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Abstract— The TCP-Friendly Rate Control (TFRC) is
used as a streaming media transport protocol. Using the
TCP congestiorr esponsdunction and curr ent network con-
ditions, TFRC adjusts its transmission rate to yield the
maximum TCP-Friendly throughput when sharing capac-
ity with TCP flows. Since TFRC was designedfor wired
networks, it doesnot achieve the maximum TCP-Friendly
thr oughput in multihop ad hoc wir elessnetworks. The re-
duced wir elessspatial channel reusedue to hidden termi-
nals in multihop wir elessnetworks inducesTFRC thr ough-
put reductions. Specifically TFRC is unaware of MAC
layer transmission delaysdue to collisions, retransmissions
and MAC layer congestion. This paper illustrates that an
unmodified TFRC’s sending rate overloads the multihop
wirelessMAC layer, leading to increasedround-trip times,
higher loss event rates, and lower throughput. We pro-
posean enhancementto TFRC, called RE TFRC, that uses
measurementsof the current round-trip time and a model
of wirelessdelay to restrict TFRC bitrates from overload-
ing the MAC layer, while retaining desirable TCP-Friendly
characteristics. RE TFRC requires minimal changesto
TFRC and no changesto the MAC layer and evaluation of
RE TFRC show substantial improvementsover TFRC for
somewir elessscenarios.

Keywords—TCP-Friendly, TFRC, IEEE 802.11MAC, Ad
Hoc, Multihop, Wireless

I. INTRODUCTION

The TransmissionControl Protocol (TCP) is the cur
rent de factotransportlayer protocolusedin wirelessad
hoc networks. Designedto operateover wired networks,
TCP canperformpoorly in 802.11wirelessnetworks, as
demonstratedby recentresearch1l], [2], [3], [4], [5], [6],
[7].

The TCP-FriendlyRateControl (TFRC) protocol[8],%
which wasdesignedo supportrate-basedtreamingmul-
timediaandtelephony applicationsover wired networks,
faceschallengesimilar to thatof TCPin wirelessad hoc

!The Datagram CongestionControl Protocol (DCCP) has pro-
posedto use TFRC as its congestioncontrol mechanism. See
http://www.ietf.cnri.reston.a.us/html.charters/dccp-charteml.

networks. However, to date, there hasbeenvery little
TFRC-relatedvork donefor wirelessnetworks.

At the core of TCP/TRFCS wirelesschallengeis the
wireless Media Access Control (MAC) layer of IEEE
802.11. 802.11 uses Carrier SenseMultiple Access
with Collision Avoidance(CSMA/CA) anda Request-to-
Send/Cleato-Send(RTS/CTS)mechanisnto reducehid-
denterminal collisions. However, whenthe MAC layer
is saturatedcontentiondelaysandretransmissionsaused
by the RTS/CTSmechanismbecomethe major causeof
TCP/TFRCperformancedegradation. Theseeffects are
referredto asRTS/CTSjamming[9] or RTS/CTS-induced
congestio10]. FurthermoresinceTFRC obseresloss
eventsafterthe MAC contentionphase,TFRCis unavare
of MAC layercongestiormanddoesnot compensatéor it.
ConsequentlyTFRC overestimatethe maximumsending
rate,overloadghe MAC layerandexacerbate$MAC layer
congestion.Eventually a stablestateis reachedn which
throughputandround-triptimesaresub-optimal.

Previous researchin TCP performanceimprovements
over wirelessad hoc network include investigatinglink
breakageandroutingfailureissueqd1], [2], [4], link layer
solutions[3], [7], MAC layer solutions[5], and TCP pro-
tocol modificationg6]. A few recentpapershave focused
on methodologieso improve TCP throughputby control-
ling the total numberof pacletsin flight. Fu et al [7]
presenta link layer approachnamedLink-RED (LRED)
thatreducesMAC layercollisionshby limiting TCP’ssend-
ing window, while Cali et al [5] limit TCP window sizes
directly. While thesesolutionssharea commongoalwith
ourresearchaswindow-basedapproachethey arenotap-
plicableto TFRC, a rate-basegrotocol. Moreover, none
of thesestudiesconsidempaclet round-triptime andpaclet
lossasmetricsin their optimizations.

Our investigationfocuseson solving the problem of
the mis-interactionbetweenTFRC and the MAC layer
Specifically the objective is to make TFRC aware of
RTS/CTS-inducedongestiorsuchthatit chooses near
optimal sendingratethatavoids MAC layer saturation.A



major contrikution of this paperis introducinga new Rate
Estimation(RE) algorithmin the TFRC protocolto esti-
matethe saturationcapacityof the MAC layer This in-
volves creatinga modelfor round-triptime during MAC
layersaturatiorandderiving acompositeTFRClossevent
ratethat reflectsthe currentMAC layer congestiorievel.
By limiting thesendingateto avaluethatis lowerthanthe
estimatedrate, RE TFRC avoids MAC layer congestion.
NS-2simulationresultspresentedh this reportcomparing
RE TFRCwith TFRCindicatea 5% to 40% reductionon
round-triptimes,a 8% to 80% reductionin the lossevent
rate,anda 5% improvementin overall throughput.Given
that TFRC is intendedfor multimediaapplications Jarge
delayreductionswith slight throughputimprovementsor
the RE TFRC implies this schemecan improve perfor
mancefor streaminglows in wirelessnetworks.

Therestof this paperis organizedasfollows: Sectionll
providesa brief introductionto TFRC andthe hiddenter
minal problemin ad hoc networks; Sectionlll analyzes
TFRC behaior in wirelessad hoc networks and inves-
tigatesthe relationshipbetweenperformanceand a con-
strainedsendingrate; SectionlV detailsthe RE TFRC
algorithm; SectionV evaluatesour RE TFRC algorithm
in several wirelessad hoc network scenariosSectionViI
summarizesur conclusionsandSectionVIl presentpos-
siblefuturework.

Il. BACKGROUND
A. TFRC

TCP-FriendlyRateControl (TFRCY [8] is arate-based
protocoldesignedor unicastflows thatco-exist with TCP
traffic over the Internet. TFRC usesa throughputequa-
tion to estimatethe maximumallowablesendingrateasa
functionof thelosseventrateandthe round-triptime. To
competefairly with TCP for available capacity TFRC's
throughputequationis basedon a bitrate responsdunc-
tion of TCP. Generallyspeaking,TFRC's congestiorcon-
trol mechanisnworksasfollows:

« The recever measureghe loss event rate and periodi-
cally sendghisinformationbackto thesender

« Thetiming of thesefeedbackmessagess usedby the
sendetto measurdhe round-triptime.

« Thelosseventrateandround-triptime arethenfed into
TFRC's throughputequation,giving the acceptablesend-
ing rate.

The throughputequationcurrently recommendedor
TFRC s a versionof the throughputequationfor a con-

2Onlineat: http://wwwiicir.org/tfrc/

formantTCP Renoflow:

S

= (1)
T % + 3p(trto(1 + 32])2) \V %)

whereX is thetransmissiorratein bytes/seconds is the
pacletsizein bytes,r is theround-triptimein secondsp is
thelosseventrate(0.0to 1.0) whichis the numberof loss
eventsasa fraction of the numberof pacletstransmitted,
trio 1S the TCP retransmissioriimeoutvaluein seconds,
andb is the numberof pacletsacknavledgedby a single
TCPacknavledgment.

B. Hidden Terminals

Figurelillustratesthehiddenterminalproblemin IEEE
802.11wirelessLocal AreaNetworks. Nodel andnode3
are within the transmission(or power) rangeof node2,
but areout of rangeof eachother Hence,while they can
both receve transmissiongrom node 2, they cannotre-
ceive eachothers transmissions.If node1l and node 3
simultaneouslystart transmissiorto node 2, their trans-
missionscollide.

To mitigatethehiddenterminaleffect,802.11[11] man-
datesan RTS-CTSpre-exchangebeforeary datapaclets
canbesent.In theabore scenariojf nodel sensesnidle
channelandsendsan RTS to node2, its intendeddestina-
tion node,all nodeswithin its rangehearits transmission
andbacloff. Whennode2 respondsvith a CTS message,
all nodeswithin its rangejncludingnode3, becomeaware
of the imminentdatatransmissiorandalsobackoff, thus
solvingthehiddenterminalproblem.RTSandCTSframes
alsocontaindurationinformation,calleda Net Allocation
Vector (NAV), on how long the dataexchangewill take.
This allows othernodesthat heareitherthe RTS or CTS
framesto determinehow long the channelwill be busy
andhencebackoff accordingly

An RTS sendemay receve no CTS becauseéts RTS
paclet collided with anothertransmissiorat the recever
or becausehe recever's NAV indicatedthat the network
is not available. The senderof the RTS paclet eventu-
ally timesout anddoesan exponentialbacloff beforere-
sendingheRTS,upto alimit of seventimes,asprescribed
by the802.11standard.

Since RTS and CTS paclets are small in comparison
to datapaclets,thewastedbandwidthincurredwhenRTS
and CTS pacletscollide is minimal. However, RTS col-
lisions increasenetwork load which ultimately resultsin
largercontentiondelaysdueto repeatedxponentialback-
offs andRTS contentiordropswhenthenumberof retrans-
missionsexceedshe specifiedthresholdof seven.
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I[11. TFRC PERFORMANCE ANALYSIS

While the RTS/CTScollision avoidancemechanisnre-
duceshiddenterminalcollisionsin the802.11MAC layer,
repeatedVAC layer bacloffs may causetransportlayer
timeouts, leading to sub-optimaltransportlayer perfor
mancein wirelesservironments.Fuet al [7] demonstrates
theimpactof hiddenterminalson the transportayer pro-
tocol.

In TCP-Friendly transport protocols, the senderre-
spondsto network congestionby adjustingits transmis-
sionrateor window size,basedn pacletlossinformation
gatheredrom the network andpeers.In 802.11wireless
networks, paclet lossratesandthe round-triptime (RTT)
obsered atthe sendeiincludethe effectsof the RTS/CTS
mechanismMAC layer bacloffs andretransmissionsas
well as network layer congestion,and hencecannotbe
usedunmodifiedascongestiorhints. Ourgoalwasto char
acterizeheeffectsof the802.11MAC layeron TFRC,and
henceadaptthe TFRC sendingrate over 802.11wireless
LANSs.

Thefirst phaseof thisresearclsimulateqviaNS-2[12])
TFRC over an 802.11wirelessnetwork andanalyzeshe
effectsof the RTS/CTSmechanisnon round-triptime and
loss. The secondphaseusesTFRC with a constrained
sendingateto exploretherelationshipbetweerthe TFRC
throughputyround-triptime andlosseventratein multihop
802.11adhocnetworks.

A. Characterization of TFRC over 802.11 Ad Hoc Net-
work

To simplify the analysisin this section,we usea chain
topologyin our simulationasshavn in Figure 1. By set-
ting internodedistanceto the allowed maximumof 200
meters,interferencebetweennodesis minimized as dis-
cussedin Sectionll. In orderto minimize the effect of
the routing protocol and simplify the analysis,all nodes
areassumedo be staticin our simulationandthe default
NS-2 parametesettingsfor 802.11areused.The key pa-
rametersaresummarizedn tablel. AlthoughtheNS error
modelis enabledye did notapplyary bit errorsexceptin
simulatingthe effectsof bit errors.

Capacity researchin [13] establisheghat the maxi-

TABLE |
SIMULATION SETUP

| Parameters \ Setting|
Physicalinterface Default DSSS
Link capacity 2 Mbits/s
Propagation TwoRayGround
Transmitrange 250Meters
Error model Uniform
MAC protocol 80211
Routingportocol AODV
Tranportportocol Default TFRC
Paclet Size 1460bytes
NS-2version 2.1b8old]/2.24[ne]
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Fig. 2. TFRCthroughputbveradhocnetwork

mum throughputfor an ad hoc network is approximately
1/5 — 1/7 of link capacity As shawvn in Figure 2, the

maximumthroughputthat TFRC canachieve over amul-

tihop wirelessnetwork is muchlower thantheline capac-
ity. Beyond 7 hops,thethroughputof TFRCis about0.25
Mbps (about1/8 of the link capacityof 2Mbit/s), which

is slightly lower thanthe expectedrange. This may be

attributed to over saturationin the MAC layer, sincethe

throughputof the 802.11MAC protocol decreasesvhen
theofferedloadexceedghesaturatiorthreshold14]. This

phenomenoiis alsoknowvn asMAC layer RTS/CTScon-
gestion[10].

Figure 3 shaws thatin networks with a few hops,the
offered load is significantly higher than the throughput,
which impliesthatsometransmittedpacletsare dropped.
Theselossesare due to MAC layer congestionand not
transportlayer congestion. While TFRC detectsandre-
actsto transportlayerlossesit is unavare of MAC layer
congestionandhencedoesnot reduceits sendingrateac-
cordingly As thenumberof hopsincreasesthedifference
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betweenoffered load and throughputreducesand TFRC
sendscloserto the optimal or saturatedate.

In orderto understandhe 802.11MAC layerbehaior,
we measuredVAC layer RTS paclet dropsfor different
numbersof hops. The 802.11standardspecifiesa max-
imum numberof permittedRTS paclet retransmissions,
which wassetto 7 in NS-2. We countedthe numberof
RTS pacletswhich weredroppedafter 7 unsuccessfule-
transmissiorattemptsnormalizingit onaperhopandper
paclet basis. Figure 4 illustratesthat the ratio of MAC
layer drops decreasess the numberof hopsincreases.
RTS collisionsalsocauseanincreasen MAC contention
time and TFRC round-triptime (RTT), asofferedload is
increased.Figure5 shavs theincreasein TFRCRTT as
thenumberof hopsis increased.

Finally, we obsenredthelosseventratereportedby the
TFRCrecever. Thelosseventratereportedoy TFRCis
lower thanthe datalink layer loss rate sinceMAC layer
retransmissionside somepaclet lossesfrom the TFRC
protocol. Therefore,even whenthe MAC layer is con-
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gestedthe upperlayeris unableto detectandrespondo
it. Thelosseventratesestimatesn the TFRCrecever are
shavn in Figure6.

B. Rate Constrained Smulation

As discussedn the previous section,the unmodified
TFRC protocol will reacha stable statuswith a higher
sendingatethanthe MAC layersaturatiorthroughputye-
sultingin a higherRTT, higherlosseventratio andlower
throughputat the transportlayer To clarify the behaior
of TFRC overloadingof the 802.11MAC layerin a mul-
tihop ervironment,we constrainedhe TFRC sendingrate
in NS-2. Thefollowing resultsarefor a 7-hop802.11net-
work.

Figure7 depictsthe TFRC offeredload andthroughput
underconstrainedsendingrates. As the constrainedate
increasegheofferedloadandthroughpuincreasdinearly
until adivergenceoccursatapproximatel\800Kbps. Sub-
sequentncreasan theconstrained FRCrateleadsto de-
creasdn throughputasofferedloadincreases.
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Beyond the turning point of 300 Kbps, the difference
betweenthe offered load and throughtputis due to lost
paclets. Figure 8 shawvs a sharpincreasein MAC layer
lossesstartingat about300Kbps,asthe constrainedend-
ing rateincreasesOtherrelatedexperimentsshaved that
the TFRCRTT andlosseventratio alsoincreasedharply
at about300 Kbps. Figure 9 and 10 shaw the dramatic
increasgust aftertheturningpoint of 300Kbps.

The averagesendingrate, which TFRC usedto con-
trol theintenal betweertransmittecpaclets,wasretrieved
from the TFRC dehug informationin NS-2. The TFRC
protocol computeda TCP friendly rate using the current
RTT andloss eventrate. In our rate-constraineanode,
TFRC usesthe minimum of the constrainedate andthe
computedTCP friendly rate to control the sendingrate.
However, theretrieved averagesendingateis slightly dif-
ferentfrom the offeredload, which is measuredrom the
traceoutputof the simulation.

Figure 11 depictsthe relationshipbetweenthe average
sendingrate, constrainedsendingrate and TCP friendly
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rate. Above 300 Kbps, TFRC usesthe TCP-Friendly
rateto control the sendingrate. This implies that TFRC
doesnot keepthe sendingrate belov the MAC satura-
tion point on wirelessLANs. Namely TFRC will select
a sub-optimaltransmissiorrate on wirelessLANs when
the MAC layeris saturated.

Thus, in SectionlV, we presenta new algorithm to
constrainthe TFRC sendingrate andavoid saturatingthe
MAC layeron 802.11wirelessnetwork to archive alower
RTT, lowerlossrateandhigherthroughput.

C. Bit Error Rate

Anothermajor concernin wirelessnetworks is the Bit
ErrorRate(BER).In awirelessnetwork, theBERis higher
thantypical valuesfor awired network, causingmoreper
formancedegradationthanin awired network. Figure12
shaws that with rate constraints,evenin a higherbit er
ror rate,the throughputis betterthanwith regular TFRC.
However, whenthe BER is higherthan5 x 10~%, boththe
regular TFRC andrate constrainedTFRC geta very low
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throughputsincethey respondo the datalink bit errorsas
congestion.

Figurel3and14 depictthe RTT andlosseventratesof
regular andrate constrainedlT FRC. The rate constrained
TFRC achieves a lower RTT andlossevent ratein both
cases.

V. ENHANCING TFRC PERFORMANCE
A. Rate Estimation

From the resultsin Sectionlll, when unconstrained,
TFRC producesan offered load that is above the rate
sustainableby the multi-hop 802.11 MAC layer The
MAC layer thensuffers from multiple frame retransmis-
sionswhichincreasesheround-triptime. AlthoughTFRC
eventuallyreceves somepaclet loss notificationbecause
of theframeretransmissionghesepacletlossesarrive too
late for TFRCto curtail its offeredload below the satura-
tion point of the MAC layer. In orderto adjustits sending
rateto below the MAC layersaturatiorpoint, TFRCneeds
to determinethe losseventrate(p) thatcorrespondso the
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MAC layercongestion.

We proposéo enhancehe performancef TFRCbased
onaspect®f TCPWestwood[15], aTCPvariantdesigned
to performwell over wirelesslinks. TCP Westwood uses
a bitrate estimationalgorithmbasedon the minimum ob-
sened round-triptime andacknavledgmentrateto com-
puteawindow thresholdfor TCP. Wheneaer thereis con-
gestion,the TCP congestiorwindow is setequalto the
window capableof producingthe bitrate estimate(B) as-
sumingno queuingdelay (i.e. window = B X Tymin).
We proposea similar algorithmto estimatehe MAC layer
saturationbitrate. However, insteadusing 7, we use
whatwe call r,,;, which representshe minimum round-
trip time duringMAC layersaturation\We user,,; instead
of i becausavhenthe maximumsustainabléhrough-
putin the MAC layeris achieved, thereis asmallqueueat
individual nodesof a multihop flow. TFRC hasa built-in
functionfor estimatinghereceving rate,R, whichwe use
asabasisfor our modifications.

As describedn Sectionll, TFRC’s sendingrateis not
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constrainedy a window size but ratherby the computed
TCP-Friendlyratedirectly TFRC usesanequationbased
on TCPthroughputo computeanestimated CP-Friendly
sendingate,whichis afunctionof theround-triptime (r),

loss eventrate (p), paclet size andtime out value (rto).

Assuminga fixed paclet size (typically aroundthe net-
work MTU) and the default value of rto 4 x r, we

simplify the TCP-Friendlybitrate equationin Equationl

andderie a functionfor p:

X = f(’ra p) (2)

p=f(r,X) ®3)

Thereforewe canestimataheequialentTFRClossevent
rate(p’) usingtheinversefunction f (r, X), andthenusep’
andthe currentround-triptime measuredy TFRC (r¢y;)
to estimatethe optimum sendingrate (R') that will just
saturatehe MAC layer:

pl = 7(ropta R)
R' f('rcur’pl)
Figure 15 depicts the relationship between TCP-

Friendly bitrate and loss event rate, whereeachcurwe is
the TCP-Friendlybitratefor a particularround-triptime.

B. Round-Trip Time Modeling

In orderto realizethebenefitof ourproposed FRCen-
hancementsye mustcomputer,,;, the minimum round-
trip time during MAC layer saturation.Previousresearch
ondelaymodelingof 802.11networks[16] shavs thatthe
averagedelay(theservicetime) of asinglehopadhocnet-
work at saturatiorcanbe modeledby:

TABLE 1l
PHYSICAL LAYER PARAMETERS

| | DSSS| FHSS]
Winin 32 16
Winaz 1024 1024
MAC header| 34bytes| 34bytes
Phyheader | 24bytes| 16bytes
ACK 38bytes| 30bytes
CTS 38bytes| 30bytes
RTS 44 bytes| 36bytes
Slottime 20 usec| 50pusec
SIFS 10usec| 28usec
DIFS 50 usec| 128 usec
T= TB +ts (4)

wheret, is thetime requiredto to successfullytransmita
pacletandT 5 is theaverageMAC layerback-of time:

), (-9
2q q
Here,« is the averageback-of stepsize, W, is theini-
tial contentiorwindow size q is theprobabilityof success-
ful transmissionandyt,. is thetime wastedduringa single
collision. W,,;,, is a physicallayer parametefwith a de-
faultof 32for Direct-Sequenc8preadspectrun(DSSS)),
while [16] assumes andq arecomputablesfunctionsof
thenumberof nodeg(n) in the network. ¢, andt. arecon-
stantsfor fixedsizepacletsandcanbe computedusing:

a(Wmin -

Tp te ®)

ts=rts+sifs+0+cts+sifs+d+

H+ E{P}+sifs+d+ack+difs+9 (6)

and

te=rts+difs+6 @)

Here,rts, cts, ack, sifs anddi f s arelistedin Tablell, § is
thepropagatiordelay H beingthepacletheadefphysical
layerplusMAC layer),and E{P} = P for afixedpaclet
size.

Thereforegiventhephysicalnetwork typeandthenum-
ber of nodesin the network, we canuseEquation6 asa
modelfor estimatinghe averageservicetime to obtainthe
delayundersaturatiorconditions.

To extend this this model in multi-hop wireless net-
works, we first assumethat under saturationconditions,
the traffic at eachhop is independentwhich allows a
multi-hop ad hoc network to be divided conceptuallyinto
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multiple independentsingle-hopnetworks. By usingthe
model on eachof the single hops, we get a cumulatve
delayfor the multi-hop network. We next assumeusing
RTS/CTS solwes the hiddenterminal problemso in ap-
plying the single-hopanalysiswe do not needto consider
theinterferencdrom othernodesoutsidethetransmission
range. We canthendivide an N-hop chainnetwork into
N — 2 single-hopnetworks with four nodesand?2 single-
hop networks with threenodesat the sourceanddestina-
tion. The round-triptime at the transportlayer (suchas
in TFRC)is estimatedoy measuringhe time elapsede-
tweensendinga datapaclet and receving the acknavl-
edgment.Therefore we cancomputethe round-triptime
as:

?(N) Zi]\iOTdatai + Ei]ioTacki
2 x Tdata (3) + (N - 2)Tdata (4)

+2 % Tack(3) + (N — 2)Taclc(él)

Q

(8)

Basedon the model, the round-trip time (r(N)) from
Equation8 assumesaturationof the MAC layerandcan
thereforebe usedfor r,,; for an N hop ad hoc wireless
network.

Figure 16 depictsthe round-triptime estimatefrom our
modelandthe round-triptime obtainedby TFRC during
simulation. TFRC providesan offeredload pastthe MAC
saturationlevel which causesthe round-trip time to in-
creasebeyondr,;.

C. Algorithm Summary and Implementation

By combiningthe loss event rate estimationalgorithm
from TFRC and our extendedround-triptime model, we
provide a completerate estimationalgorithm for TFRC,
shavn in Figurel7.

onreceving ack

1. if (notslowstart)

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

3. I/ choosemodeledRTT or smallestmeasuredRTT
Topt = maz(r(N), min([Sliding Window)))

4. /I computenew losseventrategivenRTT

p' = f(ropt, R)
5. /I computenew TCP-Friendly
R = f(rcum pl)
6. I/l useoriginal rateif new rateis larger
R'=min(X, R')
7. Il'if thereis aratechangegdo soincrementally
if (ratecyr > R')
decrease_rate()
else
increase_rate(p')

8. endif
Fig. 17. Therateestimatioralgorithmfor TFRC (RE TFRC)

In implementingthe RE TFRC algorithmin Figurel7,
we addeda few enhancement® make it morestableand
adaptve. First, atline 2 and6 of the algorithm,we keep
the TCP-Friendlysendingrate computatiorthatis funda-
mentalto TFRC in orderto ensureappropriateresponse
to transportiayercongestionSecondaswe mentionedn
Sectionlll, asthe numberof hopsor flows increasesthe
round-triptime curve of r,, shiftsup overther,, curve
in Figure 15. In this case,the r,,; curve will no longer
representhe saturatiorstatus sowe insteadusethe alter
nater,;, in placeof rq,. Therefore,in line 3, we find
the minimumround-triptime in a sliding window anduse
the larger of the computedrount-trip time (r(N)) or the
window valueto estimatethep’ for theseparticularcases.

V. PERFORMANCE EVALUATION

The goalsof RateEstimationTFRC (RE TFRC) areto
reduceMAC layer congestion,reduceTFRC loss event
rateandaverageround-triptime, andimprove throughput,
all withoutchanginghe MAC layerprotocol. This section
evaluateRE TFRCusingNS-2simulationswith thesame
wirelesschaintopologyusedin Sectionlll. Thefirst step
is a detailedanalysisof RE TFRC performancen a seven
hop simulation. Secondare simulationexperimentsthat
vary the the numberof hopsfrom 4 to 15. Next aresimu-
lationsthatwith offeredloadfrom anaggr@ateof multiple
flows. The sectionconcludeswith a studyof the behaior
of theRE TFRCn typical Bit Error Rate(BER) network
ervironment.



l NTRRpppp————
. e /
Z 095 /
c &
© o
Q S
>
k= —""‘——
>
E oo TFRC
g 091/ S
RE TERC wmninn
0.85
0 1 2 3 4 5 6 7

Number of RTS retransmission

Fig. 18. Distribution of RTS retransmissions

A. Performance Improvement

Using a seven hop chaintopology threedistinct sim-
ulationswere run to comparethe performanceof a stan-
dard TFRC implementation,Rate EstimatedTFRC (RE
TFRC), and a Rate Constrainedstratgy. From the pre-
vious chainedseren-hop, wireless network results, the
throughpubf asingleflow is optimizedwhenthethrough-
put rateis constrainedat 300 Kbps. Thus, the RateCon-

strainedsimulationprovidesthe bestbasisfor comparison.

Sincethe RTS bacloff mechanisndropsanRTS frame
after seven consecutie collisions occut this event rep-
resentsa paclet loss as seenby TFRC. Thus Figure 18
presentghe Cumulatve DensityFunction(CDF) for RTS
retransmissiongor the three simulations. The x-axis is
the numberof RTS contentionbacloffs from valueO to 7
where0 implies no collision and 7 meansTFRC will see
this asa paclet loss. Figure 18 shawvs that TFRC hasa
89% chanceof not having to retransmitan RTS while for
the rate constrainedl FRC, this probability is more than
97%. At 93retransmithanTFRCandwill experiencdess
bacloff delay Sincethe bacloff algorithm causesxpo-
nentialgronth in bacloff delaywith anincreasedumber
of retransmissionsa small differencein the CDF curves
representa significantchangdn the contentiondelay

Figure 19, 20 and 21 comparethe loss event rate,
RTT andsendingrate of the threealgorithms. RE hasa
smoothersendingrate, a lower loss event rate and lower
RTTs than TFRC. However, aswe can seefrom the fig-
ures,thereis still roombetweerthe RE algorithmandthe
theoreticoptimumfor furtherimprovement.

B. Multihop Performance Evaluation

We next evaluateRE TFRC by varying the numberof
wirelesshopsfrom 4 to 15. Figure22 shavs theimprove-
mentof MAC layerlossratefor RETFRC.TheMAC layer
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dropratiois reducedy betweerl 3%to 66%comparedo
TFRC.

Figure 23 demonstratethat the round-triptime of RE
TFRC is 5% to 40% lower thanthat of TFRC, and Fig-
ure 24 shavs thatthe RE TFRC loss eventrateis 8% to
55%lessthanthatof TFRC.

Figure 25 compareshe throughputof TFRC and RE
TFRC.RETFRCshavsupto5%throughpuimprovement
over TFRCwhenthe numberof hopsis from 5to 15.

C. Multi-Flow Performance Evaluation

This sectionconsiderghe situationwhen morethana
singleflow is providing the offeredload. Figure26 shavs
thatusingRE TFRC canreducethe MAC layerdrop rate
by 71%overregularTFRC.

Figure27 and28 indicatesthatin athreeflow scenario,
theaverageRTT for REis uptoto 41%lowerthanTFRC,
while the loss event rate is reducedby up to 80% over
TFRC in multi-flow cases.Figure 29 shawvs that RE has
little effectonthroughputin the four simulationsshavn.
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TABLE I
RE TFRC IMPROVEMENT FOR VARIOUS BER

| BER (108105 10*]
RTT Reduction 39% | 32% | 14%
LossRateReduction 55% | 45% | 29%

Throughputimprovement| 6.5% | 4.2% | 0.5%

D. Bit Error Rate

TheBit Error Rate(BER) in wirelessnetworksis usu-
ally higherthanin wired networks. Typical BER range
is from 105 to 10~*, which is what we useto evaluate
RETFRC.A 7-hopwirelessnetwork topologywith single
flow simulationis usedto demonstrat¢he effectsof vari-
ousBER on RE TFRC performance As describedn Ta-
ble lll, RE TFRC performsconsiderablybetterover most
of metricsoverawide rangeof BER.

VI. CONCLUSIONS

TheRTS/CTSmechanisnin IEEE802.11wasdesigned
to mitigate the hiddenterminal problemin wirelessnet-
works. It canreducepaclet lossdueto collisionsin the
MAC layerandworkswell for infrastructurewirelessnet-
works. However, in wirelessad hoc networks, the side
effects of RTS/CTS mechanisminclude congestionand
jammingin the MAC layer, which arehiddenfrom higher
layer protocols,suchas TFRC. Consequentlyrate-based
transportprotocolswhich do not accountfor MAC layer
delays,suchas TFRC, will overestimateoptimal sending
rates. This, in turn, will further congestthe MAC layer,
leadingto anincreasen paclet lossand round-triptime
andultimatelya decreasén throughput.

By characterizing FRCoveramultihopchaintopology
wirelessad hoc network, we found that by constraining
sendingratesto valueswhich do not trigger MAC layer
saturationrate, TFRC performanceis greatly improved,
lowering the loss event rate and averageround-trip time
andincreasinghroughput.Basedon our findings,we pro-
poseda Rate Estimationenhancementor TFRC which
modelsthe effectsof MAC layer saturationandcontrols
TFRCsuchthatthe MAC layeris not overloaded.

RE TFRC estimatesa sendingrate using an optimal
round-triptime basedon the network topologyandequi-
alentlosseventrate. The optimalround-triptime wasesti-
matedby modelingmulti-hopcontentiordelayandservice
time, while theequivalentlosseventratewasestimatedis-
ing the inverseTCP Friendly rate equationwith the opti-
malround-triptime. Thebasicideais infer thelowerlayer
MAC layerjammingin the upperlayer TFRC to make it



aware of lower layer congestiorand reducethe jamming
effects.

RE TRFCis estimatedy simulatingmultiple hopsand
flows and confirmedthat the RE algorithm significantly
enhanced FRC performancewith abouta 50%improve-
mentin somemetrics,in mary network scenarios.

VII. FUTURE WORK

OurongoingRE TFRCresearclis currentlyfocusedon
refining the sendingrate, loss event rate and round-trip
time estimationalgorithm. The goalis a morerobust RE
algorithmthatwill adaptandremainstableevenwhenthe
wirelessnodeshecomemobileandthetopologiesaremore
comple. OtherpotentialRE enhancementsicludeincor
porating particular characteristicof TFRC applications,
suchas streamingmultimedia,in further optimizing per
formance Ultimately, theobjectiveis to implementTFRC
with wirelessextensionson an operationalad hoc wire-
lessnetwork testbedand empirically evaluateits perfor
mance.
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