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Abstract—

While the canonical behavior of today’s home Inter net usersinvolves
several residentsconcurrently executingdiverse Inter net applications, the
most common home configuration is a single extemal connection into
a wirelessaccesspoint (AP) that promisesto provide concurrent high-
bandwidth Inter net accessor multiple clientsthroughawirelesdocal area
network (WLAN). Recentreseach hasattemptedto assesshe performance
impact of clients with weak wir elessconnectvity upon the other WLAN
clients by employing measuement studies or analytic models that focus
primarily on wir elesschannelcharacteristics. This paper examinesthe in-
tertwined effectson performanceof the userapplications, the network pro-
tocol and the wir elesschannel characteristics via carefully designedmea-
surement experiments that leverage previously developed network mea-
surementtools. The study provides empirical evidencethat suggeststhe
overall performance of a wir elessnetwork is not only determined by the in-
dividual wirelesschannel qualities associatedwith eachclient, but also by
the interaction of the various network layers with respectto transmission
contention, queuing at the accesgoint, the transport protocol, and the be-
havior of the specificapplications. Theseresultsimply that effective WLAN
performance modeling needsto include details on multiple network layers.

|. INTRODUCTION

It is increasinglycommonfor homeusersto accesshe Inter-
netvia a WirelessLocal AreaNetwork (WLAN) connectedo a
singleexternalbroadbandr ADSL connection.Sucha config-
urationallows severalhomeresidentgo concurrentlyaccesshe
Internetwhile usinga variety of Internetapplications.Further
more,growth in WLAN'’ s deployedat universities[9] increases
thelikelihoodthatconcurrentirelesshostswill accessheln-
ternetthrougha commonwirelessaccesgoint (AP).

This growth in WLAN usehasencouragedesearchn mod-
eling [5], [4] andmeasurind9], [18] wirelessnetworksto im-
prove currentwirelessprotocolsanddevelophigh-performance,
wireless-friendlyapplications.

RecentresearcthasinvestigatedVLAN performancevhen
onehoststraffic affectsthe performancef otherhostg2], [10].
This researcthasshavn thatwhenthereis a WLAN hostwith
weakwirelessconnectvity, the performancef all hostscande-
gradeconsiderably Theseresultsare especiallyimportantfor
wirelesshome networks since,despitethe small size of home
wirelessnetworks, the quality of wirelesslinks in the homeare
not guaranteedregardlessof transmissiorpower or rate [18].
However, theseresultsfocusonly on analyzing[10] and mea-
suringperformancatthewirelessMAC layer[2], andthusthey
only provide meaningfulresultsundernarrav conditions. Pre-
vious work [13] indicatesthat performanceaspectf the link
layer, network layer and applicationlayer can be inter-layer
related. This suggestshat effective modelsof infrastructure
WLAN performanceneedto be aware of interactionsbetween
thenetwork layers.

This paper provides insight into the performanceinter-

connectionof simultaneousapplicationsrunning over the In-
ternetto last-mile wirelessinfrastructurenetworks. Leverag-
ing previously developedtools,experimentona lEEE802.11g
WLAN network measureperformanceacrossthe wirelesslink
layer, network layer, transporfayer, andapplicationlayer.

The contributions of this paperinclude: 1) confirmation
of the performanceanomaly modeledby Heusseet al. [10],
wherebythe 802.11CSMA/CA channelaccessnethodcauses
a hostwith poorwirelessconnectvity to degradethe through-
put of otherhostswith betterconnectvity; 2) refinemenbf the
resultsin [10], shaving the anomalydominatesperformance
only whenthe wirelesshostsusethe sametransportprotocols,
while heterogenoubkostprotocolspusheghe performanceot-
tleneck elsavhere; 3) confirmationof the resultsby Bai and
Williamson [2], shawving streamingover UDP to a host with
poor wirelessconnectvity causesAP queueoverflon that de-
gradesthe performanceof otherwirelesshosts;4) refinement
of the resultsin [2], shaving the AP queueoverflov doesnot
occurwhenstreamingpver TCP or whenstreamindJDP below
theeffectivewirelesscapacity;and5) demonstratiothatthebe-
havior of the applicationinfluencegperformanceabove andbe-
yond performanceredictedat the wirelessandtransportayer.
The sumof thesecontritutionsillustratethe intertwinedeffects
betweemetwork layersfor 802.11transmissions.

The restof this paperis organizedasfollows: Sectionll de-
scribegelatedwork, Sectionlll providesdetailsonthemeasure-
ment methodology SectionlV analyzesthe measuremente-
sults,SectionV summarizesur resultsandSectionVI presents
possiblefuturework.

Il. RELATED WORK

Understandinghe performanceof a flow traversingover a
wired Internetervironmentto awirelessLAN hasbeenthesub-
ject of mary researchpapers. However, two aspectsof this
situationgermaneto this study arethe transportprotocol’s re-
action to wirelesslossesand the interactionsbetweentwo or
morewirelesshostsexperiencingheterogeneousirelesstrans-
missionquality.

While mostof the publishedresearchinvolvesTCP modifica-
tions (e.g. TCP-Westwood') that alter TCP’s reactionto wire-
lesspaclet lossesand MAC layer retries, this paperprovidesa
multi-level view of theimpactof TCP andUDP userson hosts
with poor wirelessconnectvity accessinghe Internetthrough
anaccesgoint (AP) usedconcurrentlyby otherwirelesshosts.
Thus, this sectionconsidersonly relatedwork focusedon cap-

Lhttp://wwwcs.ucla.edu/NRL/hpi/fov/



turingtheinteractiondbetweerwirelesshostsandthendiscusses
how the obsened resultsfrom this studyfit within the frame-
work of theseprior researctefforts.

Examplesf earlieranalyticmodelsof IEEE 802.11thatcap-
ture detailedcomponent®f the wirelesschannelaccessnech-
anisminclude Cali et al. [5] andBianchi[4]. Cali focusedon
theoreticalwirelessLAN efficiency by dynamicallydetermin-
ing the optimallocal contentionwindow sizefrom the number
of active wirelesshostsand the averagepaclet size. Bianchi
extendsthis analytic model underideal channelconditionsto
determinethroughputlimits for 802.11with and without the
RTS/CTSmechanism.Building on thesetwo analyticmodels,
more recentresearchefforts [6], [7], [16] include MAC layer
retriesand Bit Error Rate (BER) in their modelsto determine
delaysandservicetimesexperiencedy IP layerpaclets.

While theseanalytic models emphasizethat wireless link
layer contentionimpactsperformancethey fail to accountfor
significantaspectf newer wirelessschemesuchas802.11b
and802.11gwhenthethatdynamicallyadapthetargetwireless
capacityto the hosttransmissiorguality. However, recentwire-
lessLAN measuremergtudieshave providednew insightsinto
theseissues.

Heusseet al. [10] introducetheterm performance anomaly to
characterizeheimpactof a wirelessslow hostthattransmitsat
a degradedtargetwirelesscapacity(e.g.,1 Mbps) comparedo
a fastwirelesshostthat transmitsat 11 Mbps (or 54 Mbps for
802.11¢g).Usingasimplified versionof a earlieranalyticmodel
to characteriz&02.11bacloff andMAC retry policies,they de-
rive a channelcontention-baserksultthatclaimsthe fasthosts
maximumthroughpuis degradedo theslow hoststhroughput.
They conductwirelessLAN measurementhatshov moderate
agreementvith this result. While they assumedegradedwire-
lesscapacitiesareactuallydueto badtransmissiomuality, their
modelandexperimentshothassumedow bit errorrates.

Bai andWilliamson[2] measurgheperformancef two hosts
streamingvideoover UDP througha commonAP. Their results
shav thata mobile hoststreamingover UDP cansuddenlyenter
alocationwith badwirelessconnectvity andseriouslydegrades
the performanceof a streaminghostundergoodwirelesscon-
ditions. They claim thatthe hostin the badlocationcauseghe
UDPtraffic to backlogsincethewirelessframescannotbetrans-
mitted asfastasthey arrive, causinghe AP queueto overflow.

In a recentstudy Yarvis et al. [18] examinecharacteristics
of houses physicallocation and wirelesstechnologyto show
that homewirelessLANs can be highly asymmetricand that
transmissiomuality canvarysignificantly Similarto theresults
of Aguayoet al. [1], they concludethatthereis alow correlation
betweenloss rate and distanceand that precisenodelocation
is the single mostimportantfactorin determiningthe quality
of wirelesscommunication. Note, both of thesestudies([18]
and[1]) involveindividual constantatetransmissionsvhereall
otherwirelesshostmachinesareidle.

I1l. METHODOLOGY

This sectiondiscusseshe experimentaimethodologyusedto
investigatehemulti-layeredmpactof awirelessclientwith bad
connectvity on the performanceof Internettraffic goingto a
wirelesshostwith goodconnectvity througha commonwire-

lessaccesgoint. The explanationof empirical techniqueds
dividedinto threecomponents:

1. Review the measurementools usedto concurrentlyrecord
multi-layerdataat two wirelessclients(Sectionlll-A).

2. Explainthe workloadschosenandthe designof the experi-
ments(Sectionlll-B).

3. Considerthe consisteng of the resultsasit appliesto the
individual experimentalcasesover multiple runs (Sectionlll-
Q).

A. Tools

For thisinvesitgation several previously-developedmeasure-
menttools [13] for collecting dataat multiple network layers
wereinstalledon two client laptops. Tablel lists the tools em-
ployedin this studyandprovidesexamplesof the performance
measurement@vailablefrom eachtool.

TABLE |
MEASUREMENT TOOLS

PerformancéMeasures

Round-Tip Time

Paclet Loss

WirelessThroughput
WirelessChannelCapacity
WirelessFrameRetries

Receved SignalStrengthindicator(RSSI)

[ Tools
UDP Ping

Typeperf

WRAPI

For network layer performancemetrics such as round-trip
time and paclet loss rate along the flow path, UDP ping, an
internally developedtool, is used. Preliminaryexperimentsre-
vealedthatsincethe standard CMP ping providedby Windows
XP waits for the previous ping reply or a timeoutbeforesend-
ing out the next ping paclket, a constantping rate could not
be maintainedover poor wirelessconditionsround-trip times
longerthan1 secondwererecorded. Thus, a customizedoing
tool usingUDP paclketswasbuilt to provide constanpingrates,
ping intervals configurablein milliseconds,and configurable
ping pacletsizes.

At the wirelessdatalink layer, a publicly-availablelibrary,
called WRAPI [3] wassenhancedo collect informationat the
wirelessstreaminghostthatincludes:signalstrengthframere-
transmissiorcountsandfailures,andinformationaboutthe spe-
cific wirelessaccesspoint (AP) that handlesthe wirelesslast
hopto thehost.

Additionally, typeperf, a performancemonitoringtool built-
in to Windows XP, is usedto collectnetwork dataincludingre-
ceivedbitrateandthe currentwirelesstargetcapacity

B. Experimental Design

This investigationconducteda seriesof experimentsover a
wired campusetwork to wirelesshostsat pre-determinedbca-
tionsin the WPl ComputerScienceDepartmenbuilding.

Figurel shows the experimentalsetup. The wirelessportion
of the WPI campusnetwork is partitionedfrom the wired in-
frastructure Exceptfor thelasthopfrom the AP to thewireless
clients,all traffic traverseghe samenetwork pathfrom a single
seneronthewired campusetwork to acommonAP. The WPI
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Fig.1. MeasuremenSetup

wirelessLAN usesAirespacé AP’s to provide IEEE 802.11g
wirelessservice.

Thetwo wirelesshostsusedin the experimentsarelabeledas
hostA andhostB. Host A is a ToshibalaptopandhostB is a
Sory Vaio laptop.Both laptopsrun Windows XP homeedition,
with ServicePack 1 anduseNetgearWG511802.11gnetwork
adaptors.

At eachhost,the tools UDP ping, typeperfand WRAPI de-
scribedin Sectionlll-A arerun. Typeperfcollectsdataevery
1 second WRAPI collectsdataevery 500 ms, while UDP ping
collectsdatal350byte pacletssentevery 200ms.

Althoughthetools aredeployed concurrently baselinemea-
surementsndicatedthesetools consumeonly about3% of the
processotime on eitherhostandsendonly 5 pacletsper sec-
ond. Giventhatthe streamingvideosconsumedt least35% of
the processotime andAP beaconsendl10 packetspersecond,
theassumptions themeasuremeribolsdo notsignificantlyim-
pactthe performancef theapplications.

Since host mobility is not part of this study all experi-
mentsinvolve oneor two stationarylaptopsin one of two dis-
tinct configurationlayouts. In the first layout, both laptops
are placedin locationsthat provide good wirelessconnectv-
ity. In the secondayout, hostA remainsat its good location
while hostB is placedatalocationwith badwirelessconnectv-
ity. Locationidentificationandclassificationcomefrom previ-
ousexperimentg13] suchthata goodlocationhasan average
Signal Strength > —70dBm anda badlocationhasan aver-
ageSignalStrength < —75dBm.

To simplify coordinationof concurrentflow measuremeng
single sener running Windows Sener 2003 standardedition
was usedfor all experiments. To verify the sener processor
was not a bottleneck,preliminary experimentsusing two dis-
tinct seners,onefor eachlaptop,wererun. Theseresultsshav
thatthe two sener andonesener setupsyield nearlyidentical
throughputoverthewirelessLAN (see[8] for details).

Theofferedload onthewirelessLAN comesfrom two appli-
cations:the downloadingof a largefile andthe streamingof a
high-bandwidthmultimediaclip. Thesewo heavy-loadapplica-

2http://wwwairespace.com/

tionswerechoseno stresghewirelessLAN suchthatconges-
tion and channelcontentionwould be obserned and measured.
wget, a publicly-available TCP download application? is used
to downloada 400MByte file from the senerto awirelesshost.
Windows StreamingMedia (v9.0), developedby Microsoft* is
usedto streama high-motion,352 x 288 resolution,24 frames
persecond2 minute® video clip to a wirelesshost. The mul-
timediaclip is encodedat a bitrate of 5.0 Mbps, with 4.8 Mbps
for video and0.2 Mbps for audio. The sener is configuredto
supportthe two standardstreamingtransportprotocol choices:
TCPandUDP.

TABLE 1l
EXPERIMENT CASES
Case HostA HostB

GoodLocation GoodLocation | BadLocation
1 TCPDownload -
2 TCPDownload || TCPDownload -
3 TCPDownload - TCPDownload
4 TCPDownload - UDP Stream
5 TCPDownload - TCP Stream
6 TCPDownload TCP Stream -
7 TCPDownload UDP Stream -
8 - - TCP Stream
9 - UDP Stream

Table Il lists the nine combinations(cases)of application
workloadsdiscussedn this paper A dashin the tableimplies
no applicationis runningat that location. For example,case4
representsiwirelessmeasuremerexperimentwherethe sener
simultaneouslyunsa TCP downloadto hostA atthe goodsig-
nallocationandusesUDP to streanthe multimediaclip to host
B which hasbeenplacedat the badsignallocation.

At the beginning of eachexperimentalrun, the measurement
tools describedn Sectionlll-A are startedbeforethe applica-
tion flows. To reducethe potentialvariability of the physical
ervironment (as notedin [18]), the two laptopswere placed
in exactly the samelocationswith the samephysicalorienta-
tion for all the experiments. All experimentswere conducted
at night time whenno moving peoplewerearoundandin loca-
tionsknown to have little wirelesstraffic in the evening. While
eachexperimentproducedabouttwo minutesof usableperfor
mancedata,only databetween50th secondand 100th second
is analyzed. This providestime to get beyond both the initial
wirelessexperimentstart up turbulenceand the standarddata
rate burstusedby streamingmediaplayersto quickly fill their
playoutbuffer.

C. Consistency

Eachof theninecasesn Tablell wererepeatedhreetimesto
getsomesenseof the stability of the externalervironmentand
to guardagainssporadidnterferencghatmightcauseaparticu-
lar runto yield inconsistentesults.Figure2 providesdatafrom
all threerunsfor case4. The six graphsin the figure demon-
stratethat the performancepatternsfor the target wirelesslink
capacityandthe measuredgignalstrengthquality donotchange

3http://wwwgnu.og/software/wgetvgethtml
4http://wwwmicrosoft.com/windes/windovsmediddefault. aspx
5The mediandurationof videoclips storedon the Internet[14] is 2 minutes.
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Fig. 2. WirelessSignalStrengthandCh

significantlyacrosghethreeruns. Comparingtheresultsacross
multiple runsfor the othereightcasesyieldedsimilar behaior.
While therewereafew casesvheretherewasevidenceof obvi-
ousinterferencethe lengthof theinterferencesignalwasshort
relative to thetwo minutevideoclip and/orfile download.Thus,
from thethreerunsthedominantperformanceharacteristiovas
clearly discernablalespitesmall-durationinterferencewithin a
givenrun.

IV. ANALYSIS
A. 802.11 Performance Anomaly

Theanalysisheginswith Figure3 wheretheapplicationlayer
throughputfor the first threecasesn Tablell arecomparedo
shav the impactof a hostin a badlocationdownloadinga file
while a hostin a goodlocation concurrentlydownloadsa file.
Figure3(a)displayss0second®f measuredhroughpufor case
1 whereonly hostA (in a goodlocation)is downloadinga file
while hostB lies dormant.Note,the averagethroughputof 18.8
Mbpsfor thesinglehostis significantlylower thanthe 54 Mbps
maximumtargetcapacityfor an802.11gchannebut closeto the
maximumeffective throughputrangecalculatedafter overhead
is takeninto accountasin [12], [17].

Figure 3(b) shaws throughputfor case2. With both down-
loads going to good locations, host A receves an average
throughputof 9.3 Mbps andhostB receives9.6 Mbps. Thus,
the two wirelesshostsreceve approximatelyhalf the through-
putobtainedy thesinglehostatagoodlocation.However, Fig-
ure 3(c) indicatesthatfor case3 the downloadto a badlocation
causeshethroughpuftfor bothhoststo significantlydegrade.In
case3, hostA at a goodlocationrecevesan averagethrough-
put of 2.8 Mbpswhile hostB at a badlocationonly recevesan
averagethroughputof 2.1 Mbps.

Comparing case 2 wireless signal strength (receved sig-
nal strengthindicator, or RSSI) againstcase3 wirelesssignal
strengthin Figure4 shaws thatthe wirelesssignalfor the host
in the goodlocationis not affectedby the signalof the hostin
thebadlocation. Thisis reflectedin the wirelesstargetchannel
capacitiesn Figure5, wherethe downloadto thegoodlocation
consistentlyyields a targetlink capacityof 54 Mbpsregardless
of the locationof hostB. However, whenhostB is at a badlo-
cationits averagetargetchannekapacityfalls belov 11 Mbps.

The drop in the throughputof the hostin the goodlocation
in case3 is dueto the IEEE 802.11Distributed Coordination
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Function(DCF). Since DCF provides all hostswith an equal
probability to accesghe wirelesschannel hostsoperatingwith

a higher channelcapacitywait nearly aslong on averagebe-
tweensendingpacletsas hostsoperatingat lower channelca-
pacities. Thus, the averagethroughputof all hostsis reduced
to the throughputof the hostwith the lowest channelcapac-
ity. Theseresultsareconsistentvith the anomalydiscussedy

Heusseet al. [10] andshow their modelof channelcontention
to berelevantevenwhen802.11gdynamicallyadaptghetarget
channekapacity

B. The Effect of the AP Queue

The next analysisinvestigateghe differencein the 802.11
anomalywhenthe hostat a badlocationstreamsa multimedia
clip usingUDP ratherthandownloadsafile usingTCP,

Figure 6(b) graphsthroughputfor case4 wherehost A at
a good location downloadsa file while hostB at a bad loca-
tion recevesa UDP stream. Comparingthis datawith the re-
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sultsin Figure6(a) shovsthathostA’'s throughpuis essentially 3 andcase4. Theseresultssuggestefinemenof the resultsin

eliminatedby the UDP streamcomingto hostB. Host A has
a terrible averagethroughputof 0.3 Mbps while hostB hasa
throughpubf 2.5Mbps. Theseveredegradationin performance
cannotbe explainedby the previously discussed®02.11perfor
manceanomalyalone.TheHeussenodel[10] only accountgor
throughputdegradationcausedy sharingthewirelesscapacity
The degradedT CP throughputfor the hostin the goodlocation
in case4 may alsobe dueto paclet lossandhigherround-trip
times. Thus,lossandthroughputat multiple network layersare
now examined.

Figure7 compareshewirelessframeretriesfor case3 (TCP
downloadandTCPdownload)againswirelessframeretriesfor
cased (TCP downloadandUDP stream).Due to the badwire-
lessconditions,hostB in Figure 7(a) recordsan averageretry
fraction of about0.2, while hostA at the good locationhasa
retry fractionof only about0.05. In Figure7(b), both hostsex-
periencebursty frame retry behaior. Wirelessretry behavior
alonecannotexplain the performanceifferencebetweencase

[10], shawing the anomalydominatesperformanceonly when
the wirelesshostsusethe sametransportprotocols,while het-
erogenousostprotocolspushthe performancéottleneckelse-
where. To getmoreinsightinto the recordedperformanceit is
necessaryo alsoconsidetUDP pacletlossbehaior.

IEEE802.11MAC protocolsrespondo bit errorrateor frame
contentionlossby retransmittingframesup to a specifiedretry
limit. ThewirelessMAC layerthusinsulatesheIP layerabove
from paclet lossescausedby bad wirelessconditions,except
when the retry limit is exceededand the dependentP layer
pacletis dropped.Comparingheretryfractionin Figure7(a)to
the IP (UDP ping) paclet lossratein Figure 8(a) demonstrates
this effect. HostB in a badlocationhasmary wirelessframes
retransmittedbut the UDP pacletlossis nearzero,comparable
to thatof hostA.

However, Figure8(b) presentsa completelydifferentpicture
when host B is in a bad location and streamsa multimedia
file over UDP. The extremelyhigh UDP ping paclet lossrates



" Good TCP Download (A)
Bad TCP Download (B)

Upstream Retry Fraction

Time (sec)

(a) WirelessLayer Retry Fractionfor TCP Downloadin a Good
LocationandTCP Downloadin aBadLocation

S " Good TCP Download (A) —
g 08 Bad UDP Streaming (B) -
[
2
£ |
£
E
NI
> A

9 95 100

Time (sec)

(b) WirelessLayer Retry Fractionfor TCP Downloadin a Good
LocationandUDP Streamingn aBadLocation

" Good TCP Download (A)
Bad TCP Streaming (B)

Upstream Retry Fraction

¥
70 75
Time (sec)

(c) WirelessLayer Retry Fractionof for TCP Downloadin a Good
Locationand TCP Streamingn a BadLocation

Fig. 7. WirelessLayerRetryFractionComparison

shawvn in Figure 8(b) are not readily explainedby the 802.11
anomaly but ratherare dueto network layer congestiorat the
AP queue.The5 MbpsUDP streamis unresponsieto thelim-
ited wirelesscapacityand overflows the AP queue,continuing
unabatedn thefaceof extremepacletloss. Thus,thedifference
in UDP ping lossbehaior betweerFigure8(a)andFigure8(b)
shavs how the 802.11anomalymodeldoesnot captureconges-
tionin the AP queue.

Figure 9 presentscumulative distribution functions (CDFs)
for UDP pinground-triptimesconcurrentlysentfrom bothwire-
lesshostsfor cases3 and4. Figure9(a) clearly shawvs higher
round-triptimesfor thehostdownloadingatabadlocationcom-
paredto thehostdownloadingatagoodlocation. Thismoderate
increasein round-triptime canbe attributedto the increasen
wirelesslayerretry fractionseenn Figure7(a).

Figure 9(b) shavs cumulatve distribution functions of the
round-triptimesfor case4. Notethe x-axisrangein Figure9(b)
is considerablyargerthanthex-axisrangein Figure9(a). While
theleft sideof theround-triptime distributionsin case4 aredif-
ferentfrom thosein caseg3, it is difficult to drav conclusions
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from thesecumulative distributionsalonebecausasFigure8(b)
hasalreadyshown, the UDP paclet loss ratesare very high.
Thus, the datapointsare sparsefor the tail of the CDFswhen
thereis a hoststreamingUDP from a badlocation. However,
the high round-triptimes shown in Figure 9(b) provide further
evidencethatbothflows encountealarge AP queue.

Theseesultsareconsistenwith theresultsfrom [2] andshowv
streamingUDP traffic to a hostwith poorwirelessconnectvity
causeshe AP queueto overflow, degradingthe performanceof
all wirelesshosts. However, when UDP streamingis replaced
with TCP streamingthe AP queueis not the bottleneck.Com-
paringFigures7(c),8(c) and9(c) with their correspondindgy DP
streamingfiguresshavs the AP queuedoesnot fill up at all.
This suggestsa refinementof the resultsin [2], shaving the
AP queueoverflon doesnot occurwhen streamingover TCP
or whenstreamingUDP below the effective wirelesscapacity
The impacton the hostin the good locationis causedby the
intertwining of effectsof the lower wirelesslayer, asshowvn in
SectionlV-A, andthe upperapplicationlayer, asshowvn in the
next Section.
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C. The Effect of the Application Layer

Figure 10 providesa top-level view of theintertwinedeffect
of the applicationand the node location on applicationlayer
throughput. In Figures10(a) and 10(b) whereboth hostsare
atgoodlocations,hostB is ableto streamthe 5 Mbpsencoded
bitrate over both TCP and UDP. Note, contraryto generalbe-
liefs the UDP streamactuallyleavesslightly morecapacityfor
the concurrenfTCP downloadthandoesthe TCP stream.

Figures6 and 10(c) can be comparedto seethe effect of
TCP versusUDP intertwinedwith whetheror not the applica-
tion is a file download or a streamingvideo while the hostis
at a bad location. The differencein throughputfor the TCP
downloadversusthe TCP streamat a bad locationis because
streamingmediasenerscanreactto indicationsof inadequate
available capacityby performingmediascalingat the applica-
tion layer, reducingthestreamingitrate. This effectcanbeseen
in Figure10(c)wherethe TCP streamin abadlocationyieldsa
throughputowerthanthe TCPdownloadin badlocationin Fig-
ure 6(a). However, both of theseTCP-baseapplicationdeave
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someavailable capacityfor the concurrenfTCP downloadin a
goodlocation. This lies in stark contrastto the previously an-
alyzedUDP streamin a badlocationin Figure 6(b) thatwipes
outthroughputor the TCP downloadin thegoodlocation.
Onemoresetof measurements providedin Figure 11 for
cases8 and9. This is anotherattemptto separateout the in-
tertwined effects of the streamingapplicationfrom the choice
of TCP or UDP for the transportprotocol. For thesecasesthe
hostsstreamingover TCP (caseB) or UDP (case9) arein badlo-
cations but only contendwith the UDP ping traffic (calledUDP
light) on the hostin a goodlocation. With almostno channel
or AP queuecontentiondueto the concurrenflow, the general
shapeof the applicationthroughputfor TCP and UDP is quite
similarin Figuresl1(a)and11(b). Theinitial throughputspikes
lasting until about20 secondsn both graphsare indicative of
the streamingsenersinitially attemptingto sendat a high data
rateto fill the mediaplayer playoutbuffer, consistentwith re-
sultsfrom [15]. The later ebbsand flows in both throughput
time linescanbe explainedby attemptsy the Windows Media
senerto matchtheencodedtreamingitrateto theavailableca-
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pacity Whenthemediaplayersplayoutbuffer drains,thesener

reduceghe encodeditratein anattemptto “thin” the streamto

matchthe obsened capacity At othertimes,the sener deems
thereis additionalcapacityavailableandincreaseshe encoded
bitratein anattemptto provide betterquality. Thecritical point

is thattheperformancés notsimply explainedby thehostbeing

atabadlocationor by thetransportprotocolchosenalone.

V. CONCLUSION

The continuedgrowth in deploymentof IEEE 802.11 net-
works brings an increasein the importancein understanding
their performanceover a wide rangeof wirelessnetwork con-
ditions and diversesetof userapplications.A commonhome
wirelessnetwork hasconcurrenusersaccessing singleaccess
point connectedo the restof the Internet. Despitetheir rela-
tively small size,wirelesshomenetworks tendto featurewire-
lesspathswith avariety of obstaclesvhich mayrenderwireless
communicatiordifficult.

This papertakes a step towards providing a better under
standingof 802.11networksunderatypical network condition,
namelywhenonehosthasgoodwirelessconnectvity while an-
other hostshasbad wirelessconnectvity. Carefully designed
experimentsthatinduceheary load on a real 802.11gwireless
network allow measuremergt multiple network layerswith pre-
viously developedtools. Thesetools capturenetwork perfor
manceat the wireless, network and transportand application
layers and enableanalysisof the intertwined effects between
network layersfor 802.11gtransmissions.

Ourexperimentslemonstratéhatmultiple 802.11gcorversa-
tions sentthrougha commonwirelessaccesgoint (AP) cause
channekontentionthatlowerseffective throughputBy varying
the higherlayersin this investigation,our experimentsprovide

the following obsenationsbeyond the resultthat wirelesslink
layercontentionmpactsperformance:

1. Network layer queues at the wireless access point impact

performance. When the wired network layer throughputis
higher than the effective capacityat the wirelesslink, the ac-
cesspoint queuescansererely lower performanceor all flows
traversingthe AP due to increasedqueuingdelay and buffer
overflow. Performancelegradatiorfor all wirelessclientsis ex-

acerbatedvhenoneclient hasbadwirelessconnectvity.

2. The choice of transport protocol impacts performance. TCP
andUDP clientsat badlocationsaffect goodclientsdifferently
duenot only to wirelesschannelcontentiorbut alsodueto con-
tentionfor theaccesgoint buffer. TCP flows self-contendvith

their own acknavledgmentsand unresponsie UDP flows are
morelik ely to overflow the AP queue.

3. Application layer behavior also impacts wireless perfor-

mance. Abovethetransportayer, Internetapplicationsmay ad-
just to the wirelessnetwork ernvironment. For example,while

anfile downloadrelieson TCPto adaptto low quality wireless
conditions,a streamingmediasener will invoke mediascaling
in anattemptto streamat anencodediataratethatis below the
percevedavailablestreamingcapacity

The significanceof the above obsenationscanbe seenin a
recentwork by Yoo et al. [11] that proposego adjustthe wire-
lessframesizeproportionallyto the availablewirelesscapacity
While this methodologydoesaddresshe 802.11performance
anomalyit doesnotaddressheotherintertwinedeffectscaused
by higherlayerprotocolsandapplicationgunningatlow quality
wirelesslocations.

V1. FUTURE WORK

Commensurateiith the nevnessof wirelessnetworks, there
arenumerousareador futurework.

Similarto modelingwork in otherareasamodelencompass-
ing wirelesscontention the AP queue,andan applicationmay
capturethe intertwinedeffects shawvn in this papers measure-
ments. As a startingpoint, the applicationcan likely be mod-
eledasa bulk download, but therein an opportunityfor more
sophisticatednodelsof streamingmediaor Web browsing ap-
plications.

While the performancemeasurements this paperarefrom
areal802.11network, theeffect of crosstraffic suchasAP bea-
consandotherWLAN traffic to other APswasnot controlled.
Understandinghe effectsof interfering,competingor contend-
ing traffic will provide additionalinsightsinto wirelessnetwork
performance.

ireless network allow measurementith previously devel-
opedtools. Thesetools capturenetwork performanceat the
wireless,network andtransportevels andenableanalsisof the
intertwinedeffectsof betweemetwork layersfor 802.11¢trans-
missions.

Our experimentsdemonstratehat multiple 802.11gcorver-
sationssentthrougha commonwirelessAP causechannelkcon-
tentionthat resultsthat lowers effective throughput. In partic-
ular, a hoststreamingover UDP in a badwirelesslocationsig-
nificantly degradeghe channelthroughputfor hostswith good
connectvity. By varyingthe higherlayersin this investigation,



our experimentsprovide the following obsenationsbeyondthe
resultthatwirelesslink layercontentionmpactsperformance:
1. Network layer queues at the wireless access point impact
performance. When the wired network layer throughputis
higher than the effective capacityat the wirelesslink, the ac-
cesspoint queuescansererely lower performanceor all flows
traversingthe AP due to increasedqueuingdelay and buffer
overflow. Performancelegradatiorfor all wirelessclientsis ex-
acerbatedvhenoneclient hasbadwirelessconnectvity.
2. The choice of transport protocol impacts performance. TCP
andUDP clientsat badlocationsaffect goodclientsdifferently
duenot only to wirelesschannelcontentionbut alsodueto con-
tentionfor theaccesgoint buffer. TCP flows self-contendwith
their own acknavledgementsandunresponsie UDP flows are
morelik ely to overflow the AP queue.
3. Application layer behavior also impacts wireless perfor-
mance. Abovethetransporiayer, Internetapplicationanayad-
just to the wirelessnetwork ernvironment. For example,while
an FTP downloadrelieson TCP to adaptto low quality wire-
lessconditions,a streamingmultimediasener will invoke me-
dia scalingin anattemptto streamat an encodedlataratethat
is below the percevedavailablestreamingcapacity

The significanceof the above obsenationscanbe seenin a
recentwork by Yoo et al. [11] that proposego adjustthe wire-
lessframesizeproportionallyto the availablewirelesscapacity
While this methodologydoesaddresghe 802.11performance
anomalyit doesnotaddressheotherintertwinedeffectscaused
by higherlayerprotocolsandapplicationgunningatlow quality
wirelesslocations.

REFERENCES

D. Aguayo,J. Bicket, S.Biswas,G. Judd,andR. Morris. Link-level
MeasurementBom an802.11bMeshNetwork. In Proceedings of ACM
S GCOMM, Portland,OR, USA, Sept.2004.

G. Bai andC. Williamson. The Effectsof Mobility on WirelessMedia
StreamingPerformanceln Proceedings of Wireless Networks and
Emerging Technologies (WNET), pages596—601 July 2004.

A. BalachandramandG. Voelker. WRAPI — Real-timeMonitoring and
Controlof an802.11WirelessLAN. Technicalreport,CSatUCSD,
2004.

G. Bianchi. Performancé\nalysisof the|[EEE 802.11Distributed
CoordinationFunction.|EEE Journal on Selected Areasin
Communications, Wreless Series, 18(3):535—-547Mar. 2000.

F. Cali, M. Conti,andE. Gregori. IEEE 802.11WirelessLAN: Capacity
AnalysisandProtocolEnahncementin Proceedings of IEEE
INFOCOM, pagesl42-149 SanFranciscoCA, USA, Mar. 1998.

M. CanalhoandJ. Garcia-Luna-Acees. Delay Analysisof IEEE 802.11
in Single-HopNetworks. In Proceedings of IEEE International
Conference on Network Protocols (ICNP), Atlanta, Geogia, USA, Nov.
2003.

P. Chatzimisiosy. Vitsas,andA. C. Boucoualas.|EEE 802.11:Paclket
Delay- A Finite RetryLimit Analysis. In Proceedings of IEEE
Globecom 2003, page950-954 SanFranciscoCA, USA, 2003.
J.Gretarssonk-. Li, M. Li, A. SamantH. Wu, M. Claypool,and

R. Kinicki. Performancénalysisof the IntertwinedEffectsbetween
Network Layersfor 802.11gTransmissionsTechnicalReport
WPI-CS-TR-05-09CS DepartmentWorcestePolytechnidnstitute,
May 2005.

T. HendersonD. Kotz, andl. Abyzov. The ChangingUsageof a Mature
Campus-widaNirelessNetwork. In Proceedings of International
Conference on Mobile Computing and Networking (MobiCom),
PhiladelphiaPA, USA, Sept.2004.

M. HeusseF. RousseauG. BegerSabbatelandA. Duda. Performance
Anomalyof 802.11b In Proceedings of |EEE INFOCOM, 2003.

S.hwan Yoo, J.-H.Choi, J.-H.Hwang,andC. Yoo. Eliminatingthe
Performancénomalyof 802.11b.In International Conference on
Networking, Apr. 2005.

(1

[2

(3]

(4]

(5]

(6]

(71

(8]

(9]

[20]

[11]

[12] J.Jun,P. Peddabachaga@ndM. Sichitiu. Theoreticamaximum
throughpubf IEEE 802.11andits applicationsn Proceedings of the 2nd
|EEE International Symposium on Network Computing and Applications
(NCA'03), pages249-256 CambridgeMA, USA, Apr. 2003.

F. Li, J.Chung,M. Li, H. Wu, M. Claypool,andR. Kinicki. Application,
Network andLink Layer Measurementsf Streamingvideoover a
WirelessCampudNetwork. In Proceedings of the 6th Passive and Active
Measurement Workshop (PAM), Boston,Massachusett&)SA, Apr. 2005.
M. Li, M. Claypool,R. Kinicki, andJ. Nichols. Characteristicef
StreamingMediaStoredon the Web. ACM Transactions on Internet
Technology (TOIT), 2004. (Acceptedfor publication).

J.Nichols,M. Claypool,R. Kinicki, andM. Li. Measurementsf the
CongestiorResponsienesf Windows StreamingMedia. In
Proceedings of the 14th ACM International Workshop on Network and
Operating Systems Support for Digital Audio and Video (NOSSDAV),
June2004.

H. Wu, Y. Peng K. Long, S.Cheng,andJ. Ma. Performancef Reliable
TransportProtocolover IEEE 802.11WirelessLAN: Analysisand
Enhancementn Proceedings of IEEE INFOCOM, pages599-607 New
York, NY, USA, June2002.

Y. Xiao andJ. Rosdahl.Throughputanddelaylimits of IEEE 802.11.
|EEE Communications Letters, 6(8):355-357Aug. 2002.

M. Yarvis, K. PapagiannakiandW. S. Conner Characterizatioof
802.11WirelessNetworksin the Home. In Proceedings of 1st workshop
on Wireless Network Measurements (WINMee), Riva del Garda ltaly,
Apr. 2005.

[13]

[14]

[15]

[16]

[17]

(18]



RETRY FRACTION AVG AND STDEV

VIIl. APPENDIX

TABLE 11l

| Avg(A) [ Avg(B) [ Stdev(A) | Stde/(B) |

TCP(Bad) 0.055 0.192 0.042 0.142
TCPStream(Bad)| 0.179 0.186 0.067 0.212
UDPStream(Bad)| 0.067 0.028 0.144 0.114

AVG THROUGHTPUT FOR ALL EXPERIMENTAL INSTANCES (MBPS)

A. Supplement Graphs and Tables

TABLE IV

Case HostA HostB
GoodLocation || GoodLocation | BadLocation
1 18.8 - -
2 9.3 9.6 -
3 2.8 - 2.1
4 0.3 - 25
5 4.7 - 0.9
6 111 5.2 -
7 13.9 5.2 -
8 - - 1.2
9 - - 0.9
TABLE V
STAND DEVIATION OF THROUGHPUT
Case HostA HostB
GoodLocation || GoodLocation | BadLocation
1 1.12 - -
2 0.93 0.88 -
3 1.19 - 0.39
4 1.11 - 0.72
5 2.03 - 0.70
6 0.86 0.47 -
7 0.89 0.31 -
8 - - 1.05
9 - - 1.07

TABLE VI
UPSTREAM RETRY FRACTION
Case HostA HostB
GoodLocation || GoodLocation | BadLocation

1 0.051 - -

2 0.044 0.019 -

3 0.054 - 0.192

4 0.067 - 0.028

5 0.180 - 0.187

6 0.050 0.046 -

7 0.030 0.128 -

8 - - 0.149

9 - - 0.028

TABLE VII
STANDARD DEVIATION OF UPSTREAM RETRY FRACTION
Case HostA HostB
GoodLocation || GoodLocation | BadLocation

1 0.013 - -

2 0.035 0.010 -

3 0.042 - 0.149

4 0.144 - 0.114

5 0.067 - 0.212

6 0.017 0.020 -

7 0.012 0.211 -

8 - - 0.174

9 - - 0.123
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Fig. 14. Preliminarytest: TCPdownloadingfrom differentsener. LaptopA
at goodlocationA, andLaptopB at goodlocationB. They downloadfile
from differentmachines:in detail A downloadsfrom saco.wpi.edwhile
B downloadsfrom fossil.wpi.edu.Comparedvith Figure3(b), it couldsay
thesener is notthebottleneck.



