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Abstract— The TCP-Friendly Rate Control (TFRC) is
used as a streaming media transport protocol. Using the
TCP congestionresponsefunction and curr ent network con-
ditions, TFRC adjusts its transmission rate to yield the
maximum TCP-Friendly thr oughput when sharing capac-
ity with TCP flows. Since TFRC was designedfor wir ed
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
wir elessMAC layer, leading to increasedround-trip times,
higher loss event rates, and lower thr oughput. We pro-
posean enhancementto TFRC, called RE TFRC, that uses
measurementsof the curr ent round-trip time and a model
of wir elessdelay to restrict TFRC bitrates fr om overload-
ing the MAC layer, while retaining desirableTCP-Friendly
characteristics. RE TFRC requires minimal changesto
TFRC and no changesto the MAC layer and evaluation of
RE TFRC show substantial impr ovementsover TFRC for
somewir elessscenarios.

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

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 recentresearch[1], [2], [3], [4], [5], [6],
[7].

The TCP-FriendlyRateControl (TFRC) protocol[8],1

which wasdesignedto supportrate-basedstreamingmul-
timediaand telephony applicationsover wired networks,
faceschallengessimilar to thatof TCPin wirelessadhoc�

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

networks. However, to date, there has beenvery little
TFRC-relatedwork donefor wirelessnetworks.

At the core of TCP/TRFC’s wirelesschallengeis the
wireless Media AccessControl (MAC) layer of IEEE
802.11. 802.11 uses Carrier SenseMultiple Access
with Collision Avoidance(CSMA/CA) anda Request-to-
Send/Clear-to-Send(RTS/CTS)mechanismto reducehid-
den terminal collisions. However, when the MAC layer
is saturated,contentiondelaysandretransmissionscaused
by the RTS/CTSmechanismbecomethe major causeof
TCP/TFRCperformancedegradation. Theseeffects are
referredto asRTS/CTSjamming[9] or RTS/CTS-induced
congestion[10]. Furthermore,sinceTFRC observes loss
eventsaftertheMAC contentionphase,TFRCis unaware
of MAC layercongestionanddoesnot compensatefor it.
Consequently, TFRCoverestimatesthemaximumsending
rate,overloadstheMAC layerandexacerbatesMAC layer
congestion.Eventually, a stablestateis reachedin which
throughputandround-triptimesaresub-optimal.

Previous researchin TCP performanceimprovements
over wirelessad hoc network include investigatinglink
breakageandroutingfailure issues[1], [2], [4], link layer
solutions[3], [7], MAC layersolutions[5], andTCPpro-
tocol modifications[6]. A few recentpapershave focused
on methodologiesto improve TCPthroughputby control-
ling the total numberof packets in flight. Fu et al [7]
presenta link layer approachnamedLink-RED (LRED)
thatreducesMAC layercollisionsby limiting TCP’ssend-
ing window, while Cali et al [5] limit TCP window sizes
directly. While thesesolutionssharea commongoalwith
ourresearch,aswindow-basedapproachesthey arenotap-
plicableto TFRC,a rate-basedprotocol. Moreover, none
of thesestudiesconsiderpacket round-triptimeandpacket
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-inducedcongestionsuchthat it choosesa near-
optimalsendingratethatavoidsMAC layersaturation.A
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majorcontribution of this paperis introducinga new Rate
Estimation(RE) algorithmin the TFRC protocol to esti-
matethe saturationcapacityof the MAC layer. This in-
volvescreatinga model for round-triptime during MAC
layersaturationandderiving acompositeTFRClossevent
ratethat reflectsthe currentMAC layer congestionlevel.
By limiting thesendingrateto avaluethatis lowerthanthe
estimatedrate,RE TFRC avoids MAC layer congestion.
NS-2simulationresultspresentedin 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,large
delayreductionswith slight throughputimprovementsfor
the RE TFRC implies this schemecan improve perfor-
mancefor streamingflows in wirelessnetworks.

Therestof thispaperis organizedasfollows: SectionII
providesa brief introductionto TFRCandthehiddenter-
minal problemin ad hoc networks; SectionIII analyzes
TFRC behavior in wirelessad hoc networks and inves-
tigatesthe relationshipbetweenperformanceand a con-
strainedsendingrate; SectionIV details the RE TFRC
algorithm; SectionV evaluatesour RE TFRC algorithm
in several wirelessad hoc network scenarios;SectionVI
summarizesourconclusionsandSectionVII presentspos-
siblefuturework.

I I . BACKGROUND

A. TFRC

TCP-FriendlyRateControl(TFRC)2 [8] is a rate-based
protocoldesignedfor unicastflowsthatco-exist with TCP
traffic over the Internet. TFRC usesa throughputequa-
tion to estimatethemaximumallowablesendingrateasa
functionof the lossevent rateandtheround-triptime. To
competefairly with TCP for available capacity, TFRC’s
throughputequationis basedon a bitrate responsefunc-
tion of TCP. Generallyspeaking,TFRC’scongestioncon-
trol mechanismworksasfollows:� The receiver measuresthe loss event rate andperiodi-
cally sendsthis informationbackto thesender.� The timing of thesefeedbackmessagesis usedby the
senderto measuretheround-triptime.� Thelosseventrateandround-triptime arethenfed into
TFRC’s throughputequation,giving theacceptablesend-
ing rate.

The throughputequationcurrently recommendedfor
TFRC is a versionof the throughputequationfor a con-

�
Onlineat: http://www.icir.org/tfrc/

formantTCPRenoflow:

��� �	�
 ��
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where
�

is the transmissionratein bytes/second,� is the
packetsizein bytes,	 is theround-triptimein seconds,� is
thelosseventrate(0.0 to 1.0)which is thenumberof loss
eventsasa fractionof thenumberof packetstransmitted,� �*�! is the TCP retransmissiontimeoutvalue in seconds,
and + is thenumberof packetsacknowledgedby a single
TCPacknowledgment.

B. Hidden Terminals

Figure1 illustratesthehiddenterminalproblemin IEEE
802.11wirelessLocal AreaNetworks.Node1 andnode3
are within the transmission(or power) rangeof node2,
but areout of rangeof eachother. Hence,while they can
both receive transmissionsfrom node2, they cannotre-
ceive eachother’s transmissions.If node1 and node3
simultaneouslystart transmissionto node2, their trans-
missionscollide.

To mitigatethehiddenterminaleffect,802.11[11] man-
datesan RTS-CTSpre-exchangebeforeany datapackets
canbesent.In theabove scenario,if node1 sensesanidle
channelandsendsanRTS to node2, its intendeddestina-
tion node,all nodeswithin its rangehearits transmission
andbackoff. Whennode2 respondswith a CTSmessage,
all nodeswithin its range,includingnode3, becomeaware
of the imminentdatatransmissionandalsobackoff, thus
solvingthehiddenterminalproblem.RTSandCTSframes
alsocontaindurationinformation,calleda Net Allocation
Vector (NAV), on how long the dataexchangewill take.
This allows othernodesthat heareither the RTS or CTS
framesto determinehow long the channelwill be busy,
andhencebackoff accordingly.

An RTS sendermay receive no CTS becauseits RTS
packet collided with anothertransmissionat the receiver
or becausethe receiver’s NAV indicatedthat the network
is not available. The senderof the RTS packet eventu-
ally timesout anddoesan exponentialbackoff beforere-
sendingtheRTS,upto alimit of seventimes,asprescribed
by the802.11standard.

SinceRTS and CTS packets are small in comparison
to datapackets,thewastedbandwidthincurredwhenRTS
andCTS packetscollide is minimal. However, RTS col-
lisions increasenetwork load which ultimately resultsin
largercontentiondelaysdueto repeatedexponentialback-
offsandRTScontentiondropswhenthenumberof retrans-
missionsexceedsthespecifiedthresholdof seven.
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Fig. 1. SimulationTopology

I I I . TFRC PERFORMANCE ANALYSIS

While theRTS/CTScollision avoidancemechanismre-
duceshiddenterminalcollisionsin the802.11MAC layer,
repeatedMAC layer backoffs may causetransportlayer
timeouts, leading to sub-optimaltransportlayer perfor-
mancein wirelessenvironments.Fuet al [7] demonstrates
the impactof hiddenterminalson thetransportlayerpro-
tocol.

In TCP-Friendly transport protocols, the senderre-
spondsto network congestionby adjustingits transmis-
sionrateor window size,basedonpacket lossinformation
gatheredfrom thenetwork andpeers.In 802.11wireless
networks,packet lossratesandtheround-triptime (RTT)
observedat thesenderincludetheeffectsof theRTS/CTS
mechanism,MAC layer backoffs andretransmissions,as
well as network layer congestion,and hencecannotbe
usedunmodifiedascongestionhints.Ourgoalwastochar-
acterizetheeffectsof the802.11MAC layeronTFRC,and
henceadaptthe TFRC sendingrateover 802.11wireless
LANs.

Thefirstphaseof thisresearchsimulates(viaNS-2[12])
TFRC over an 802.11wirelessnetwork andanalyzesthe
effectsof theRTS/CTSmechanismonround-triptimeand
loss. The secondphaseusesTFRC with a constrained
sendingrateto exploretherelationshipbetweentheTFRC
throughput,round-triptimeandlosseventratein multihop
802.11adhocnetworks.

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

To simplify theanalysisin this section,we usea chain
topologyin our simulationasshown in Figure1. By set-
ting inter-nodedistanceto the allowed maximumof 200
meters,interferencebetweennodesis minimized as dis-
cussedin SectionII. In order to minimize the effect of
the routing protocol and simplify the analysis,all nodes
areassumedto bestaticin our simulationandthedefault
NS-2parametersettingsfor 802.11areused.Thekey pa-
rametersaresummarizedin tableI. AlthoughtheNSerror
modelis enabled,wedid notapplyany bit errorsexceptin
simulatingtheeffectsof bit errors.

Capacity researchin [13] establishesthat the maxi-

TABLE I
SIMULATION SETUP

Parameters Setting

Physicalinterface DefaultDSSS
Link capacity 2 Mbits/s
Propagation TwoRayGround
Transmitrange 250Meters
Error model Uniform
MAC protocol 802 11
Routingportocol AODV
Tranportportocol DefaultTFRC
Packet Size 1460bytes
NS-2version 2.1b8[old]/2.24[new]
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Fig. 2. TFRCthroughputoveradhocnetwork

mum throughputfor an ad hoc network is approximately#(IKJMLN#(I"O of link capacity. As shown in Figure 2, the
maximumthroughputthatTFRCcanachieve over a mul-
tihop wirelessnetwork is muchlower thantheline capac-
ity. Beyond7 hops,thethroughputof TFRCis about0.25
Mbps (about1/8 of the link capacityof 2Mbit/s), which
is slightly lower than the expectedrange. This may be
attributed to over saturationin the MAC layer, sincethe
throughputof the 802.11MAC protocoldecreaseswhen
theofferedloadexceedsthesaturationthreshold[14]. This
phenomenonis alsoknown asMAC layerRTS/CTScon-
gestion[10].

Figure3 shows that in networks with a few hops,the
offered load is significantly higher than the throughput,
which implies thatsometransmittedpacketsaredropped.
Theselossesare due to MAC layer congestionand not
transportlayer congestion.While TFRC detectsand re-
actsto transportlayer losses,it is unawareof MAC layer
congestion,andhencedoesnot reduceits sendingrateac-
cordingly. As thenumberof hopsincreases,thedifference
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betweenoffered load and throughputreducesandTFRC
sendscloserto theoptimalor saturatedrate.

In orderto understandthe802.11MAC layerbehavior,
we measuredMAC layer RTS packet dropsfor different
numbersof hops. The 802.11standardspecifiesa max-
imum numberof permittedRTS packet retransmissions,
which wasset to 7 in NS-2. We countedthe numberof
RTS packetswhich weredroppedafter7 unsuccessfulre-
transmissionattempts,normalizingit onaper-hopandper-
packet basis. Figure 4 illustratesthat the ratio of MAC
layer drops decreasesas the numberof hops increases.
RTS collisionsalsocausean increasein MAC contention
time andTFRC round-triptime (RTT), asofferedload is
increased.Figure5 shows the increasein TFRC RTT as
thenumberof hopsis increased.

Finally, we observed thelosseventratereportedby the
TFRC receiver. The lossevent ratereportedby TFRC is
lower than the datalink layer loss ratesinceMAC layer
retransmissionshide somepacket lossesfrom the TFRC
protocol. Therefore,even when the MAC layer is con-
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gested,theupperlayer is unableto detectandrespondto
it. Thelosseventratesestimatesin theTFRCreceiver are
shown in Figure6.

B. Rate Constrained Simulation

As discussedin the previous section, the unmodified
TFRC protocol will reacha stablestatuswith a higher
sendingratethantheMAC layersaturationthroughput,re-
sulting in a higherRTT, higherlossevent ratio andlower
throughputat the transportlayer. To clarify the behavior
of TFRC overloadingof the802.11MAC layer in a mul-
tihop environment,we constrainedtheTFRCsendingrate
in NS-2.Thefollowing resultsarefor a7-hop802.11net-
work.

Figure7 depictstheTFRCofferedloadandthroughput
underconstrainedsendingrates. As the constrainedrate
increases,theofferedloadandthroughputincreaselinearly
until adivergenceoccursatapproximately300Kbps.Sub-
sequentincreasein theconstrainedTFRCrateleadsto de-
creasein throughputasofferedloadincreases.
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Beyond the turning point of 300 Kbps, the difference
betweenthe offered load and throughtputis due to lost
packets. Figure8 shows a sharpincreasein MAC layer
lossesstartingatabout300Kbps,astheconstrainedsend-
ing rateincreases.Otherrelatedexperimentsshowed that
theTFRCRTT andlosseventratio alsoincreasedsharply
at about300 Kbps. Figure 9 and 10 show the dramatic
increasejustaftertheturningpoint of 300Kbps.

The averagesendingrate, which TFRC usedto con-
trol theinterval betweentransmittedpackets,wasretrieved
from the TFRC debug information in NS-2. The TFRC
protocolcomputeda TCP friendly rateusing the current
RTT and loss event rate. In our rate-constrainedmode,
TFRC usesthe minimum of the constrainedrateandthe
computedTCP friendly rate to control the sendingrate.
However, theretrievedaveragesendingrateis slightly dif-
ferentfrom theofferedload,which is measuredfrom the
traceoutputof thesimulation.

Figure11 depictsthe relationshipbetweenthe average
sendingrate, constrainedsendingrate and TCP friendly
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rate. Above 300 Kbps, TFRC usesthe TCP-Friendly
rate to control the sendingrate. This implies that TFRC
doesnot keep the sendingrate below the MAC satura-
tion point on wirelessLANs. Namely, TFRC will select
a sub-optimaltransmissionrate on wirelessLANs when
theMAC layeris saturated.

Thus, in SectionIV, we presenta new algorithm to
constraintheTFRC sendingrateandavoid saturatingthe
MAC layeron 802.11wirelessnetwork to archive a lower
RTT, lower lossrateandhigherthroughput.

C. Bit Error Rate

Anothermajor concernin wirelessnetworks is the Bit
ErrorRate(BER).In awirelessnetwork, theBERis higher
thantypical valuesfor awirednetwork, causingmoreper-
formancedegradationthanin a wired network. Figure12
shows that with rate constraints,even in a higherbit er-
ror rate,the throughputis betterthanwith regularTFRC.
However, whentheBERis higherthan JVUW#YX[Z]\ , boththe
regular TFRC andrateconstrainedTFRC get a very low
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throughputsincethey respondto thedatalink bit errorsas
congestion.

Figure13 and14 depicttheRTT andlosseventratesof
regular andrateconstrainedTFRC. The rateconstrained
TFRC achieves a lower RTT and lossevent rate in both
cases.

IV. ENHANCING TFRC PERFORMANCE

A. Rate Estimation

From the results in Section III, 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 frameretransmis-
sionswhichincreasestheround-triptime. AlthoughTFRC
eventuallyreceivessomepacket lossnotificationbecause
of theframeretransmissions,thesepacket lossesarrive too
late for TFRCto curtail its offeredloadbelow thesatura-
tion point of theMAC layer. In orderto adjustits sending
rateto below theMAC layersaturationpoint,TFRCneeds
to determinethelosseventrate(� ) thatcorrespondsto the
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MAC layercongestion.
Weproposeto enhancetheperformanceof TFRCbased

onaspectsof TCPWestwood[15], aTCPvariantdesigned
to performwell over wirelesslinks. TCPWestwooduses
a bitrateestimationalgorithmbasedon theminimum ob-
served round-triptime andacknowledgmentrateto com-
putea window thresholdfor TCP. Whenever thereis con-
gestion,the TCP congestionwindow is set equal to the
window capableof producingthebitrateestimate( _ ) as-
sumingno queuingdelay (i.e. `badcfehgi` � _ U 	kj$lnm ).
Weproposeasimilaralgorithmto estimatetheMAC layer
saturationbitrate. However, insteadusing 	(jolnm , we use
what we call 	  � � , which representsthe minimum round-
trip timeduringMAC layersaturation.Weuse	  � � instead
of 	 jolnm becausewhenthemaximumsustainablethrough-
put in theMAC layeris achieved,thereis asmallqueueat
individual nodesof a multihopflow. TFRChasa built-in
functionfor estimatingthereceiving rate,p , whichweuse
asa basisfor ourmodifications.

As describedin SectionII, TFRC’s sendingrateis not
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constrainedby a window sizebut ratherby thecomputed
TCP-Friendlyratedirectly. TFRCusesanequationbased
onTCPthroughputto computeanestimatedTCP-Friendly
sendingrate,whichis afunctionof theround-triptime( 	 ),
lossevent rate (� ), packet sizeand time out value ( 	 � g ).
Assuminga fixed packet size (typically aroundthe net-
work MTU) and the default value of 	 � g �sr U 	 , we
simplify the TCP-Friendlybitrateequationin Equation1
andderive a functionfor � :

�t�vu � 	xw � ' (2)

� � u � 	iw � ' (3)

Therefore,wecanestimatetheequivalentTFRClossevent
rate(�zy ) usingtheinversefunction

u � 	xw � ' , andthenuse�zy
andthecurrentround-triptime measuredby TFRC( 	x{}| � )
to estimatethe optimum sendingrate ( p y ) that will just
saturatetheMAC layer:

� y � u � 	  � � w p 'p y � u � 	({}| � w � y '
Figure 15 depicts the relationship between TCP-

Friendly bitrateand lossevent rate,whereeachcurve is
theTCP-Friendlybitratefor aparticularround-triptime.

B. Round-Trip Time Modeling

In orderto realizethebenefitsof ourproposedTFRCen-
hancements,we mustcompute	  � � , theminimumround-
trip time duringMAC layersaturation.Previous research
ondelaymodelingof 802.11networks[16] shows thatthe
averagedelay(theservicetime)of asinglehopadhocnet-
work atsaturationcanbemodeledby:

TABLE II
PHYSICAL LAYER PARAMETERS

DSSS FHSS~����;�
32 16~ �����

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

� � ��� ����� (4)

where ��� is the time requiredto to successfullytransmita
packet and

� �
is theaverageMAC layerback-off time:

� � ��� �8� j$lnm L�# '&K� � ��#�L�� '� � { (5)

Here, � is theaverageback-off stepsize, � jolnm is theini-
tial contentionwindow size,� is theprobabilityof success-
ful transmission,and � { is thetime wastedduringa single
collision. � jolnm is a physicallayerparameter(with a de-
faultof 32for Direct-SequenceSpreadSpectrum(DSSS)),
while [16] assumes� and � arecomputableasfunctionsof
thenumberof nodes( c ) in thenetwork. � � and � { arecon-
stantsfor fixedsizepacketsandcanbecomputedusing:

� � � 	 � � � � a u � ��������� � � � a u � �%���� �����(����� � a u � �%�����[�Y� � eha u � �%� (6)

and

� { � 	 � � � eha u � �%� (7)

Here,	 � � , ��� � , �¡�Y� , � a u � ande¢a u � arelistedin TableII, � is
thepropagationdelay,

�
beingthepacketheader(physical

layerplusMAC layer),and ���(�£� � � for a fixedpacket
size.

Therefore,giventhephysicalnetwork typeandthenum-
ber of nodesin the network, we canuseEquation6 asa
modelfor estimatingtheaverageservicetimeto obtainthe
delayundersaturationconditions.

To extend this this model in multi-hop wirelessnet-
works, we first assumethat undersaturationconditions,
the traffic at each hop is independent,which allows a
multi-hopadhocnetwork to bedividedconceptuallyinto
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multiple independent,single-hopnetworks. By usingthe
model on eachof the single hops,we get a cumulative
delay for the multi-hop network. We next assumeusing
RTS/CTSsolves the hidden terminal problemso in ap-
plying thesingle-hopanalysiswe do not needto consider
theinterferencefrom othernodesoutsidethetransmission
range. We canthendivide an ¥ -hop chainnetwork into¥ L�& single-hopnetworkswith four nodesand2 single-
hop networks with threenodesat the sourceanddestina-
tion. The round-trip time at the transportlayer (suchas
in TFRC) is estimatedby measuringthe time elapsedbe-
tweensendinga datapacket and receiving the acknowl-
edgment.Therefore,we cancomputethe round-triptime
as:

	 � ¥ ' � ¦�§l�¨ª© �¬«®­ � ­�¯ � ¦�§l�¨ª© �¬­ {8° ¯± &£U �²«®­ � ­ �}� ' �v� ¥ L³& ' ��«®­ � ­ � r '
�´&£U �²­ {d° �}� ' �µ� ¥ L³& ' �¶­ {8° � r ' (8)

Basedon the model, the round-trip time ( 	 � ¥ ' ) from
Equation8 assumessaturationof theMAC layerandcan
thereforebe usedfor 	  � � for an ¥ hop ad hoc wireless
network.

Figure16 depictstheround-triptime estimatefrom our
modelandthe round-trip time obtainedby TFRC during
simulation.TFRCprovidesanofferedloadpasttheMAC
saturationlevel which causesthe round-trip time to in-
creasebeyond 	  � � .
C. Algorithm Summary and Implementation

By combiningthe lossevent rateestimationalgorithm
from TFRC andour extendedround-trip time model,we
provide a completerate estimationalgorithm for TFRC,
shown in Figure17.

on receiving ·K¸E¹
1. º8» (not ¼�½C¾À¿$¼�Á8·iÂ>Á )
2. // computeoriginalTCP-FriendlyrateÃÅÄ »ªÆ!ÂÀÇ5ÈÀÉkÊY·K¸E¹ÌË q[Í
3. // choosemodeledRTT or smallestmeasuredRTTÂ>Î}Ï®Ð ÄÒÑ ·iÓÔÆ1Â"Æ1Õ�Í®Ê Ñ º�ÖfÆ�× Øf½!º}Ù(º5ÖÌÚ ~ º5Ö]Ùx¾À¿�Û!ÍdÍ
4. // computenew losseventrategivenRTTq¡Ü Ä »ªÆ!ÂÀÎ5Ï®Ð�ÊYÝ�Í
5. // computenew TCP-FriendlyÝ�Ü Ä »ªÆ1Â>Ç5ÈÀÉkÊ�q[Ü;Í
6. // useoriginal rateif new rateis largerÝ�Ü ÄÞÑ º5ÖfÆ Ã ÊÀÝ�Ü;Í
7. // if thereis a ratechange,dosoincrementallyº8»£Æ!ÂY·iÁ8ß Ç5ÈÀÉ$à Ý Ü ÍÙiß>¸®ÂÀßÀ·"¼>ß ÂÀ·iÁ8ßKÆCÍßÀ½�¼�ß º5Ö]¸�ÂYßÀ·K¼>ß ÂY·xÁ8ßKÆáq¡Ü�Í
8. ß>Ö]Ùoº8»
Fig. 17. Therateestimationalgorithmfor TFRC(RETFRC)

In implementingtheRE TFRCalgorithmin Figure17,
we addeda few enhancementsto make it morestableand
adaptive. First, at line 2 and6 of the algorithm,we keep
theTCP-Friendlysendingratecomputationthat is funda-
mentalto TFRC in order to ensureappropriateresponse
to transportlayercongestion.Second,aswe mentionedin
SectionIII, asthenumberof hopsor flows increases,the
round-triptime curve of 	({}| � shiftsup over the 	  � � curve
in Figure 15. In this case,the 	  � � curve will no longer
representthesaturationstatus,sowe insteadusethealter-
nate 	kjolnm in placeof 	  � � . Therefore,in line 3, we find
theminimumround-triptime in a sliding window anduse
the larger of the computedrount-trip time ( 	 � ¥ ' ) or the
window valueto estimatethe �zy for theseparticularcases.

V. PERFORMANCE EVALUATION

Thegoalsof RateEstimationTFRC(RE TFRC)areto
reduceMAC layer congestion,reduceTFRC loss event
rateandaverageround-triptime,andimprove throughput,
all withoutchangingtheMAC layerprotocol.Thissection
evaluatesRETFRCusingNS-2simulationswith thesame
wirelesschaintopologyusedin SectionIII. Thefirst step
is a detailedanalysisof RE TFRCperformancein a seven
hop simulation. Secondare simulationexperimentsthat
vary thethenumberof hopsfrom 4 to 15. Next aresimu-
lationsthatwith offeredloadfrom anaggregateof multiple
flows. Thesectionconcludeswith a studyof thebehavior
of theRE TFRCin typical Bit Error Rate(BER) network
environment.
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A. Performance Improvement

Using a seven hop chain topology, threedistinct sim-
ulationswererun to comparethe performanceof a stan-
dard TFRC implementation,RateEstimatedTFRC (RE
TFRC), and a RateConstrainedstrategy. From the pre-
vious chainedseven-hop, wireless network results, the
throughputof asingleflow is optimizedwhenthethrough-
put rateis constrainedat 300 Kbps. Thus,theRateCon-
strainedsimulationprovidesthebestbasisfor comparison.

SincetheRTS backoff mechanismdropsanRTS frame
after seven consecutive collisions occur, this event rep-
resentsa packet loss as seenby TFRC. Thus Figure 18
presentstheCumulative DensityFunction(CDF) for RTS
retransmissionsfor the threesimulations. The x-axis is
thenumberof RTS contentionbackoffs from value0 to 7
where0 impliesno collision and7 meansTFRC will see
this as a packet loss. Figure18 shows that TFRC hasa
89%chanceof not having to retransmitanRTS while for
the rateconstrainedTFRC, this probability is more than
97%.At 93retransmitthanTFRCandwill experienceless
backoff delay. Sincethe backoff algorithmcausesexpo-
nentialgrowth in backoff delaywith anincreasednumber
of retransmissions,a small differencein the CDF curves
representsa significantchangein thecontentiondelay.

Figure 19, 20 and 21 comparethe loss event rate,
RTT andsendingrateof the threealgorithms. RE hasa
smoothersendingrate,a lower lossevent rateandlower
RTTs thanTFRC. However, aswe canseefrom the fig-
ures,thereis still roombetweentheRE algorithmandthe
theoreticoptimumfor furtherimprovement.

B. Multihop Performance Evaluation

We next evaluateRE TFRC by varying the numberof
wirelesshopsfrom 4 to 15. Figure22 shows theimprove-
mentof MAC layerlossratefor RETFRC.TheMAClayer

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 50 100 150 200 250 300

Lo
ss

 e
ve

nt
 r

at
e

â

Time (sec)

TFRC
Rate Constrained TFRC

RE TFRC

Fig. 19. Comparisonof Losseventrate

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 50 100 150 200 250 300

R
ou

nd
 T

rip
 T

im
e 

(s
ec

)

Time (sec)

TFRC
Rate Constrained TFRC

RE TFRC

Fig. 20. Comparisonof round-triptime

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

0 50 100 150 200 250 300

S
en

di
ng

 r
at

e 
(b

yt
es

/s
)

ã

Time (sec)

TFRC
Rate Constrained TFRC

RE TFRC

Fig. 21. Comparisonof sendingrate



10

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

2 4 6 8 10 12 14 16

M
A

C
 la

ye
r 

dr
op

 fr
ac

tio
n(

/h
op

)

P

Number of Hops

TFRC
RE TFRC

Fig. 22. MAC layerdropsfractionversusnumberof hops

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

2 4 6 8 10 12 14 16

M
ea

su
re

d 
R

T
T

 (
se

co
nd

s)
 

Q

Number of Hops

TFRC
RE TFRC

Fig. 23. Averageround-triptime versusnumberof hops

dropratio is reducedby between13%to 66%comparedto
TFRC.

Figure23 demonstratesthat the round-trip time of RE
TFRC is 5% to 40% lower than that of TFRC, andFig-
ure 24 shows that the RE TFRC lossevent rate is 8% to
55%lessthanthatof TFRC.

Figure 25 comparesthe throughputof TFRC and RE
TFRC.RETFRCshowsupto5%throughputimprovement
over TFRCwhenthenumberof hopsis from 5 to 15.

C. Multi-Flow Performance Evaluation

This sectionconsidersthe situationwhenmore thana
singleflow is providing theofferedload. Figure26 shows
thatusingRE TFRCcanreducetheMAC layerdrop rate
by 71%over regularTFRC.

Figure27 and28 indicatesthatin a threeflow scenario,
theaverageRTT for RE is up to to 41%lower thanTFRC,
while the loss event rate is reducedby up to 80% over
TFRC in multi-flow cases.Figure29 shows that RE has
little effecton throughputin thefour simulationsshown.
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TABLE III
RE TFRC IMPROVEMENT FOR VARIOUS BER

BER #YX Zzå #YX Zzæ #YX Z]\
RTT Reduction 39% 32% 14%
LossRateReduction 55% 45% 29%
ThroughputImprovement 6.5% 4.2% 0.5%

D. Bit Error Rate

The Bit Error Rate(BER) in wirelessnetworks is usu-
ally higher than in wired networks. Typical BER range
is from #YX Zzå to #YX Z]\ , which is what we useto evaluate
RETFRC.A 7-hopwirelessnetwork topologywith single
flow simulationis usedto demonstratetheeffectsof vari-
ousBER on RE TFRCperformance.As describedin Ta-
ble III, RE TFRCperformsconsiderablybetterover most
of metricsoverawide rangeof BER.

VI. CONCLUSIONS

TheRTS/CTSmechanismin IEEE802.11wasdesigned
to mitigate the hiddenterminal problemin wirelessnet-
works. It canreducepacket lossdueto collisions in the
MAC layerandworkswell for infrastructurewirelessnet-
works. However, in wirelessad hoc networks, the side
effects of RTS/CTS mechanisminclude congestionand
jammingin theMAC layer, which arehiddenfrom higher
layer protocols,suchasTFRC. Consequently, rate-based
transportprotocolswhich do not accountfor MAC layer
delays,suchasTFRC,will overestimateoptimal sending
rates. This, in turn, will further congestthe MAC layer,
leadingto an increasein packet lossandround-trip time
andultimatelya decreasein throughput.

By characterizingTFRCoveramultihopchaintopology
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
andincreasingthroughput.Basedonourfindings,wepro-
poseda Rate Estimationenhancementfor TFRC which
modelsthe effectsof MAC layer saturation,andcontrols
TFRCsuchthattheMAC layeris notoverloaded.

RE TFRC estimatesa sendingrate using an optimal
round-triptime basedon thenetwork topologyandequiv-
alentlosseventrate.Theoptimalround-triptimewasesti-
matedby modelingmulti-hopcontentiondelayandservice
time,while theequivalentlosseventratewasestimatedus-
ing the inverseTCP Friendly rateequationwith the opti-
malround-triptime. Thebasicideais infer thelower-layer
MAC layer jammingin the upperlayer TFRC to make it
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awareof lower layer congestionandreducethe jamming
effects.

RE TRFCis estimatedby simulatingmultiple hopsand
flows and confirmedthat the RE algorithm significantly
enhancedTFRCperformance,with abouta50%improve-
mentin somemetrics,in many network scenarios.

VII . FUTURE WORK

OurongoingRETFRCresearchis currentlyfocusedon
refining the sendingrate, loss event rate and round-trip
time estimationalgorithm. The goal is a morerobust RE
algorithmthatwill adaptandremainstableevenwhenthe
wirelessnodesbecomemobileandthetopologiesaremore
complex. OtherpotentialRE enhancementsincludeincor-
poratingparticularcharacteristicsof TFRC applications,
suchasstreamingmultimedia,in further optimizing per-
formance.Ultimately, theobjective is to implementTFRC
with wirelessextensionson an operationalad hoc wire-
lessnetwork testbedand empirically evaluateits perfor-
mance.
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