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Abstract
Few real-world applicationsof mobilead hoc networkshave

beendevelopedor deployedoutsidethemilitary environment,and
no tracesof actualnodemovementin a real ad hocnetworkhave
beenavailable. In this paper, weproposea novel commercial ap-
plication of ad hoc networking, we describeandevaluatea mul-
titier ad hoc networkarchitecture and routing protocol for this
system,andwe documenta new source of real mobility tracesto
supportdetailedsimulationof ad hoc networkapplicationson a
largescale. Theproposedsystem,which wecall Ad HocCity, is a
multitier wirelessadhocnetworkroutingarchitecture for general-
purposewide-areacommunication.Thebackbonenetworkin this
architecture is itself alsoa mobilemultihopnetwork,composedof
wirelessdevicesmountedon mobile �eets such as city busesor
deliveryvehicles.We evaluateour proposeddesignthroughsim-
ulation basedon tracesof theactualmovementof the�eet of city
busesin theSeattle, Washingtonmetropolitanarea,on their nor-
mal routesproviding passenger busservicethroughoutthecity.

1. Intr oduction
In anadhocnetwork,mobilenodesself-organizeto form

a network without the needfor infrastructuresuchasbase
stationsor accesspoints.Eachmobilenodeactsasa router,
forwardingpacketsonbehalfof othernodes,creating“mul-
tihop” pathsthatallow nodesbeyonddirectwirelesstrans-
missionrangeof eachotherto communicate.Routingpro-
tocols for ad hoc networks must discover suchpathsand
maintainconnectivity when links betweennodesin these
pathsbreakdueto factorssuchasnodemotionor wireless
propagationandinterferencechanges.

Few real-world applicationsof mobile ad hoc networks
have beendevelopedor deployed to dateoutsidethe mili-
tary environment,andasa result,no tracesof actualnode
movementin a real ad hoc network have beenavailable
for ad hoc network routing protocol simulation studies.
The vast majority of performanceevaluationsof ad hoc
network routingprotocolshave usedrandomizednodemo-
bility models(e.g.,[1–3, 12, 13, 22, 23, 27, 34]).

In this paper, we make threeprimarycontributions:
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� We proposea novel commercialapplicationof adhoc
networking, which we call Ad Hoc City. Ad Hoc
City is a scalable,multitier ad hoc network architec-
ture, consistingof a small numberof wired basesta-
tionsplusa mobilemultihopwirelessbackbone,serv-
ing mobile usersover a metropolitanarea;the back-
bonenodesareimplementedon mobile�eets, suchas
city busesanddelivery vehicles,which alreadycover
theareaof a city in bothspaceandtime.

� Wedocumentanew sourceof realnodemobility traces
to supportlarge-scalerealistic simulationsof ad hoc
network routingprotocols.We acquiredseveralweek-
longtracesof themovementof the�eet of city busesin
Seattle,Washington,on their normalroutesproviding
passengerbusservicethroughoutthecity.

� We describea routing protocol for the Ad Hoc City
architecture,which we evaluateusing thesereal mo-
bility traceswhich include750 to 850 mobile nodes.
Ourroutingprotocol,calledC-DSR(CellularDSR),is
anextensionof theDynamicSourceRoutingprotocol
(DSR)[23].

TheoriginalDSRprotocolis anon-demandroutingpro-
tocol for ad hoc networks that has beenshown through
earlier simulationsto perform well [2], but DSR was not
designedfor the hierarchical,multitier architectureof the
Ad Hoc City systemandhasnot beenusedwith networks
of thesizeusedin oursimulationsbasedonthecity bus�eet
of Seattle.We have modi�ed theoperationof DSRto sup-
port thescalableon-demandroutingneededin our system.
C-DSRis consistentwith thedesignphilosophyof DSRand
operatesentirelyon-demand.

We simulate the performanceof the Ad Hoc City
network mobile backbonewith C-DSR using our move-
menttracesof theSeattlecity buses.In oursimulations,the
busesrepresentmobile nodesforming the wirelessmobile
backboneof theAd Hoc City architecture.Thenumberof
network nodes,includingmobilenodes(buses)and8 base
stations,presentin our simulationsvariesbetween750and
850. This network provideswirelessserviceto an areaof
approximately5000squarekilometers(2000squaremiles).
Our simulationsshow that the systemperformswell; C-
DSRsuccessfullydeliversover 96%of theoriginateddata
packets,with averagedelivery latency of around86ms.

Section 2 of this paper describesrelated work. In
Section3, we presentan overview of our Ad Hoc City



network architecture. Section4 summarizesthe standard
operationof theDynamicSourceRoutingprotocol(DSR),
andSection5 presentsthedesignof C-DSR. In Section6,
we describethe real movementtracesthat we collectedto
enableevaluationof Ad Hoc City. We discussour eval-
uationmethodologyin Section7 andresultsin Section8.
Finally, weconcludewith Section9.

2. RelatedWork
Qiaoet al. [29] presentedan architecturefor enhancing

cellular networks called iCar, in which wirelessrelay sta-
tionsareplacedon thebordersbetweencellsandareused
to improvetheloadbalancingof thetraf�c amongthecells
and to decreasecall blocking. Hsieh et al. [15] also pro-
posedasystemfor enhancingacellularnetworkwith adhoc
network routing,in whichnodesuseadhocroutingto reach
thebasestationalongmultiple hopsandswitch to cellular
operationwhenthebandwidthavailablein ad hocmodeis
lower than that achievablein cellular mode. Unlike these
proposals,the systemwe presentin this paperdoesnot
usethe traditionalcellularprotocolsbut insteadutilizesan
adhoc network backboneitself composedof mobilewire-
lessnodes.

Therehave beenseveral proposalsfor a hybrid cellular
andadhocnetworkinginfrastructurein whichnodeswithin
a cell useadhocnetwork routing to reachthebasestation
responsiblefor the cell [14, 16, 17, 25]. Theseproposals
focuson thedesignandperformanceof thehybrid system
within a singlebasestationcell, however, anddo not dis-
cusstheroutingmechanismsfor roamingbetweendifferent
cells.

A numberof approacheshave beenproposedfor con-
nectingan ad hoc network to the Internet (e.g., [26, 31–
33]). For example,Maltz etal [26] describedanimplemen-
tationconnectingan adhoc network runningtheDynamic
SourceRoutingprotocol(DSR) [23] to the Internet,using
Mobile IP. Their approachallows for roamingof nodes
betweendifferentad hoc network cloudsandbetweenan
adhocnetwork cloudandtheInternet,andusessubnetting
to distinguishbetweennodesin differentad hoc network
clouds.This addressingschemeis moresuitablewhenmo-
bile nodesroambetweenadhocnetwork cloudsonly occa-
sionallyandspendmostof their time in their “homecell.”
In this paper, on theotherhand,we assumethatnodesmay
roambetweendifferentcellsonaregularbasis,andthatthey
donothavea“homecell.” In addition,thoughourarchitec-
ture supportscommunicationbetweenan ad hoc network
and the Internet, our emphasisis on on-demandrouting
within theadhocnetwork.

Themostcommonlyusedmobility modelsproposedfor
usein simulationsof routing in adhocnetworksarebased
on randommobility patterns(e.g.,[1–3, 12, 13, 22, 23, 27,
34]). Thesemodelsrely on probabilitydistributionsto de-
terminethe location, speed,and directionof eachmobile
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Figure 1: Example of the Ad Hoc City Architecture

node or groupsof nodesin the network. Somemodels
of vehicularmotion have also beenproposedin the liter-
atureto model the movementof carson highways based
on driver behavior models(e.g., [4, 10]). Though such
movementmodelsare importantfor routing protocolper-
formanceanalysis,they may not accuratelyrepresentreal
mobility of individualnodes.Themovementscenariospre-
sentedin this paper, on the other hand,are basedon real
tracesof the motion of buseson their regular routes in
Seattle,Washington.Thesetracesallow usobserveprotocol
performancein a morerealisticsetting.

3. Ad Hoc City Overview
Ad HocCity is amultitier wirelessadhocnetwork rout-

ing architecturefor general-purposewide-areacommunica-
tion. Thebackbonenetwork in ourarchitectureis composed
of wirelessdevicesmountedon mobile �eets, suchas the
city busesor deliveryvehicleswithin a city. Thesevehicles
covertheareaof thecity in bothspaceandtime,andcanbe
organizedin a multihopwirelessadhocnetwork backbone
that provides network accessand generalcommunication
servicesthroughoutthecity. In addition,in theAd HocCity
architecture,several �x ed basestations,with which nodes
cancommunicateovermultihoppaths,aresitedthroughout
the metropolitanarea;thesebasestationsimprove ad hoc
network routingscalabilityandprovide Internetconnectiv-
ity. Individual mobile userswithin the city can commu-
nicateover this architectureusingdevicessuchaslaptops,
PDAs,or futurecellularphones,to connectto theInternetor
to communicatewith eachother. An exampleof theAd Hoc
City architectureis illustratedin Figure1, with the routes
shown betweenseveralmobileusers.

By usingmobile �eets asa network backbone,deploy-
ment of the Ad Hoc City infrastructureis greatly simpli-
�ed. For example,no �x edsitesfor thesebackbonenodes
needto bepurchasedor leased;maintenanceis simpli�ed,
sincethevehiclesnaturallyreturnto a baseor headquarters



aspartof their normalroute,thusobviating theneedfor a
technicianto be dispatchedto a remotesite andavoiding
theneedfor equipmentto accessplacesthataredif�cult to
reachsuchaspoll tops. In addition,the effect of physical
failureof any backbonenodeis lessened,asit is averaged
overtheareaof thevehicle'sroute,andothervehiclesin the
mobile�eet will naturally�ll in mostcoveragegapscaused
by thefailure.Theonly �x edpartof thenetwork infrastruc-
tureis a smallnumberof basestationnodes,anddueto the
multihop routing capabilityof the ad hoc network mobile
backbonenodes,placementof the �x edbasestationnodes
is signi�cantly simpli�ed overtraditionalarchitecturessuch
ascellularsystems;exactplacement,for exampleinvolving
topographicalsurveys, is not necessary. Theuseof adhoc
network routingcontributesto therobustnessandadaptive-
nessof thesystemrelativeto traditionalcellularsystems,as
theroutingprotocolis ableto adaptto changesin network
topologyandnodefailures,aswell asto routearoundcon-
gestedareasof thenetwork.

4. DSROverview
The DynamicSourceRoutingprotocol (DSR) [23] for

wireless ad hoc networks operatesentirely on-demand.
DSR transmitsrouting packets only when a nodetries to
sendpacketsto anothernodefor which it doesnot have a
route in its RouteCache,or when a route that a nodeis
usingbreakswhile the nodeis actively usingthis routeto
forwardpackets. As a result,DSR only reactsto topology
changesthataffect routesthatareactively beingused,and
only incursoverheadin responseto actualcommunication
demandsin thenetwork.

DSRdoesnotcreateany forwardingstatein thenetwork;
instead,thecompletesequenceof hopsalongthepathto a
destinationis storedasa sourceroutein theroutingheader
of eachpacket. Sourcerouting providesthreemain bene-
�ts: packetseasilyalwaysfollow a loop-freepath,forward-
ing behavior is extremelysimple,andeachnodeforwarding
or overhearingthe packet canharvestrouting information
from thepacket'ssourceroute.

DSR employs two basicmechanisms,RouteDiscovery
andRouteMaintenance. To discovera routeto thedestina-
tion of anew packetfor whichthesenderdoesnotcurrently
have a route, the senderinitiatesRouteDiscovery; to de-
tect that a routebeingusedfor a packet no longerworks,
RouteMaintenanceis used.During RouteDiscovery, in its
simplestform, thesourcenode�oods a ROUTE REQUEST

packet. When the REQUEST reachesthe destinationfor
which the route is needed,the destinationreturnsthe dis-
coveredroutebackto thesourcein aROUTE REPLY packet,
along the reversepath traversedby the REQUEST. The
returnedroute is then usedby the sourcenodeto source
route subsequentdata packets to the destination. Route
Maintenanceuseshop-by-hop(or passive) acknowledge-
mentsfor datapackets in order to detectthat a link along

the routeto the destinationis broken. Whena nodealong
theroutedetectsabrokenlink, it sendsa ROUTE ERROR to
thedatasource,indicatingthebroken link to remove from
its RouteCache.

The DSR speci�cation includesa numberof optimiza-
tions to the protocol in addition to the basicmechanisms
describedhere. An extension to DSR to eliminate the
per-packet overheadof sourcerouting hasalso beenpro-
posed[19]. Incorporatingthis extensioninto C-DSRis a
topicof futurework.

5. Network Ar chitecture Design
Ad Hoc City is a multitier ad hoc network architec-

ture that enablesgeneral-purposewide-areacommunica-
tion services,suchas in a metropolitanarea,asshown in
Figure1. Therearetwo typesof mobilenodesin thecom-
pleteAd HocCity architecture:personalmobilenodessuch
aslaptopsandPDAs, which areownedby end-users,and
networkmobilenodes, which are mountedon vehiclesin
mobile �eets and form the mobile backboneof the net-
working infrastructure. The network thus forms a hier-
archical,multitier structure. Network mobile nodesroute
packetsbetweenpersonalmobilenodeswithin theAd Hoc
City network, andbetweenpersonalmobile nodesandthe
Internet,througha smallsetof �x edbasestations.

Eachbasestationservesthemobilenodeswithin a topo-
logical cell aroundthe basestation. The coverageof this
cell is determinednotby thewirelesstransmissionrangeof
thebasestationbut by a distancein wirelesshopsfrom it;
that is, all nodeswithin somenumberof wirelesshopsof
thebasestationusethatbasestationasa point of connec-
tion to the Internetandto nodesin othertopologicalcells
within the Ad Hoc City network. Each network mobile
nodein turn servesa varyingsetof personalmobilenodes
that arecurrently locatedwithin direct transmissionrange
of it. Eachpacket is routedalongapossiblymultihoproute
betweennetwork mobile nodesto the basestationnearest
thesourcenode;thisbasestationthenroutesthepacketinto
the Internetor to thebasestationclosestto thedestination
mobile node,which thenforwardsthe packet to the desti-
nation. If thesourceanddestinationnodesarebothwithin
theAd Hoc City network, whenit is moreef�cient to com-
municatedirectlyratherthanthroughabasestation,packets
betweenthesourceanddestinationaremultihoproutedbe-
tweenthe network mobile nodeclosestto the sourceand
thenetwork mobilenodeclosestto thedestination,bypass-
ing any basestations.

In our design,personalmobilenodesdo not participate
in data packet forwarding, as they typically would have
limited energy resourcesandsincesuchforwardingwould
complicatenetwork managementin termsof, for example,
securityandtopologycontrol.

Personalmobile nodes may use a protocol such as
Mobile IP [28] to associatewith a network mobile node.



Sincemechanismsfor providing this associationbetween
personalmobilenodesandnetwork mobile nodeshave al-
readybeenextensivelyexploredin theliterature(Section2),
we focus on the designof the mobile backboneof our
network; in particular, we focus hereon the protocol al-
lowing a network mobile nodeto communicatewith other
network mobile nodesandwith basestations,as it moves
within a topologicalcell or betweencells. In therestof this
paper, we usethe term mobilenodeto refer to a network
mobilenode.

Wedonotdiscusssecurityfor Ad HocCity in thispaper.
A proposalto secureDSR is presentedin [20] andcanbe
appliedto our architecturewith somemodi�cations. In ad-
dition, a schemefor charging nodesfor network usagein a
multihopcellularnetwork runningasourceroutingprotocol
is discussedin [30] andmayalsobeusedin thecontext of
Ad HocCity.

5.1. Mobile Location Register

One of the basestationnodes,or possiblya dedicated
machine,calledthe Mobile LocationRegister, keepstrack
of the location of eachnetwork mobile node, i.e., which
basestationthe nodeis associatedwith. This information
is indexed by mobile nodeaddressand is kept in a regis-
tration table at the Mobile Location Register. Eachbase
stationkeepsa registration table cache in which it caches
registrationtableentriesso that it doesnot have to consult
theMobile LocationRegistereachtime it needsto forward
apacket.

In oursimulations,weassumeareliable,wired link with
unlimitedbandwidthbetweeneachpairof basestationsand
alsoto theMobile LocationRegister.Thoughour protocol
doesnot dependon in-orderor reliablepacket delivery for
correctoperation,a mechanismfor retransmittingpackets
lost over suchlinks maybenecessaryfor improvedperfor-
mancein a realimplementation.

In our design,datacan originate from a mobile node
within theAd Hoc City network, or from anInternetnode.
We assumethat the Mobile Location Register can deter-
minewhetheradestinationis in theadhocnetworkor in the
Internet,andasa resultRouteDiscovery is not performed
for destinationsthatarenot within theadhocnetwork. For
example, if the ad hoc network were allocateda CIDR
block [11], the Mobile Location Register could use the
addresspre�x to decidewhetheror not a node is in the
adhocnetwork.

5.2. Location Registration

Our extensionsto the DSR protocol are entirely on-
demand,as routing control functionsare performedonly
when there is a needto discover a communicationpath
betweena pair of nodes. The locationsof mobile nodes

arediscoveredthroughmonitoringof datapacketsandcon-
trol packetssentaspartof theRouteDiscovery andRoute
Maintenanceproceduresinitiatedby C-DSR.

A network mobile nodemay associatewith a basesta-
tion whenthebasestationhearsa ROUTE REQUEST orig-
inatedby that node,or whenthe noderepliesto a ROUTE

REQUEST from aRouteDiscoveryinitiatedby thebasesta-
tion. If no entry in the registrationtableexists for a node
whenanothernodeattemptstosendpacketsto it, theMobile
LocationRegister initiatespaging to discover the location
of the destinationnodeanda route to it. Paging involves
performingRouteDiscovery from one or more basesta-
tions in an attemptto discover a route to a mobile node,
asdescribedin Section5.7.

Each time a basestation hearsa ROUTE REQUEST

packet initiated by a mobile node, it forwards it to the
Mobile LocationRegister. To ensurethat the freshestin-
formation is kept in the registrationtable, the registration
entryisupdatedbasedonboththehopcountandtheROUTE

REQUEST identi�er: morerecentROUTE REQUEST iden-
ti�ers always take precedence,and betweentwo ROUTE

REQUESTs with thesameidenti�er value,theonewith the
shorterhop count takesprecedence.If the sourcemobile
nodeof this ROUTE REQUEST is not currently registered
in the registration table at the Mobile Location Register,
or if thenew ROUTE REQUEST takesprecedenceover the
currentregistrationfor that mobile node,then the Mobile
LocationRegisterupdatesits registrationtableto recordthis
basestationasthecurrentbasestationservingthatmobile
node.

In order to also register the target node of a ROUTE

REQUEST initiated by a basestation(e.g., as in paging),
thetarget includesanadditional�eld in its ROUTE REPLY

to carry what would have beenthat node's next ROUTE

REQUEST identi�er. This identi�er allows the ROUTE

REPLY to be orderedrelative to ROUTE REQUESTs ini-
tiated by the mobile node; the Mobile Location Register
is thus able to choosethe freshestinformation for reg-
istration; stale ROUTE REPLYs do not modify the reg-
istration table, but fresh REPLYs can override existing
registrations.

The Mobile Location Register can also usethe source
routeof ROUTE REQUESTs andROUTE REPLYs to create
implicit registrationsfor thenodeslistedin it. In particular,
eachREQUEST andREPLY containsa sourcerouteending
at somebasestation;theMobile LocationRegistercanim-
plicitly registereachnodein thatsourceroutewith thatbase
station. Theseimplicit registrationscannotbe usedto up-
datetheregistrationtableentries,astheir freshnesscannot
bedetermined,but they canbecachedandusedto optimize
paging,asdescribedin Section5.7.

As mentionedin Section5.1, eachbasestationkeeps
a cacheof registration table entries that it has usedre-
cently. Whena basestationreceivesa datapacket for for-



wardingandhasno cachedregistrationtableentry for the
destinationof the packet, it queriesthe Mobile Location
Registerin orderto updateits cacheandto determinehow
to routethepacket. This procedureis describedmorefully
in Sections5.4and5.5.

5.3. RouteDiscovery

Whena mobile nodeS wishesto senda datapacket to
a destinationD, it checksits RouteCachefor a routeeither
to D or to any basestation. A routeto a basestationwill
only beselectedif that routeis of lengthlessthanor equal
to hb, wherehb is anetwork-wideparameterthatrepresents
themaximumnumberof hopsthatanodecanbeawayfrom
abasestation.Thisvaluedependson theplacementof base
stationsin thenetwork, asdescribedin Section7.1.

If the mobile nodedoesnot have a route to the desti-
nation in its Route Cacheor the route is not acceptable
becauseits length exceedshb, the node buffers the data
packet andinitiatesa RouteDiscovery by �ooding a hop-
limited ROUTE REQUEST packet for the destination.The
hop-limit in thisROUTE REQUEST packetis setto themax-
imumnumberof hopsanodecanbefrom abasestation,hb.
As in the baseDSR protocol (Section4), non-duplicate
copiesof the ROUTE REQUEST packet are forwardedby
eachnodewithin thespeci�edhoplimit.

Whena basestationreceivesa ROUTE REQUEST for a
targetnodeD, it reversesthe list of nodesaccumulatedin
the sourceroute of the ROUTE REQUEST packet and in-
cludesthis list in theheaderof a ROUTE REPLY packet that
it sendsbackto the sourceof the REQUEST alongthis re-
versepath.In addition,thebasestationforwardstheROUTE

REQUEST to theMobile LocationRegisterfor registration
purposes,asdescribedin Section5.2.

The destinationnodeD may be within the hop-limit of
the ROUTE REQUEST �ood, in which caseD will alsore-
ceivetheREQUEST packet. As in thebaseDSRprotocol,in
this caseD will returna ROUTE REPLY in responseto the
REQUEST.

As in the baseDSR protocol, if the sourcenodedoes
not receivea ROUTE REPLY for its RouteDiscovery, it will
continueto repeatthe RouteDiscovery, with an exponen-
tially increasinginterval betweenDiscoveryattempts,up to
amaximum,or until all packetsit hasbufferedto thisdesti-
nationtimeout.

Whena sourcenodeS sendinga packet to a destination
nodeD hasa routein its RouteCacheto eithera basesta-
tion or to D within hop limit hb, thenS sendsthe packet
for D alongthebestroutein its Cache.Givena choicebe-
tweenmorethanonebasestationroute, the senderS will
choosethe basestationthat is the fewestnumberof hops
away;givena choicebetweena basestationrouteanda di-
rect route to D, then S will choosethe shorterroute,and
if the routesare the samelength, it will choosethe direct
route.
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Figure 2: Route Discovery and base station processing when
the destination is still in the cell of the base station recorded
in the Mobile Location Register's registration table. This �g-
ure shows the control packet exchange among a data source,
the base stations, and the Mobile Location Register, when the
source has a packet to send to a destination but does not have
a route to either the destination or any base station in its Route
Cache. The dotted lines indicate messages sent only when nec-
essary. For example, a Route Discovery will not be initiated if
the appropriate route is in the node's Route Cache; instead, the
data will be forwarded immediately.

Whensendinga datapacket directly to the destination,
the sourcecan place a sourceroute in the packet, as in
the baseDSR protocol. Whensendinga datapacket to a
destinationusinga basestationroute, the sourceaddsthe
(source)basestationaddressto theendof thesourceroute
it includesin thepacket'sheader. TheRouteDiscoverypro-
cedureaswell astheprocessingof datapacketsatthesource
anddestinationbasestations(Section5.4and5.5)areillus-
tratedin Figure2.

5.4. Data Packet Processingat the SourceBaseStation

When a basestationreceives a datapacket forwarded
to it by a mobile node(asopposedto by anotherbasesta-
tion), it checksits registrationtablecachefor an entry for
the destinationof the packet. If suchan entry exists, the
basestationremovesthesourceroutefrom thedatapacket
andforwardsthe packet to the destinationbasestation. If
thesourcebasestationdoesnot haveanentryfor thedesti-
nationnode,it buffersthepacket,createsanemptyentryfor
that destination,andqueriesthe Mobile LocationRegister
for the basestationassociatedwith the destinationof the
packet. Packetsreceived while the basestationis waiting
for aresponsefrom theMobile LocationRegister,indicated
by anexisting but emptyregistrationtablecacheentry, are
bufferedby thebasestation.



The basestationqueriesthe Mobile Location Register
by sendingit a QUERY packet. WhentheMobile Location
Register receives a QUERY, it checksits registration ta-
ble for an entry for the destinationnodespeci�ed in the
QUERY. If an entry exists, the Mobile LocationRegister
returnsa QUERY REPLY with the addressof the destina-
tion basestationin whosecell thedestinationnodewaslast
registered. If no suchentry exists, the Mobile Location
Register initiates pagingfor the destination,as described
in Section5.7. When a basestation receives a QUERY

REPLY, it updatesits registrationtablecacheentry for the
destinationin the QUERY REPLY, then checksif it has
any packets buffered for the destinationspeci�ed in the
QUERY REPLY; if so,it forwardsthebuffereddatapackets
to the destinationbasestation speci�ed in the QUERY

REPLY. Figure 2 shows the processingstepsat a source
basestation.

If thesourcebasestationandthedestinationbasestation
arethesame,i.e., thesourceandthedestinationarein the
sametopologicalcell, thesourcebasestationwill belisted
in theregistrationtablecacheasthedestinationbasestation
for thatdestinationnode.No specialprocessingis required
in this case,asthe sourcebasestationassumesthe role of
a destinationbasestation,andperformstheprocessingde-
scribedin Section5.5.

5.5. Data Packet Processingat the Destination
BaseStation

Whenthe sourcebasestationsendsa packet to another
basestation,asdescribedin Section5.4, thereceiving base
station,which we call the destinationbasestation, checks
its RouteCachefor a routeto thedestinationof thepacket.
If thedestinationbasestation�nds sucharoutein its Cache,
it placesthis route in the sourceroute of the packet and
sendsthe packet along that route. Otherwise,it buffers
thepacket andsendsa NO ACTION QUERY to theMobile
LocationRegister.

The Mobile Location Register doesnot initiate paging
in responseto a NO ACTION QUERY. Thepurposeof this
QUERY is to allow a basestationthatno longerhasa route
to thedestinationto checkwhetheror not it shouldinitiatea
RouteDiscoveryfor thismobilenode,or whetherthatnode
hasalreadyregisteredelsewhere.

When the Mobile Location Register receives a NO

ACTION QUERY, it checksits registrationtablefor anentry
for the destinationnodespeci�ed in the QUERY. If the
Mobile LocationRegisterhassuchanentry, it returnsa NO

ACTION REPLY specifyingthebasestationcurrentlyasso-
ciatedwith the destination.If no entry for the destination
exists, the Mobile LocationRegister insteadreturnsa NO

ENTRY REPLY; theMobile LocationRegistermaynothave
an entry for a destinationnodeeven when suchan entry
wascachedat the sourcebasestationbecausethe Mobile
LocationRegistermayhaverebootedrecently.

When the basestationreceives a NO ACTION REPLY

from theMobile LocationRegisterindicatingthat themo-
bile nodeis now associatedwith a different basestation,
it cachesthenew registrationfor thedestinationin its reg-
istrationtablecache,andthenreturnsthebufferedpackets
for this destinationto thesourcebasestationfrom which it
received them. Similarly, whenthebasestationreceivesa
NO ENTRY REPLY from the Mobile LocationRegister, it
returnsall bufferedpacketsfor thatdestinationbackto the
basestationfrom which it receivedthem.

Beforea packet is returnedto thesourcebasestationin
this way, however, a “StaleFlag” is setin theheaderof the
packet,allowing thereceiving basestation(i.e.,thepacket's
sourcebasestation)to identify it asa stalepacket. Whena
basestationBS1 receivesapacketfrom someotherbasesta-
tion BS2 with theStaleFlagset,thenBS1 checksif its reg-
istrationtablecacheentry for thedestinationof thepacket
pointsto BS2 asthedestinationbasestation. If so,BS1 re-
movesthatentryfrom its registrationtablecache.ThenBS1
clearsthe StaleFlag andprocessesthe packet as if it was
just receivedfrom a mobilenodeinsideits topologicalcell,
asdescribedin Section5.4.

If, aftersendingaNO ACTION QUERY, abasestationre-
ceivesa NO ACTION REPLY indicatingthatit is thecurrent
basestationfor the destinationnode,it concludesthat the
mobilenodeis still in its topologicalcell, andinitiatesBase
StationLocalRouteRepair, asdescribedin Section5.6.

5.6. BaseStation Local RouteRepair

WhenabasestationreceivesaNO ACTION REPLY from
theMobile LocationRegisterindicatingthat it is thedesti-
nationbasestationfor somedestinationnodefor which it
doesnot currently have a route, it performsa local route
repairprocedure;thebasestationalsoperformslocal route
repairwhen,while forwardingapacketto somedestination,
thebasestationreceivesa ROUTE ERROR for thatdestina-
tion. While a basestationis performinglocal routerepair
for a destination,it buffers any new packet it receivesfor
thatdestination.

In local route repair, a basestationperformsa Route
Discovery for that destinationin its topologicalcell, and
reattemptsthat RouteDiscovery if necessaryat exponen-
tially increasingintervals, up to somemaximumnumber
of Discovery attempts. Each Route Discovery �ood is
hop limited to the size of the cell, hb. If the destina-
tion basestationreceivesa ROUTE REPLY in responseto
its RouteDiscovery, it updatesits RouteCache,and for-
wardsthebuffereddatapacketsalongthenew routeto the
destination.

If thedestinationbasestationdoesnot receive a ROUTE

REPLY after the maximumnumberof RouteDiscoveries
has beenattempted,the basestation returnsthe packets
to the source base station, setting the “Stale Flag” in
the headerof each packet as describedin Section 5.5.
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Figure 3: Base station processing when the destination is no
longer in the cell recorded in the Mobile Location Register's
registration table. At point (1), at the destination base sta-
tion, a data packet arrives from another base station, and the
base station does not have a route to the packet's destina-
tion. At point (2), the source base station receives stale data
packets from the old base station; it queries the Mobile Location
Register for the latest registration information for the destina-
tion. The Mobile Location Register may initiate paging, if a
DELETE caused it to delete its entry for this mobile node; oth-
erwise, it responds with the address of the current base station
with which the destination is associated, allowing the source
base station to send its buffered data packets to the new desti-
nation base station.

The base station also sends a DELETE packet to the
Mobile Location Register, indicating that the destination
is not in its topologicalcell. When the Mobile Location
Register receives a DELETE packet, it checks its reg-
istration table to ensurethat the DELETE was received
from the basestation with which the destinationis cur-
rently registered. If the messageis indeedfrom the cur-
rentbasestation,theMobile LocationRegisterdeletesthe
entry for that destinationfrom its registration table; oth-
erwise it ignoresthe DELETE, as it must be stale. The
basestation local route repair procedureis illustrated in
Figure3.

When a local repair fails, or when a sourcebasesta-
tion sendspackets to a basestationwith which the desti-
nationis no longerregistered(Section5.5), thepacketsare
returnedto the sourcebasestationrather than being for-
wardedto a new destinationbasestation.This mechanism
wasdesignedfor simplicity andcorrectnesspurposesasit
ensuresthat only one basestation is responsiblefor dis-
covering the destinationbasestationfor packetssentby a
mobile nodein its cell, andthat routing loopswhich may
otherwiseresult from staleregistrationinformationwould
not occur. In particular, packetsmaygetpassedfrom base
stationto basestationin a cycle as a result of suchstale
information.

5.7. Paging Mechanism

Pagingis usedto locatea destinationmobilenodewhen
it is not currently registeredwith any basestation. The
Mobile LocationRegistercanimplementany pagingpolicy
usingtheinformationin its registrationtable,includingthe
implicit registrationinformation describedin Section5.2.
In particular, any optimizationusedin traditional cellular
systemscanalsobeusedin theAd HocCity architecture.

We use a simple policy to improve paging basedon
implicit registrationinformation. If the Mobile Location
Registerhasnoexistingregistration,includingimplicit reg-
istration,for the destinationspeci�ed in a QUERY packet,
the Mobile Location Register sendsa PAGE packet to
all basestations;eachbasestationthen initiates a Route
Discovery for the targetdestinationnode,indicatingin the
ROUTE REQUEST thatthis REQUEST is apage.Otherwise,
if theMobile LocationRegisterhasanexistingimplicit reg-
istration for the destination,it �rst sendsa PAGE only to
the basestation with which the destinationwas last im-
plicitly registered.That basestationtheninitiatesa Route
Discoverypageasdescribedabove. If theMobile Location
Registerdoesnot receivea new registrationfor thedestina-
tion within a timeout,it sendsa PAGE to all basestations.If
theMobile LocationRegisterdoesnot receive a new regis-
tration for the destinationwithin a further timeout, it con-
tinues to pageall basestations,up to MAX_PAGEStimes,
with anexponentiallyincreasingtimeoutbetweeneachnew
attempt.

6. Bus MovementTraces
To evaluate the Ad Hoc City architecture,we used

tracesof the actual movement of buses in the Seattle,
WashingtonareaKing CountyMetrobussystem.Wechose
the King County bus systembecausethe datawas avail-
able on-line, and becausebus movementpatternsclosely
match other vehicular traf�c patterns; Seattlealso pro-
vides a topographicallychallengingrouting environment,
createdby a 35 squaremile lake in the middle of the city
(Figure6).

The King County bus system is composedof over
1200vehiclescovering a 5100squarekilometerarea. An
AutomatedVehicleLocation(AVL) systemtrackseachbus
using a combinationof odometryand signposttransmit-
ters[7]. Internetuserscanmonitorthelocationof eachbus
in real-timeusingthe Busview software[6–8]. We devel-
opedmechanismsfor recordingthedatabeingdeliveredto
Busview clients,andfor converting the recordeddatainto
movementpatternssuitablefor usein thens-2network sim-
ulator[9], whichweuseto evaluateoursystem(Section7).

Figure 4(a) shows the numberof busesin the traces
we collectedover a two weekperiodstartingon Saturday,
November17, 2001. The numberof buseshasa very pre-
dictableday-of-the-weekpattern: on weekdays,the num-
ber of busesreachesabout1200, threetimes as many as
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Figure 4: Bus Trace Characteristics
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Figure 5: Movement Scenario Routing Characteristics

on Sundaysandholidaysandslightly more than twice as
many ason Saturdays.Thedip on Thursday, November22
correspondsto Thanksgiving Day, onwhichbusesrantheir
Sundayschedules.

The tracesarebasedon locationupdatemessagessent
by eachbus; the numberof updatesthat aresenton each
day, shown in Figure4(b), followsa similar weeklypattern
asthenumberof buses.Between230,000and380,000up-
datesaresentper day, which representsbetween317 and
525updatesperbusperday.

The busmovementtracesalsoshow a very pronounced
diurnal cycle, shown in Figure 4(c), with clearly de�ned
morningandeveningrushhourspikes;thenumberof buses
during rushhour is higher than the numberof busesdur-
ing otherdaytimeperiodsby up to a factorof 2. Topology
controlalgorithmscouldbeusedto exploit this known and
clearly de�ned cycle to increaseor decreasethe transmis-
sion rangeof the nodesasnecessaryto maintainnetwork
connectivity. For example, such an algorithm could re-
ducetransmissionrangeduring rushhour to increasetotal
network throughput,and increaserangeat other times to
maintainconnectivity.

Per-businter-updatetimesona weekdaybetweena rush
hour period and a non-rushhour period are similar, with
about70% of the updatesbeing12 minutesapartor less,
andabout90%being20 minutesapartor less.Thespeeds
reportedby thebusesat rushhourandnon-rushhour time
arealsosimilar, with 90%of theaveragespeedsbeingless
than 10 miles an hour and 97% being lessthan 20 miles
anhour.

To betterunderstandthe routing characteristicsof our
scenarios,we analyzedthe topology createdby the bus
movementtraces. As nodesin the network are assigned
longer wireless transmissionranges,the node degree of
eachbusincreases,asexpected(Figure5(a)). In our traces,
when the wirelessrangeis 3 km, mediannodedegreeis
100,whereasat a rangeof 1 km, mediannodedegreeis 30.
Thoughrelatively low nodedegreeisdesirablefor improved
scalability, a 1 km-rangeresultsin substantialnetwork par-
titions (Figure5(b)). To balancebetweennetwork connec-
tivity andscalability, in oursimulationswechosearangeof
1.5km (Sections7 and8). We thenchosea link bandwidth
of 2 Mbps, which is consistentwith bandwidthutilization
in CDMA2000[24]. We usea �x ednominaltransmission



rangefor simplicity; a nodein anactualdeploymentcould
dynamicallychoosea wirelessrangebasedon its location,
congestionlevel, basestationaf�liation, andtime.

7. Evaluation Methodology
To evaluatethe Ad Hoc City architectureand C-DSR

protocol, we simulatedit using the ns-2 network simula-
tor [9] with theMonarchwirelessextensions[2]. Thesimu-
lator incorporatesmodelsof signalstrength,radiopropaga-
tion, wirelessmediumcontention,captureeffect, andarbi-
trarycontinuousnodemobility. Thestandardradiomodelin
ns-2is basedontheLucentTechnologiesWaveLAN 802.11
product[21], which provides a 2 Mbps transmissionrate
andanominaltransmissionrangeof 250m. As describedin
Section6,wemodi�ed thephysicallayerfrom thebasens-2
distribution to increasethenominalrangefrom 250meters
to 1.5 km. Our implementationof C-DSRis basedon the
versionof DSR that usesthe Link-MaxLife RouteCache
cachingstrategy [18].

In our simulationsevaluatingAd Hoc City andC-DSR,
we used six distinct 15-minute segments from our bus
movementtracesfrom Monday, November19, 2001, 7–
8am and Wednesday, November21, 2001, 5–6pm. The
numberof busesin thesemovementscenariosvariesbe-
tween750 and850. Runninglonger simulationswasnot
possibledueto resourcelimitations.

7.1. BaseStation Placement

To improve the scalabilityof our systemandto enable
Internetconnectivity, we addeda small numberof �x ed
basestations. Basestationplacementin traditionalcellu-
lar networks is a long, painstaking,andexpensive process
in whichanoptimallocationis chosenfor eachbasestation,
usingsignalstrengthmeasurementsandcellularusagepre-
diction techniques.In our Ad Hoc City architecture,such
precisionin placingthe basestationsis not necessary;the
adhocnetwork is notassensitive to propagationconditions
andobstacles,becausetheroutingprotocoladaptsto thedy-
namictopologyof thenetwork andis ableto usemultihop
routes.

In our experiments,we chosethebasestationlocations
to satisfythefollowing criteria:

� Eachmobile nodeshouldgenerallybe within a spec-
i�ed maximumnumberof wirelesshops,hb, from a
basestation.We chosethis maximumnumberof hops
in oursimulationsto be8.

� Areaswith high nodedensityareservedby morebase
stationsin orderto improvescalability.

We placeda total of 8 basestationscoveringtheSeattle
area. The locationsof these8 basestationsareshown as
large black dots in Figure6, which is an approximatesu-
perpositionof thebasestationpositionson a slightly mod-
i�ed USGS aerial photographof Seattlefrom Microsoft
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Figure 6: Locations of the 8 Ad Hoc City base stations in
Seattle, Washington in our simulations. The smaller marked
points show an example snapshot of the locations of the buses
at one point in the bus movement traces.

TerraServer [5]. The smallermarked pointsshow the cur-
rent position of eachbus in the city at one speci�c time,
to illustratethetypical distribution of buseswithin thecity
andaroundeachbasestation. The coverageof a basesta-
tion is thesetof mobilenodeslocatedwithin thespeci�ed
hb maximumnumberof wirelesshops(e.g., 8) from that
basestation.

Without the use of basestations,with a transmission
rangeof 1.5km, themaximumpathlengthis up to 48wire-
less hops. With the 8 basestationsaddedto the sce-
nario,themaximumpathlengthis atmost20wirelesshops
(Figure 5(c)). In addition, 90% of the nodesare within
6 hopsof a basestation,yielding a maximumpath length
of 12 wirelesshops. By imposinga limit of 8 wireless
hopsasa maximumdistanceto a basestationwe exclude
a smallnumberof nodesthataresometimesnot within any
basestation's topologicalcell. Had we not imposedthis
limitation, thesenodeswould often be partitioned,since
they are in a very sparsearea of the network, such as
the location30 km eastand 18 km north of the origin in
Figure6.



The number of busesin each topological cell varies
basedon the densityof the cells. With the currentchoice
of basestationlocationsandtopologicalcell size,theme-
dian cell populationis 50 buses,and 7 of the cells con-
tain 250 busesor less. Over a periodof 15 minutes,58%
of the busescrossover into neighboringcells; 90% of the
busesthat crossover into other cells perform fewer than
7 crossovers,and90% of the transitionsbetweencells are
within 150 secondsof eachother. Thesefast transitions
indicatethat mostcrossoversarecausedby busesmoving
alongtheboundarybetweenapair of neighboringcells.

7.2. Communication Patterns

Each of our communication patterns consists of
200 unique �o ws, eachof which generatesfour 64-byte
packetspersecond.Flowsarrivefollowing aPoissondistri-
butionata loadof 20Erlang(i.e.,thereare20simultaneous
�o wsonaverage),with a �x ed�o w holdingtimeof 90sec-
onds. We chosethis modelbecauseit representscommu-
nicationpatternstypical of smallwirelessdevices,suchas
cellularphonesandpersonaldigitalassistants(PDAs). Each
pair of communicatingnodeswaschosenrandomlyacross
all connectedpairsof mobilenodes.

7.3. PerformanceMetrics

To evaluatethe performanceof the Ad Hoc City archi-
tectureandC-DSR,we usedfour metrics: packet delivery
ratio,packetoverhead,packet latency, andpathlength.

Packet Delivery Ratio, or PDR, is the fraction of data
packetsoriginatedby theapplicationlayeronasourcenode
thatarereceivedby theapplicationlayerat thecorrespond-
ing destinationnode. Packet Overheadis the numberof
controlpacketssentby theroutingprotocol. For eachsuc-
cessfullydeliveredpacket, we computePath Lengthand
PacketLatency. PathLengthis thenumberof timesapacket
wastransmittedover thewirelessmedium.Packet Latency
is the time it takesfor a packet to be deliveredto its desti-
nationonceit is generatedby thesourceapplication.

8. Results
We performed6 simulationruns,describedin Section7,

eachfor 900 secondsof simulatedtime. In thesescenar-
ios, packet delivery ratio (PDR) rangedbetween92% and
97%,medianlatency was42.52ms,andaverageoverhead
was222 overheadpacket transmissionsper network node.
Becausetheresultsfor oursix simulationrunsexhibit com-
parableperformance,wediscusstheresultsof onesuchrun
in detail in this section.In particular, we discusstheresults
from the the eveningrushhour on Wednesday, November
21,2001,between5:00pmand5:15pmPST.

We divided the 900-secondsimulation time into 10-
secondintervals. Figure7(a)shows thenumberof packets
sentandreceivedduringeachinterval. Thevariationin sent
packetsis dueto thevaryingnumberof �o wsactiveateach
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Figure 7: Performance Metrics

point in time (Section7.2). Overall packet delivery ratio
(PDR)for this experimentwas96.17%.Figure7(b) shows
theoverall PDRandthePDRwithin each10-secondinter-
val. The traf�c load andPDR arecloselycorrelated;each
time a new �o w begins,thePDRdeclinesasa resultof the
overhead(Figure7(c)) of searchingfor a new route,which
mayincludepaging.

Packet overheadrises rapidly when new �o ws are in-
troducedin the network. For example,at times 310 and
710seconds,5 to 6 new �o ws enteredthenetwork, result-
ing in a substantialincreasein packet overhead. In fact,
thelatter10-secondinterval represents10%of theoverhead
over the whole 900-secondrun. In this simulation,a total
of 199,933overheadpacketswere sent,which represents



 1  2  3  4  5  6  7  8  9 10+
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Number of Wireless Hops

F
ra

ct
io

n 
of

 P
ac

ke
ts

PSfragreplacements

� 11
Path Length

Number of Packets
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anaverageof 235overheadpacketspernetwork node,over
a periodof 900 seconds.Even thoughthe the numberof
overheadpacketsexceedsthenumberof datapacketsby a
factorof 10atcertainpointsin thesimulation,thisoverhead
is distributedamonga greaternumberof nodesthanis data
traf�c, andthusits effectonany onenodeis small.

A totalof 21%of packetswereableto bedeliveredwith-
out traversinga basestation; 57% of thesetraversemore
thanonehop. Figure8 shows the distribution of wireless
hop path lengthsof deliveredpackets, i.e., the numberof
wirelesshopseachpacket traversedto reachits destination.
Thecommunicatingpairsof nodesin our simulationstend
to berelatively closeto a basestationbecausea largenum-
berof thewell-connectednodesarein theverydensedown-
town areas;asa result, theseare the nodesthat often get
pickedwhenauniformrandomselectionprocedureis used.

Mostpacketsaredeliveredwith low or moderatelatency;
the95thpercentilelatency is 86.57msfor all packets. For
packetstraversingthebasestations,95thpercentilelatency
was119.24ms, of which 50 ms simulatedthe wire delay
betweenbasestations.For packetsnot traversingany base
station,95thpercentilelatency was9.05ms.Suchlatencies
shouldnot posea seriousproblemfor network traf�c, as
they aretypical of currentInternetlatencies.

Overall, our evaluationdemonstratesthat the Ad Hoc
City architectureis viable and can provide good perfor-
mance;further optimizationsto the protocolwill also im-
prove this performance.For example,varyingthewireless
rangeof nodesto controlthenodedegreeandthereforethe
level of spatialmultiplexing, will leadto increasedpacket
delivery ratios. In addition,a numberof improvements,in-
cludingtheuseof abetterpagingpolicy, modi�ed basesta-
tion placement,ef�cient broadcastalgorithms,andvariable
topologicalcell sizesfor morebalancedcell loads,caneach
signi�cantly improveperformance.

9. Conclusions
Few real-world applicationsof mobile ad hoc networks

have beenproposedand studied,and no tracesof actual
nodemovementin a real ad hoc network have beenavail-
able. This paperhasproposeda novel commercialappli-

cationof adhocnetworks,for which we designeda multi-
tier adhocnetworkarchitectureandroutingprotocol,which
we call Ad Hoc City. The Ad Hoc City architectureis de-
signedfor general-purposewide-areacommunication,such
asin a metropolitanarea.In addition,we havedocumented
a new sourceof realistic mobility tracesto supportde-
tailed simulationof new ad hoc network applicationson a
largescale.

We evaluatedour architecturethroughdetailedsimula-
tion, usingtracesof actualnodemovementof the �eet of
city busesin the Seattle,Washingtonmetropolitanarea,
on their normal routes providing passengerbus service
throughoutthe city; the numberof mobile nodesin our
simulationsrangesbetween750 and850, providing wire-
less service to an area of over 5000 squarekilometers
(2000squaremiles). Thesereal-world mobility tracespro-
vide a unique and challengingenvironment for ad hoc
network routing protocolperformanceevaluations. In our
simulationsof the Ad Hoc City architectureusing these
mobility traces,our protocol designachieves packet de-
livery ratiosof over 96% with averagedelivery latency of
around86 ms. Overall, our simulationsdemonstratethat
the Ad Hoc City architectureis viable, and that with fur-
ther optimizations,could provide good performancein a
realdeployment.
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matikundInformatik,UniversittMannheim,March2002.

[11] V. Fuller, T. Li, J. Yu, and K. Varadhan. ClasslessInter-Domain
Routing(CIDR): An AddressAssignmentandAggregationStrategy.
RFC1519,sep1993.

[12] D. Gazis,R. Herman,andR. Rothery. NonlinearFollow-the-Leader
Modelsof Traf�c Flow. OperationsResearch, 9:545,1961.

[13] A. Helal, S. Shah,andC. Lee. Mobility BenchmarkingIn Ad-Hoc
Networks.TheInformationProcessingSocietyof Japan(IPSJ)Jour-
nal, 43(11),June2002.

[14] H.-Y. HsiehandR. Sivakumar. PerformanceComparisonof Cellular
andMulti-hop WirelessNetworks: A Quantitative Study. In Pro-
ceedingsof theACM InternationalConferenceonMeasurementand
Modelingof ComputerSystems(SIGMETRICS), June2001.

[15] H.-Y. HsiehandR.Sivakumar. A HybridNetwork Modelfor Cellular
WirelessPacket DataNetworks. In Proceedingsof theIEEE Global
CommunicationsConference(GLOBECOM), November2002.

[16] H.-Y. Hsieh and R. Sivakumar. Internetworking WWANs and
WLANs in Next GenerationWirelessDataNetworks. In Proceed-
ings of the International Conferenceon 3G Wirelessand Beyond,
May 2002.

[17] H.-Y. HsiehandR.Sivakumar. OnUsingtheAd-hocNetwork Model
in WirelessPacket DataNetworks. In Proceedingsof theThird ACM
InternationalSymposiumon Mobile Ad Hoc Networkingand Com-
puting(MobiHoc2002),June2002.

[18] Y.-C. Hu and D. B. Johnson. CachingStrategies in On-Demand
RoutingProtocolsfor WirelessAd Hoc Networks. In Proceedings
of theSixthAnnualInternationalConferenceon Mobile Computing
andNetworking(MobiCom2000),August2000.

[19] Y.-C. Hu, D. B. Johnson,and D. A. Maltz. Flow State in the
Dynamic SourceRouting Protocol for Mobile Ad Hoc Networks.
Internet-Draft,draft-ietf-manet-dsr�ow-00.txt, February2001.Work
in progress.

[20] Yih-ChunHu, Adrian Perrig, andDavid B. Johnson. Ariadne: A
SecureOn-DemandRouting Protocol for Ad Hoc Networks. In
Proceedingsof theEighthAnnualInternationalConferenceon Mo-
bile Computingand Networking (MobiCom2002), pages12–23,
September2002.

[21] IEEE ComputerSocietyLAN MAN StandardsCommittee. Wire-
lessLAN MediumAccessControl (MAC) andPhysicalLayer(PHY)
Speci�cations, IEEEStd802.11-1997. TheInstituteof Electricaland
ElectronicsEngineers,New York, New York, 1997.

[22] P. Johansson,T. Larsson, N. Hedman, B. Mielczarek, and
M. Degermark. Scenario-basedPerformanceAnalysis of Routing
Protocolsfor Mobile Ad-hocNetworks. In Proceedingsof theFifth
AnnualACM/IEEEInternationalConferenceon Mobile Computing
andNetworking, pages195–206,August1999.

[23] D. B. JohnsonandD. A. Maltz. DynamicSourceRoutingin Ad Hoc
WirelessNetworks.In MobileComputing, editedbyTomaszImielin-
ski andHank Korth, chapter5, pages153–181.Kluwer Academic
Publishers,1996.

[24] D. N. Knisely, S.Kumar, S.Laha,andS.Nanda.Evolutionof Wire-
lessDataServices:IS-95to cdma2000.IEEECommunicationsMag-
azine, 36(10):140–149,October1998.

[25] Y.-D. Lin andY.-C. Hsu. Multihop Cellular: A New Architecture
for WirelessCommunications.In Proceedingsof INFOCOM2000,
March2000.

[26] D. A. Maltz, J. Broch, and D. B. Johnson. Quantitative Lessons
FromaFull-ScaleMulti-Hop WirelessAd HocNetwork Testbed.In
Proceedingsof theIEEE WirelessCommunicationsandNetworking
Conference, pages992–997,September2000.

[27] G. Pei,M. Gerla,X. Hong,andC.-C.Chiang.A WirelessHierarchi-
cal RoutingProtocolwith GroupMobility. In Proceedingsof IEEE
WCNC'99, September1999.

[28] C. Perkins,editor. IP Mobility Support.RFC2002,October1996.

[29] C.QiaoandH. Wu. iCAR: An IntegratedCellularandAd-HocRelay
System.In Proceedingsof theIEEE Conferenceof ComputerCom-
municationsandNetworks(IC3N), pages154–161,October2000.

[30] N. Salem,L. Buttyan, J. Hubaux, and M. Jakobsson. A Charg-
ing and Rewarding Schemefor Packet Forwarding in Multi-hop
Cellular Networks. In Proceedingsof the Fourth ACM Interna-
tional Symposiumon Mobile Ad Hoc Networkingand Computing
(MobiHoc2003),June2003.

[31] A. Striegel, R. Ramanujan,andJ. Bonney. A ProtocolIndependent
InternetGateway for Ad Hoc WirelessNetworks. In Proceedingsof
theProc.of LocalComputerNetworks(LCN), November2001.
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