
AN ARCHITECTURE FOR PROVIDING RANGE EXTENSION BY DEPLOYING MOBILE
GATEWAYS IN AD HOC NETWORKS

MohiuddinAhmed
�

, SrikanthKrishnamurthy
�

, RandyKatz
�

, andSonDao
�

���
�

InformationSciencesLaboratory, HRL Laboratories,LLC, Malibu, CA,
�

mohin,skdao� @wins.hrl.com
�

ComputerScienceDepartment,Universityof California,Riverside,CA, krish@cs.ucr.edu
�

ComputerScienceDepartment,Universityof California,Berkeley, CA, randy@cs.berkeley.edu

Abstract - Thedynamicnatureof a mobileadhocnetwork
(MANET) mayresultin aclusterof nodesbeingisolatedfrom
therestof thenetwork, especiallywhendeployedin a terrain
with blockages.To provide connectivity betweenthe parti-
tionsof anadhocnetwork thatmight occurdueto mobility,
a `rangeextension' network canbe employed. Sucha net-
work might consistof airbornecommunicationplatforms,or
geostationary/low-earth-orbitsatellitesmaintainingcommu-
nicationlinks with speci�c `gateway' nodesthataredispersed
amongthemobilegroundnodes.Thus,to communicatewith
a nodethat is geographicallydistantor belongsto a different
network partition, an ad hoc nodecanrelay its datapackets
throughanappropriatemobilegateway andvia therangeex-
tensionnetwork.

In suchan architecture,MANET is divided into different
domainswith a mobile gateway deployed for eachdomain.
The objective, then, is to determinethe positionand trajec-
toryof thegatewaysto optimizenetworkperformancemetrics
suchas throughputand latency. In this paper, computation
of theoptimalpositionfor a gateway is shown to beequiva-
lent to a linearoptimizationproblemby meansof somesim-
plifying but realisticassumptions.An algorithmis proposed
for the control of the gateway trajectory. The practicalcon-
straintsimposedby the velocity andmaneuverability of the
gatewaysare taken into account. Simulationresultsshow a
10-15%improvementin thethroughputandlatency, pergate-
way domain, if a gateway hasa dynamic trajectorywhose
locusfollows thecomputedoptimalposition,ascomparedto
a gateway that is staticallyplacedat a �x edposition,or to a
gateway thathasa randomtrajectory.
Keywords - mobileadhocnetworks,gateway, convex opti-
mization,trajectorycontrol.

I . INTRODUCTION

M OBILE ad hoc networks are multi-hop packet net-
worksthathaveno centralizedor pre-determinednet-

work architecture[1]. Instead,thenodesof the network co-
operatein a distributed fashionto build a dynamicnetwork
infrastructure. This �e xiblity makes ad hoc networks ap-
propriatefor many applicationssuchas: connectingmobile
computersin anof�ce or homeenvironment,deploying wire-
lesssensorsin remoteor inhospitableterrain, coordinating
disasterrelief efforts afternaturalcatastrophes,or in tactical

deploymentsfor situationawarenessapplications[2]. How-
ever, this lack of centralizedorganizationcreateschallenges
for achieving network scalability. Furthermore,due to the
rangelimitations of ad hoc nodes,the network might often
begeographicallydividedinto isolatedpartitions.In orderto
achieve scalability in termsof ef�cient communicationsbe-
tweengeographicallydistantnodesor betweennodesthatbe-
longto differentisolatedpartitions(eachof whichis anadhoc
groupby itself), it is desirableto provide a minimal support-
ing infrastructurein the form of a rangeextensionnetwork.
This infrastructureis alsoessentialto interfacethe MANET
with theInternet.

We envision the rangeextensionnetwork to rely on air-
borneor satelliterelaynodesin orderto interconnecttheiso-
latedpartitionsof anadhocnetwork. However, this will re-
quire thedeploymentof specialnodeson theground,among
theadhocnetwork nodes,thatareequippedwith theappro-
priatehardwarefor communicatingwith thesatellite/airborne
nodes.This hierarchicalrouting architecture,therefore,can
bevisualizedto consistof a rangeextensionnetwork consist-
ing of satellitesor airbornenodesandmobile gatewaysthat
provide the interfacefor thecommunicationsbetweennodes
in different domainsand/orto a backbonenetwork (Figure
1). Similar architectureshavepreviouslybeenconsideredfor
enablinghierarchicalrouting or multicasting([4]–[6]). In
contrast,we considerthe questionthat arisesas to where
a gateway that is af�liated with an ad hoc teamof mobile
unitsoughtto belocated,relative to theseothermobileunits.
We designa methodologyfor de�ning thegateway trajectory
baseduponthe location,loading,etc. of the othernodesin
theadhocgroupthat thegateway serves. We show thatnet-
work performanceimproves(for communicationsinvolving
nodesin differentclustersor teams),in termsof throughput
andlatency, if the gateway trajectoryis computedbasedon
this methodology. Thus,in our scheme,themobilegateways
reactandalter positionsin an attemptto maximizethe ef�-
ciency of inter-domaincommunications,in addition to pro-
viding ameansof rangeextension.

Wederivearelatively simpleanalyticalformulationfor the
optimalgatewayposition.This formulationreducestheprob-
lem to a linear optimizationproblem. This is discussedin
SectionIII. We alsoprovide an algorithmicimplementation
of the formulation in this section,anddiscussthe effectsof



someof thesystemparameterson theperformance.In Sec-
tion IV, weestimatetheoverheadandthecomputationalcom-
plexity incurredin implementingthisarchitecturewith theaid
of typically usedmediaaccesscontrol (MAC) and routing
protocols.In SectionV, wediscussoursimulationframework
andsomeresults.

I I . NETWORK ARCHITECTURE

Theadhocnetwork architecturemaybeenvisionedto con-
taingroupsof mobileadhocnodesoperatingin adeployment
areawith restrictions(e.g. troop divisions in a mountainous
areaor a region wherecertainnodescannotreside,suchas
hazardzones,regionsof radioobscurity, etc.Theserestricted
zonesarecollectively referredto asblockages). Eachgroup
would have one or more gatewayscapableof communicat-
ing with anairborneor satellitenodewith which it hasa di-
rect line-of-sightconnection,e.g. asshown in Figure1. The
gateway in eachdomainis thentheconduitvia which thead
hocnodesin separatedomainscansenddatapacketsto each
other, or to a wired infrastructure,with theroutingassistance
of airbornenodes.

Satellites/airborne 
nodes help maintain 
connectivity.

Gateways (circled 
nodes) serve particular 
ad hoc domains 

Fig. 1. Ad hocnetwork of groupsof mobilenodesandgate-
ways.

Sincethenodesforming a particulargrouparemobile,the
objective is then is to determinethe `optimal' trajectoryof
the gateway associatedwith that group. For communication
intendedfor nodeswithin agivengroup,thenodeswouldnot
be compelledto usethe gateway, but would insteadrely on
theunderlyingMANET architectureusingtraditionalrouting,
MAC protocols,etc.By intelligentlypositioningthegateway,
we might expect to achieve betternetwork performancefor

inter-domainnodecommunications,(i.e. datacommunica-
tion betweennodesthatarein thedomainsof different,pos-
sibly geographicallyisolatedgateways) than if the gateway
wereallowed to move randomlywith respectto thenodesit
its domain. The performancemetricsthat could potentially
beimprovedinclude: inter-domainnetwork datathroughput;
inter-domainnetwork packet transportdelay;total power ex-
pended;datatransmissionreliability (packet drop/errorrate)
andthevolumeof thenetwork controlmessagesandresulting
signalingoverhead,amongothers.

It is shown in thenext sectionthatthegatewaypositioning
methodologycan be formulatedand solved as a simpli�ed
linear optimizationproblem. The techniqueessentiallycor-
respondsto a weightedcentroidcomputationfor thegateway
position,asthenodesin its groupmoveaboutthedomain.

The detailsof theactualcommunicationmechanismsthat
enablethe MANET to function are not directly relevant in
the developmentof our analytical formulation for comput-
ing the optimum trajectory that our gateway ought to fol-
low (SectionIII). For intra-domainnodecommunications,
theMANET couldrely onwell-establishedprotocolssuchas
theIEEE 802.11MAC protocolfor mediaaccesscontrol[7],
DSR,DSDV, or AODV for routing [3], etc. to establishand
maintainconnectivity. For inter-domainnodecommunica-
tions,datawill haveto beroutedthroughthegatewayandvia
therangeextensionnetwork.

I I I . GATEWAY TRAJECTORY UPDATE ALGORITHM :
FORMULATION AND ANALYSIS

We now describethealgorithmfor determiningthetrajec-
tory of the mobile gatewayssuchthat it is optimal in terms
of its `relative position' with respectto the groupof ad hoc
nodesthatit serves.Wedescribeouralgorithmassumingthat
thereis a singlegateway perdomain.However, it is possible
for severalnodesamongaclusterof nodesto beableto com-
municatewith the rangeextensionnetwork and hence,any
of thesenodescould assumethe role of a gateway. Fortu-
nately, in all thesecases,thebasealgorithmthatwe propose
remainsunchanged.Increasedlayersof complexity can be
addedto thebasealgorithmto enablethegatewaysto partic-
ipate in node`hand-off ' as in cellular networks, or to intel-
ligently sharethe load generatedby the nodesin the shared
domains.Thesefeaturesarenot discussedfurther in this pa-
perdueto spacelimitations.

Intuitively, it canbearguedthatthegatewayshouldalways
bepositionedclosestto theweightedgeographiccentroid of
the nodepositionsin the domain. This is essentiallywhat
ouralgorithmdoes.Theweightingfactorsaretheparameters
thatthegatewaycantakeinto accountduringtheoptimization
process(e.g. nodepositions,eachnode's offeredload, data
traf�c patterns,priority of the generatedtraf�c, the channel
signalto interferencenoiseratio (SIR), amongothers). The
relative importanceof the parametersaredeterminedby the
speci�c network metricsof interest(mentionedearlierin Sec-
tion II). For thepurposesof this discussion,we considerpo-



sitionandofferedloadastheprimaryparametersandthenet-
work throughputandtheaveragedelayexperiencedby inter-
domaindatapacketsasthebasicperformancemetrics.Thus,
we make the following assumptionsaboutthe nodesin the
network:

1) Eachnodeis equippedwith a GPSdevice thatenables
thenodeto determineits position.

2) Eachnodecanestimateits offeredloadin realtime.
3) Terrain information (such as speci�c coordinatesor

boundariesof the domain, radio null regions, etc.)
is available at each gateway. This can easily be
madeavailableat network inception. (Positionbased
schemeshave previously beensuggestedand studied
for adhocnetworks,[4], [6]).

Furthermore,thedomainandtheterrainblockagescanal-
ways be boundedby simple rectangularregions wherethe
granularitycanchosenaccordingto thedesiredlevel of reso-
lution. This representationis usefulsincetheconstraintsthat
govern the position of a gateway can then be describedby
simplelinearequations(basedon thecoordinatesof therect-
angularboundaries),ratherthan by complex non-linearex-
pressons.

SinceMANETs aremulti-hopnetworks,nodesoutsidethe
single-hopradio rangeof thegateway andwill have to route
their datapackets to the gateway via multiple hopsthrough
otherad hoc nodes.However, the costfunction that we use
in computingtheweightedgeographiccentroidtakestheof-
fered load of the individual nodesand the priorities of the
packetsgeneratedat eachnodeinto account.Thus,with suc-
cessive iterationsof thetrajectorycontrolalgorithm,thegate-
way eventuallywill beclosestto themostheavily loaded(or
highestpriority) nodes,which canthusreachthegateway in
a single,or minimumnumberof hops.

A. OptimizationFormulation

For a domainwith n nodes,theoptimizationproblemcan
beformulatedas:

minimize
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Theoptimizationvariable
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in thenormminimizationex-
pression,Eq. 1, is the desiredgateway position,represented
by a 2-D positionvectorwith referenceto any suitableorigin
in the terrainof interest. The other

�!�

's representthe coor-
dinatevectorsof the mobile nodesandareobtainedat each
previously de�ned samplinginstant. The weighting factor,
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is a userde�ned function that dependson the "$#&%

node's load, �
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, andpriority,
�
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. We do not considerthedata
load due to intra-domaincommunicationamongthe nodes,

althoughthis may affect the available bandwidthfor inter-
domaincommunications.Dependingon the type of traf�c
beinggeneratedby thenodes,thefunction
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canbede-
�ned appropriatelyto re�ect CBR,or variablebit rate(VBR)
traf�c andwith or without de�ned priorities. The terms �

�

arethevectorcoordinatesrepresentingtherectanglescircum-
scribingthedomain(bottomleft andthetopright points),and

�(�

 's are similar vectorsthat representthe boundaryof the
)

#&% blockage.Therefore,we areminimizing the sumof the
weightedgeometricdistancefrom thegateway to eachof the
nodes,subjectto linearboundaryandblockageconstraints.

This problemis a non-linearoptimizationproblem. How-
ever, sincethecostfunctionis the *

�

normandtheconstraints
arelinear, theproblemis a convex programthatcanbetrans-
formedinto a simplelinearprogram(LP), which canthenbe
ef�ciently solved via modernnumericalinterior point meth-
ods [10]. Thus, the Gateway Trajectory UpdateAlgorithm
canbe representedasshown below, andthe gateway would
executethis asacontinuousloopwith anappropriatelooping
interval.

+ Input constants (set `a priori'): terrain and blockage boundaries,
sampling times, optimization metric of interest.

+ Output: optimum gateway location computed at speci�c sam-
pling times.

+-, While nodes in the domain have inter-domain data packets to
send . , DO:

1) Collect or estimate the position of each node, /10 , at each
sampling instant.

2) Collect from each node, an estimate of its current load and
the priority that it desires.

3) Perform a local computation to solve the LP equivalent to
the optimization problem in Equation 1 and obtain optimum
gateway location for that sampling instant.

4) Move towards the optimal location in the most suit-
able manner, as allowed by the physical constraints
(The problem of navigating from one location to another,
on a 2-dimensional surface with obstacles with no pre-
established paths, is a vast area of research in robotics
and is not discussed in this paper [13]).

5) Repeat at next sampling instant.

Themotionof thegatewaycanbefurthergovernedby cer-
tain rulesto preventraceconditions.As anexample,onecan
have a hysteresisrule that helpsprevent excessive gateway
sensitivity, whereina computed̀ new' gateway locationhas
begreaterthansomeminimumpre-speci�ed2 unitsfrom the
presentlocationbeforewe decideto movethegateway.

IV. COMPUTATIONAL COMPLEXITY

A. MAC Protocol,RoutingSupportandOverhead

The overheadincurred in the executionof the trajectory
control algorithm can be estimatedas follows. In steps1
and 2 of the algorithm, the gateway hasto obtain statein-
formationfrom all the nodes.This canbe pre-con�guredat
network deployment,or canacquiredon a reactive basis,in
whichcaseit is aboutthesameasdiscoveringaspeci�c node
within a MANET. However, to obtainposition/loadinginfor-
mation,if therearen mobile nodesin the network, thenfor
thesenodesto transmitanupdateevery samplingperiod,the



numberof messagesrequiredis of the order of �
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(as-
suming�ooding is employedto transportthesemessages)[5].
We note, however, that this control informationcan simply
be `piggy-backed' onto the routing updatemessages(most
of theseparametersareusually8-bit or 16-bit numbers,per
node,sopayloaddatalengthis not anissue),or embeddedin
theMAC layer `hello' messages,or evenpiggy-backedonto
the datapayloadthat is routedto the gateway. This makes
theoverheadrequiredfor gatheringstateinformationfor the
algorithmto beon thesameorderasthatrequiredfor theop-
erationof theunderlyingroutingandMAC protocols(routing
protocolsarediscussedin [3]).

B. OptimizationComplexity

The computationof the trajectoryitself involves solving
a linear programnumerically. It is well known that modern
interior point LP solvers have a worst-caseperformanceof
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[10], wheren is the numberof variablesin the LP.
Thus,for a network of 100nodes,eachof which is assumed
to generateinter-domaindatapackets,wewouldexpectcalcu-
lationson theorderof �����

�

or 1 million iterationsperupdate
period.A typical updateperiodis of theorderof 0.5seconds
in our simulations.Currentlyavailable`off-the-shelf', inex-
pensive microprocessorscanprocesson the orderof tensof
millions of instructionspersecond[14]. For a network with
1000nodes,thecomplexity increasessigni�cantly, requiring
1 billion iterationsperupdateperiod.In suchcases,however,
it is far moreef�cient to simply deploy moregateways,and
thussub-divide thelargerdomaininto smallerdomainsof ad
hocnetworks.

V. SIMULATION FRAMEWORK AND RESULTS

To evaluatethealgorithm,thens-2network simulator, re-
lease2.1b6[12] wasour primary simulationplatform, with
codeextensionsfor the802.11MAC andDSDV routing[9],
as implementedby Carnegie Mellon University for wireless
adhocnetworks.We alsoconductedsimulationswith appro-
priatemodi�cations to the DynamicSourceRouting (DSR)
algorithm[11]. Ourresultsweresimilarandweomitadiscus-
sionof this dueto spacelimitations. TheLP algorithmitself
wasintegratedinto thens-2simulationframework by means
of a C functioncall from themainprogramcode. To imple-
menttheoptimizationalgorithm,we useda modi�ed version
of PCx[15]. Wewereinterestedonly in theinter-domainnet-
working performanceandconsequently, all the datapackets
that the nodesgeneratedin eachdomainwerealwaysdeter-
ministically addressedto thegateway. Intra-domaintraf�c in
theMANET doesnotaffectthegatewaytrajectory. Therange
extensionnetwork beyondthedomainof thegateway wasit-
self consideredto bea`black-box'.

The �rst casethat we consideris that of equally loaded
nodesgeneratingpacketsof the samepriority. In this case,
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� , for all " , andtheproblemis now equivalentto

minimizing thesumof thedistancesfrom thegateway to the
nodes,subjectto theboundaryandblockageconstraints.

The resultsshown in Figure 2 through Figure 4 are for
the following systemparameters:a rectangularareaof size
10,000units by 10,000units; a network of mobile ad hoc
nodesrangingfrom 10 to 100 per domain; nodesassigned
randomvelocitieschosenuniformly between0 units/s(sta-
tionary) and25 units/s,moving in accordancewith the ran-
domwaypointmodel.Thegatewayvelocityis chosento beat
mostoneanda half timesthemaximumspeedof theadhoc
nodes.All thenodesareequallyloadedandgeneratetraf�c
50%of thetime. Themobilenodestransmittheircoordinates
to thegateway onceevery 0.5 seconds,andtheoptimization
calculationsarealsorepeatedwith this frequency. Thesimu-
lationsarerun for a totalof 5000seconds.

In Figure2, simulationdatawascollectedfor threediffer-
entscenarios:a gateway that is placedstaticallyat thecenter
of its domain;agatewaythatis movingaccordingto arandom
waypointmodel; and�nally , a gateway, the locusof whose
trajectoryis beingupdatedusingour optimizationmethod.
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Fig. 2. Comparisonof network throughputwith optimally
placedgateway versusstaticallyplacedor randomlymoving
gateway.

Notethatwhenouralgorithmis implemented,theimprove-
ment in throughputis ashigh as10% per domain(ignoring
inter-domaininterferenceeffects),andhencecanbeverysig-
ni�cant for the network as whole when there are multiple
gatewaydomains.

The advantageof the dynamicgateway placementtech-
niqueis muchmoreevidentwhenwe increasethe areacov-
eredby theblockages(Figure3).

In Figure3, initially, with very few blockagesin the do-
main,thenumberof packetsthataresuccessfullytransmitted
to the gateway is roughly the samefor the two cases,i.e.,
thecasein which thegateway is placedstaticallyat thecen-
ter of the domain,andthe casein which the gateway is op-
timally positioned. However, as the numbersof blockages
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Fig. 3. Effect of blockageson theperformanceof thestatic
vs.optimallyplacedgateways.

areincreasedcausingtheareacoveredby theblockagesto in-
crease,theopenspacein thedomaindecreasesasaresult,and
thethroughputdropsdramaticallyif thegateway is statically
placed.Whenthegatewayis optimallyplaced,wenoticedthe
improvementin throughputto beashigh as60%.

To testtheperformanceof thenetwork whenthecostfunc-
tion is alteredto incorporatedifferentpriorities for different
nodes,100 nodesweredeployed andthe load generatedby
eachnodewas progressively increasedfrom 10% to 90%.
Note that a node's priority dependson the priority of the
packetsthat it generatesat the given time. This is dynamic,
akin to the offeredload, andchangeswith time. For a spe-
ci�c value of the offered load, half the nodes(chosenran-
domly) generatedhigh priority traf�c (

���

�

�




�

��


�

�

�

�

��� ),
whereastheremainingnodesgeneratedlow priority datatraf-
�c (
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� ). For eachof thesecases,theaverage
messagelatency wasmeasuredwhile usingthe gateway tra-
jectoryupdatealgorithmwith, andwithout, thepriority class
asa parameterin thecostfunction. The resultsaredepicted
in Figure4. The gateway now favors the nodesgenerating
the higherpriority traf�c. Thesepacketsaredeliveredmore
ef�ciently–directly insteadof via multiplehops–andwith im-
proved latency. Sincethesystemcapacityis �x ed, theprice
that is paid,however, is that the lower priority traf�c suffers
increasedlatency andreducedthroughput.We alsonotethat,
asexpected,whenthe cost function in the optimizationfor-
mulationdoesnot takepacketprioritiesinto account,but con-
sidersonly the positionandofferedload, thereis no signi�-
cantdifferencein thelatency incurredby thedifferentclasses
of traf�c.

VI . CONCLUSIONS AND FUTURE WORK

To supportscalability in ad hoc networks, a rangeexten-
sionnetwork canbeused.Thisconsistsof airbornenodesin-
terfacedwith theadhocnetwork via gatewaysthatrelaydata
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Fig. 4. Effect of includingtheeffect of priority in theopti-
mizationcostfunction.

traf�c from/to the ad hoc groupto/from the rangeextension
network. Thefocusof thiswork hasbeento determinewhere
thesemobile gatewaysought to be placedrelative to the ad
hoc groupof nodes,suchthat certainnetwork performance
metricsareoptimized.This objective canbeformulatedasa
setof convex optimizationproblems. By meansof suitable
modi�cations, we simplify theseconvex formulationssuch
that they canbe very ef�ciently solved by numericalmeth-
ods.We enforcethegateway to follow thecomputedoptimal
trajectory, andevaluatetheachievedimprovementsin perfor-
mancein termsof throughputandlatency.

Simulationresultsindicatethatthenetwork throughputim-
provesby about10-15%pergateway domainif thegateway
movesin accordancewith theoptimally computedtrajectory,
asopposedto beingstaticor moving randomly. A similar im-
provementis seenin termsof a reductionin latency that the
datapacketsexperience.The cost function in the optimiza-
tion formulationcanalsobeappropriatelymodi�ed to support
betterperformancefor prioritizedtraf�c. Wealsoshowedthat
theoperationsrequired,in orderto thusde�ne anoptimaltra-
jectoryfor themobilegateways,canbeef�ciently performed
with currenthardwaretechnologiesandwith little additional
overhead.

Oneparticularextensionof interestis to considerthecase
whereinmultiplegatewaysarepresentin aparticulardomain,
wherethenodeshavetheability to choosedifferentgateways
for relayingtheir inter-domaintraf�c. This structurecanbe
exploited to balancethe loadsin differentdomains,thereby
improving performancefurther. This is currentlybeinginves-
tigated.
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