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ABSTRACT

Link-layerretransmissiors afeatureof IEEE 802.11standargro-

tocol thataimsto increasethe reliability of datacommunications.
However, when successie retransmissiondail, they add to the

traffic congestionraisethe collision probability, andincreasethe

end-to-enddelay Usingour 4-hopwireless mesimetwork testbed,
we evaluatethe impact of link-layer retransmission®n the per

formanceof video streamingin wirelessmulti-hop ernvironment.

Our experimentalresultsshov thatwhenthetraffic loadis nearor

exceedsthe network capacity retransmissionsauseerratic video

quality andincreasethe end-to-endielaytremendouslyWhenthe

best-efort traffic coexists, increasing thenumberof retransmis-
sionsdegradeshe goodputof best-efort traffic andincreaseshe

end-to-endlelayof videostreaming Retransmissionadd reliabil-
ity andincreasehe video streamingquality only whenthe traffic

volumeis far below the network capacitylimit.

Categoriesand Subject Descriptors

C.2.1[COMPUTER-COMMUNICA TION NETWORKS]: Net-
work ArchitectureandDesign—Wrelesscommunication

General Terms
Experimentation

Keywords

Link-layer retransmissionsyideo streaming,multi-hop, wireless
meshnetworks

1. INTRODUCTION

With the wide deplymentof wirelessLANs (Local Area Net-
works), providing Quality of Service(QoS)in WLANs hasbeen
an active researchopic. Many bandwidth-consumingnddelay-
sensitve applicationssuchasmultimediastreamingandVolP (Voice
over IP), require network QoS to provide guaranteedandwidth
andboundedielay Providing QoSin wirelessnetworks,especially
in multi-hopmeshnetworksis quite challengingnddifferentfrom
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wired networkg[8]. The dynamic natureof wirelesslink quality
andthe broadcastingharacteristiof the shared wirelesmedium
increasethe compleity of QoS provisioning. Link-layer retrans-
missions usednh IEEE 802.11MAC protocol[13] could be con-
sideredas a QoS feature. By retransmittingthe frame that failed
to be delivered, wirelessrrorscan be overcomeand datacom-
munication reliabilitycan be improved. However, whenretrans-
missionsfail, they increasecongestion, collision, anthteng, and
resultin worseningthe network performanceln this paperwe in-

vestigatetheimpactof link-layer retransmissionen the quality of

videostreamingover multi-hopwireless mesimetworks.

Usingour indoorwireless meshetwork testbedyve evaluatethe
video streaming performanaaver multi-hop wirelessnetworksin
variousnetwork ervironments.Specifically we measurgheimpact
of IEEE 802.11link-layer retransmission®n the video stream-
ing quality wheninterferencefrom intra-flow, inter-flow, andbest-
effort datatraffic are present. We evaluatethe video quality in
PSNR(PeakSignalto NoiseRatio), PSNRvariation,lossrate,la-
teng, anddelayjitter. Our experimentatresultsshav thatwhenthe
network traffic volumeis far below the network throughputcapac-
ity limit, retransmissionsnprove thevideo streamingguality. We
obsere that allaving simply oneretransmissiorsignificantly im-
provesthevideoquality overwhennoretransmissiors used.How-
ever, increasing the retransmissibmit beyondoneor two doesnot
generatsignificantperformanceyain. Ontheotherhand whenthe
traffic loadis nearor beyondthe network capacitylimit, the effec-
tivenessof retransmissionss minimal. In fact, in that scenario,
increasing the retransmissibmit resultsin afluctuated streaming
video quality andlarge end-to-enddelay (more thanfive seconds
ona4-hoppathwith interferencerom a UDP flow).

The remainderof the papelis organizedasfollows. Section2
introducesthe relatedwork. Section3 describesour testbedand
experimental setup. Experimentstudy of the impactof retrans-
missionon videostreamingundervariousscenarioss presentedn
Sectiond. Section5 concludeghe paper

2. RELATED WORK

Therehave beennumerousstudiesthatevaluatethe effect of re-
transmissioron wirelessnetworksand multimediaover wireless
multi-hop networks. The effect of retransmissionsn multimedia
transmissiorover WLANs wasevaluatedin [9]. Throughsimula-
tions, they foundthatthe effective throughput ofvirelessnetworks
decreaseasthe retransmissiolimit increases.They developeda
paclet lossprobability basedanalytical nodelto verify their find-
ings. Our work differsin that we are focusedon multi-hop net-
worksandevaluatein arealtestbed.

Therehave beereffortsonutilizing different retransmissiostrate-
giesin WLAN. Fastretransmissiorjl1] and fragment-basede-



transmissioril 7] wereproposedo beusedon topof IEEE802.11¢14]
networksto reduce lateng To achieve this, thefastretransmis-
sion schememaodifiesthe bacloff procedure andetsthe retrans-
missionlimit to threefor VolIP trafic. Thefragment-basedcheme
fragmentsthe dataframeto four fragmentsandappend<CRC for
eachfragment.Network coding[16] wasutilized to combinemul-
tiple lost pacletsto reducethe numberof retransmissions [21].

A heuristicfor cooperatie retransmission between tsendernd
neighborghatoverhearthe transmissiomwasproposed25] to de-
creasdateng. All of theabove proposalsaredesignedor single-
hopwirelessnetworks,andit is unknovn how effectivetheseschemes
will bein multi-hop meshnetworks. For instanceaswe will see
later in our meshtestbed,we do notalways seethe incremental
negative effect of increasingretransmissionsn streamingvideo
quality asobseredin [9].

Theimpactof link-layer retransmissionsn multi-hop wireless
meshnetworkshasalso beerstudiedrecently It wasfoundin [24]
thatthe TCP performance degradeddrasticallyastheretransmis-
sion limit increasesvhenthe multi-hop network is heaily loaded.
The effectivenessof retransmissiongno retransmissionsr seven
retry limit) on multimedia trafic was investigatedon a wireless
meshnetwork testbed22]. It wasfoundthatalthoughtheretrans-
missionseffectively reducethepacletlossrate,they vastlyincrease
theend-to-endlelay An optimizationframework for videostream-
ing over multi-hop meshnetwork was proposedn [3] by consid-
eringthemodulationrate (PHY layer), retransmissiofimit (MAC
layer), routing (network layer),andpaclet scheduling (application
layer). Using ETX (ExpectedTransmissiorCount)[10], a utility
functionwasderivedto calculatethe retransmissiolimit basedn
estimatedandwidthanderrorrate. This scheménowever hadarge
messagin@verheadandsystemcompleity issuesasnotedby the
authors.

Wefocusourattentionontheeffectof link-layerretransmissions
onmultimediatransmissionsn particularstreamingzideo,overan
indoor multi-hop wireless mesmetwork testbed. We createvari-
ousnetwork scenariody varyingthe pathlengthandvideocoding
rateand evaluatethe retransmissions the presencef intra-flow
interference. We also study the effectivenessof retransmissions
with inter-flow interferenceand when the streamingvideo coex-
istswith the best efort traffic. In additionto the network statistics
suchasend-to-enddelay and paclet lossrate, we alsoassesshe
videoquality usingPeakSignal-to-NoiseRatios (PSNR)whichis
awidely used metrian the mediacommunity

3. WIRELESS MESH NETWORK TESTBED
3.1 TestbedTopology

Our testbedconsistsof meshrouters andneshclients[2]. A
meshclient establishes wireleskinks using meshroutersas re-
laysfor datacommunicationMeshroutersestablishwirelesslinks
amongthemselesto provide connectity for the entirewireless
meshnetwork. Meshroutersessentiallyhave two functions; (i)to
provide interfacesfor the meshclientsto connecto the meshnet-
work, and(ii) to run arouting protocolto forward pacletstoward
destinationsn the meshnetwork. As our studyfocuseson theim-
pactof link-layer retransmissionsye do notimplementa routing
protocolin our testbed. Insteadye assumestaticroutinganduse
WDS (WirelessDistributed System)for paclet forwarding. Fig-
ure 1 shaws typical 2-hop, 3-hopand4-hopnetworksbuilt from
ourtestbed Thedottedlines representirelesslinks. In our exper
iments,a video stream issentfrom the one endof the network to
theotherend.In Figure 1,M1, M2 andM3 arethreemeshrouters
while C1andC2 aremeshclients.
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Figure 1: Our wireless mestmetwork testbedtopology.

3.2 Experimental Setup

In our testbed meshroutersare Soekrisboard APs, and mesh
clients are HP compagnc6000laptopsequippedwith HP W500
802.11a/b/gwirelessLAN cards (using Atheros chipsets). The
Soekrisboards andHP laptopsareinstalledwith Linux operating
systemwith kernelversion2.6.22.1. MadW/fi [18] is installedin
the nodesas WLAN drivers. We modify the MadWfi sourceto
changethe retransmissiofimit. We configurethe wireless mesh
network with IEEE 802.11a[12] to reduceinterferencefrom co-
existing 802.11b/gnetworksin the building. All nodesbothmesh
routers andneshclients,in our network operatein the samechan-
nel, Channel36 (5.18GHz). Moreover, all nodesarein the same
contentionregion. As all nodescan “hear” eachother thereare
no hiddennodeg[15, 23]. We setthe modulationrate of the data
transmissiorto 6 Mbps. We disablerateadaptatiorasit will vary
the network conditionandcomplicateanalyzingtheresults.

We use a 2000-framehighway clip for video streaming. The
video clip is codedinto MPEG4 streamsusing ffmpey [4] with a
frame rateof 25fps(i.e., the clip lastsfor 80 seconds).UDP/RTP
is usedfor the streamingprotocol. We evaluatethe quality of video
streamingby calculating thePeakSignal-to-NoiseRatio (PSNR),
which is the mostcommonlyused metridor video quality. At the
recever, we comparethe receivedvideoclip with the original clip
and calculatethe PSNR (i.e., we usea Full ReferenceMethod).
Note thatthe PSNRcalculationis basedon the meansquareder-
ror (MSE) of two imagesin corresponding videframesfrom the
original clip andthereceved (distorted)clip. It doesnot take into
account theend-to-enddelayor delayijitter. In otherwords,PSNR
in ourexperimentglirectly reflectstheobjective videoqualitywhen
aninfinite playbackbuffer attherecever isassumedNevertheless,
PSNRis still animportantmetric for evaluatingvideo streaming
quality. We alsomeasurether netvork metricssuchasend-to-end
lateny andpaclet lossrate of the streamedsideoto comprehend
the effectivenesf retransmissions.

4. EXPERIMENT AL RESULTS

4.1 Intra-Flow Interfer ence

We first sendonly onevideo streamfrom C1 to C2 with differ-
entpathlengths(seeFigure1). In multi-hop transmissionswhen
all the wirelesslinks in a path operateon the samechannel,the
transmissiorin onelink could interferewith the transmissionsn
other linksin the path. This type of interferences referredto as
“intra-flow interferencé.

In this experiment,we streamthe video over 2-hop, 3-hopand
4-hop wirelesspathsin our testbed. For eachn-hop path (where
n = 2,3, 4), we usefive differentvideo codingratesof 500, 1000,
1500, 2000and2500Kbps. The sourc€C1) sendshevideoin a
transmissiomatenearthecodingrate.As thecodingrateincreases,
the transmissiomate will approachor exceedthe throughputca-
pacity of a particularn-hop path. The higher codingrate incurs
thehigherintra-flow interferencdevel. We applydifferentretrans-
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Figure 2: Video quality with varying coding rate and retransmissionlimit on a 2-hop path.
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Figure 3: Video quality with varying codingrate, retransmissionlimit, and path length.

mission limitsfor eachcoding rate to study the effectivenessof
retransmissions variouslevelsof interference.

4.1.1 PSNRVideoQuality with Varying Rates

We first evaluatehow retransmissionsnprove thevideo perfor
mancewith variouscodingrates,without varying the path length.
Figure 2(a) shers the averagePSNRof the video streamingover a
2-hoppathwhenretransmission limits&ind video codingratesare
varied. We canobsenre the effectivenesf retransmissiongsthe
PSNRof thevideostreamings thelowestwhenthe retransmission
limit is zero, for all codingrates. As the end-to-endthroughput
capacityof our 2-hoppathis near2500Kbps, wecan catgorize
the codingratesinto two. For the codingratesfrom 500 Kbpsto
2000Kbps, which arewithin the capacityof the paththeir PSNR
increasesvith the increasingodingrate. Thisis anexpected result
sincehigher codingates compresthe original clip lessandhence
shav smallerdistortionandhigherPSNR.

We canseethatthe PSNR impreeswith retransmissionsand
stabilizes aftea few retransmission limitef oneor two. Notethat
in our testbed, alhodesarewithin the contentionregion of each
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otherandthereareno hiddennodes.Therefore the paclet lossor
distortionin videosof thecodingratesirom 500Kbpsto 2000Kbps
is dueto the backgroundnoise or paclet collisions between the
nodescountingdown bacloff timer to zeroat the sametime. The
probability of thelatteris very smallin anetwork with threenodes.
Hence,only a very small numberof the video framesarelost or
distorted, andhey canberecoveredby few retransmissions.

For the 2500Kbps streamthe transmissionate has reachettie
throughputcapacitylimit of a 2-hop path. Moreover, when the
transmissiorrate ishigh, the intra-flow interferencelevel is also
high. Queueingdelay of the pacletsincreasesand consequently
therearebuffer overflow whichresultsn droppedvideoframes.In-
creasingthe retransmissiotimit could helprecover certainvideo
framesand improve PSNR. However, it also worsensthe traffic
congestion andausesomevideo framesto have very low PSNR.
We canseefrom Figure2(b) thatthe standardleviation of PSNR
for the 2500Kbps streamincreasessthe retransmissiohimit in-
creases.This indicateshat the quality of 2500 Kbps streambe-
comeserraticwhenmoreretransmissionareallowed. To summa-
rize, with strongintra-flow interferencetheincreasen retransmis-



siondoesnotimprove thequality of 2500Kbpsvideo,althoughthe
averageP SNRincreasesOntheotherhand for videostreamswith
lower codingrates,the standardleviation valuesquickly decrease
andmaintain thdow valuesafterallowing two or moreretransmis-
sions.

4.1.2 PSNRVideoQuality with Varying Hops

We have repeatedexperimentsover 3-hopand4-hop pathsand
obseredsimilar trends Althoughwe have resultsfor five different
codingrates,we only presentl000 Kbps and 2500 Kbps streams
for readabilityin Figure3(a).

Theperformancef thevideostreamsargelydependenwhether
the throughputcapacitylimit of the pathhasbeenreached As the
numberof hopsincreasesthe capacityof the pathdecreasesit is
moresoin our testbedvhereall nodesarein the contentiornregion
of eachotherto competefor the wirelessmediumaccess.Using
iperf [19], we foundthatthe capacityof 3-hopand4-hoppathsare
around1500Kbpsand1050Kbps, respectiely. The transmission
rate of 1000Kbps-streamsn 2-hopand 3-hop pathsis below the
path capacity and hencethe video streamgeacha very high and
stablePSNRIlevel (almost40 dB)whenthe retransmissiolimit is
setto oneor two. Wealsofind from Figure3(b) thatthe PSNRstan-
darddeviationsof the both 1000Kbps streamsjuickly decreas¢o
their minimumasthe retransmissiolimit increaseso two. In con-
trast,the 2500Kbps streamsn 3-hopand4-hopnetworksexceed
the network capacitylimit. Many paclets are lost dueto buffer
overflow andincreasing the retransmissidimit canonly recover
a small numberof paclets. The PSNRof the 2500Kbps streams
is alwaysmuchinferior to the 1000Kbps streamsdn 3-hopand4-
hop networks. The standardleviationsalsokeepincreasingasthe
retransmissioimit increasesHence whenthevideoexceedshe
capacityand overwhelms thenetwork, retransmissionbave very
little merit.

An interesting obseationcanbemadefor the1000Kbpsstream
in the4-hopnetwork. Thetransmissiomate is closeo, but doesnot
exceedthe network capacityof around1050Kbps. Whenwe in-
creasethe retransmissiofimit, more retransmittegacletsarein
the network and after a certainpoint, the throughputcapacityis
exceeded.Hence,increasing theetransmissions doewt recover
thelost pacletsandthe PSNRonly slowly increasesThestandard
deviation also stayshigh whenthe retransmissiofimit increases.
This resultis similar to the 2500Kbps streamingn the 2-hopnet-
work. In both casesthe transmissiomatesare very closeto the
network throughputcapacity As they do notexceedthe capacity
limit asmuchas2500Kbps streamsn 3-hopand4-hopnetworks
do, their PSNRvaluesaremuchsuperiorthan2500Kbps streams
in 3-hopand4-hoppaths.However, increasing theetransmissions
doesnot improve the video quality whenthe video codingrate is
closeto or exceedghe network throughputcapacity

For therestof this paperwe focus the discussioandthe exper
imentson the 4-hopnetwork.

4.1.3 OtherPerformanceVietrics

PSNR hasbeenwidely usedfor evaluatingthe video quality.
However, it is not a perfect metric;it doesnot take into account
end-to-enddelay andthe averagePSNRcould still be high even
with high standardleviation of PSNR.We henceassestheimpact
of retransmissionsen video streamingwith intra-flow interference
in the4-hopnetwork, using populametricsin thenetworkingcom-
munity: pacletlossrate,end-to-endielay anddelayijitter.

Figure 4(a) shastheaveragepacletlossrateof threevideocod-
ing ratesasthe retransmissiolimit increasesWe seethatfor the
1500Kbps stream althoughthe averagepaclet lossrategenerally
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Figure 4: Other performance metrics of video streamswith
intra-flow interfer ence.
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decreaseasmoreretransmissionare allowed, the overall paclet
lossrate isstill very highand fluctuatingasthe retransmissiolimit
further increases.For the codingratesof 500 and 1000Kbps, as
they areunderthe network capacity the lossrate isquite low. For T ot a0oeees
the 1000Kbps stream the lossrate slowly decreasewvith thein- O Flow 2 - 1000Kbps
creasein the retransmissiofimit, but is always still higherthan o single-flow - 500Kbps
. . . single—flow — 1000Kbps

that of the 500 Kbps stream. As discussedn Section4.1.2,since B T T
the 1000 Kbps stream isnearthe network capacity the increase Retransmission Limit
in retransmissionsauseghe traffic to exceedthe throughputca-
pacity and somelost paclet cannotbe recovered. ThePSNR of () PSNR.
1000Kbpswasalwayslower thanthatof the 500 Kbps stream(al-
though 50Kbpswasnot presentedn Figure 3(a)for clarity).

Figure4(b) presentshelateny of thevideostreamsn logscale
with differentcodingrates.The numberof retransmissionbkaslit-
tle or no effecton the 500 Kbps stream asits lossrate isvery low,
andthe codingrate iswell below the network capacity We seea
slow increasdor the 1000Kbps streamasthe retransmissiolimit
increases.As the latengy is measureanly for pacletsthatreach
the destination,the paclets recorered after retransmissionfiave
increaseddelay For the 1500 Kbps stream,the lateng sharply
increasesvhenthe retransmissiotimit is changedfrom zeroto
one. Increasing the retransmissialdsto the network traffic and
contritutesto congestionespeciallywhenthe network alreadyhas
high traffic load. This in turn will causebuffer overflov andin-
creasehe end-to-enddelay We will further studytherelationship ‘ ‘ ‘ ‘ ‘ ‘ ‘
of lateny andbuffer overflow in Section4.3 whenthe best-efort O - - S A
datatraffic coeistswith thevideostream.

Figure 4(c) sharstheaverageend-to-endlelayjitter of thevideo
streams. We obsere similar trendsas with the lateny in Fig-
ure4(b).
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4.2 |Inter-Flow Interfer ence 7

In orderto createinter-flow interferenceywe add onanoreclient,
C3 as a destinationof the secondflow to the 4-hop network as
shawvn in Figure 5. In additionto a 4-hopvideo streamfrom C1
to C2 (Flow 1), wenow have a3-hopvideostreamfrom C1to C3
(Flow 2). For this experiment,we startFlow 2 ten seconds later
thanFlow 1. Both flows streamvideo of the samecodingrateand
all nodeshave thesameretransmissiofimit. We usethevideocod-
ing ratesof 500 Kbps and1000Kbps so ashot to overwhelm the
network. Wefirst evaluatein Figure 6(athe PSNRof thetwo flows
whendifferentcodingratesandretransmission limitareused.

Similarto theintra-flow interferenceexperiments, increasing the
retransmissiodimit improves the PSNR of both flows in either 0 1 2 3 4 5 6 7 8
coding rates. With 500 Kbps video streaming,both flows even- Retransmission Limit
tually reachthe PSNRof around38 dB, whichwasthe highesta
single500 Kbps streamattained.Whenno retransmissiofis used, (c) Standardeviation of PSNR.
the PSNRof both 500Kbps streams aréower (around24dB)than
thesingle-flav casg(around30dB).With two flows, thereareinter
flow interferencaaswell asintra-flow interferenceandhencemore
framesarelost or distorted. The PSNRincreasesvhentheretrans-
missionlimit increasegrom zeroto one,and matcheghat of the
singleflow scenario.

—#— Flow 1 - 500kbps

—O— Flow 2 - 500kbps

+# Flow 1 - 1000kbps
O Flow 2 - 1000kbps| .

Average Standard Deviation of PSNR (dB)

Figure 6: Video quality with inter-flow interfer ence.
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With two video streamsof 1000 Kbps coding rate, the traffic
volumeexceedsthe throughputcapacitylimit of a 4-hopnetwork.
Althoughthe averagePSNRof the both 1000Kbps streamgyener
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ally improveswith theincreasen the retransmissiolimit, we can 200! .

seethebig jumpin lateng in Figure6(b) whenthe retransmission T *
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fic network could further increasethe congestionin the network. ot S ot © 8

This in turn increaseshe queuingtime of a paclet andhencethe
end-to-enddelay Sucha long delaywould beintolerablefor real-
time applicationssuchasvideoconferencing. FurthermorasFig-
ure 6(c) indicates the averagestandarddeviation of PSNRfor the
1000 Kbps videosincreasesand thus the video quality becomes
unstableasthe retransmissiolimit increasesHence theeffective-
nesof retransmissionis alsoquestionablén ahightraffic network
with inter-flow interference.
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4.3 Coexistence wittBest-Effort Traffic

It is commonfor video streamsandbest-efort datatraffic (TCP
or UDP) to coexist in the wirelessnetwork. We studythe interac-
tion of best-efort traffic andvideo streamingandthe effectiveness
of retransmissionin this scenario. Théest-efort datatraffic is
sentfrom C3to C2 in our testbedshowvn in Figure 7. The video —#— with TCP Flow
flow startsfirst andthe best-efort flow starts10 seconds lateand =0~ without TCP Fiow
lastsfor 60 secondsWe useiperf [19] to generatéest-efort traf-
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fic. For thevideo flow, we usea 1000Kbps-stream. o 1 2 Ré .‘“ ) 5 ! s 7 s
etransmission Limit
4.3.1 Interactionwith TCP Traffic ,
(b) VideoPSNR.

We look at the impactof TCP traffic on video streamingwhen
different retransmission limitare used. Figure 8(a) shas the
goodputof the flows, while Figure 8(b) shavs the PSNR of the
video flav with andwithout the coexisting TCP flow. Whennore- 3000
transmissionareallowedto recover lost paclets, TCP experiences
high lossrateanddecreasegs transmissiomate. The video flow,
which usesUDP, takes advantageof this to grabsa large portion
of thenetwork capacity With moreUDP traffic occupying the net-
work, TCP’s congestiorcontrol mechanisnfurther decreasethe
transmissiomrate andthe TCP session sometimeasannoteven be
established. Thaveragetime interval betweentwo consecutie
TCP paclket transmissionss near130 ms while it is mere10 ms
whena single TCP flow is the only traffic in a 3-hop path. The
correspondind®SNRof thevideowhenthe retransmissiolimit is
zerois very high, almostashigh aswhenthereis no TCP flow. ‘ ‘ ‘ ‘ ‘ ‘

However, this unfairness alleiateswhenthe link-layer retrans- 0 1 2 3 4 5 6 7 8
missionlimit increaseso one. With thelink-layer retransmissions Retransmission Limit
recovering lost paclets, TCP doesnot decreasehe transmission )
rateasfastand obtainsa larger part of the network capacity We (c) End-to-end videalelay
canseetheincreaseof TCP goodputwhenthe retransmissiolimit
increasedrom zeroto onein Figure 8(a). However, furtherin- . g .
creasinghe retransmissiolimit doesnotincreasehe TCP perfor Figure 8: Videoand TCP performance whenthey coexist.
mance,andin fact, decreasethe goodput. Although somepack-
ets reachthe destinationafter a large numberof retransmissions,
the ACK timeouthasalreadyexpired at the sourceandthe source
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performs théransporfayer retransmission. Morger, multiple re-
transmissionsausethe network to be congeste@nd TCP conges-
tion controlwill decreas¢hetransmissiomate. As TCPdecreases
the transmissiomate, the video flov again occupiesincreasingly
larger portion ofthe network capacity We canalsoseefrom Fig-

ure 8(b) thatthe PSNRof the video streamincreasesvhenthere- 1000

in end-to-enddelayis causedy the queuingdelay Whenthere-

transmissionimit is increasedrom onewhenTCP coexists. 900f N
AlthoughtheaverageP SNRof thevideo flov improves aghere- BOOF M 3

transmissioimit increasesheend-to-endielaysharplyincreases, £ 700) P TS RV SR IR

asshown in Figure8(c). Thedelayis already600 mswhenthere- § coR oY 3

transmissiorimit is two. Suchalong lateng is unacceptabléor g w00 N |

" o ; X S .
delay-sensitie applications.We conjecturethatthe hugeincrease g;n w0 N ® " ®- 6 oo -0--0-"0
©

transmissiotimit increase®eyondacertainvalue(fivein thissce-

nario), buffer overflow occursin the intermediatenodes(i.e., M1, 2001 _l_ﬁé‘é?bié'i"‘o”‘pwéfﬁ(’“”s i
M2 andM3) asmary retransmittegpacletshave beenqueuedup. 100} ;g‘_“l’(i)%%ﬁssz”;;”’;:v‘;”Kbps UDP Flow| |
This resultsin mary paclet losses. The lost pacletsdo notcon- o ‘ ‘ ‘ : ‘ ‘ ‘
tribute to the calculatiorof end-to-enddelay Therefore the end- ot S ot © 8
to-enddelaydropsafterthe retransmissiofimit of five.
4.3.2 Interactionwith UDP Traffic () Goodput.

WhenUDP traffic coexists with the video flow, the video flow
canno longerdominatethe mediumaccesssit haswith the TCP o
flow. As shavn in Figure 9(a), whenthe retransmissiofimit is
zero, the goodputof 1000 Kbps UDP flow and the video flov 30} PIRNY SN ST S
(1000 Kbps coding rate) are almostthe same. When coexisted RS SR AR
with the 500 Kbps UDPflow, asthe video flov is more aggres- & 25
sivein generating trdfc, it occupiesalargerportion ofthenetwork 1
capacity As the retransmissiohimit increasesthe video flov ac- § 21 S-e--0--3
cessesnore network capacitythanthe UDP flow, especiallywith S 15; -0--e”
the 1000Kbps UDPflow. We canseethe gap between thevideo g
streamandthe 1000Kbps UDPflow increasessthe retransmis- = 101 —#—with 500Kbps UDP Flow |1

. . =0~ with 1000Kbps UDP Flow

sion limit grows. sl ¢ without UDP Flow

From thenetwork topologyshawvn in Figure 7,we know that
the last two hopsof the best-efort dataflow andthe video flov 0 ‘ s s ‘ ‘ ‘ ‘
sharethe samelinks (M2-M3-C2). All UDP data packtsto M2 0 ! 2 R;,ansmfssion u'?nn 6 7 8
arefrom C3, while the video framesarefrom C1to M1, andthen
from M1 to M_2. As thethreellnk_s, Clt_o M1, M1 to M2 andC3 (b) VideoPSNR.
to M2, areall in the samecontentionregion, they have to compete
with eachotherfor the network capacity Video flov occupieghe
network capacityfirst becauseve do notstartthe UDP flow until
10seconds aftestartingthevideo flov. Once theJDP flow starts, 6000
if the threelinks always have pacletsto send(althoughpaclets °.
from M1 dependon C1, M1 alreadyhasa lot of pacletsto send 5000r _e- T 9\ P
sincewe have alreadyran thevideo streamfor 10 seconds)they f" o- - e_\e,» .

4000 -

will equallydivide the network capacity Whenretransmissiotis
allowed,alot of videopacletswill begeneratedrom C1to M1 and
from M1 to M2. The extra video pacletsinduced fromthesetwo
links aremorethanthe UDP pacletsinduced fromthe link C3 to
M2. Probabilisticallymorepacletsfrom C1 (videoframes) camet
to M2 comparedwith pacletsfrom C3. So, thegoodputof video
stream idargerthanthatof the UDP flow. This goodputimbalance
becomesnoreolviousasthe retransmissiolimit increases. ‘ ‘ ‘ ‘ ‘ ‘ ‘

We obserein Figure9(b)thatthe PSNRof thevideo flov drops 0 1 2 3 4 5 6 7 8
significantly whenthereis interferencefrom the UDP flows. In- Retransmission Limit
creasinghe retransmissiocountimprovesthevideoquality, butis )
nowherenearwhenthereis no UDP traffic, andis alsoinferior to (c) End-to-end videdlelay
whenthevideo coexistswith a TCPtraffic.

Figure 9(c) sharsthatincreasing the retransmissibmit quickly
enlagesthe end-to-endateng of thevideo flow. It shavs a simi-
lar trendaswhena TCPtraffic coexisted. Thevideolateny when
competingwith the UDP flow is evenlargerasthe UDP flow sends
traffic much moreaggressiely thanthe TCP flow.
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Figure 9: Video and UDP performance whenthey coexist.
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4.4 Summary and Discussion

Using our testbedexperiments,we have studiedthe impact of
thelEEE 802.11link-layer retransmissiolon video streamingover
variousmulti-hopwireless mesimetwork scenarios.

Whenonly singlevideostreamingdlow existsin network andthe
videosuffersonly from intra-flow interference, retransmissioims
creasehevideoquality. In fact,mostlost pacletsarerecoseredby
oneor two retransmissionsHowever, whenthe codingrateof the
video flov exceedghenetwork capacityincreasingheretransmis-
sion limitwill degrade theperformanceAlthoughthe PSNRvalue
might not drop, the standardleviation of PSNR,paclet lossrate,
lateng, and jitterall increaseasthe retransmissiolimit grows.

Whentwo video streamscreateinter-flow interferenceto each
other the video quality graduallyimproves asthe retransmission
limit grows. Similarto the singlevideo flov casejf thecombined
transmissiomatesexceedthe network capacity increasing thee-
transmissionsauseshevideoqualityto be erraticandincurslarge
end-to-endlelay

Whenthevideostream coeistedwith TCPtraffic, thevideoper
formancedropped wherthe retransmissiolimit wasincreasedo
one. Thevideo PSNRandgoodputimprove whenthe retransmis-
sionswereallowedmorethanonce.However, asthe retransmission
limit increasestherewasa sharpincreasein the lateng. Hence,
whencoexistingwith TCPtraffic, for bestvideoperformanceturn-
ing off the retransmissionsvould be a smartchoice,althoughat
the expenseof poor TCP performance When UDP traffic coex-
istedwith the video flow, the video PSNRslowly improved with
the increasing retransmissi@imit. However, larger numberof re-
transmissionsglo notimprove the goodputof the video streaming
or the UDP flows. As retransmissionsauseda quick increasen
lateng, the effectivenesf retransmissionwhenthevideostream
coexistswith the UDP flowsis questionable.

With wider deplymentof wireless mestmetworksfor both re-
searchandpractice[5, 1, 20], the usersare not satisfiedwith just
wirelessconnectity, andalsodemandQoSrequiremento bemet.
Retransmissionis oneway to provide QoSin wirelessnetworks.
Our study shaved that when the network is overwhelmedwith
traffic, retransmissions loseffectivenessandonly addto the con-
gestion. Therefore ,admissioncontrol [7, 26, 6] shouldbe imple-
mentedand combinedvith retransmissionto improve QoS.

Our testbed=xperimentalstudyalsosuggestsimply fine-tuning
the retransmissiolimit parametecangreatlyimprove thenetwork
performanceBasedon ourobsenrations,we shouldconsiderusing
different retransmission limiter thevideo flov andthebest-efort
flow. Other futuredirectionsincludeadaptve retransmissiowhere
pacletsareretransmittecdbasedon the network condition. For in-
stance no retransmissionshouldbe allowed whenthe network is
congested.Selectve retransmissiors anotherschemeto investi-
gate, where paclets are retransmittecbasedon the type of video
frames. As suneyedin Section2, otherretransmissiorstrat@ies
have also beerproposed.It is importantfor the researclcommu-
nity to implement thenew schemesn real wirelessnetwork sys-
temsfor thoroughassessmerindwide deplyment.

5. CONCLUSION

Throughour experimentalstudies,we found that the impact of
link-layer retransmissioron video streamingover wireless mesh
network heavily depend®n thetotal traffic loadin the network. If
thenetwork capacitylimit is exceededy thetraffic rate,increasing
the numberof retransmissionsnly causesnstability of the video
quality and tremendouslyncreasegshe end-to-enddelay When
the best-efort datatraffic coexistedwith the video streaming,in-
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creasinghe retransmissiolimit alsodegradeshe goodputof the
best-efort traffic, especiallyTCP. Enablingmore retransmissions
improves the video quality when the traffic volume is far belov
the network capacity But this adwantageof retransmissiorcould
not be easily realizedn today’s heavily usedwirelessnetworks.
With increasing demandf real-time multimedia communication
on wireless mesimetworks, we believe greatereffort is neededo
improve the QoSover wireless mesimetworks.
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