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Abstract—
While the canonical behavior of today’s home Internet users involves

several residentsconcurrently executingdiverseInternet applications, the
most common home configuration is a single external connection into
a wirelessaccesspoint (AP) that promises to provide concurrent high-
bandwidth Internet accessfor multiple clients thr ough a wirelesslocal area
network (WLAN). Recentresearch hasattemptedto assessthe performance
impact of clients with weak wirelessconnectivity upon the other WLAN
clients by employing measurement studies or analytic models that focus
primarily on wirelesschannelcharacteristics. This paper examinesthe in-
tertwined effectson performanceof the userapplications, the network pro-
tocol and the wirelesschannel characteristics via carefully designedmea-
surement experiments that leverage previously developed network mea-
surement tools. The study provides empirical evidence that suggeststhe
overall performanceof a wirelessnetwork is not only determinedby the in-
dividual wir elesschannel qualities associatedwith eachclient, but alsoby
the interaction of the various network layers with respectto transmission
contention,queuing at the accesspoint, the transport protocol,and the be-
havior of the specificapplications. Theseresultsimply that effective WLAN
performancemodeling needsto include detailson multiple network layers.

I . INTRODUCTION

It is increasinglycommonfor homeusersto accesstheInter-
netvia aWirelessLocalAreaNetwork (WLAN) connectedto a
singleexternalbroadbandor ADSL connection.Sucha config-
urationallowsseveralhomeresidentsto concurrentlyaccessthe
Internetwhile usinga varietyof Internetapplications.Further-
more,growth in WLAN’ s deployedat universities[9] increases
the likelihoodthatconcurrentwirelesshostswill accesstheIn-
ternetthrougha commonwirelessaccesspoint (AP).

This growth in WLAN usehasencouragedresearchin mod-
eling [5], [4] andmeasuring[9], [18] wirelessnetworks to im-
provecurrentwirelessprotocolsanddevelophigh-performance,
wireless-friendlyapplications.

RecentresearchhasinvestigatedWLAN performancewhen
onehost’straffic affectstheperformanceof otherhosts[2], [10].
This researchhasshown thatwhenthereis a WLAN hostwith
weakwirelessconnectivity, theperformanceof all hostscande-
gradeconsiderably. Theseresultsareespeciallyimportantfor
wirelesshomenetworks since,despitethe small sizeof home
wirelessnetworks,thequality of wirelesslinks in thehomeare
not guaranteed,regardlessof transmissionpower or rate [18].
However, theseresultsfocusonly on analyzing[10] andmea-
suringperformanceat thewirelessMAC layer[2], andthusthey
only provide meaningfulresultsundernarrow conditions.Pre-
vious work [13] indicatesthat performanceaspectsof the link
layer, network layer and application layer can be inter-layer
related. This suggeststhat effective modelsof infrastructure
WLAN performanceneedto be awareof interactionsbetween
thenetwork layers.

This paper provides insight into the performanceinter-

connectionof simultaneousapplicationsrunning over the In-
ternet to last-mile wirelessinfrastructurenetworks. Leverag-
ing previouslydevelopedtools,experimentsona IEEE802.11g
WLAN network measureperformanceacrossthe wirelesslink
layer, network layer, transportlayer, andapplicationlayer.

The contributions of this paper include: 1) confirmation
of the performanceanomalymodeledby Heusseet al. [10],
wherebythe 802.11CSMA/CA channelaccessmethodcauses
a hostwith poor wirelessconnectivity to degradethe through-
put of otherhostswith betterconnectivity; 2) refinementof the
resultsin [10], showing the anomalydominatesperformance
only whenthe wirelesshostsusethe sametransportprotocols,
while heterogenoushostprotocolspushestheperformancebot-
tleneck elsewhere; 3) confirmationof the resultsby Bai and
Williamson [2], showing streamingover UDP to a host with
poor wirelessconnectivity causesAP queueoverflow that de-
gradesthe performanceof other wirelesshosts;4) refinement
of the resultsin [2], showing the AP queueoverflow doesnot
occurwhenstreamingoverTCPor whenstreamingUDPbelow
theeffectivewirelesscapacity;and5) demonstrationthatthebe-
havior of theapplicationinfluencesperformanceabove andbe-
yondperformancepredictedat thewirelessandtransportlayer.
Thesumof thesecontributionsillustratetheintertwinedeffects
betweennetwork layersfor 802.11transmissions.

The restof this paperis organizedasfollows: SectionII de-
scribesrelatedwork,SectionIII providesdetailsonthemeasure-
ment methodology, SectionIV analyzesthe measurementre-
sults,SectionV summarizesour resultsandSectionVI presents
possiblefuturework.

I I . RELATED WORK

Understandingthe performanceof a flow traversingover a
wiredInternetenvironmentto awirelessLAN hasbeenthesub-
ject of many researchpapers. However, two aspectsof this
situationgermaneto this studyarethe transportprotocol’s re-
action to wirelesslossesand the interactionsbetweentwo or
morewirelesshostsexperiencingheterogeneouswirelesstrans-
missionquality.

While mostof thepublishedresearchinvolvesTCPmodifica-
tions (e.g. TCP-Westwood1) that alter TCP’s reactionto wire-
lesspacket lossesandMAC layer retries,this paperprovidesa
multi-level view of the impactof TCPandUDP userson hosts
with poor wirelessconnectivity accessingthe Internetthrough
anaccesspoint (AP) usedconcurrentlyby otherwirelesshosts.
Thus,this sectionconsidersonly relatedwork focusedon cap-

�
http://www.cs.ucla.edu/NRL/hpi/tcpw/
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turingtheinteractionsbetweenwirelesshostsandthendiscusses
how the observed resultsfrom this studyfit within the frame-
work of theseprior researchefforts.

Examplesof earlieranalyticmodelsof IEEE802.11thatcap-
turedetailedcomponentsof the wirelesschannelaccessmech-
anismincludeCali et al. [5] andBianchi [4]. Cali focusedon
theoreticalwirelessLAN efficiency by dynamicallydetermin-
ing the optimal local contentionwindow sizefrom the number
of active wirelesshostsand the averagepacket size. Bianchi
extendsthis analytic model under ideal channelconditionsto
determinethroughputlimits for 802.11with and without the
RTS/CTSmechanism.Building on thesetwo analyticmodels,
more recentresearchefforts [6], [7], [16] include MAC layer
retriesandBit Error Rate(BER) in their modelsto determine
delaysandservicetimesexperiencedby IP layerpackets.

While theseanalytic models emphasizethat wireless link
layer contentionimpactsperformance,they fail to accountfor
significantaspectsof newer wirelessschemessuchas802.11b
and802.11gwhenthethatdynamicallyadaptthetargetwireless
capacityto thehosttransmissionquality. However, recentwire-
lessLAN measurementstudieshave providednew insightsinto
theseissues.

Heusseet al. [10] introducethetermperformance anomaly to
characterizetheimpactof a wirelessslow hostthat transmitsat
a degradedtargetwirelesscapacity(e.g.,1 Mbps)comparedto
a fastwirelesshostthat transmitsat 11 Mbps (or 54 Mbps for
802.11g).Usinga simplifiedversionof a earlieranalyticmodel
to characterize802.11backoff andMAC retrypolicies,they de-
rivea channelcontention-basedresultthatclaimsthefasthost’s
maximumthroughputis degradedto theslow host’s throughput.
They conductwirelessLAN measurementsthatshow moderate
agreementwith this result. While they assumedegradedwire-
lesscapacitiesareactuallydueto badtransmissionquality, their
modelandexperimentsbothassumelow bit errorrates.

Bai andWilliamson[2] measuretheperformanceof two hosts
streamingvideooverUDP througha commonAP. Their results
show thatamobilehoststreamingoverUDPcansuddenlyenter
a locationwith badwirelessconnectivity andseriouslydegrades
the performanceof a streaminghostundergoodwirelesscon-
ditions. They claim that thehostin thebadlocationcausesthe
UDPtraffic to backlogsincethewirelessframescannotbetrans-
mittedasfastasthey arrive,causingtheAP queueto overflow.

In a recentstudy, Yarvis et al. [18] examinecharacteristics
of houses,physical location and wirelesstechnologyto show
that homewirelessLANs can be highly asymmetricand that
transmissionqualitycanvarysignificantly. Similar to theresults
of Aguayoet al. [1], they concludethatthereis alow correlation
betweenloss rate and distanceand that precisenodelocation
is the single most important factor in determiningthe quality
of wirelesscommunication.Note, both of thesestudies([18]
and[1]) involveindividualconstantratetransmissionswhereall
otherwirelesshostmachinesareidle.

I I I . METHODOLOGY

This sectiondiscussestheexperimentalmethodologyusedto
investigatethemulti-layeredimpactof awirelessclientwith bad
connectivity on the performanceof Internet traffic going to a
wirelesshostwith goodconnectivity througha commonwire-

lessaccesspoint. The explanationof empirical techniquesis
dividedinto threecomponents:
1. Review the measurementtools usedto concurrentlyrecord
multi-layerdataat two wirelessclients(SectionIII-A).
2. Explain the workloadschosenandthe designof the experi-
ments(SectionIII-B).
3. Considerthe consistency of the resultsas it appliesto the
individual experimentalcasesover multiple runs (SectionIII-
C).

A. Tools

For this invesitgation,severalpreviously-developedmeasure-
ment tools [13] for collecting dataat multiple network layers
wereinstalledon two client laptops.TableI lists the toolsem-
ployedin this studyandprovidesexamplesof theperformance
measurementsavailablefrom eachtool.

TABLE I

MEASUREMENT TOOLS

Tools PerformanceMeasures

UDPPing Round-Trip Time
Packet Loss

Typeperf WirelessThroughput
WirelessChannelCapacity

WRAPI WirelessFrameRetries
ReceivedSignalStrengthIndicator(RSSI)

For network layer performancemetrics such as round-trip
time and packet loss rate along the flow path, UDP ping, an
internallydevelopedtool, is used.Preliminaryexperimentsre-
vealedthatsincethestandardICMP ping providedby Windows
XP waits for the previousping reply or a timeoutbeforesend-
ing out the next ping packet, a constantping rate could not
be maintainedover poor wirelessconditionsround-trip times
longerthan1 secondwererecorded.Thus,a customizedping
tool usingUDPpacketswasbuilt to provideconstantpingrates,
ping intervals configurablein milliseconds,and configurable
pingpacketsizes.

At the wirelessdatalink layer, a publicly-available library,
calledWRAPI [3] wassenhancedto collect informationat the
wirelessstreaminghostthatincludes:signalstrength,framere-
transmissioncountsandfailures,andinformationaboutthespe-
cific wirelessaccesspoint (AP) that handlesthe wirelesslast
hopto thehost.

Additionally, typeperf, a performancemonitoringtool built-
in to WindowsXP, is usedto collectnetwork dataincludingre-
ceivedbitrateandthecurrentwirelesstargetcapacity.

B. Experimental Design

This investigationconducteda seriesof experimentsover a
wiredcampusnetwork to wirelesshostsatpre-determinedloca-
tionsin theWPI ComputerScienceDepartmentbuilding.

Figure1 shows theexperimentalsetup.Thewirelessportion
of the WPI campusnetwork is partitionedfrom the wired in-
frastructure.Exceptfor thelasthopfrom theAP to thewireless
clients,all traffic traversesthesamenetwork pathfrom a single
serveron thewiredcampusnetwork to acommonAP. TheWPI
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Fig. 1. MeasurementSetup

wirelessLAN usesAirespace2 AP’s to provide IEEE 802.11g
wirelessservice.

Thetwo wirelesshostsusedin theexperimentsarelabeledas
hostA andhostB. Host A is a ToshibalaptopandhostB is a
Sony Vaio laptop.Both laptopsrun WindowsXP homeedition,
with ServicePack1 anduseNetgearWG511802.11gnetwork
adaptors.

At eachhost, the tools UDP ping, typeperfandWRAPI de-
scribedin SectionIII-A are run. Typeperfcollectsdataevery
1 second,WRAPI collectsdataevery 500ms,while UDP ping
collectsdata1350bytepacketssentevery200ms.

Although the tools aredeployedconcurrently, baselinemea-
surementsindicatedthesetools consumeonly about3% of the
processortime on eitherhostandsendonly 5 packetsper sec-
ond. Giventhatthestreamingvideosconsumedat least35%of
theprocessortime andAP beaconssend10 packetspersecond,
theassumptionis themeasurementtoolsdonotsignificantlyim-
pacttheperformanceof theapplications.

Since host mobility is not part of this study, all experi-
mentsinvolve oneor two stationarylaptopsin oneof two dis-
tinct configurationlayouts. In the first layout, both laptops
are placedin locationsthat provide good wirelessconnectiv-
ity. In the secondlayout, hostA remainsat its good location
while hostB is placedata locationwith badwirelessconnectiv-
ity. Locationidentificationandclassificationcomefrom previ-
ousexperiments[13] suchthat a goodlocationhasan average�����	��

�������������
�������������
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anda badlocationhasanaver-
age

�����	��
	�#�����������
���%$&���('(�
 "!
.

To simplify coordinationof concurrentflow measurement,a
single server running Windows Server 2003 standardedition
was usedfor all experiments. To verify the server processor
was not a bottleneck,preliminary experimentsusing two dis-
tinct servers,onefor eachlaptop,wererun. Theseresultsshow
that the two server andoneserver setupsyield nearlyidentical
throughputover thewirelessLAN (see[8] for details).

Theofferedloadon thewirelessLAN comesfrom two appli-
cations:the downloadingof a largefile andthe streamingof a
high-bandwidthmultimediaclip. Thesetwo heavy-loadapplica-)

http://www.airespace.com/

tionswerechosento stressthewirelessLAN suchthatconges-
tion andchannelcontentionwould be observedandmeasured.
wget, a publicly-availableTCP downloadapplication,3 is used
to downloada400MByte file from theserverto awirelesshost.
Windows StreamingMedia(v9.0),developedby Microsoft,4 is
usedto streama high-motion, * ',+.-/+(0,0 resolution,24 frames
per second,2 minute5 videoclip to a wirelesshost. The mul-
timediaclip is encodedat a bitrateof 5.0Mbps,with 4.8 Mbps
for video and0.2 Mbps for audio. The server is configuredto
supportthe two standardstreamingtransportprotocolchoices:
TCPandUDP.

TABLE II

EXPERIMENT CASES

Case HostA HostB
GoodLocation GoodLocation BadLocation

1 TCPDownload - -
2 TCPDownload TCPDownload -
3 TCPDownload - TCPDownload
4 TCPDownload - UDPStream
5 TCPDownload - TCPStream
6 TCPDownload TCPStream -
7 TCPDownload UDPStream -
8 - - TCPStream
9 - - UDPStream

Table II lists the nine combinations(cases)of application
workloadsdiscussedin this paper. A dashin the tableimplies
no applicationis runningat that location. For example,case4
representsawirelessmeasurementexperimentwheretheserver
simultaneouslyrunsa TCPdownloadto hostA at thegoodsig-
nal locationandusesUDPto streamthemultimediaclip to host
B which hasbeenplacedat thebadsignallocation.

At thebeginningof eachexperimentalrun, themeasurement
tools describedin SectionIII-A arestartedbeforethe applica-
tion flows. To reducethe potentialvariability of the physical
environment (as noted in [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 theevening.While
eachexperimentproducedabouttwo minutesof usableperfor-
mancedata,only databetween50th secondand100thsecond
is analyzed.This providestime to get beyond both the initial
wirelessexperimentstart up turbulenceand the standarddata
rateburst usedby streamingmediaplayersto quickly fill their
playoutbuffer.

C. Consistency

Eachof theninecasesin TableII wererepeatedthreetimesto
getsomesenseof thestability of theexternalenvironmentand
to guardagainstsporadicinterferencethatmightcauseaparticu-
lar run to yield inconsistentresults.Figure2 providesdatafrom
all threeruns for case4. The six graphsin the figure demon-
stratethat the performancepatternsfor the target wirelesslink
capacityandthemeasuredsignalstrengthqualitydonotchange
1
http://www.gnu.org/software/wget/wget.html2
http://www.microsoft.com/windows/windowsmedia/default.aspx3
Themediandurationof videoclipsstoredon theInternet[14] is 2 minutes.
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Fig. 2. WirelessSignalStrengthandChannelCapacityfor ThreeSeparateRuns

significantlyacrossthethreeruns.Comparingtheresultsacross
multiple runsfor theothereightcasesyieldedsimilar behavior.
While therewereafew caseswheretherewasevidenceof obvi-
ousinterference,the lengthof the interferencesignalwasshort
relativeto thetwo minutevideoclip and/orfile download.Thus,
from thethreerunsthedominantperformancecharacteristicwas
clearlydiscernabledespitesmall-durationinterferencewithin a
givenrun.

IV. ANALYSIS

A. 802.11 Performance Anomaly

Theanalysisbeginswith Figure3 wheretheapplicationlayer
throughputfor the first threecasesin TableII arecomparedto
show the impactof a hostin a badlocationdownloadinga file
while a host in a goodlocationconcurrentlydownloadsa file.
Figure3(a)displays50secondsof measuredthroughputfor case
1 whereonly hostA (in a goodlocation)is downloadinga file
while hostB liesdormant.Note,theaveragethroughputof 18.8
Mbpsfor thesinglehostis significantlylower thanthe54Mbps
maximumtargetcapacityfor an802.11gchannelbut closeto the
maximumeffective throughputrangecalculatedafteroverhead
is takeninto account,asin [12], [17].

Figure3(b) shows throughputfor case2. With both down-
loads going to good locations, host A receives an average
throughputof 9.3 Mbps andhostB receives9.6 Mbps. Thus,
the two wirelesshostsreceive approximatelyhalf the through-
putobtainedby thesinglehostatagoodlocation.However, Fig-
ure3(c) indicatesthatfor case3 thedownloadto a badlocation
causesthethroughputfor bothhoststo significantlydegrade.In
case3, hostA at a goodlocationreceivesan averagethrough-
put of 2.8Mbpswhile hostB at a badlocationonly receivesan
averagethroughputof 2.1Mbps.

Comparingcase 2 wireless signal strength (received sig-
nal strengthindicator, or RSSI) againstcase3 wirelesssignal
strengthin Figure4 shows that the wirelesssignalfor the host
in the goodlocationis not affectedby the signalof the hostin
thebadlocation.This is reflectedin thewirelesstargetchannel
capacitiesin Figure5, wherethedownloadto thegoodlocation
consistentlyyieldsa target link capacityof 54 Mbpsregardless
of the locationof hostB. However, whenhostB is at a badlo-
cationits averagetargetchannelcapacityfallsbelow 11 Mbps.

The drop in the throughputof the host in the good location
in case3 is due to the IEEE 802.11DistributedCoordination
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Fig. 4. WirelessReceivedSignalStrengthIndicators

Function(DCF). SinceDCF provides all hostswith an equal
probability to accessthewirelesschannel,hostsoperatingwith
a higher channelcapacitywait nearly as long on averagebe-
tweensendingpacketsashostsoperatingat lower channelca-
pacities. Thus, the averagethroughputof all hostsis reduced
to the throughputof the host with the lowest channelcapac-
ity. Theseresultsareconsistentwith theanomalydiscussedby
Heusseet al. [10] andshow their modelof channelcontention
to berelevantevenwhen802.11gdynamicallyadaptsthetarget
channelcapacity.

B. The Effect of the AP Queue

The next analysisinvestigatesthe differencein the 802.11
anomalywhenthe hostat a badlocationstreamsa multimedia
clip usingUDP ratherthandownloadsa file usingTCP.

Figure 6(b) graphsthroughputfor case4 wherehost A at
a good location downloadsa file while host B at a bad loca-
tion receivesa UDP stream. Comparingthis datawith the re-
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Fig. 5. WirelessChannelCapacities

sultsin Figure6(a)showsthathostA’s throughputis essentially
eliminatedby the UDP streamcoming to host B. Host A has
a terrible averagethroughputof 0.3 Mbps while hostB hasa
throughputof 2.5Mbps.Theseveredegradationin performance
cannotbeexplainedby thepreviously discussed802.11perfor-
manceanomalyalone.TheHeussemodel[10] only accountsfor
throughputdegradationcausedby sharingthewirelesscapacity.
ThedegradedTCPthroughputfor thehostin thegoodlocation
in case4 may alsobe dueto packet lossandhigherround-trip
times.Thus,lossandthroughputat multiple network layersare
now examined.

Figure7 comparesthewirelessframeretriesfor case3 (TCP
downloadandTCPdownload)againstwirelessframeretriesfor
case4 (TCPdownloadandUDP stream).Dueto thebadwire-
lessconditions,hostB in Figure7(a) recordsan averageretry
fraction of about0.2, while hostA at the good locationhasa
retry fractionof only about0.05. In Figure7(b), bothhostsex-
periencebursty frame retry behavior. Wirelessretry behavior
alonecannotexplain the performancedifferencebetweencase
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3 andcase4. Theseresultssuggestrefinementof the resultsin
[10], showing the anomalydominatesperformanceonly when
the wirelesshostsusethe sametransportprotocols,while het-
erogenoushostprotocolspushtheperformancebottleneckelse-
where.To getmoreinsight into therecordedperformance,it is
necessaryto alsoconsiderUDP packet lossbehavior.

IEEE802.11MACprotocolsrespondtobit errorrateor frame
contentionlossby retransmittingframesup to a specifiedretry
limit. ThewirelessMAC layerthusinsulatestheIP layerabove
from packet lossescausedby bad wirelessconditions,except
when the retry limit is exceededand the dependentIP layer
packetis dropped.Comparingtheretryfractionin Figure7(a)to
the IP (UDP ping) packet lossratein Figure8(a)demonstrates
this effect. HostB in a badlocationhasmany wirelessframes
retransmitted,but theUDP packet lossis 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 packet lossrates
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shown in Figure 8(b) are not readily explainedby the 802.11
anomaly, but ratheraredueto network layer congestionat the
AP queue.The5 MbpsUDP streamis unresponsiveto thelim-
ited wirelesscapacityandoverflows the AP queue,continuing
unabatedin thefaceof extremepacketloss.Thus,thedifference
in UDP ping lossbehavior betweenFigure8(a)andFigure8(b)
showshow the802.11anomalymodeldoesnotcaptureconges-
tion in theAP queue.

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

Figure 9(b) shows cumulative distribution functions of the
round-triptimesfor case4. Notethex-axisrangein Figure9(b)
is considerablylargerthanthex-axisrangein Figure9(a).While
theleft sideof theround-triptimedistributionsin case4 aredif-
ferent from thosein case3, it is difficult to draw conclusions
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from thesecumulativedistributionsalonebecauseasFigure8(b)
hasalreadyshown, the UDP packet loss ratesare very high.
Thus,the datapointsaresparsefor the tail of the CDFswhen
thereis a hoststreamingUDP from a badlocation. However,
the high round-triptimesshown in Figure9(b) provide further
evidencethatbothflowsencountera largeAP queue.

Theseresultsareconsistentwith theresultsfrom [2] andshow
streamingUDP traffic to a hostwith poorwirelessconnectivity
causestheAP queueto overflow, degradingtheperformanceof
all wirelesshosts. However, whenUDP streamingis replaced
with TCPstreaming,theAP queueis not thebottleneck.Com-
paringFigures7(c),8(c)and9(c)with theircorrespondingUDP
streamingfiguresshows the AP queuedoesnot fill up at all.
This suggestsa refinementof the resultsin [2], showing the
AP queueoverflow doesnot occurwhenstreamingover TCP
or whenstreamingUDP below the effective wirelesscapacity.
The impact on the host in the good location is causedby the
intertwiningof effectsof the lower wirelesslayer, asshown in
SectionIV-A, andthe upperapplicationlayer, asshown in the
next Section.
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C. The Effect of the Application Layer

Figure10 providesa top-level view of the intertwinedeffect
of the applicationand the node location on applicationlayer
throughput. In Figures10(a) and 10(b) whereboth hostsare
at goodlocations,hostB is ableto streamthe5 Mbpsencoded
bitrateover both TCP andUDP. Note, contraryto generalbe-
liefs theUDP streamactuallyleavesslightly morecapacityfor
theconcurrentTCPdownloadthandoestheTCPstream.

Figures6 and 10(c) can be comparedto seethe effect of
TCP versusUDP intertwinedwith whetheror not the applica-
tion is a file downloador a streamingvideo while the host is
at a bad location. The differencein throughputfor the TCP
downloadversusthe TCP streamat a bad location is because
streamingmediaserverscanreactto indicationsof inadequate
availablecapacityby performingmediascalingat the applica-
tion layer, reducingthestreamingbitrate.Thiseffectcanbeseen
in Figure10(c)wheretheTCPstreamin a badlocationyieldsa
throughputlowerthantheTCPdownloadin badlocationin Fig-
ure6(a). However, bothof theseTCP-basedapplicationsleave
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Fig. 10. Heavy LoadThroughputComparison

someavailablecapacityfor the concurrentTCP downloadin a
goodlocation. This lies in starkcontrastto the previously an-
alyzedUDP streamin a badlocationin Figure6(b) thatwipes
out throughputfor theTCPdownloadin thegoodlocation.

Onemoresetof measurementsis provided in Figure11 for
cases8 and9. This is anotherattemptto separateout the in-
tertwinedeffectsof the streamingapplicationfrom the choice
of TCPor UDP for the transportprotocol. For thesecases,the
hostsstreamingoverTCP(case8) or UDP(case9) arein badlo-
cations,but only contendwith theUDPping traffic (calledUDP
light) on the host in a goodlocation. With almostno channel
or AP queuecontentiondueto theconcurrentflow, thegeneral
shapeof the applicationthroughputfor TCP andUDP is quite
similar in Figures11(a)and11(b).Theinitial throughputspikes
lastinguntil about20 secondsin both graphsare indicative of
thestreamingserversinitially attemptingto sendat a high data
rate to fill the mediaplayerplayoutbuffer, consistentwith re-
sults from [15]. The later ebbsand flows in both throughput
time linescanbeexplainedby attemptsby theWindowsMedia
serverto matchtheencodedstreamingbitrateto theavailableca-
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pacity. Whenthemediaplayersplayoutbuffer drains,theserver
reducestheencodedbitratein anattemptto “thin” thestreamto
matchthe observedcapacity. At othertimes,the server deems
thereis additionalcapacityavailableandincreasestheencoded
bitratein anattemptto provide betterquality. Thecritical point
is thattheperformanceis notsimplyexplainedby thehostbeing
at abadlocationor by thetransportprotocolchosen,alone.

V. CONCLUSION

The continuedgrowth in deployment of IEEE 802.11net-
works brings an increasein the importancein understanding
their performanceover a wide rangeof wirelessnetwork con-
ditions anddiversesetof userapplications.A commonhome
wirelessnetwork hasconcurrentusersaccessinga singleaccess
point connectedto the restof the Internet. Despitetheir rela-
tively small size,wirelesshomenetworks tendto featurewire-
lesspathswith avarietyof obstacleswhichmayrenderwireless
communicationdifficult.

This paper takes a step towards providing a better under-
standingof 802.11networksundera typical network condition,
namelywhenonehosthasgoodwirelessconnectivity while an-
other hostshasbadwirelessconnectivity. Carefully designed
experimentsthat induceheavy load on a real 802.11gwireless
network allow measurementatmultiplenetwork layerswith pre-
viously developedtools. Thesetools capturenetwork perfor-
manceat the wireless,network and transportand application
layersand enableanalysisof the intertwinedeffects between
network layersfor 802.11gtransmissions.

Ourexperimentsdemonstratethatmultiple802.11gconversa-
tions sentthrougha commonwirelessaccesspoint (AP) cause
channelcontentionthatlowerseffectivethroughput.By varying
the higherlayersin this investigation,our experimentsprovide

the following observationsbeyond the result that wirelesslink
layercontentionimpactsperformance:

1. Network layer queues at the wireless access point impact
performance. When the wired network layer throughput is
higher than the effective capacityat the wirelesslink, the ac-
cesspoint queuescanseverely lower performancefor all flows
traversing the AP due to increasedqueuingdelay and buffer
overflow. Performancedegradationfor all wirelessclientsis ex-
acerbatedwhenoneclienthasbadwirelessconnectivity.
2. The choice of transport protocol impacts performance. TCP
andUDP clientsat badlocationsaffect goodclientsdifferently
duenot only to wirelesschannelcontentionbut alsodueto con-
tentionfor theaccesspoint buffer. TCPflowsself-contendwith
their own acknowledgmentsand unresponsive UDP flows are
morelikely to overflow theAP queue.
3. Application layer behavior also impacts wireless perfor-
mance. Abovethetransportlayer, Internetapplicationsmayad-
just to the wirelessnetwork environment. For example,while
anfile downloadrelieson TCPto adaptto low quality wireless
conditions,a streamingmediaserver will invoke mediascaling
in anattemptto streamat anencodeddataratethatis below the
perceivedavailablestreamingcapacity.

The significanceof the above observationscanbe seenin a
recentwork by Yoo et al. [11] thatproposesto adjustthewire-
lessframesizeproportionallyto theavailablewirelesscapacity.
While this methodologydoesaddressthe 802.11performance
anomaly, it doesnotaddresstheotherintertwinedeffectscaused
by higherlayerprotocolsandapplicationsrunningatlow quality
wirelesslocations.

VI . FUTURE WORK

Commensuratewith thenewnessof wirelessnetworks,there
arenumerousareasfor futurework.

Similar to modelingwork in otherareas,amodelencompass-
ing wirelesscontention,the AP queue,andanapplicationmay
capturethe intertwinedeffectsshown in this paper’s measure-
ments. As a startingpoint, the applicationcanlikely be mod-
eledasa bulk download,but therein an opportunityfor more
sophisticatedmodelsof streamingmediaor Web browsingap-
plications.

While theperformancemeasurementsin this paperarefrom
areal802.11network, theeffectof crosstraffic suchasAP bea-
consandotherWLAN traffic to otherAPs wasnot controlled.
Understandingtheeffectsof interfering,competingor contend-
ing traffic will provideadditionalinsightsinto wirelessnetwork
performance.

irelessnetwork allow measurementwith previously devel-
oped tools. Thesetools capturenetwork performanceat the
wireless,network andtransportlevelsandenableanalsisof the
intertwinedeffectsof betweennetwork layersfor 802.11gtrans-
missions.

Our experimentsdemonstratethat multiple 802.11gconver-
sationssentthrougha commonwirelessAP causechannelcon-
tentionthat resultsthat lowerseffective throughput. In partic-
ular, a hoststreamingover UDP in a badwirelesslocationsig-
nificantly degradesthechannelthroughputfor hostswith good
connectivity. By varyingthehigherlayersin this investigation,
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our experimentsprovide thefollowing observationsbeyondthe
resultthat: wirelesslink layercontentionimpactsperformance:
1. Network layer queues at the wireless access point impact
performance. When the wired network layer throughput is
higher than the effective capacityat the wirelesslink, the ac-
cesspoint queuescanseverely lower performancefor all flows
traversing the AP due to increasedqueuingdelay and buffer
overflow. Performancedegradationfor all wirelessclientsis ex-
acerbatedwhenoneclienthasbadwirelessconnectivity.
2. The choice of transport protocol impacts performance. TCP
andUDP clientsat badlocationsaffect goodclientsdifferently
duenot only to wirelesschannelcontentionbut alsodueto con-
tentionfor theaccesspoint buffer. TCPflowsself-contendwith
their own acknowledgementsandunresponsive UDP flows are
morelikely to overflow theAP queue.
3. Application layer behavior also impacts wireless perfor-
mance. Abovethetransportlayer, Internetapplicationsmayad-
just to the wirelessnetwork environment. For example,while
an FTP downloadrelieson TCP to adaptto low quality wire-
lessconditions,a streamingmultimediaserver will invoke me-
dia scalingin anattemptto streamat anencodeddataratethat
is below theperceivedavailablestreamingcapacity.

The significanceof the above observationscanbe seenin a
recentwork by Yoo et al. [11] thatproposesto adjustthewire-
lessframesizeproportionallyto theavailablewirelesscapacity.
While this methodologydoesaddressthe 802.11performance
anomaly, it doesnotaddresstheotherintertwinedeffectscaused
by higherlayerprotocolsandapplicationsrunningatlow quality
wirelesslocations.
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VII . APPENDIX

TABLE III

RETRY FRACTION AVG AND STDEV

Avg (A) Avg(B) Stdev(A) Stdev(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

A. Supplement Graphs and Tables

TABLE IV

AVG THROUGHTPUT FOR ALL EXPERIMENTAL INSTANCES (MBPS)

Case HostA HostB
GoodLocation GoodLocation BadLocation

1 18.8 - -
2 9.3 9.6 -
3 2.8 - 2.1
4 0.3 - 2.5
5 4.7 - 0.9
6 11.1 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.12. PacketLossFractionof GoodTCPdownload
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Fig. 14. Preliminarytest:TCPdownloadingfrom different server. LaptopA
at goodlocationA, andLaptopB at goodlocationB. They downloadfile
from differentmachines:in detail A downloadsfrom saco.wpi.eduwhile
B downloadsfrom fossil.wpi.edu.Comparedwith Figure3(b), it couldsay
theserver is not thebottleneck.


