Kbps, TFRC usesthe TCP-
Friendlyrateto controlthesendingate. ThisimpliesthatTFRC
doesnot keepthe sendingrate below the MA C saturatiorpoint
on wirelessLANs. Namely TFRC will selecta sub-optimal
transmissionrate on wirelessLANs when the MAC layer is
saturated.Thus,the next sectionpresents new algorithmde-
signedto constrainTFRC andavoid saturatingthe MAC layer
on 802.11wirelessnetworks.
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I1.
A. RateEstimation

ENHANCING TFRC PERFORMANCE

From the resultsin Sectionll, when unconstrained]TFRC
producesnofferedloadthatis above theratesustainabléy the
multi-hop802.11MAC layer The MAC layerthensuffersfrom
multiple frameretransmissionghatincreaseheround-triptime.
Although TFRC eventuallyreceves somepaclet loss notifica-
tion becauseof the frame retransmissionghesepaclet losses
arrivetoo latefor TFRCto curtailits offeredloadbelow the sat-
urationpoint of the MAC layer. To beableto adjustits sending
rateto below the MAC layer saturationpoint, TFRC needsto
determinethe loss eventrate (p) that correspondso the MAC
layercongestiorpoint.

We proposeto enhanceahe performanceof TFRC basedon
aspectof TCP Westwood[15], a TCP variantdesignedo per
form well over wirelesslinks. TCP Westwood usesa bitratees-
timation algorithmbasedon the minimum obsened round-trip
time and acknavledgmentrate to computea window thresh-
old for TCRP. Wheneer thereis congestionthe TCP conges-
tion window is set equalto the window capableof produc-
ing the bitrate estimate(B) assumingno queuingdelay (i.e.
window = B X r,;,). We proposea similar algorithmto esti-
matethe MAC layer saturatiorbitrate. However, insteadof us-
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Fig. 5. Throughputversudosseventrate(p) for differentround-triptimes

NG 7'min, WEUSEr,p, Whichrepresenttheminimumround-trip
time during MAC layer saturation ., is usedinsteadof 7,
becausaevhenthe maximumsustainabl¢hroughpuin the MAC
layeris achieved,thereis a smallqueueatindividual nodesof a
multihop flow. TFRC hasa built-in function for estimatingthe
receving rate, R, whichis usedasabasisfor our modifications.

As describedn Sectionll, TFRC's sendingrateis not con-
strainedby a window size but ratherby the computedTCP-
Friendlyrate. TFRCusesanequatiorbasedn TCPthroughput
to computean estimatedl CP-Friendlysendingrate,whichis a
function of the round-triptime (r), loss eventrate (p), packet
size and time out value (rto). Assuminga fixed paclet size
(typically aroundthe network MTU) and the default value of
rto = 4 x r (assetin [8]), we simplify the TCP-Friendlybitrate
equationin Equationl andderive a functionfor p:

(2)
3)

Therefore,the equivalent TFRC loss event rate (p') canbe
estimatedisingtheinversefunction f (r, X ), andthenp’ andthe
currentround-triptime measuredy TFRC (r.,,-) canbe used
to estimatethe optimumsendingrate(R') thatwill justsaturate
theMAC layer:

X = f(r,p)
p:?(T,X)

P = f(rop, R)
R = f(rcurapl)

Figure 5 depictsthe relationshipbetweenT CP-Friendlybi-
trateandlosseventrate,whereeachcurve is the TCP-Friendly
bitratefor a particularround-triptime.

B. Round-Tip TimeModeling

Realizingthe benefitsof the proposedTFRC enhancements
requiresa mechanisnto computer,,;, the minimumround-trip
time during MAC layer saturation.Previous researclon delay
modelingof 802.11networks[16] shavs thatthe averagedelay
(the servicetime) of a single hop ad hoc network at saturation
canbemodeledby:

TZTB-I-tS (4)



TABLE |
PHYSICAL LAYER PARAMETERS

| | DSSS] FHSS |
Winin 32 16
Winax 1024 1024
MAC header| 34bytes | 34bytes
Phyheader | 24bytes | 16bytes
ACK 38hytes | 30bytes
CTS 38hytes | 30bytes
RTS 44bytes | 36bytes
Slottime 20usec | 50usec
SIFS 10usec | 28usec
DIFS 50usec | 128usec

wheret is thetime requiredto to successfullgransmita paclet
andT p istheaverageMAC layerback-of time:

a(szn 1) + (1 (I) t, (5)
2q q

Here,«a istheaverageback-of stepsize,W,,,;,, istheinitial con-
tentionwindow size,q is the probability of successfutransmis-
sion, andt. is thetime wastedduringa singlecollision. W,n

is a physicallayer parametef(with a default of 32 for Direct-
Sequenc&preadSpectrum(DSSS)) while [16] assumes: and
q arecomputableasfunctionsof the numberof nodes(n) in the
network. t; andt. areconstantdor fixed size packetsandcan
be computedusing:

Tp =

te= rts+sifs+d+cts+sifs+o+H
+E{P} +sifs+0+ack+difs+0 (6)
te=rts+difs+90 @)

whererts, cts, ack, H and E{P} arethe transmissiortimes
of RTS, CTS, ACK, paclet header(physicallayer plus MAC
layer)anddatapaclets,respectrely, and E{P} = P for afixed
pacletsize. ¢ is the propagatiordelay sifs (Shortinterframe
Space)difs (DistributedInterframeSpace)and other specific
valuesfor DSSSandFHSSarelistedin Tablel.

Therefore,given the physicalnetwork type and the number
of nodesin the network, Equation6 canbe usedto estimatethe
averageservicetime to obtainthe delayunderMAC saturation
conditions.

To extendthis modelin multi-hopwirelessnetworks, we as-
sumethatundersaturationconditions the traffic at eachhopis
independentwhich allows a multi-hop ad hoc network to be
divided conceptuallyinto multiple independentsingle-hopnet-
works. By usingthe modelon eachof the single hops,a cu-
mulative delayfor the multi-hop network canbe estimated By
assumingRTS/CTSsolvesthe hiddenterminal problemin ap-
plying the single-hopanalysis,we do not needto considerthe
interferencefrom other nodesoutsidethe transmissiorrange.
The N-hopchainnetwork canthenbedividedinto N —2 single-
hopnetworkswith four nodesandtwo single-hometworkswith
threenodesat the sourceand destination. The round-triptime
atthetransporfayer(suchasin TFRC)is estimatedy measur
ing thetime elapsedetweersendinga datapaclket andrecev-
ing the acknavledgment.Therefore the round-triptime canbe
computedas:

0.5 —
0.45 //
0.4 / ~"
0.35 ot
8 03 //
o
g 025 /\\ /
E 02
o
0.15
0.1 /
0.05 Measured RTT  me—
0 1 1 1 1
0 2 4 6 8 10 12 14 16
Number of Hops
Fig. 6. Estimatingthe optimumround-triptime
= N N
T(N) Ei:onatai + Ei:oTacki

Q

2 % Tdata (3) + (N - 2)Tdata(4)

+2 X Tock (3) + (N - 2)Tack (4) (8)
Baseddnthemodel,theround-triptime (»(N')) from Equation8
assumesaturatiorof the MAC layerandcanthereforebe used
for rop¢ for an N hopadhocwirelessnetwork.

Figure6 depictsthe round-triptime estimatefrom this model
and the round-triptime obtainedby TFRC during simulation.
TFRC providesan offeredload above the MAC saturatiorievel
which causesheround-triptime to increasébeyondr, ;.

C. AlgorithmSummarnandImplementation

By combiningthe loss event rate estimationalgorithmfrom
TFRC and the extendedround-trip time model, we provide a
completerate estimationalgorithm for TFRC, showvn in Fig-
ure’.

onreceving ack

1. if (notslowstart)

2. /I computeoriginal TCP-Friendlyrate
X = f("'curv aCk'p)

3. /I choosemodeledRTT or smallestmeasuredRTT
Topt = maz(r(N), min([Sliding Window]))
4. /I computenew losseventrategiven RTT
p' = f(ropt, R)
5. /I computenew TCP-Friendly
R = f(rcm,p’)
6. I useoriginal rateif new rateis larger
R' =min(X, R")
7. II'if thereis aratechangedo soincrementally

if (ratecyr > R')
decrease_rate()
else
increase_rate(p’)
8. endif

Fig. 7. Therateestimatioralgorithmfor TFRC(RE TFRC)

To malke the implementationof the RE TFRC algorithmin
Figure 7 more stableand adaptve, a few enhancementwere
neededFirst, atline 2 and6 of thealgorithm,the TCP-Friendly
sendingatecomputatiorthatis fundamentato TFRCis usedo
ensureappropriateesponséo transportiayer congestion.Sec-
ond, noteasthe numberof hopsor flows increasesthe round-



1 S — S—
/
> /
2 095 /
c
[
o /
[
=
g —
=}
g
3 09/
TFRC e
0.85 ‘ s
0 1 2 3 4 5 6 7

Number of RTS retransmission

Fig. 8. Distribution of RTS retransmissions

trip time curve of r.,,, will shiftupandgo abovether,,; curve
in Figure5. In this casether,,; curvenolongerrepresentsat-
uration.Hence,,;, shouldbeusedin placeof r,,;. Therefore,
line 3, determineshe minimumround-triptimein aslidingwin-
dow interval anduseghelargerof thecomputedound-triptime
(r(IN)) andthewindow valueto estimatep’ in thesesituations.

IV. PERFORMANCE EVALUATION

Thegoalsof RateEstimationTFRC(RE TFRC)areto reduce
MAC layer congestionyeduceTFRC lossevent rateand aver-
ageround-triptime, andimprove throughputwithout changing
theMAC layerprotocol. This sectionevaluatesRE TFRCusing
NS-2simulationswith the samewirelesschaintopologyusedin
Sectionll. Thefirst stepis adetailedanalysisof RE TFRC per
formancein a seven hop simulation. This is followed by simu-
lation experimentresultswherethethenumberof hopsis varied
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from 4 to 15 and othersimulationswherethreeflows generate B. Multi-hop PerformanceEvaluation

the offeredload. The sectionconcludeswith a studyof the be-
havior of theRE TFRCin typical Bit Error Rate(BER) network
ervironment.

A. Performancdmprovement

A sevenhop chaintopologywasusedto comparea standard
TFRC implementatioragainstthe Rate EstimationTFRC (RE
TFRC)algorithm. Sincethe RTS bacloff mechanisndropsan
RTS frame after seven consecutre collisions, this event repre-
sentsa pacletlossasseenby TFRC. Figure8 presentghe Cu-
mulative Density Function(CDF) for RTS retransmission$or
thetwo simulations.Thex-axisis thenumberof RTS contention
bacloffs from 0 to 7 whereO impliesno collisionsand7 means
TFRCwill seethis asalossevent. Figure8 shovs that TFRC
hasa 89% chanceof not having to retransmitan RTS while RE
TFRC,hasa93%chanceof nothaving to retransmianRTS, so
RE TFRCwill experiencdessbacloff delay Sincethe bacloff
algorithm causesexponentialgrowth in bacloff delaywith an
increasdan the numberof retransmissionghe seeminglysmall
differencesn the CDF curvesrepresensignificantchangesn
the contentiondelay The reducedcollisionsresultin a lower
losseventrateandround-triptime anda smoothersendingrate
for RETFRC (see[14]).

Thenext evaluationof RE TFRCinvolvesvaryingthenumber
of wirelesshopsfrom 4 to 15. Figure9 shavs theimprovement
of MAC layerlossratefor RE TFRC.TheMAC layerdropratio
is reducedoy betweenl3%to 66% comparedo TFRC.

Figure10 demonstratethatthe round-triptime of RE TFRC
is 5% to 40% lower thanthat of TFRC, and Figure 11 shavs
thatthe RE TFRClosseventrateis 8% to 55% lessthanthatof
TFRC.

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

C. Multi-flow PerformanceEvaluation

This sectionconsiderssituationswherethreeflows are pro-
viding the offeredload. Tablell shovs RE TFRC reduceghe
MAC layerdroprate, TFRClosseventrateandaverageround-
trip timessignificantly However, RE TFRC haslittle effect on
throughputin the multi-flows scenariogsee[14]). The“-" in
thetablemeanghedifferenceis lessthan1%.

D. Bit Error RateEvaluation

The Bit Error Rate (BER) in wirelessnetworks is usually
higherthanin wired networks. Typical BER rangesfrom 10~6
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TABLE Il
RE TFRC IMPROVEMENT FOR MULTI-FLOW ENVIRONMENT

| Hops | 7-hop | 15-hop |
MAC dropfractionreduction| 50% | 85%
RTT reduction 29% | 43%
Lossratereduction 53% | 75%
Throughpuimprovement - -

to 10~* wereusedto evaluateRE TFRC.A 7-hopwirelessnet-
work topology with single flow simulationis usedto demon-
stratethe effectsof variousBER on RE TFRC performanceAs
shavnin Tablelll, RE TFRC performsconsiderabl\betterover
mostof metricsover awide rangeof BER.

V. CONCLUSIONS

This paperpresentsa new algorithm, Rate Estimation(RE)
TFRC,designedo enhancel FRC performancen wirelessAd
Hoc network environment. RE TFRC estimatesa sendingrate
usinganoptimalround-triptime basedn the network topology
and equivalentloss eventrate. The optimal round-triptime is
estimatedby modelingmulti-hop contentiondelay and service
time and the equivalentloss event rate is estimatedusing the
inverseTCP Friendly rate equationwith the optimal round-trip
time. The basicideais to infer thelowerlayer MAC layerjam-
ming in the upperlayer TFRC to make it awareof lower layer
congestiorandreducethejammingeffects.

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

TABLE 11l
RE TFRC IMPROVEMENT FOR VARIOUS BER

| BER 107 [107° [ 107" ]
MAC dropfractionreduction| 77% | 25% | 12%
RTT reduction 39% | 32% | 14%
Lossratereduction 55% | 45% | 29%
Throughpuimprovement 7% 4% -

time andloss event rate while still providing the sameor bet-

ter throughputthanregular TFRC. As TFRC was designedor

streamingmultimedia and telephoty applications,large delay
and loss rate reductionswith slight throughputimprovements
implies this schemecan improve performancefor streaming
flowsin wirelessnetworks.

OurcurrentongoingRE TFRCresearclis focusednrefining
the sendingrate,lossevent rateandround-triptime estimation
algorithm. The goal is a more robust RE algorithm that will
adaptandremainstableeven whenthe wirelessnodesbecome
mobileandthetopologiesaremorecomplex. OtherpotentialRE
enhancemeniacludeincorporatingparticularcharacteristicef
TFRCapplicationssuchasstreamingnultimedia,in furtherop-
timizing performanceUltimately, the objectiveis to implement
TFRC with wirelessextensionson an operationalad hoc wire-
lessnetwork testbedandempirically evaluateits performance.
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