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Abstract— We performed a simulative evaluation of standard Mobile
IPv6 in comparison with Hierarchical MIPv6 via ns-2 for a ‘hot spot de-
ployment’ scenario.The simulation scenariocomprisesfour accessrouters
and up to 30mobile nodesthat move randomly and communicatein accor-
dancewith the IEEE 802.11wirelessLAN standard. The study collectedthe
performance metrics of all mobile nodesfr om the system. As data traffic
video, VoIP and TCP sourceswere considered. The goal of the study was
to obtain quantitati ve results of the improvementsprovided by HMIPv6
with respectto handoff latency, packet loss,signaling load and bandwidth
per station as well as an indication of the number of users that could be
accommodateddependingon the traffic source. Mor eover, we performed
a ’stress-test’of the protocol to investigatethe behavior of the protocol in
extremecases,e.g. under channelsaturation conditions. In addition to the
quantitati ve resultsprovided, the simulations taught us insightson the pro-
tocol performance not easilygainedwithout performing simulations. E.g.,
we learned that i) in our scenarioa low HMIPv6 signaling load reduction
outside of the micro-mobility domain implies a significant increasewithin
it, ii) under high saturation conditions we can expecta better performance
of HMIPv6 in latency terms but not in packet lossesor bandwidth and iii)
the considerationof network coverageuser unawarenessimpacts the per-
formanceresults.

Keywords— Mobile IP, IPv6, handoff, simulation, performance evalua-
tion, ns-2

I . INTRODUCTION

During thelastseveralyearsa trendtowardsconvergencebe-
tweenInternetandcellularsystemsusingIP asthecommonnet-
work protocolis becomingstronger. As aresult,therehavebeen
severalproposalsfor IP-basedmobility managementprotocols.
TheIETFworkinggrouponMobile IP isproposingMobile IPv4
[1] andMobile IPv6 [2] asthemainprotocolsfor supportingIP
mobility. Additionally, somesolutionshave beenproposedin
order to extendMobile IP for environmentswherethe mobile
nodeschangetheir point of attachmentso frequentlythat the
Mobile IP protocolwould resultin ahighsignalingloadaswell
as high handoff latency and severe packet losses. Thesepro-
posalsarereferredasmicro-mobilityprotocols,see[3] and[4].
On the cellular systemssidethereis currentlyan increasedin-
terestfor providing improvedbit ratesin hotspotenvironments,
e.g.,ascanbeseenby developmentof theso-calledHigh Speed
Downlink Packet Access(HSDPA) [5]. Mobile IP in combina-
tion with the high speedaccessprovided by wirelessLANs is
acompetitortechnologycandidateto providehighspeedaccess
in suchscenarios.Therefore,a thoroughstudy of the perfor-
manceof a wirelessLAN Mobile IP basedHot Spotscenariois
necessaryto assessthesuitability of thetechnology.

In this paperwe study the protocol performanceof Hierar-
chicalMobile IPv6 (HMIPv6) in comparisonwith thebaseline
Mobile IPv6(MIPv6) protocol.Apart from measuringsignaling
loadweareprimarily interestedin evaluatingthedegradationof
servicea mobile userobservesof a real-timeapplication(e.g.,

videoor voice over IP) or TCP traffic duringa handoff. Thus,
we are interestedin performancemetricslike handoff latency,
packet loss,andobtainedbandwidthper station. The scenario
for this study was chosento resemblea ‘building block’ of a
potentialwirelessLAN hot spotdeployment. It comprisesfour
accessrouterandupto 30mobilenodesthatmoverandomlyand
communicatein accordancewith theIEEE802.11wirelessLAN
standard.We considerthe impactof differentparameterslike
degreeof mobility, numberof mobile nodes,wired link delay
andprotocoloptionsoverthevariousperformancemetrics.Due
to thecomplexity of the requiredstudy, simulationwaschosen
asthemostsuitableanalysismethod.Weusenetwork simulator
ns-2. Mobile nodesmove accordingto the RandomWaypoint
Mobility Model [6].

Previouswork on simulativeevaluationsof Mobile IP almost
exclusively dealt with IPv4 networks. Perkinsand Wang [7]
have usedns-1to analyzetheeffectsof routeoptimizationand
buffering (‘smoothhandoff ’). CaneelandLamprecht[8] have
designedns-2modulesfor Cellular IP, HAWAII, andTHEMA.
TheColumbiaIP Micro-Mobility Suite[9] comprisesns-2mod-
ules for Cellular IP, HAWAII, andHierarchicalMobile IP. An
evaluationof CellularIP is providedby Campbellet al. in [10].
Campbellet al. provide a comparisonof IPv4 micro-mobility
protocolsin [3]. For HMIPv6 thereexists an analitycalstudy
that focusedon theupdatesignalingmessagesfrequency andis
basedonanearlyversionof theHMIPv6 internet-draft,see[11].

Becauseof the significantdifferencesbetweenMobile IPv6
andMobile IPv4asoutlinedin thefollowing section,resultsob-
tainedfor MIPv4 do not takeover for MIPv6. Therefore,in our
previous work [12], we performeda detailedstudyof Mobile
IPv6 anda fasthandoff procedure.Moreover, previous analy-
sisusuallystudiedasinglemobilenodewithout theinterference
of others. In [12] aswell asin this papera morerealisticsce-
nario with morethanonemobile nodeandrandommovement
patternsis considered.Ourresultsshow thatconsiderationof an
arbitrarynumberof mobilenodesandrandommovementssig-
nificantly impactstheobtainedperformanceresults.This paper
representsthe continuationof a previous study, currently still
underreviewing process,wherewe studiedtheperformanceof
HMIPv6 from theperspectiveof asinglemobilenodefollowing
a deterministicpathandconsideringonly UDP CBR traffic. On
thispaper, wehavefocusedoncollectingthestatisticsof all mo-
bile nodes,moving randomlyandconsideringvideo,VoIP and
TCPtraffic.

Thepaperisstructuredasfollows.SectionII recallsthebasics
of MIPv6 andHMIPv6. In SectionIII we describethesimula-
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tion model.Performanceaspectssubjectof interestaregivenin
SectionIV. Simulationresultsareprovided in SectionV. Fi-
nally, SectionVI presentssomeopenissuesandconclusions.

I I . MOBILE IPV6

Mobile IP supportsmobility of IP hostsby allowing themto
make useof (at least)two IP addresses:a homeaddressthat
representsthe fixed addressof the nodeanda care-ofaddress
(CoA) that changeswith the IP subnetthe mobile nodeis cur-
rentlyattachedto. Clearly, anentity is neededthatmapsahome
addressto thecorrespondingcurrentlyvalid CoA.

In Mobile IPv4, [1] thesemappingsareexclusively handled
by ‘homeagents’(HA). A correspondingnode(CN) thatwants
to sendpackets to a mobile node(MN) will sendthe packets
to the MN’s homeaddress.In the MN’s homenetwork these
packetswill be ‘intercepted’by the homeagentandtunneled,
e.g.,by IP-in-IPencapsulation[13], eitherdirectly to theMN or
to a foreignagentto which theMN hasa directlink.

In MIPv6, homeagentsno longerexclusively dealwith the
addressmapping,but eachCN canhave its own ‘binding cache’
wherehomeaddresspluscare-ofaddresspairsarestored.This
enables‘routeoptimization’comparedto thetriangleroutingvia
theHA in MIPv4: aCN is ableto sendpacketsdirectly to aMN
whentheCN hasa recententryfor theMN in its corresponding
bindingcache.Whena CN sendsa packet directly to a MN, it
doesnot encapsulatethepacket astheHA doeswhenreceiving
apacketfrom theCN to beforwarded,but makesuseof theIPv6
RoutingHeaderOption. WhentheCN doesnot have a binding
cacheentry for the MN, it sendsthe packet to the MN’s home
address.The MN’s homeagentwill then forward the packet.
TheMN whenreceiving anencapsulatedpacketwill inform the
correspondingCN aboutthecurrentCoA.

In order to keep the home addressto CoA mappingsup-
to-date,a mobile nodehasto signalcorrespondingchangesto
its homeagentand/orcorrespondingnodeswhenperforminga
handoff to anotherIP subnet. Sincein MIPv6 both, HA and
CN, maintainbindingcaches,acommonmessageformatcalled
‘binding updates’is usedto inform HA andCNsaboutchanges
in the point of attachment.Binding updates(BU) can be ac-
knowledgedby BU ACKs. Additionally, Mobile IPv6 allows
a MN to senda binding updateto a MIPv6 agentin the pre-
viously visited IP subnet,i.e., establishingforwarding from a
previous CoA . Then, packets sentby CNs that have not yet
learnedthe MN’s new CoA will be tunneledfrom the previ-
ously visited subnetto the currentpoint of attachment.To ac-
quire a CoA in Mobile IPv6, a mobile nodecanbuild on IPv6
statelessandstatefulauto-configurationmethods.Thestateless
auto-configurationmechanismis not availablein IPv4. In our
work, we assumestatelessauto-configurationfor all testssince
with this the mechanismis not necessaryto contactany entity
to obtain a new CoA, reducingthe handoff processduration.
For moredetailson Mobile IPv6 see[2]. In the following, we
briefly look at theNeighborDiscovery [14] mechanism,oneof
themaindifferenceswhencomparingIPv4 andIPv6.

A. NeighborDiscovery

One of the major novelties betweenIPv4 and IPv6 is the
NeighborDiscovery protocol for IPv6. This protocol is used

by nodesto resolve the link-layer addressesandkeeptrack of
thereachabilityof theirneighbors.Hostsuseit aswell to locate
routersin their link.

A MN, whenperforminga handover, hasto learnthe AR’s
MAC addressbeforebeingableto inform aboutthenew pointof
attachmentvia theBUs. In IPv4aMN runstheARPprocessand
hasto wait until its completionthusdelayingtheBUs transmis-
sion. On theotherhand,theIPv6 NeighborDiscovery protocol
optimizesthis processobtainingthe AR’s MAC addressfrom
theRouterAdvertisement.This resultsin theMN beingableto
sendtheBU withoutany delayafterahandoverandrunningthe
neighborunreachabilitydetectionprocessin parallel.However,
in IPv4,aftertheARP processis completedMAC addresseson
bothsidesareobtained.This is not thecasefor IPv6 wherethe
AR hasto run theaddressresolutionprocessto obtaintheMN’s
MAC addresswhenhaving to senda packet to it. In fact,in the
IPv6 case,whena MN learnsa node’s MAC addressin a dif-
ferentway than the usualRequest-Replyexchangeor when it
wantsto senda packet aftersometime without usingtheentry,
the neighborunreachabilitydetectionhasto be launchedto re-
solve theMAC address,but this is a oneway process,only one
addressis resolved.

As mentionedabove, the differencesbetweenMIPv4 and
MIPv6 with respectto signalingand dataflow requiressepa-
rate studiesto evaluateoverall protocol performance. In this
paper, we focuson Mobile IPv6 specificfeatures.We have im-
plementedin ns-2theNeighborDiscoveryprotocolcomprising
thenew functionalityexplainedaboveplustheNeighborCache
andthefive differentstates:Incomplete,Reachable,Stale,De-
lay andProbe.Thefull NeighborDiscoveryspecificationcanbe
foundin [14].

B. Hierarchical Mobile IPv6

It is a well-known observation that MNs moving quickly as
well as far away from their respective homedomainor corre-
spondingnodesproducesignificantBU signalingtraffic andwill
suffer from handoff latency andpacketlosseswhennoextension
to thebaselineMobile IP protocolis used.HierarchicalMobile
IPv6 (HMIPv6) is a localizedmobility managementproposal
thataimsto reducesignalingloadoutsidea predefineddomain.
The mobility managementinside the domain is handledby a
Mobility AnchorPoint(MAP). Mobility betweenseparateMAP
domainsis handledby MIPv6.

TheMAP basicallyactsasa localHomeAgent.Whenamo-
bile nodeentersinto a new MAP domainit registerswith it ob-
tainingaregionalcare-of-address(RCoA).TheRCoAis thead-
dressthat the mobile nodewill useto inform its HomeAgent
andcorrespondingnodesaboutits currentlocation. Then, the
packetswill be sentto and interceptedby the MAP, actingas
a proxy, and routedinside the domainto the on-link care-of-
address(LCoA) by the MAP. When a mobile nodethen per-
forms a handoff betweentwo accesspoints within the same
MAP domainonly the MAP hasto be informed. Note, how-
ever that this doesnot imply any changeto the periodicBUs a
MN hasto sentto HA, CNsandnow additionallyto theMAP.

HMIPv6 presentsthe following advantages:it reducesthe
signaling load outsidethe MAP domain in caseof handoffs
within thesamedomainandmayimprovehandoff performance
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Fig. 1. Simulationscenario

reducinghandoff latency and thus packet lossessince intra-
domainhandoffs areperformedlocally. However, sincethepe-
riodic BUs arenot reducedbut theonesdueto handoffs theim-
provementimportancedependson the mobility of the mobile
nodes.For moredetailsonHMIPv6 thereaderis referredto [4].

I I I . SIMULATION SETUP

Thestudiedscenariowasdesignedin orderto belargeenough
to provide realistic resultsbut to be small enoughto be han-
dled efficiently within ns-2. The chosenscenario,depictedin
Figure1, is composedby the HomeAgentandthe Correspon-
dent Nodesthat are connectedvia the ‘Internet’ (modeledby
adjustingthelink delayld) to acentralrouter(CR).Fouraccess
routers(AR) –eachonerepresentinga differentIP subnet–are
connectedvia two intermediaterouters(IR) to thecentralrouter.
WhenHierarchicalMIPv6 is consideredthefunctionalityof the
Mobility Anchor Point is placedon the centralrouterand the
CR, IRs,andARS form the micro-mobility domain. At simu-
lation startthemobilenodesareuniformly distributedover the
coveragearea.

Theaccessroutershave beenpositionedin a way to provide
totalcoverageto anareaof approximately

���������	���
squareme-

tersconsideringa transmissionrangeof 250meters,seeFigure
2. Themobile nodesmove randomlywithin the coveragearea
following therandomwaypointmobility model[6]. Thismodel
hasbeenpreviously usedmainly for ad-hocsimulationsbut it
is well suitedaswell alsofor our purposesaswe will explain
in SectionV. As wirelessmediumthe 2MbpsWirelessLAN
802.11DCF [15] provided by ns-2 [16] is used. The access
routersusethe samefrequency bandsinceno roamingprocess
is standardizedfor 802.11andthus,roamingprotocolsarepro-
prietary.

Within the micro-mobility domaineachwired connectionis
modeledasa5Mbpsduplex link with 2msdelay. The’Internet’
connectingthecentralrouterandtheHA or CNsis modeledalso
asa 5Mbpsduplex link with a default link delay(ld) of 10ms.
In thesimulations,the ld valuehasbeenvariedto modelvarious
‘distances’betweentheMNs andtheHA andCNs.

In orderto simulatea realisticcasewherea MN will receive
packets from the sharedAR queueandwherea MN will also
competewith otherMNs andwith anAR to accessthechannel,
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Fig. 2. Accessroutersdistribution

half of the MNs receive datafrom the CNs andthe otherhalf
senddatato the CNs. The CNs sendingto the MNs introduce
delayin the AR queueandthe MNs sendingto the CNs intro-
ducedelayin thewirelesslink. Thestudythoughfocusesonthe
MNs receiving datafrom the CNs sincethe purposeis to ana-
lyze thedegradationof theexperiencedqualityof servicedueto
mobility.

In our simulationsdifferenttypesof traffic will besimulated.
As a streamingapplicationfor real-timevideo traffic we have
useda real H.263 [17] video encodingprovided by [18]. The
encodedvideo correspondsto the film ”Star Trek: First Con-
tact” for a targetbit rateof either256or 64 kbps.Theobtained
frame sizes(in bytes)of the individual encodedvideo frames
areusedas input for the ns-2video traffic application. Since
thesetracesincludeonly the raw packetizedvideo, additional
streamingprotocoloverheadhasbeenadded.We considereda
12 byte RTP headerplus 8 byte UDP headerandplus 40 byte
IPv6 headerasthestreamingprotocoloverhead.

One of the applicationsexpectedto be used with MIPv6
is VoIP. We have implementeda VoIP model basedon [19].
Themodelassumessilencesuppressionandmodelseachvoice
sourceasan on-off Markov process.The alternatingactive on
andsilenceoff periodsareexponentiallydistributedwith aver-
agedurationsof 1.004and1.587s. As recommendedby the
ITU-T specificationfor conversationalspeech[20], an average
talk spurtof 38.57%andanaveragesilenceperiodof 61.47%is
considered.A rateof 88 kbps1 in on periodsand0 kbpsin off
periodsis assumedfor avoicesourcethatgeneratesCBRtraffic.

TCPis themostwidely usedtransportprotocol.We simulate
endlessFTPsourcesto understandtheimpactof IP mobility on
the congestioncontrol mechanismof TCP using the different
protocols.

The simulationcodeusedfor the experimentswasdesigned
on top of INRIA/Motorola MIPv6 MIPv6 [21] code for ns-
2 [16] implementation. We have extendedthe codewith two
main modules: NeighborDiscovery and HierarchicalMobile
IPv6. Somemodificationshave beendoneto the original re-
leasein order to extendthe codeto work with more thanone
mobilenode.

�
Assume8KHz 8 bits/samplePCM codecwas usedwith 20 s frame per

packet. With 12 byteRTP header, 8 byteUDP headerand40 byteIPv6 header,
thesizeof eachvoicepacket is 220bytes.Thebandwidthrequiredwill be(220
x 8)/20=88kbps



4

IV. PERFORMANCE METRICS

The purposeof the performanceevaluationis to checkthe
improvementsthat userswould experiencein a systemusing
HMIPv6 in comparisonto standardMIPv6. HMIPv6 aims to
make local handoffs transparentto Mobile IPv6 entities,e.g.
HA and CNs, outsideof the micro-mobility domainand thus
reducethe signalingload. Additionally, becausegenerallythe
Mobility AnchorPointis closerto theMN thantheHA or CNs,
theentityresponsibleto forwardthetraffic reactsfasterwhichin
turncanreducehandoff latency andpacket losses.Theobtained
bandwidthexperiencedby the stationswhich is influencedby
handoff latency andpacket lossesis alsostudied.Theparame-
tersto bestudiedareasfollows:

Handoff Latency: Handoff latency is definedfor a receiving
MN asthetimethatelapsesbetweenthelastpacketreceivedvia
the old route and the arrival of the first packet along the new
route after a handoff. Latency is an importantparameterfor
delaysensitive applicationslike videoor VoIP thatcouldsuffer
from a periodwith a higherrateof packet dropsdueto a long
latency time. Thispacketdropperiodwouldresultin aflickering
imagefor a video applicationor in a noticeabledisruptionin
the voice transmissionfor VoIP. We studyhandoff latency for
variousvaluesof link delays�
� , for differentvideoratesandfor
anincreasingnumberof mobilenodes.

Packet Loss:Packet lossis definedfor a receiving MN asthe
numberof packetslost during the handoff. While usuallyone
assumesthatpacket lossesaredirectlyproportionalto latency it
will beshown thatthisis nottruein somecases.Wehavestudied
separatelythepacket lossesdueto theprocessof addressreso-
lution andpacket lossesin thepreviousaccessrouter. We study
packet lossesfor variousvaluesof link delays ��� , for different
videoratesandfor anincreasingnumberof mobilenodes.

SignalingLoad: We study the signaling load due to send-
ing of BUs andBACKs. Thenumberof BUs andBACKs sent
differs for MIPv6 andHMIPv6. We study the signalingload
for varioushandoff rates(numberof handoffs per minute)and
differentiatebetweensignalingloadwithin or outsidethemicro-
mobility domain.

Bandwidthper Station: We study the probability to obtain
therequiredbandwidthandthecorrespondingexpectedvariance
for anincreasingnumberof competingstationsandfor different
kindsof traffic: video,VoIPandTCP.

Notethatthewholesetof performancemetricshavebeenob-
tainedfor eachscenariobut only themostrelevantresultshave
beenincluded.

V. PERFORMANCE EVALUATION & DISCUSSION

With ourns-2simulationswestudytheparametersexplained
in SectionIV for thescenariodescribedin SectionIII. We ana-
lyze thedegradationof theperformancemetricsfrom a system
point of view, i.e. collecting the statisticsof the whole setof
mobilenodesmoving randomlyinsteadof focusingin a single
mobilenodefollowing a deterministicpath. A maindifference
of thisscenariois theimpactof unexpectedmovementsover the
studiedparameters.Notethatunexpectedmovementscanhavea
quitenegativeeffectontheexperiencedqualityof servicedueto
backandforth movementsaroundthe overlappingareas,more
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Fig. 3. Impactof numberof stationsonhandoff latency, 256kbps

detailswill begivenin SectionV-D. All mobilenodesfollow the
randomwaypointmobility (RWP)modelwhichis well-suitedto
representmovementsof mobileusersin campusor hot-spotsce-
narioat moderatecomplexity.

We have chosenthevideosourceasthemostsuitedto make
a ’stress-test’of the protocolssinceit’s the onethat requiresa
higherbit ratefrom the wirelesschannel.Therefore,it will be
usedas the default sourcewhen no otherwiseindicated. The
differencesbetweenMIPv6 or HMIPv6 usagefor video, VoIP
andTCPsourcesarestudiedin SectionV-E.

All simulationshave a durationof 125secondswith a 5 sec-
ondswarm-upphaseAll thepointsin thefollowing graphsrep-
resenttheaverageof 100simulations.

We assumea systemwheremobilenodesusetheIPv6 state-
less addressauto-configurationfeature performing Duplicate
AddressDetection(DAD) in parallel to avoid the introduction
of anadditionaldelayto thehandoff process.Note that thede-
lay introducedby DAD would betoo time consumingresulting
in a noticeabledisruptionof theservice.

A. Impactof numberof stations

We have studiedthe impactof thenumberof competingsta-
tions in the sharedmediumon handoff latency andpacket loss
for two targetratesof thevideosources:256and64 kbps.The
256 kbpsvideo sourceis an ’intensive’ sourcethat allows the
studyof theprotocolsathigherdetailsincethetransmissionrate
is higher. On theotherhand,the64 kbpssourceprovidesstill a
high detailbut it allows thestudyof a highernumberof mobile
nodesin thesystem.

Figure3 shows the increasein handoff latency dueto an in-
creasein the numberof MNs sharingthe wirelesschannelfor
the 256 kbpscase.We canobserve that HMIPv6 performsal-
mostalwaysbetteror equalthanstandardMIPv6, asexpected,
sincethewired‘distance’in orderto updatetherespectiveagent
that forwardspacketsto themobilenodeis alwaysshorter. For
a small numberof MNs, e.g.,5 or below, the dominatingfac-
tor for handoff latency is the wired delaynot the wirelessone.
Therefore,the latency obtainedwith HMIPv6 is smallercom-
paredto theMIPv6 one.However, for a highernumberof MNs
the wirelessdelaybecomesmoreandmoreimportantdecreas-
ing thehandoff latency advantageof usingHMIPv6. However,
whenthewirelessdelaybecomesvery high dueto saturationin
thechannel,e.g.,10 stationscase,we seeagaina betterperfor-
manceof HMIPv6 dueto two reasons.First,only oneBU is sent
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to theMAP in theHMIPv6 casewhile MIPv6 sendsaBU to the
HA andafterwardsoneto theCN, i.e., introducinganadditional
wirelessdelay. This differencecould be removed sendingthe
BU first to theCN andthento theHA. Second,while theBAcks
to HA andMAP BUs aremandatory, the BAck to the CN BU
is optional. In our implementationBAcks to CN BUs arenot
sentto avoid additionaloverhead.Underhigh saturationchan-
nel conditionsthe probability of a BU to be lost is increased,
therefore,whenusingstandardMIPv6 if aBU to theCN is lost2,
it is not retransmitted,increasingsignificantlythelatency value.
On the otherhand,whenthe BU to the MAP is lost it will be
retransmittedafter a one-secondtimeoutwithout receiving the
correspondingacknowledge. An exceptionalcasecan be ob-
served for 6-8 MNs whereMIPv6 shows a slightly betterper-
formancethanHMIPv6. Dueto theencapsulationthatHMIPv6
alwaysdoesfrom the MAP to the currentpoint of attachment,
wehaveahigherloadto thechannel,i.e. 40additionalbytesper
packet, andthusthesaturationthroughputis reachedearlierby
HMIPv6.

In principle,onewould expecta direct relationshipbetween
handoff latency andpacket losses.In Figure4 we canseethat
this is not thecase.Fromthegraphwecanobservethatfor upto
4 stationstheusageof HMIPv6 resultsin similar packet losses
comparedto MIPv6. However, when the numberof MNs in-
creasesthetotal numberof packet lossesis higherfor HMIPv6
thanfor MIPv6. In orderto understandthis effect we have dif-
ferentiatedbetweenpacketslost at thepreviousAR –theMN is
no longer thereto pick themup – andpackets lost at the new
AR dueto NeighborDiscovery, i.e., addressresolution3. The
usageof HMIPv6 shows similar packet lossesat the previous
accessroutereventhoughtheupdating‘distance’is shorterthan
for MIPv6 dueto theunexpectedmovementswhich reducethe
importanceof the optimization. On the other hand,the num-
berof packetslostwith HMIPv6 dueto NeighborDiscoveryare
largerthanfor standardMIPv6 ascanbeseenasfollows. When
performinga handoff with standardMIPv6 the MN first sends
a BU to the HA andimmediatelyafter (onewirelessdelay) to
theCN.Thefirst packetthatarrivesto thenew AR triggeringthe
addressresolutionprocessof neighbordiscovery(seeSectionII-
A) is theBAck from theHA andthefirst datapacketsarrive to
�
IEEE802.11realizeswhena packet wasnot correctly transmittedover the

wirelessmediumdueto the lack of a MAC layeracknowledgmentandre-tries
thetransmissioneighttimesbeforediscardingit.�

During the addressresolutionprocessonly a small amountof packets are
bufferedfor thesamedestinationaddress,e.g.threein our implementation[14].
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thenew AR afterawirelessdelay. However, if HMIPv6 is used,
after performinga handoff the mobile nodewill senda single
BU to the MAP which will sendthe correspondingBAck fol-
lowedwithoutdelayby thenext datapackets.Sincein this case
thereis no delay betweenthe packet that triggersthe address
resolutionprocessandthenext onesall thepacketsthatwill ar-
rive during this processoncethe buffer for this addressis full
will bedropped.Therefore,whenthenumberof MNs increases
theaddressresolutionprocesstakeslongerandmorepacketsare
lost dueto NeighborDiscovery. A strangebehavior canbeob-
served in the rangefrom 2 to 4 mobilenodeswherethepacket
lossesinsteadof experiencingan increase,decrease.In fact, if
amobilenodeentersin anoverlappingarea,performsahandoff
informing aboutits new locationandimmediatelyafter moves
backto its previouslocation,until thehandoff algorithmrealizes
thata new handoff is necessaryall packetswill beroutedto the
wrongcare-of-address.Therefore,whenthenumberof mobile
nodesis low, the impactof the backandforth movementsdue
to randommovementsis highersincetheupdatesaboutthenew
point-of-attachmentarefaster.

Figure5 correspondsto the handoff latency for the 64 kbps
case. It shows the samebehavior describedpreviously for the
256 kbps casebut arriving to the saturationconditionswith a
highernumberof stations,asexpected.Thepacket lossesgraph
hasnot beenincludedherefor spacereasonssinceit presents
thesamecharacteristicsasFigure4.

For the following studieswe have focusedon thecaseof 64
kbpsand16 MNs sincethis representsthecasewherethechan-
nel canbeaccessedwithout experiencinga high degradationin
thequalityof servicedueto competingnodeswith a quitelarge
numberof mobileusers.

B. Impactof handoff rate

Themainpurposeof HMIPv6 is to keepconstantthesignal-
ing loadoutsideof themicro-mobilitydomainwhenthenumber
of handoffs increases.We haveperformeda simulationincreas-
ing the handoff rateby increasingthe maximumspeedof the
mobile nodes. Figure6 shows the relationshipbetweenmaxi-
mumspeedandnumberof handoffs. Wecovermaximumspeeds
from 5 m/s,e.g. pedestrian,until 25 m/s (90 km/h), e.g. vehi-
cles.

Figure 7 shows that the goal of HMIPv6 is achieved. On
theotherhand,HMIPv6 increasesthesignalingloadwithin the
micro-mobility area. This is a coherentresult as we can see
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as follows. When roamingwithin the local domain,HA and
CNs do not realizeany changein the point of attachmentand
receivetheBUsperiodically, thereforethesignalingloadis con-
stantoutsidethe local domain.However, with standardMIPv6
whenever a MN performsa handoff the periodic BUs are re-
scheduledandthus,an increasein the numberof handoffs can
imply a reductionin the numberof periodicBUs. Sincewith
HMIPv6 thehandoffswithin amicro-mobilityareaaretranspar-
ent to theHA andCNs, theperiodicBUs arenot re-scheduled,
and thereforean increasein the numberof handoffs doesnot
imply a reductionin the numberof periodic BUs. Addition-
ally, the implementationof HMIPv6 resultsin an increasein
thenumberof periodicBUs sentin themicro-mobility domain,
i.e., additionalonesentto theMAP plusBAck, andtheBAcks
originatedby the HA have to be encapsulatedwhich increases
the signalingload. Anotheraspectto beconsideredis that if a
MN hasmorethanoneCN, whena handover is performedthe
numberof sentBUs increaseslinearly with thenumberof CNs
for standardMIPv6 while it remainsconstantfor HMIPv6. As
a conclusion,the HMIPv6 saved signalingload within the lo-
cal domainheavily dependson thenumberof CNsperMN and
the numberof handoffs peformeduntil the periodicBU timer
fires,whenthesevaluesarelow HMIPv6 couldperformworse
thanstandardMIPv6 in signalingload termswhile whenthey
increasemoresignalingloadis savedwith HMIPv6. Notethat,
in ourscenario,thesignalingloaddueto thehandoffs only con-
tributesa marginalpartto theoverall load.

C. Impactof wiredlink delay

HierarchicalMobile IPv6 eliminatesthenecessityof inform-
ing outsideof the micro-mobility domainaboutthe new point
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of attachmentwhenperforminga local handoff. Therefore,we
have computedthedifferencesbetweenMIPv6 andHMIPv6 in
handoff latency andpacket losseswhenthewired link delayld
from theCRto theHA andCNis increased.Thedifferentld val-
uesmodeldifferent’distances’to theHA andCNs. As we can
seein Figure8 even consideringrandommovementsHMIPv6
accomplishesoneof its expectedgoals,while anincreasein the
wired link delayimplies an increasein the handoff latency for
Mobile IPv6 it doesnot affect HierarchicalMIPv6 handoff la-
tency. Thepacket lossesgraphdirectlycorrespondsto thehand-
off latency onesowe donot includetheresultshere.

D. Impactof randommovements

Mobile usersareunawareof overlappingareaswherehandoff
decisionsaretaken. This sectionstudiesthe differenceon the
performancemetricsbetweena userfollowing a definedpath
andusersmoving randomly. Figure9 shows packet lossesdue
to handoffs for mobilenodesmoving randomcomparedto one
mobilenodefollowingadefinedpath.Wecanobservethatin no
saturationconditionsthe mobile nodefollowing a pre-defined
pathexperienceslower packet lossescomparedto the random
onessince the back and forth movementsresult in a higher
packet loss rate. However, when the wirelesschannelsuffers
saturationthepacket lossesfor therandommovementusersare
lower. Thereasonis thattheimpactof BUslostdueto saturation
on usersfollowing a definedpath is highercomparedto users
moving randomlysincedueto their backandforth movements
moreBUs, i.e. in principleunnecessary, aresentdecreasingthe
impactof lostBUs.
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E. Impactof traffic sources

SectionV-A hasshown thehandoff latency andpacket losses
behavior with MIPv6 and HMIPv6 when the numberof mo-
bile nodesincreases.In this sectionwe studythe impactof the
numberof stationsover thereceivingstationsfor threedifferent
typesof traffic: H.263video,VoIPandTCP. As we canobserve
from Figure10 the256kbpsvideosourcesexperiencea degra-
dationof thereceivedbandwidthfrom 4 stationson,asexpected,
sincein thenext point thesaturationthroughputis reached.For
the 64kbpscaseno more than16 mobile nodescould receive
thedesiredbandwidth.TCPsourcesshow theadaptationof the
sendingrateto theavailablechannelcapacitywhenthenumber
of mobile usersincreases.For the caseof VoIP, even though
we would expectthata highernumberof mobileuserscouldbe
accommodateddueto the lower sendingratewe obtaina num-
berof userssimilar to the64 kbpsvideocase,20 mobilenodes.
The reasonis the burstinessof the VoIP sources.We canob-
servethatthedifferencesin receivedbandwidthbetweenMIPv6
andHMIPv6 correspondto thepacket lossesresultsin Section
V-A, i.e. HMIPv6 reachesearlierthesaturationthroughputand
presentsasmallerreceivedbandwidthdueto theMAP encapsu-
lation.

VI . CONCLUSIONS AND FUTURE WORK

During the designprocessof an IPv6-basedwirelessaccess
network thequestionof whetheror not to implementHierarchi-
cal Mobile IPv6 it’s likely to arise. In this paperwe have pro-
vided quantitative resultson the improvementdegreeonecan
expectby usingHierarchicalMobile IPv6 insteadof pureMo-
bile IPv6 in a ‘hot spot’-like IEEE 802.11-basedscenariowith
four accessroutersandup to 30 mobile nodes.We performed
a ‘stresstest’ of theprotocolwherewe studiedhow handoff la-
tency, packet loss,andobtainedbandwidthareaffectedby the
numberof mobile nodes,i.e. by competitionfor the wireless
medium,or by different traffic sources,e.g. video, VoIP and
TCP, or by protocol interactions,e.g. with the NeighborDis-
coveryprocessof IPv6.

Thesefactorswere shown to influencethe packet loss rate
of HMIPv6, andwe indicatedthe pointsthat canbe improved
in an implementation.Handoff latency valuesof HMIPv6 out-
performedtheonesfrom MIPv6 in almostevery case.We also
quantitatively studiedthe trade-off betweenHMIPv6 signaling
load reductionoutsideof the HMIP domainand the increase
within. Furthermore,weprovidedandindicationonthenumber

of usersthat could be accommodatedin our systemdepending
on the consideredtraffic andshowed the impactover the per-
formancemetricsof definedpathmobility in comparisonwith
randommovements.The studyvia simulationrequiredto im-
plementHMIPv6 andNeighborDiscovery for ns-2.

Clearly, our resultstake over also for IEEE802.11variants
with higher bit rates when the values are adjustedaccord-
ingly with respectto the point wheresaturationthroughputis
achieved.

In our futurework weincludeheadercompressionin orderto
judgetheprotocoloverheadonthewirelesslink in afair manner
andin orderto understandthe correspondingprotocol interac-
tions with respectto the performancemetricsanalyzedin this
study.
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