Application-OrientedRoutingin Hybrid Wireless
Networks

YuanSun ElizabethM. Belding-Rqer
Departmenbf ComputerScience
Universityof California, SantaBarbara
{sury, ebelding @cs.ucsledu

Abstract— Hybrid wir elessnetworks are a viable network-
ing solution to combat the limitations of infrastructued wir eless
networks and provide Inter net connectiity to ad hocnetworks.
This paperfirst analyzeshe requirementsfor deploymentof hy-
brid networks under differ ent application scenarios. Then two
routing schemesglesignedfor differ enttraffic patternsin hybrid
networks are proposedto achieve optimal performance. Simu-
lation resultsshow that with a large percentageof short web-
basedtraffic sessionsisinga gatewayasa default router results
in better performance with lower latency, fewer routing table
entries,and manageablecontrol overhead. When traffic locality
is high and Inter net traffic is only an occasionaloccurrence the
reactive routing schemeresultsin better performance, yielding
low control overheadand higher thr oughput.

I. INTRODUCTION

Infrastructuedwirelessnetworksandad hocnetworksare
two populartypesof wirelessnetworks. In infrastructured
wirelessnetworks, mobile nodescommunicatalirectly with
an accessoint to the wired network. An ad hoc network,
on the otherhand,is comprisedof mobile nodesthat com-
municatesolely over thewirelessmedium. Onedifficulty of
installing infrastructuredvirelessnetworksis to avoid dead
zonegareaswithout coverage).Additionally, unidirectional
links, which area commonoccurrencen wirelessnetworks,
canmalke directcommunicatiorwith theaccespointimpos-
siblefor mobilenodesf theaccesgoint hasa greatettrans-
missionrangethanthemobilenodes.Thelimitation of adhoc
networksis thatthereis typically noconnectvity betweerthe
fixed network andthe mobile nodes,dueto the lack of pre-
existing infrastructure With the continuedgrowth of interest
in ad hoc networks, it is inevitable that global connectvity
will be requiredfor mobile wirelessdevicesin the nearfu-
ture.

To overcomehelimitationsof infrastructuredvirelesset-
works andto provide mobile nodesin ad hoc networks In-
ternetconnectvity, hybrid wirelessnetworks canbe built to
broadenusageof wirelessnetworks. As shown in figure 1,
multi-hop pathsbetweermobilenodesandaccesgointscan
extendthe coverageof the network andprovide Internetcon-
nectvity to mobiledevices.

While thesetwo typesof wirelessnetworks have beenex-
tensvely studiedndividually, hybridwirelessnetworksbring
new challengesn protocoldesignand performancesvalua-
tion. Traffic in hybrid networkscanbebothwithin theadhoc

network, andto or from nodesn thewired Internet.Applica-
tions for hybrid networks include conferencesrvironments.
Conferenceattendeesan communicatewith eachotherin
a spontaneousetwork usingtheir mobile devices,andthey
canalso perform Internet-centridaskssuchasweb brows-
ing or emailchecking.ln a sensomnetwork, sensonodescan
cooperatewith eachother by exchangingdata, while some
designatedr powerful nodesmay transmitthis databackto
an Internetrepository Otherapplicationsinclude personal
networksandmary collaborationscenarios.

Becausadlifferentapplicationshave differentconfiguration
and performanceaequirementstraffic patternsin thesesce-
narioswill vary. To deploy hybrid networks, it is important
to understandherequiredelementsn termsof hardwareand
protocols. Further becausehe routing protocolsfor infras-
tructurednetworks arebasedon directtransmissiorrangeof
theaccespoint, they cannotbedirectly appliedto the multi-
hop ervironment. It is importantto investigatenew routing
schemeghat can betteradaptto the hybrid networks with
differenttraffic compositiorandapplicationrequirements.

In this paper we proposetwo routing schemedor hybrid
wirelessnetworks,andevaluatetheperformancef theproto-
colsbasedn differentapplicationscenariosBoth solutions
entailtheintegrationof theMobile IP protocol[4] andAd hoc
On-DemandDistanceVector (AODV) protocol[6]. Our re-
sultsshaw thatwith alarge percentagef Internettraffic and
real-timeapplicationsyouting schemeshat utilize a default
gatevay provide betterperformancevith lower transmission
lateng/; on the otherhand,if mosttraffic is confinedto the
ad hoc network andthe applicationis not particularlydelay-
sensitve, on-demandouting schemesre preferredbecause
they generatdesscontroloverhead.

Il. RELATED WORK

Two initial relatedstudiesare presentedn [3] and[1] to
provide Internetconnectvity in ad hoc networks. Both ap-
proachesntegrateMobile IP with ad hoc routing protocols
to forward databetweenthe wired network andad hoc net-
work. Specifically [3] usesa modifiedversionof the Rout-
ing InformationProtocol(RIP) and[1] usesDSR for adhoc
routing.

An alternatve solution, MIPMANET, is presentedn [2].
In this approach,nodesin an ad hoc network that require



Fig. 1. A Hybrid WirelessNetwork.

Internetaccesgegisterwith the foreign agentand usetheir
homeaddresdor all communication.Mobile nodestunnel
all pacletsdestinedor thelnternetto their Mobile IP foreign
agent.The AODV routingprotocolis usedto discoverroutes
betweermobilenodesandtheforeignagent.

Our previous study [8] usesa similar mechanismby in-
tegratingMobile IP with AODV. However, in this approach,
dataforwardingbetweerthe gatevay andmobile nodesdoes
notnecessitateunneling. This work alsoexamineghe effect
of varyingbeacorintervalson the protocolperformanceand
proposes mechanisnior mobile nodesto obtainco-located
IP addressewithout the existenceof Mobile IP.

I1l. ROUTING IN HYBRID WIRELESS NETWORKS

In this sectionwe investigaterouting protocolsfor hybrid
wirelessnetworks. It is firstimportantto analyzetherequired
elementsfor the deployment of hybrid networks. As de-
scribedin sectionl, in additionto themobileadhocnetwork,
the accesgoint servingasthe Internetgatavay, whereone
or moremobile nodesarewithin its transmissiorrange,are
the basicrequirementgo deploy hybrid wirelessnetworks.
Mobile nodeswith arbitrary pre-assignedP addressesan
obtainglobally addressableo-locatedP addressefor Inter
netcommunicatior[5]. On the otherhand,if a nodewants
to keepits original IP addressMobile IP canbe utilized; a
Mobile IP foreign agentcan be deployed at the gatevay to
provide Internetaccesgo andfrom the hybrid networks. Fi-
nally, it is desirableto usead hocrouting protocolsfor traffic
within ad hoc networksto obtainoptimal routing pathswith
lesstraffic centralizatioratthe gatevay.

Since multi-hop paths typically exist betweenmaobile
nodesandthe gateavay, aswell asbetweenpairsof mobile
nodesthe primaryissueis to effectively find routesto desti-
nationswhetherthey areinsidethe adhoc network or reach-
ablethroughthewired network. Becausehegeneralocation
of the destinationis not initially known, the optimal design
of theroutingprotocolis likely to be affectedby therequire-
mentsof the application. We will examinetheseeffectsin
sectionlV. The following describegouting approachesor
hybrid networks.

A. Gatewvay/FA Discovery

It is importantfor mobile nodesto know the existenceof
the Internetgatavay or the Mobile IP foreign agent,so that

the gatavay canbe utilized to communicatevith wired cor
respondenhodes. In this paper we focusprimarily on net-
workswith Mobile IP capability Similar mechanismsanbe
appliedto non-MobilelP accespoint/gatevay operation.

In infrastructuredvirelessnetworks,foreignagentdiscor-
ery is achieved through periodic Foreign Agent Advertise-
ments. Mobile nodescan also proactiely solicit advertise-
mentsfrom availableforeignagents Becauséhesemessages
canonly reachnodeswithin onehop,they cannotbedirectly
appliedto the multi-hopernvironment.

Therearetwo basicmechanismgor mobile nodesto dis-
coveragatevaythatis multiple hopsaway|[2]. In thefirst ap-
proach,mobile nodesrebroadcasthe Agent Advertisement
messageso that the adwertisementgeriodically flood the
entiread hoc network. This approachhasthe advantageof
informing new nodesof the presenceof the foreign agent,
refreshingpathsto the foreign agent,and enablingnodesa
fasterdiscovery of a foreign agentwith lower transmission
delay fewer hops,etc. In the secondapproachmobilenodes
that requireInternetconnectvity proactiely solicit the for-
eign agentand adwertisementmessagesre unicastto these
mobilenodes.

Previouswork [2] hasshavn thatasthe numberof nodes
that desirelnternetconnectity increasesthe total control
overheadf the unicastapproachincreasesindsurpassethe
rebroadcastingpproach. Further the determinationof the
betterapproachfor foreign agentdiscovery dependson the
traffic patternandapplicationrequirementsThis will be ex-
aminedin sectionlV.

B. Routingfor Hybrid Networks

Becausedraffic can be eitherwithin the ad hoc network
or to andfrom the Internet,a routing schemes neededhat
canoperateseamlesslyn eitherscenario.Recentstudieq9]
shav thatalargepercenof thetraffic in alocal-areawireless
network is comprisedof web sessionsFTP andmail traffic.
Web-surferdftenvisit oneor two sitesin asinglesessiorand
initiate mary sessionsNo traffic analysisstudiesfor hybrid
networks have beenperformed,but we can predictInternet
traffic andapplicationmodelsin hybrid networkswill follow
similar patterns Additionally, usageof hybrid networkswill
alsoentail scenariosuchasthe conferencescenarioasde-
scribedin sectionl. Theseweb-centricapplicationsrequire
real-timeuserinteractionwith low lateng, which demands
low communicationand processingoverhead. Sometimes
the sessionsare short-lived and a large numberof web ses-
sionscantarget mary differentweb sites,so the processing
overheador discoreringandmaintaininga large numberof
routingentriesmayalsobeanimportantissuebecausef the
scarcaesourcef mobiledevices.In otherapplicationssuch
asthesensonetwork scenariadescribedn sectionl, Internet
traffic may not requireshort latencies,and the destinations
may not frequentlychangeover a shortperiodof time.

Consideringthe different application requirements,we
proposetwo routing schemesgor hybrid wirelessnetworks.
The routing schemesanbe built on top of any on-demand



ad hoc routing protocol with minor changes. For simplic-
ity, we utilize AODV asanexampletoillustratetheprotocols.

RoutingSdemel: Whenthereis alargepercenif traffic
traversingthe wired/wirelessgatavay, and applicationsare
shortweb-orientedsessionsit is desirablefor mobile nodes
to alwayshave a default routeto the gatevay. Thiswill sig-
nificantly reducetherouteacquisitionlatency, therebyreduc-
ing the datatransmissiorlateng. Minimal delayis impor
tantto webuserspecauseserscannotoleratefrequeniong
waiting timesfor web pageretrievals. Also, web userstypi-
cally visit web pagesat multiple domains.Lack of a default
gatevay would require a route discovery eachtime a new
web sener was queried. Further by using a default route,
theprocessingndcachingoverheads significantlyreduced,
therebysaving the limited resource®f mobile devices. The
first schemas gearedowardsweb-centridraffic patternsaand
providesefficientroutingto this type of applications.

In this scheme, foreign agents periodically broadcast
AgentAdvertisementnessagegandall themobilenodesre-
broadcasthesemessagesEachmobile nodeis requiredto
registerwith the foreign agent. Mobile nodescanalso use
adwertisementso initialize andupdatethe routebetweerthe
foreign agentand themseles. In high mobility scenarios,
wheretheroutefreshnessannotbeguaranteedolelyby bea-
conmessagesnobilenodescanuseadhocroutingprotocols
to acquirearouteto theforeignagent.

Each mobile node maintainsthe gatevay as its default
router Whena nodehasdatato transmit,it sendsthe data
directly to the gatavay by eithertunnelingor loose source
routing. The gatavay, after receving the paclet, forwards
the paclet to the intendeddestinationon the wired network.
Becauseall mobile nodesare requiredto register with the
gatevay, the gatavay cancheckwhetheror not the paclet's
destinatioris within theadhocnetwork. If the destinatioris
insidetheadhocnetwork, theforeignagentreturnsanICMP
redirectmessageotifying the sourcenodeto performroute
discovery to find a route within the ad hoc network. As a
result,therouting schemecanwork efficiently with different
traffic typesto minimize userpercevedlateng.

RoutingStheme2: In scenariosvherea large amountof
traffic is within the ad hoc network andthe Internetapplica-
tions are not sensitve to lateng, scheme2 canbe usedto
reactvely discover a routeto the foreign agentandutilize it
for Internetcommunication.

In this scheme,mobile nodesregister with the foreign
agentonly whenthey have datato transmitto the wired net-

work. Nodesdo notrebroadcagheadwertisemenmessages.

Insteadheforeignagentadwertisementessageareunicast
directly to eachregisteredmobile node. In scenariowhere
the majority of traffic is insidethe network, this reduceghe
Mobile IP controlmessagé@oodingin the network.

When a mobile node originatesdatatraffic, it performs
route discovery to locatethe destination. In AODV, nodes
generatea RouteReques{RREQ) messagédor the destina-

tion. If thecorrespondentodeis within theadhocportionof
thenetwork, thesourcenodereceivesa RouteReply (RREP)
messagéndicatingthe route; otherwise ho RREPmessage
is receivedfrom the othernodeswithin theadhocnetwork.

The gatavay nodehasa specialoperationuponreceving
the RREQmessagesWhenit recevesa RREQ,theforeign
agentfirst checkswhetherthe destinatiomodeis within the
adhocnetwork by determingwhetherthatnodeis registered
with it. If the nodeis registeredwith it, the gatavay only
repliesto the sourceif it hasa freshroutingentryto the des-
tination. Otherwisejf thenodeis not registeredwith thefor-
eign agent,the foreign agentmay assumehe destinationis
on the wired network andis reachablehroughits wired in-
terface. In this case the foreign agentrepliesto the source
nodewith a specialforeignagent(FA-RREP),indicatingthe
routeto thedestinatiorthroughitself.

Therecanbecasesvherethecorrespondemntodeis within
the ad hoc network and is not registeredwith the foreign
agent.In this casethesourcenodemayreceve anFA-RREP
beforethe RREPfrom the actualdestination. To eliminate
this erroneousoute,the sourcenodemayretaintheroutein-
dicatedby FA-RREPuntil thetime interval to receive anor-
mal RREPhasexpired. Alternatively, beforesendingoutthe
FA-RRER the foreign agentcan attemptto ping the corre-
spondennodeon its wired interfaceandensurethe destina-
tion is reachablen thewired network.

Becauseof the specialprocessingoy the foreign agent,
this schemecan adaptto differenttraffic by usingdifferent
RREPs.If the destinationis within the ad hoc network, the
sourcewill usetherouteindicatedin the RREPfrom the mo-
bile nodesin the network; otherwise the sourcewill usethe
routeindicatedby the gatavay.

IV. PERFORMANCE EVALUATION

To evaluatethe proposedschemessimulationsare per
formedin a wide rangeof scenariosThe schemesvereim-
plementedn the NS-2 simulator Unlessotherwisenoted,
the parametewraluesfor Mobile IP andAODV arethe same
asthosesuggesteth [4] and[6], respectiely.

A. ExperimentaSetup

The simulationsare evaluatedin networks of 10, 20 and
50 nodes. As the numberof nodesin the ad hoc network is
increasedthe sizeof the simulationareais alsoincreasedo
thata consistenhodedensityis maintained.The simulation
areasare 330mx 330m, 670mx670m and 1000mx 1000m,
respectiely.

All mobilenodesmaove accordingto the randomwaypoint
mobility model. Node speedsare randomlydistributed be-
tweenzeroandsomemaximum,wherethe maximumspeed
variesbetweerQ and20 m/s. The pausetime is consistently
10 secondsEachdatapointrepresentanaverageof 10 runs
with the sametraffic models,but differentrandomlygener
atedmobility scenarios.

In all simulationgthereis a singleforeignagentin the net-
work thatis connectedhroughits wiredinterfaceto thewired
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Fig.2. Performanc®asedonWebTraffic Applications.

network. Thoughtherouting schemespply whenthereare
multiple foreignagentsweincludeonly resultsfrom asingle
foreign agentfor simplicity. In the first setof simulations,
web traffic with HTTP sessionss usedto evaluatethe per
formanceof the two routing schemesn thefirst application
scenariodescribedn sectionl. The scenariomodelsa large
percenbof traffic asinternettraffic with numeroushortTCP
sessionsAll the sourcenodesarewithin theadhocnetwork
andthey randomlyrequestvebpagedrom thecorrespondent
nodeson thewired network.

The secondsetof simulationsexaminesthe performance
of the two routing schemesvith differentpercentagesf In-
ternet(wired) traffic. All traffic is CBR traffic with 512byte
datapaclets at the sendingrate of 10 paclets per second.
All thesourcesrewithin theadhocnetwork; thecorrespon-
dentnodesareeitherwithin theadhocnetwork or reachable
throughthewired network.

B. SimulationResults

Web Traffic: In this setof simulationsweb traffic is used
to evaluatethe performancef thetwo routingschemes100
HTTP sessionare initiated by 10 randommaobile nodesin
theadhocnetwork within 100seconds.

Figure 2(a) shows the averagenumberof HTTP requests
(including retransmissionsdf the two schemeswith differ-
ent network sizes. The numberof transmissionsn larger
networksis higherbecausef the retransmissiof requests
causedy link breaksandnetwork partitions.In figure 2(b),
the Mobile IP overheadis generallyhigherwith schemel
thanscheme, dueto the AgentAdvertisementfloodingthe
network. With scheme2, only the 10 sourcenodesregister

[[ Network Size [[ 10nodes| 20nodes | 50nodes ||

MIP Registration(ms) 15.8 26.3 36.2
RouteDiscovery (ms) 13 20.5 29.8
WebPageRetrieval 29 37 54
Schemel (ms)
WebPageRetrieval 43 64 89
Scheme (ms)

TABLE |

WEB ACCESS LATENCY.

with the foreignagent;the beaconsareunicastonly to these
nodes.Thedifferencdas mostsignificantwith thelargestnet-
work size.Figure2(c) shovsthe AODV overheadf thetwo
schemesScheme hashigherAODV overheadhanscheme
1 becausea sourcenodealwaysissuesa RREQwhenit ini-
tiatesa datatransmission.In schemel, only whenthe link
betweerthenodeandthegatavay breaksjs a RREQissued.
Figure2(d) shawvs thetotal overheadf two schemes.

In additionto theseresults,we alsoinvestigatedhe web
page retrieval lateny and the averagerouting table size
duringthe simulationfor thetwo routingschemesin tablel,
the MIP registrationtime includesthe time for the nodeto
recevve the agentadwertisement,sendout the Registration
Requestndreceve the RegistrationReply Routediscovery
includesthe broadcastingpf the RREQ and the lateny to
receve RREP Thesetwo latenciesare identicalin the two
schemesHowever, in routing scheme2, nodesonly register
with a foreign agentwhenthey wantto sendinternetdata
traffic. Hence,they have the initial Mobile IP registration
latengy during the web pageretrieval, aswell asthe route
discovery lateng. In routing schemel, on the other hand,
nodesproactiely registerwith the foreignagentbeforethey
originate datatraffic; hencethereis no Mobile IP lateng
duringtheretrieval, noris therearoutediscoverylateng. As
a result,the web pageretrieval time for scheme2 is higher
thanthatof schemel. Further the MIP registrationlatencg
andtheroutediscovery lateny occupy alarge percentagef
the retrieval time. This lateny may not be tolerablewhen
usersrequirereal-time interaction. While not shown, the
simulationresultsalso showv that the routing table size of
scheme is nearlydoubleof thatof schemel, becausaroute
discoveryandroutetableentryis neededor eachdestination.

MixedTraffic: Thesecondsetof simulationsexamineghe
performanceof the two routing schemeswith differentper
centage®f Internettraffic. Thepercentagegary from 0%¢to
100%. Thereare 10 CBR traffic sourcesn the ad hoc net-
work. The destinationareeitherin the wired network or in
theadhoc network, asdictatedby the percentagef Internet
traffic. Otherparameterén thesesimulationsinclude maxi-
mumnodemobility of 20m/sagentadwertisemeninterval of
15 secondsindsimulationtime of 900seconds.

Figure3(a)illustratesthe paclet delivery ratio with vary-
ing traffic locality. Traffic locality indicateshe percentagef
traffic with destinationsvithin theadhocnetwork. Whenthe
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traffic locality is low, mostof thetraffic is Internettraffic go-
ing throughthe gatavay; the paclet delivery ratio of routing
schemel is slightly higherthan scheme2 becausehe pe-
riodic foreign agentadwertisemenmessagebelp to update
the route for the mobile nodesto the foreign agent. Thus
fewerlink breaksoccurandpacletlossis reduced Whenthe
traffic locality is higher, the paclet delivery ratio of scheme
2 decreasebecausehe initial paclets are sentdirectly to
the gatavay. Thesepacletsaretransmittedon the erroneous
routeuntil thesourcerecevesthelCMP redirectmessagand
discoverstheroutewithin theadhocnetwork.

In figure 3(b), whenthe traffic locality increasesthe nor-
malizedAODV overheador schemel increaseswhile it is
fairly stablefor scheme2. Normalizedoverheads a ratio of
the numberof control pacletstransmittedto the numberof
datapacletsreceied at the destination.NormalizedMobile
IP overheadremainsstablefor schemel while it decreases
linearly for scheme2 asthe locality increasesasshown in
figure 3(c). In scheme2, asthe traffic locality decreases,
more nodesregisterwith the foreign agent,resultingin in-
creasedIP overhead.

Figure3(d) shavsthetotal powerconsumedby all themo-
bile nodes.Our enegy consumptiommodelis basedon [7];
enegy costsare1.6W for transmissionandl1.2W for recep-
tions. 1.0W is consumedvhenidle. The network enegy
consumptiorshouldbe proportionato thetotal paclettrans-
missionin the network. Becausehe datapaclet transmis-
sionsarethe samefor thetwo approachesheapproactwith
the higher control overheadshouldhave higher power con-
sumption. However, in mostof the experiments,schemel
experiencechigherpower consumptioralthoughit doesnot

alwayshave highertotal controloverhead.Thereasoris that
periodicrebroadcaspf Advertisemenmessagesontributes
muchto this consumption. Although nodesdo not retrans-
mit duplicatepaclets,therebyreducingthecontroloverhead,
enegy is still consumedy nodego receve the paclets.

V. CONCLUSIONS

To combatthe limitations of infrastructuredvirelessnet-
works andprovide Internetconnectvity to ad hoc networks,
hybrid networkscanbedeployedto supportdifferenttypesof
applications. As wirelesscommunicatiorbecomesncreas-
ingly prevalent, we ervision hybrid ad hoc/infrastructured
wirelessnetworks becominga viable networking solution.
The Mobile IP and AODV routing protocolscan work to-
getherto createa hybrid ad hoc/infrastructuredhetwork in
which mobile nodescandiscover multi-hop pathsto foreign
agentstherebygaininginternetconnectvity.

Different applicationsin this hybrid network may have
varying requirementsin terms of lateng, scalability etc.
Thesedifferent requirementsaffect the underlying routing
schemes.This paperproposeswo routing schemedor hy-
brid networks that meetdifferent applicationrequirements
andtraffic patterns.Simulationresultsshow thatwith alarge
percentag®f shortweb-basedraffic sessionsysinga gate-
way as a default router resultsin better performancewith
lower lateng, fewer routing table entries,and manageable
control overhead.Whentraffic locality is high and Internet
traffic is only an occasionabccurrencethe reactve routing
schemeresultsin betterperformancewith low control over
headandhigherthroughput.
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