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Abstract
Wirelessnetworkingcansupportin-motionusersbypro-

viding occasionalopportunitiesto transmit and receive
data.Wemeasure theperformanceof UDP andTCPtrans-
fersbetweena car travelingat speedsfrom5mphto 75mph
and an 802.11baccesspoint. We analyzethe impact of
bandwidthand delay limitations in the backhaul network
on thefeasibilityof in-motiontransferwith typical Internet
applications.We observethat in interference-freeenviron-
ments,a signi�cant amountof data can be transferred us-
ing off-the-shelfequipment.We �nd that performancesuf-
fers mostlyfrom networkor application relatedproblems
insteadof wirelesslink issues,i.e., protocols with hand-
shakes,bandwidthlimitations, and long round-trip times.

1. Intr oduction
Wirelessnetworking,andin particularIEEE802.11,has

recentlybecomepopularfor homenetworking andInternet
accessin “hot-spots”(e.g.,airports,cafes,andrestaurants).
Despitethe fact that the technologyhasbeendesignedfor
staticutilization, nothingpreventsit to be utilized for in-
motionscenarios.

Before consideringextending Internet legacy services
to in-motionusers,it is worth studyingexperimentallythe
802.11technologycapabilitiesto supportsuchapplications
while on themove. It is well known thatTCP/IP-basedap-
plicationsdonotwork well underconditionswherenetwork
connectivity is transientand where link quality is highly
variable.Theperformanceof TCPin wirelessnetwork sce-
narios has beenwell-studied[1]. Many researchefforts
haveattemptedto mitigatetheseproblems.

Our motivation is to understandthe factorslimiting the
performanceof wirelessnetworksfor in-motionusersusing
realisticapplications.In otherwords,how well cana user
moving pastan accesspoint, e.g., in a car or bus, make
useof thesetransientopportunitiesto perform suchtasks
as browse the web, sendand receive email messages,or
conduct�le transfers.

We approachthe problemexperimentallyandpresenta

measurementstudyof 802.11bnetworking involving auser
in a moving car and a wirelessaccesspoint (AP). These
measurementshave beenrealizedin the California desert,
a radio interference-freeenvironment (i.e., in absenceof
802.11or otherconventionalwirelessnetworking signals),
in orderto beableto understandwhatnetworking parame-
tercausedtheperformanceobserved.Thepresenceof radio
noisewould berealisticbut it would alsolimit our abilities
to performroot causeanalysis.

Firstly, we have analyzedtheperformanceof TCPbulk,
UDP, andwebtraf�c for in-motiontransfersbetweenamo-
bile device andanAP. In thesecondphaseof experiments,
we introduceda backhaulnetwork segment betweenthe
wirelessAP and server, thus emulatingmore realistic In-
ternetcharacteristics,to studytheimpactof long delayand
bandwidthbottlenecksontheperformanceof two verypop-
ular Internetapplications:�le transferandwebbrowsing.

At thisearlystageof dataanalysis,wehavebeenableto
(i) show thatit is possibleto communicatewith an802.11b
AP while moving, (ii) con�rm anddeepenexperimentalre-
sultsobtainedby otherresearchers,and(iii) identify thefac-
tors that limit the performanceof opportunisticcommuni-
cation. This papercontributesto the understandingof in-
motion wirelesstransmissionin multiple ways. By being
experimentaland radio-interferencefree, it provides real-
istic upperboundson the performanceof in-motion data
transferwith 802.11. Second,it helpsus understandwhat
changesor adaptationneedto be madeto the currentnet-
working technologyto providea new rangeof communica-
tion services.

This paperis structuredasfollows. We presentrelated
work in vehicularWiFi measurements.We thendescribe
ourexperimentalmethodology, followedby results.Wedis-
cussthemostsigni�cant limiting factorsexperiencedby in-
motionusersandproposea few solutionsto theseissues.

2. Relatedwork
In 2002,Singhet al. reportedon wirelesslink proper-

tiesbetweentwo moving carswith externallymountedan-



tennae[3], usingUDP traf�c to focuson the wirelesslink
properties.In 2004,Ott andKutscherdescribedTCP and
UDP measurementsbetweena moving carwith anexternal
antennaandanAP [2]. Their work exploresTCPandUDP
traf�c with theserverbeingdirectlyconnectedto theAP.

Our work distinguishesitself from previous work (and
from [2] in particular)in a numberof ways. We show that
internallaptopantennaeareableto supportin-motionwire-
lessnetworking with goodperformance.We examinethe
wirelessnetwork range,i.e., the time and distancewhen
theclient canassociate,andtheactualusablerange.Also,
we analyzethe feasibility of usingcurrentapplicationsfor
in-motion scenarios.This leadsus to investigatetwo spe-
ci�c factors,whicharenotexaminedby previouswork, the
realisticapplicationtraf�c andthe effectsof the backhaul
network segment. Last, we alsoperformeda signi�cantly
highernumberof teststhanpreviousexperimentalstudies,
thusobtaininghighercon�denceon thereportedresults.

3 Experimental design
We choseto focus on the effects of motion and short

connectionopportunitieson Internetprotocolsandapplica-
tions, and we are lessinterestedin physicallayer effects.
We thereforeperformedtheseexperimentsin a situation
wherethephysicalchannelwasuniformly behavedin space
and over time, namelyon a straight, �at, and traf�c free
roadin theCaliforniadesert.Theseconditionsmeantthat:
(i) Successive runsof the sameexperimentproducedvery
similar results.This is necessarygiventhe limited number
of experimentswe couldperformandthehigh numbersof
parametersto try. The consistency amongmultiple exper-
imentsis mandatoryto validateour observations. (ii) We
could study the effectsof a singlenetwork variablewith-
out thepresenceof radiointerference,eliminatingunknown
observationsandeasilyisolatingrootcausephenomena.

3.1 Exp erimen tal parameters

We varied threemajor parametersin our experiments:
carspeed,network traf�c type,andbackhaulnetwork per-
formance.Theseparametersarenow discussed.

We usedsix car speeds:5, 15, 25, 35, 55 and75mph.
This targetspeedservedasa guidefor thedriver. We also
measuredtheaveragespeedby timing thecaroverthemea-
suredtestrangedistance.

We exploredthreetraf�c types,namelyUDP (with var-
ious packetssizes),TCP bulk traf�c (simulatingFTP �le
transfers),andwebtraf�c (HTTP over TCP).To testUDP,
we useda streamof data consistingof successive UDP
packetswith sizes50, 100,200,400,800and1500bytes.
This allowed us to study the effectsof packet sizeon in-
motionwirelesstransfers.For theTCPbulk traf�c, astream
of datawassentusing1500byte packets. For web traf�c,

Figure 1. Setup for experiments
we usedthe Apacheweb server with a cacheof 6 popu-
lar websites1 (includingembeddedobjects),andusedaweb
crawler to downloadthewebpages(againincludingembed-
dedobjects)in a cycle.

We also simulatedthe effect of the backhaulnetwork,
i.e., the network pathbetweenthe AP andthe server. We
testedtwo parameters:a1Mbit/s bandwidthlimit (simulat-
ing a typical DSL accessnetwork), and a 100ms latency
eachway (simulating an inter-continentalnetwork path).
We testedtheseeffectsbothseparatelyandtogether.

Givena �nite time for testing,thereis anobvioustrade-
off betweenthevariablesthatcanbeexploredandthenum-
berof repetitionsof eachtest.We choseto repeateachtest
just two times in order to perform the full exploration of
the above variables,giving us a total of 108 tests. These
teststook three,twelve hourdaysof work in thedesertfor
threepeople. Note that consistency of the two similar ex-
perimentscan be checked againstother experimentswith
similar parameters.Therefore,it is importantto notethata
givenparameteris notonly measuredtwice.

3.2 Hardw are and soft ware

The experimentalsetupis illustratedin Figure 1. The
client is an IBM Thinkpad T41 with integrated Intel
Pro/Wireless2915ABGwirelessadaptor. The client com-
municateswith a Linksys WAP55AG accesspoint operat-
ing on channel1 in 802.11bmodeonly andhasa transmit
power rating at 16dBm. The APs WAN port is wired to a
laptopmodelingthebackhaulnetwork. Thatlaptopfeatured
an IBM ThinkpadT30 with one built-in ethernetadaptor
andonePCMCIA ethernetadaptor. The T30's other eth-
ernetadaptoris connectedto theserver, an IBM Thinkpad
T42. Both the client andserver are alsoequippedwith a
PCMCIA NetgearWAG511802.11wirelessadaptorused
for network monitoringonly. We consideredusingDHCP,
but Ott andKutscher's analysis[2] showedhighly variable
performancedueto slow retransmissiontimers. Therefore,
wedecidedto usepresetIP addressesfor all machines.

Thehardwareabovewaschosento betypicalof thatused
by realusers.No externalhigh-gainantennaewereusedon

1ThewebsitesusedwereBBC, CNN, Google,Intel, Yahoo,andSlash-
dot. Theaveragepagesizewas76KB.



theclientsor theaccesspoint,anddefault link layerparam-
eterswerealwaysused.

The softwarecon�guration is asfollows. All machines
usedtheFedoraCore3 Linux distribution,with thedefault
2.6 Linux kernel. UDP traf�c is generatedusinga bash
shellscriptandthe/dev/udp interface.iperf is usedto
generatetheTCPbulk traf�c, while thewebtraf�c is gen-
eratedusing the wget programon the client andApache
httpd on the server. The backhaulcomputerusedthe
Linux tc programwith the netem moduleto implement
thebandwidthanddelaymodels.

Experimentaldatais loggedin two ways. We generate
a tcpdump log on the active network interfacesof both
theclient andtheserver. In addition,we usedthekismet
wirelessnetwork monitoringtool attheclientandtheserver
to obtainlink-layer traces.

3.3 Exp erimen tal conditions
The AP is placedat the side of the road on a 160cm

tripod. A GPSunit with reportedaccuracy of two meters
wasusedto marktheroad500m (well outof AP range)ei-
ther sideof the AP with paint andsigns. Eachtestbegins
with theclient computeron the lap of thepassengerin the
carwell beyondthe500m distance,at which point thetest
scriptsare startedand the car comesup to andmaintains
the targetspeed.As it passesthe �rst 500m mark, theen-
ter key is pressedon the client causinga timestampto be
recorded. When the client comesinto rangeit automati-
cally associatesandbegins sendingtesttraf�c. As the car
passestheend500m mark, theenterkey is pressedagain,
causinganothertimestampto berecorded.We choseto use
keypressesfor timing insteadof GPSfor convenienceand
becausethe operatorcanclearly seethe sign approaching
andtime thekeypressaccuratelyenough.

4 Wir elesslink performance
We �rst analyzethe raw performanceof the wireless

channelunderin-motion conditions. This givesus a base
caseagainstwhich we cancomparetheperformancewhen
usingrealistictraf�c typesandwhenusinga backhaulnet-
work (in thefollowing sections).In this setof experiments,
themobiledevicecommunicatesdirectlywith the�x edAP.
Therefore,we expect minimum delaysand very low loss
whenthetwo devicesarein range.

4.1 Wireless range
Figures2 and 3 shows the associationrange relative

to the AP andassociationdurationrespectively, at various
speeds.Datafrom all traf�c typesandrepetitionswereused
to provideaverageactualspeedandrangevaluesfor theset
of experimentsat eachparticulartarget speed(basedon a
totalof 108experiments).
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In Figure2, thethreelinesrepresenttheclient'sposition
whenit �rst receivestheAPsassociationbeacon(top line),
whenit successfullyassociatedwith the AP (middle line),
andwhenthe �nal beaconwasreceivedby theclient (bot-
tom line). As thegraphshows, theclient is ableto seebea-
consfrom 412m to 303m awayat5 to 75mphrespectively,
but doesnot successfullyassociateuntil 272m to 143m
away. Someof this delay is dueto the time taken to per-
form link-layer association,while someis due to the fact
that the client can successfullydecodepacketsat a range
beyondthatwhich it canactuallysuccessfullytransmit.As
the speedincreases,the distancefor which the client is in
rangedecreases,from 272m at 5mph to 143m at 75mph.
However, evenat 75mphthereis still a 392m window for
datatransmission,whichrepresentsausableconnectionop-
portunityfor moving clients.

Figure3 illustratesthe associationoverheadandusable
data transferwindow at variousspeeds. The association
overheadremainsconstantwhenthe speedis greaterthan
25mph which shows that oncea client is in rangeof the
AP, thespeedof themobileclient haslittle to no effect on
thetimerequiredfor association.Theareaof thegraphthat
is above zerorepresentsthe actualusableamountof time
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Figure 4. UDP packet loss
wheredata transmissionscan occur. Comparingthe dis-
tanceto the time in range,the effective distancewindow
sizedoesnot varymuchwith speed(Figure2), but thetime
spentin that window reducessigni�cantly, from 217 sec-
ondsat 5mph to only 13.7 secondsat 75mph (Figure3).
However, asit will beseenlaterin thispaper, theamountof
datathatcanbesuccessfullytransmittedis still signi�cant.

4.2 Packet losses
Wheninvestigatingpacket lossagainstspeed,our inter-

estis whetherhigherspeedsmight causemoreloss,andin
particular, causegreaterlossesfor largersizedpacketsdue
to themorerapidlychangingchannelconditions.We there-
fore experimentedusing UDP traf�c with variouspacket
sizesatdifferentspeedsasshown in Figure4.

This graphshows that lossratesincreasethreefoldfrom
5mphto 55mph,but thereis nosigni�cant effectonpacket
loss. At 75mph, the lossis approximatelydoubledagain,
with someindication(at low packet sizes)thatpacket size
mayhave a minor effect. However, theoverall lossrateis
well below 1%.

Furtherexaminationof the raw logs shows that losses
only occurwhenthemobileclient is at thelimit of thewire-
lessnetwork range;onceinsidea nominalrangeof 150m,
therearenolossesoccurringfor all speedsandpacketsizes.
We alsoexaminedthelossratefor traf�c from theserver to
themobileclient. In this direction,thereis lossevenwhen
in thenominal150m range,however, therateneverexceeds
1%. Whencomparedto lossratesin deployedwirelessnet-
works,this is negligible [5].

4.3 Instan taneous throughput
Figure5 showstheinstantaneousthroughputacrosstime

over 500ms intervals for variousspeedsandtraf�c types.
A singlerun from eachtraf�c typeis plottedfor 5, 35,and
75mph2.

2Somespeedswereexcludeddueto spaceandreadabilityissues,how-
ever, they follow asimilarpro�le

UDP andTCP bulk resultsboth show that the channel
goesthroughan initial phaseof varying performancebe-
fore a stablewell-behavedphasewhile in goodrange,with
a �nal periodof variedperformanceastheclientmovesout
of range.This is whatOtt andKutscher[2] namedtheentry,
production,andexit phases.Interestingly, at75mphtheen-
try andexit phasesseemto disappear, while theproduction
phaseremainshighly visible. This is a very encouraging
resultfor theusabilityof transientconnectionopportunities
evenathigherspeeds.Weconjecturethatathighspeed,the
entry andthe exit phasesareshorter(but morelossy)and
that the mobile almost“skips” this transitionzoneto en-
ter theproductionphase.This canbeexplainedby thefact
that beaconscanbe exchangedbeforethe two devicesare
in transmissionrange.

TCPbulk traf�c clearlyexploits thechannelbestin our
experiments,with anachievedbandwidthof 5.5Mbit/s dur-
ing theproductionphase,in all testsfrom 5mphto 75mph.
Despiteits handshake protocol,TCP doesnot seemto im-
pactthedurationof theproductionphase.

UDPtraf�c achieveda lowerthroughputof 3.5Mbit/s in
our experiments.This is dueto the fact UDP packet sizes
rangefrom 50bytesto 1500bytes,which resultsin thelink
layeroverheadbeinghighercomparedto the1500byteTCP
traf�c. However, we believe if this experimentwere run
with 1500byteUDPpackets,thethroughputwouldmeetor
exceedthatof theTCPbulk traf�c.

Webtraf�c showsalowerandmuchmorevariabletrans-
fer rate, with an averageof around1.8Mbit/s during the
productionphase. This is due in part to variablepacket
sizes. However, the main causeis that web traf�c usesan
application-layerprotocolthatintroducesdelaysthatarenot
dueto thenetwork itself. This is signi�cant, becausewhile
many testsof wirelessnetworks areconductedon canned
traf�c, real life traf�c hasapplication-layerdependencies
andwill thereforenot necessarilymake optimaluseof the
availablechannel. We will seelater in this paperthat the
impactof theseapplicationlevelprotocolsis evenmoredra-
maticin thepresenceof abackhaulnetwork.

4.4 Total data transferred
Figure 6(a) shows the total amountof datatransferred

at variousspeeds.UDP, TCP �le transfer, andweb traf�c
make differentuseof the channelasdescribedpreviously,
resulting in different total transfersizes. To help gauge
thesecurves,a1=x graphis plottedfor each,whichextrapo-
latestheperformancefrom the5mphresult,assumingthat
the only effect of higher speedsis a lower available con-
nectiontime (i.e., 5 timeslessfor 25mph). Theactualand
1=x linestrackeachothercloselyfor all threetraf�c types,
showing thathigherspeedsarenot affecting thequality of
the wirelessnetwork signi�cantly (at leastin the produc-
tion phase),which is anencouragingresultfor applications
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Figure 5. Individual instantaneous thr oughput for various speeds and traf�c types

makinguseof in-motion802.11connections.
In order to illustrate what is possiblewith in-motion

transferover a wirelesslink, we summarizethevariouspa-
rametersasfollows with real life examples.At fastpaced
walkingspeed(5mph),a92MB �le canbetransferredwith
TCPwhile passingby anAP. Most Internetlegacy applica-
tionswould thereforeperformprettywell. At 75mph,most
applicationswouldbein trouble,unlessthey aremodi�ed to
performbulk datatransfer. However, a signi�cant amount
(6.5MB) of datacanbe transferredduring the production
window which would beenoughto downloadnews or rel-
evant traf�c information, sendand receive email, or even
downloadanmp3�le.

5 Backhaul parameters
We now analyzetheimpactof backhaulnetwork param-

etersfor in-motionwirelesstransfersonTCPbulk andweb
traf�c.

Figure 6(b) shows the effectsof the backhaulnetwork
which we de�ned in Section3.1 for TCPbulk traf�c. The
additionaldelayhaslittle impact,whichis predictablesince
TCPstransmitwindow allowsmany packetsto bepresentin
thenetwork atonce.However, thebandwidthlimitation has
a muchlargerimpact.With a 1Mbit/s link on thebackhaul
network, thedatatransferredreducesfrom 92MB to 25MB
at5mphand6.5MB to 1.2MB at 75mph.

Figure6(c) shows very differenteffectsfor web traf�c.
In this case,it is theaddeddelaywhich hasthe mostseri-
ousimpacton thetotal throughput,sincetheincreasedtime
penaltyof theend-to-endHTTPprotocolof requestsandre-
sponsescausesthechannelto remainsorelyunder-utilized.
Theaddeddelaycausesadropin totaldatatransferredfrom
29MB to 2MB at 5mphand2.3MB to 187KB at 75mph.

Thebandwidthlimit, on theotherhand,causesthrough-
put to droponly slightly (astheamountof datatransferred
wasalreadyreducedat theapplication-level). This canbe
further illustratedby comparingthe 1Mbit/s limit in Fig-
ure6(b), with the1.8Mbit/s utilization thatweb traf�c ex-
hibited in the non-limited casefor the instantaneousweb
traf�c in Figure5.

Backhaulconstraintswill alwaysbe presentin real-life

scenariosand,asour resultsshow, will have a negative ef-
fect on theamountof datatransferred.However, theback-
haulconstraintsdo not have to causeaslargea decreasein
throughputasin Figure6(b). Modi�cations to heavy appli-
cationlevel communicationprotocolssuchasHTTP might
bene�t in-motionwirelesstransfersby reducingthenumber
of end-to-endroundtrips in the critical pathof datatrans-
fers,greatlyimproving theachievablethroughput.

6 Consequencesfor in-motion data transfers
Theresultsabovehaveshown thattherearemultiplelim-

iting applicationanduserlevel factorsaffecting in-motion
wireless connectionopportunities,but that the wireless
technologyitself is notoneof them.

Oneissuefor in-motion usersis the limited connection
window. The amountof time that a usercan usea tran-
sientconnectiondecreasessigni�cantly with speed.Most
applicationsrequiretheuserto beinvolvedwith connecting
andauthenticatingto services(e.g.,VPNs,websites,email
servers,etc.), a processwhich may, in itself, dominateor
exceedtheavailabletime of a transientconnection.There-
fore, a mechanismto automatethe processof connecting
andauthenticatingwouldbeessentialfor in-motionusage.

We also observed that poor performancewas caused
by applicationlevel protocolswith multiple requestcycles
leadingto the under-useof transferopportunities.Our re-
sultsshow thatweb traf�c consumedonly onethird of the
bandwidththatTCPbulk traf�c consumed,andthatlatency
in thebackhaulnetworkmakesthiseffectmuchworse.This
is dueto themultiple transactionsneededto completemost
webpagerequests,andto themulti-round-tripnatureof ap-
plicationprotocolssuchasHTTP.

Oursecondrecommendationis to avoid thissituationby
reducingthe numberof network roundtrip timesrequired
for userapplicationsasmuchaspossible.For thewebap-
plication,this couldbeachievedby allowing a client to re-
questa web pageinclusive of embeddedobjects,thereby
requiringonly a singlerequestandsingleresponse3.

3This is differentfrom HTTP 1.1 pipelining,which requiresonecon-
nectionto beopenedto eachof themany serversthattheembeddedobjects
aretypically spreadacross.
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Figure 6. Total data transf erred at various speeds

At present,wirelesshot-spotsaretypically usedby sta-
tionaryor nomadicusers,andnot by in-motionuserswith
transientconnectivity. While the recommendationsabove
addressthe optimizationof the performanceof suchtran-
sientopportunities,the wider issueis that the majority of
currentusersdo not have deviceswhich canmake useof
theseopportunities. A laptop must be in standbymode
while beingcarriedor it will overheatin its case.A PDA
doesnot have a heatproblem,but normally performsag-
gressive power saving, turningwirelesschannelsoff while
notactively usedby its owner.

Our�nal recommendationis thatmobileusersmusthave
at leastone device which is designedfor always-on,low
power activity. Sucha device could performcommunica-
tions during transientconnectionsandmight later provide
datato otherdeviceswhich were in standby. This device
couldbea stand-alonedevice,or beintegratedinto another
device carriedby a user. Candidatedevicesincludemobile
phones,which have similar power pro�les andarebegin-
ning to bebuilt with 802.11capabilitiesor a dedicatedde-
vice [4].

7 Conclusions
We have experimentallydemonstratedthe feasibility of

using802.11networking, with standardantennasandlink-
layer parameters,for in-motion communication.By con-
ductingastudyin aninterference-freeenvironment,wepro-
videaclearpictureof the802.11channelfor in-motionsce-
nariosbasedon 108 drivespastan AP. We show that, for
theentirespeedrangefrom 5mphto 75mph,thereis a re-
gion of goodconnectivity during which lossratesare low
andthroughputis high. However, for application-layerpro-
tocolssuchasHTTP, we found that this throughputis not
achieved sincemultiple round-tripdependenciesexist and
leadto unusedcapacity. This situationis greatlyworsened
whenrealisticaccessnetwork parametersarepresent,par-
ticularly due to the effect of end-to-enddelaywhencom-
binedwith round-tripdependencies.

We make threerecommendationsto improvetheutiliza-
tion of transientconnectivity for in-motion 802.11users.

First, thenumerousslow or manualauthenticationandau-
thorizationstagesinvolvedin today's802.11networksmust
be eliminated. Second,we suggestthe introduction of
“bulk modes”for protocolssuchasHTTP, in whichasingle
request-responseround-tripmight be usedto createa bulk
transferof datawhich is currentlysentover many round-
trips. Finally, we advocatean always active device that
cannegotiateconnectionson the client side (requiringno
changesin existing infrastructureequipment),while allow-
ing updatesto data(e.g.,email,webcache,etc.)whenpass-
ing transientconnectionopportunities.

Thereis plentyof work to beaccomplishedin this area.
More measurementsof transientchannels,e.g., between
two vehicles,or in differentphysicalenvironments,would
facilitatebetterunderstandingof thewider scenario.Auto-
matedandstreamlinedauthenticationmethodsfor 802.11
accessnetworks and for online applicationsmust be de-
ployed. “Bulk modes”for protocolsneedto be proposed
andevaluated. Our work shows that, with suchefforts, it
mightbepossibleto employ transient,in-motionconnectiv-
ity to satisfyusers'needs.
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