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Abstract— We performed a simulative evaluation of standard Mobile
IPv6 in comparisonwith Hierarchical MIPv6 via ns-2for a ‘hot spot de-
ployment’ scenario. The simulation scenariocomprisesfour accesgouters
and up to 30 mobile nodesthat move randomly and communicatein accor
dancewith the IEEE 802.11wirelesd AN standard. The study collectedthe
performance metrics of all mobile nodesfrom the system. As data traffic
video, VolP and TCP sourceswere considered. The goal of the study was
to obtain quantitative results of the improvements provided by HMIPv6
with respectto handoff latency, packet loss,signaling load and bandwidth
per station as well as an indication of the number of usersthat could be
accommodateddependingon the traffic source. Moreover, we performed
a 'stress-test'of the protocol to investigatethe behavior of the protocol in
extremecasesg.g under channelsaturation conditions. In addition to the
guantitative resultsprovided, the simulationstaught usinsights on the pro-
tocol performance not easily gained without 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 consideration of network coverage user unawarenessimpacts the per-
formanceresults.

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

|. INTRODUCTION

During thelastsereralyearsatrendtowardscorvergencebe-
tweenlinternetandcellularsystemsusinglP asthecommonnet-
work protocolis becomingstronger As aresult,therehave been
severalproposaldor IP-basedmobility managemenprotocols.
ThelETF workinggrouponMobile IP is proposingVobile IPv4
[1] andMobile IPv6 [2] asthemain protocolsfor supportinglP
mobility. Additionally, somesolutionshave beenproposedn
orderto extend Mobile IP for ervironmentswherethe mobile
nodeschangetheir point of attachmento frequentlythat the
Mobile IP protocolwould resultin a high signalingloadaswell
as high handof lateny and severe paclet losses. Thesepro-
posalsarereferredasmicro-mobility protocols,see[3] and[4].
On the cellular systemssidethereis currentlyanincreasedn-
terestfor providing improvedbit ratesin hot spoternvironments,
e.g.,ascanbeseerby developmenbf theso-calledHigh Speed
Downlink Packet Access(HSDFA) [5]. Mobile IP in combina-
tion with the high speedaccessprovided by wirelessLANSs is
a competitortechnologycandidateo provide high speedaccess
in suchscenarios. Therefore,a thoroughstudy of the perfor
manceof awirelessLAN Mobile IP basedHot Spotscenarids
necessaryo assesshesuitability of thetechnology

In this paperwe study the protocol performanceof Hierar
chical Mobile IPv6 (HMIPv6) in comparisorwith the baseline
Mobile IPv6 (MIPv6) protocol. Apartfrom measuringignaling
loadwe areprimarily interestedn evaluatingthe degradatiorof
servicea mobile userobsenesof a real-timeapplication(e.g.,

video or voice over IP) or TCP traffic duringa handof. Thus,
we areinterestedn performancemetricslike handof lateng,
paclet loss, and obtainedbandwidthper station. The scenario
for this study was chosento resemblea ‘building block’ of a
potentialwirelessLAN hot spotdeployment. It comprisedour
accessouterandupto 30 mobilenodeghatmoverandomlyand
communicatén accordancevith thelEEE802.11wirelessLAN
standard.We considerthe impactof differentparameterdike
degreeof mobility, numberof mobile nodes,wired link delay
andprotocoloptionsoverthevariousperformancenetrics.Due
to the compleity of the requiredstudy simulationwaschosen
asthemostsuitableanalysismethod.We usenetwork simulator
ns-2 Mobile nodesmove accordingto the RandomWaypoint
Mobility Model [6].

Previouswork on simulative evaluationsof Mobile IP almost
exclusively dealt with IPv4 networks. Perkinsand Wang [7]
have usedns-1to analyzethe effectsof route optimizationand
buffering (‘smooth handof’). Caneeland Lamprecht[8] have
designechs-2modulesfor Cellular IP, HAWAII, and THEMA.
TheColumbialP Micro-Mobility Suite[9] comprisesis-2mod-
ulesfor Cellular IP, HAWAII, andHierarchicalMobile IP. An
evaluationof CellularIP is providedby Campbelletal. in [10].
Campbellet al. provide a comparisorof IPv4 micro-mobility
protocolsin [3]. For HMIPv6 thereexists an analitycalstudy
thatfocusedon the updatesignalingmessagefrequeny andis
basednanearlyversionof theHMIPv6 internet-draftsee{11].

Becauseof the significantdifferencesetweenMobile IPv6
andMobile IPv4 asoutlinedin thefollowing section resultsob-
tainedfor MIPv4 do not take over for MIPv6. Thereforejn our
previouswork [12], we performeda detailedstudy of Mobile
IPv6 anda fasthandof procedure.Moreover, previous analy-
sisusuallystudieda singlemobilenodewithouttheinterference
of others. In [12] aswell asin this papera morerealisticsce-
nario with more than one mobile nodeand randommovement
patternds consideredOurresultsshav thatconsideratiorof an
arbitrarynumberof mobile nodesand randommovementssig-
nificantly impactsthe obtainedperformanceesults. This paper
representshe continuationof a previous study currently still
underreviewing processwherewe studiedthe performanceof
HMIPv6 from the perspectie of a singlemobilenodefollowing
a deterministicpathandconsideringonly UDP CBR traffic. On
this paperwe have focusedon collectingthestatisticsof all mo-
bile nodes moving randomlyandconsideringvideo, VolP and
TCPtraffic.

Thepapetis structuredasfollows. Sectionll recallsthebasics
of MIPv6 andHMIPV6. In Sectionlll we describethe simula-



tion model. Performancaspectsubjectof interestaregivenin
SectionlV. Simulationresultsare providedin SectionV. Fi-
nally, SectionVI presentsomeopenissuesandconclusions.

Il. MOBILE IPV6

Mobile IP supportsmobility of IP hostsby allowing themto
male useof (at least)two IP addressesa homeaddresghat
representshe fixed addresof the nodeand a care-ofaddress
(CoA) that changeswith the IP subnetthe mobile nodeis cur-
rently attachedo. Clearly, anentity is neededhatmapsahome
addresgo thecorrespondingurrentlyvalid CoA.

In Mobile IPv4, [1] thesemappingsare exclusively handled
by ‘homeagents’(HA). A correspondinghode(CN) thatwants
to sendpacletsto a mobile node (MN) will sendthe paclets
to the MN’s homeaddress.In the MN’s homenetwork these
pacletswill be ‘intercepted’by the homeagentandtunneled,
e.g.,by IP-in-IP encapsulatiofil 3], eitherdirectly to the MN or
to aforeignagentto whichthe MN hasa directlink.

In MIPv6, homeagentsno longerexclusively dealwith the
addressnapping,but eachCN canhaveits own ‘binding cache’
wherehomeaddres®lus care-ofaddresgairsarestored. This
enablesroute optimization’comparedo thetriangleroutingvia
theHA in MIPv4: aCN is ableto sendpacletsdirectlyto aMN
whenthe CN hasarecententryfor the MN in its corresponding
binding cache.Whena CN sendsa paclet directly to a MN, it
doesnot encapsulatéhe pacletasthe HA doeswhenreceving
apacletfrom theCN to beforwarded pbut makesuseof thelPv6
RoutingHeaderOption. Whenthe CN doesnot have a binding
cacheentry for the MN, it sendsthe paclet to the MN’s home
address.The MN's homeagentwill thenforward the paclet.
The MN whenreceving anencapsulategacletwill inform the
correspondingN aboutthe currentCoA.

In order to keep the home addressto CoA mappingsup-
to-date,a mobile nodehasto signal correspondinghangedo
its homeagentand/orcorrespondingiodeswhen performinga
handof to anotherlP subnet. Sincein MIPv6 both, HA and
CN, maintainbindingcachesa commonmessagéormatcalled
‘binding updatesis usedto inform HA andCNsaboutchanges
in the point of attachment. Binding updates(BU) canbe 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, paclets 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
statelesandstatefulauto-configuratioomethods.The stateless
auto-configuratiormechanisiris not availablein 1Pv4. In our
work, we assumestatelessauto-configuratioror all testssince
with this the mechanisiris not necessaryo contactarny entity
to obtaina new CoA, reducingthe handof processduration.
For moredetailson Mobile IPv6 see[2]. In the following, we
briefly look at the NeighborDiscovery [14] mechanismpneof
themaindifferencesvhencomparinglPv4 andIPv6.

A. NeighborDiscovery

One of the major novelties betweenlPv4 and IPv6 is the
Neighbor Discovery protocol for IPv6. This protocolis used

by nodesto resole the link-layer addresseand keeptrack of
thereachabilityof their neighbors Hostsuseit aswell to locate
routersin theirlink.

A MN, whenperforminga handwer, hasto learnthe AR’s
MA C addresbeforebeingableto inform aboutthe new point of
attachmenviatheBUs. In IPv4aMN runsthe ARP processand
hasto wait until its completionthusdelayingthe BUs transmis-
sion. Onthe otherhand,the IPv6 NeighborDiscovery protocol
optimizesthis processobtainingthe AR’s MAC addressrom
the RouterAdvertisementThis resultsin the MN beingableto
sendthe BU without ary delayaftera handwerandrunningthe
neighborunreachabilitydetectionprocessn parallel. However,
in IPv4, afterthe ARP processs completedMAC addressesn
bothsidesareobtained.This is not the casefor IPv6 wherethe
AR hasto runtheaddressesolutionprocesgo obtaintheMN’s
MAC addressvhenhaving to senda pacletto it. In fact,in the
IPv6 case,whena MN learnsa nodes MAC addressn a dif-
ferentway thanthe usualRequest-Replgxchangeor whenit
wantsto senda paclet after sometime without usingthe entry,
the neighborunreachabilitydetectionhasto be launchedo re-
solve the MAC addressbut this is aoneway processpnly one
addresss resohed.

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-
plementedn ns-2the NeighborDiscovery protocolcomprising
the new functionality explainedabove plusthe NeighborCache
andthefive differentstates:Incomplete ReachableStale,De-
lay andProbe.Thefull NeighborDiscovery specificatiorcanbe
foundin [14].

B. Hierarchical Mobile IPv6

It is a well-known obsenationthat MNs moving quickly as
well asfar away from their respectie homedomainor corre-
spondinghodegproducesignificantBU signalingtraffic andwill
suffer from handof lateng andpaclketlossesvhenno extension
to the baselineMobile IP protocolis used.HierarchicalMobile
IPv6 (HMIPvV6) is a localized mobility managemenproposal
thataimsto reducesignalingload outsidea predefineddomain.
The mobility managemeninside the domainis handledby a
Mobility AnchorPoint(MAP). Mobility betweerseparatéAP
domainsis handledby MIPV6.

The MAP basicallyactsasalocal HomeAgent. Whenamo-
bile nodeentersinto anev MAP domainit registerswith it ob-
tainingaregionalcare-of-addres€RCoA). TheRCoAIs thead-
dressthat the mobile nodewill useto inform its Home Agent
and correspondingnodesaboutits currentlocation. Then, the
pacletswill be sentto andinterceptedby the MAP, actingas
a proxy, and routedinside the domainto the on-link care-of-
addresqLCoA) by the MAP. When a mobile nodethen per
forms a handof betweentwo accesspoints within the same
MAP domainonly the MAP hasto be informed. Note, how-
ever thatthis doesnot imply ary changeto the periodicBUs a
MN hasto sentto HA, CNsandnow additionallyto the MAP.

HMIPv6 presentghe following advantages:it reducesthe
signaling load outsidethe MAP domainin caseof handofs
within the samedomainandmayimprove handof performance



Fig.1. Simulationscenario

reducing handof lateny and thus paclet lossessince intra-
domainhandofs areperformedocally. However, sincethe pe-
riodic BUs arenotreducedout the onesdueto handofs theim-
provementimportancedependson the mobility of the mobile
nodes.For moredetailson HMIPv6 thereadetis referredto [4].

I1l. SIMULATION SETUP

Thestudiedscenariavasdesignedn orderto belargeenough
to provide realistic resultsbut to be small enoughto be han-
dled efficiently within ns-2 The chosenscenariodepictedin
Figurel, is composedy the Home Agentandthe Correspon-
dent Nodesthat are connectedvia the ‘Internet’ (modeledby
adjustingthelink delayld) to a centralrouter(CR). Four access
routers(AR) —eachonerepresenting differentIP subnet-are
connectedia two intermediateouters(IR) to thecentralrouter
WhenHierarchicalMIPv6 is consideredhefunctionality of the
Mobility Anchor Pointis placedon the centralrouter and the
CR, IRs,andARS form the micro-mobility domain. At simu-
lation startthe mobile nodesare uniformly distributedover the
coveragearea.

The accessoutershave beenpositionedin a way to provide
total coverageto anareaof approximatelyr00 x 700 squarene-
tersconsideringa transmissiomangeof 250 meters seeFigure
2. The mobile nodesmaove randomlywithin the coveragearea
following the randomwaypointmobility model[6]. This model
hasbeenpreviously usedmainly for ad-hocsimulationsbut it
is well suitedaswell alsofor our purposesaswe will explain
in SectionV. As wirelessmediumthe 2Mbps WirelessLAN
802.11DCF [15] provided by ns-2[16] is used. The access
routersusethe samefrequeng bandsinceno roamingprocess
is standardizedor 802.11andthus,roamingprotocolsarepro-
prietary

Within the micro-mobility domaineachwired connectionis
modeledasa 5Mbpsduplex link with 2msdelay The’Internet’
connectinghecentralrouterandtheHA or CNsis modeledalso
asa 5Mbpsduplex link with a defaultlink delay(ld) of 10ms.
In thesimulationstheld valuehasbeenvariedto modelvarious
‘distances’betweerthe MNs andthe HA andCNs.

In orderto simulatea realisticcasewherea MN will receive
pacletsfrom the sharedAR queueandwherea MN will also
competewith otherMNs andwith anAR to accesshechannel,
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Fig. 2. Accessoutersdistribution

half of the MNs recevie datafrom the CNs andthe other half
senddatato the CNs. The CNs sendingto the MNs introduce
delayin the AR queueandthe MNs sendingto the CNs intro-
ducedelayin thewirelesslink. Thestudythoughfocusesnthe
MNs receving datafrom the CNs sincethe purposeis to ana-
lyze the degradatiorof the experiencedjuality of servicedueto
mobility.

In our simulationsdifferenttypesof traffic will be simulated.
As a streamingapplicationfor real-timevideo traffic we have
useda real H.263[17] video encodingprovided by [18]. The
encodedvideo correspondgo the film "Star Trek: First Con-
tact” for atargetbit rateof either256 or 64 kbps. The obtained
frame sizes(in bytes)of the individual encodedvideo frames
are usedasinput for the ns-2 video traffic application. Since
thesetracesinclude only the raw packetizedvideo, additional
streamingprotocoloverheadhasbeenadded. We considereca
12 byte RTP headerplus 8 byte UDP headerand plus 40 byte
IPv6 headerasthe streamingprotocoloverhead.

One of the applicationsexpectedto be usedwith MIPv6
is VoIP. We have implementeda VolP model basedon [19].
The modelassumesilencesuppressiomndmodelseachvoice
sourceasan on-off Markov process.The alternatingactive on
andsilenceoff periodsare exponentiallydistributedwith aver
agedurationsof 1.004and 1.587s. As recommendedby the
ITU-T specificationfor corversationakpeech20], an average
talk spurtof 38.57%andanaveragesilenceperiodof 61.47%is
considered A rateof 88 kbps in on periodsand0 kbpsin off
periodsis assumedor avoicesourcethatgenerate€BRtraffic.

TCPis themostwidely usedtransportrotocol. We simulate
endles$=TP sourcedo understandheimpactof IP mobility on
the congestioncontrol mechanisnof 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: Neighbor Discovery and HierarchicalMobile
IPv6. Somemodificationshave beendoneto the original re-
leasein orderto extendthe codeto work with morethanone
mobilenode.

L Assume8KHz 8 bits/samplePCM codecwas usedwith 20 s frame per
paclet. With 12 byte RTP header8 byte UDP headerand40 byte IPv6 header
thesizeof eachvoice pacletis 220bytes.The bandwidthrequiredwill be (220
x 8)/20=88kbps



V. PERFORMANCE METRICS

The purposeof the performanceevaluationis to checkthe
improvementsthat userswould experiencein a systemusing
HMIPv6 in comparisonto standardMIPv6. HMIPv6 aimsto
male local handofs transparento Mobile IPv6 entities, e.qg.
HA and CNs, outsideof the micro-mobility domainand thus
reducethe signalingload. Additionally, becausegenerallythe
Mobility AnchorPointis closerto theMN thantheHA or CNs,
theentity responsibléo forwardthetraffic reactsastemwhichin
turncanreducehandof lateng/ andpaclketlossesTheobtained
bandwidthexperiencedby the stationswhich is influencedby
handof latengy andpaclet lossess alsostudied. The parame-
tersto bestudiedareasfollows:

Handof Latency: Handof lateng is definedfor a receving
MN asthetime thatelapsedbetweerthelastpacletrecevedvia
the old route and the arrival of the first paclet alongthe new
route after a handof. Lateng is an importantparameteffor
delaysensitive applicationdik e video or VoIP thatcould suffer
from a periodwith a higherrate of paclet dropsdueto along
lateng time. Thispacketdropperiodwouldresultin aflickering
imagefor a video applicationor in a noticeabledisruptionin
the voice transmissiorfor VolP. We study handof lateng for
variousvaluesof link delaysid, for differentvideoratesandfor
anincreasinghumberof mobile nodes.

Padket Loss: Packetlossis definedfor areceving MN asthe
numberof pacletslost during the handof. While usuallyone
assumethatpacletlossesaredirectly proportionatto latengy it
will beshavnthatthisis nottruein somecasesWe have studied
separatelythe paclet lossesdueto the procesof addresseso-
lution andpacletlossesn the previousaccessouter We study
paclet lossesfor variousvaluesof link delayslid, for different
videoratesandfor anincreasinghumberof mobile nodes.

Signaling Load: We study the signalingload due to send-
ing of BUs andBACKs. The numberof BUs andBACKs sent
differs for MIPv6 and HMIPv6. We study the signalingload
for varioushandof rates(numberof handofs per minute)and
differentiatebetweersignalingloadwithin or outsidethemicro-
mobility domain.

Bandwidthper Station: We study the probability to obtain
therequiredbandwidthandthecorrespondingxpectedvariance
for anincreasinghumberof competingstationsandfor different
kinds of traffic: video,VolP andTCR.

Notethatthewhole setof performancenmetricshave beenob-
tainedfor eachscenaridout only the mostrelevantresultshave
beenincluded.

V. PERFORMANCE EVALUATION & DISCUSSION

With our ns-2simulationswe studythe parametergxplained
in SectionlV for the scenariadescribedn Sectionlll. We ana-
lyze the degradationof the performanceamnetricsfrom a system
point of view, i.e. collectingthe statisticsof the whole set of
mobile nodesmoving randomlyinsteadof focusingin a single
mobile nodefollowing a deterministicpath. A main difference
of this scenarids theimpactof unexpectednovementsverthe
studiedparametersNotethatunexpectednovementsanhave a
quiteneggative effectonthe experiencedjuality of servicedueto
backandforth movementsaroundthe overlappingareasmore
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Fig. 3. Impactof numberof stationson handof lateng, 256kbps

detailswill begivenin SectionVv-D. All mobilenodedollow the
randomwaypointmobility (RWP) modelwhichis well-suitedto
represenmovementf mobileuserdgn campusor hot-spotsce-
narioat moderatecomplexity.

We have choserthe video sourceasthe mostsuitedto make
a ’'stress-testbf the protocolssinceit’s the onethat requiresa
higherbit ratefrom the wirelesschannel. Therefore,it will be
usedasthe default sourcewhen no otherwiseindicated. The
differencesbetweenMIPv6 or HMIPv6 usagefor video, VolP
andTCP sourcesrestudiedin SectionV-E.

All simulationshave a durationof 125secondsvith a5 sec-
ondswarm-upphaseAll the pointsin thefollowing graphsrep-
resenthe averageof 100simulations.

We assume systemwheremobile nodesusethe IPv6 state-
less addressauto-configurationfeature performing Duplicate
AddressDetection(DAD) in parallelto avoid the introduction
of anadditionaldelayto the handof process.Notethatthe de-
lay introducedby DAD would betoo time consumingesulting
in anoticeabladisruptionof the service.

A. Impactof numberof stations

We have studiedtheimpactof the numberof competingsta-
tionsin the sharedmediumon handof lateng/ andpacletloss
for two targetratesof the video sources256 and64 kbps. The
256 kbpsvideo sourceis an'intensive’ sourcethat allows the
studyof theprotocolsat higherdetail sincethetransmissiomate
is higher Ontheotherhand,the 64 kbpssourceprovidesstill a
high detailbut it allows the studyof a highernumberof mobile
nodesn thesystem.

Figure 3 shavs theincreasen handof lateny dueto anin-
creasan the numberof MNs sharingthe wirelesschannelfor
the 256 kbps case. We canobsene that HMIPv6 performsal-
mostalwaysbetteror equalthanstandardMIPv6, asexpected,
sincethewired ‘distance’in orderto updatetherespectie agent
thatforwardspacletsto the mobile nodeis alwaysshorter For
a small numberof MNs, e.g.,5 or below, the dominatingfac-
tor for handof lateng is the wired delaynot the wirelessone.
Therefore,the latengy obtainedwith HMIPV6 is smallercom-
paredto the MIPv6 one.However, for a highernumberof MNs
the wirelessdelaybecomesnore and moreimportantdecreas-
ing the handof lateny advantageof usingHMIPv6. However,
whenthewirelessdelaybecomewery high dueto saturatiorin
thechannelge.g.,10 stationscase we seeagaina betterperfor
manceof HMIPv6 dueto two reasonsFirst,only oneBU is sent
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to the MAP in the HMIPv6 casewhile MIPv6 sendsa BU to the
HA andafterwardsoneto theCN, i.e., introducinganadditional
wirelessdelay This differencecould be removed sendingthe
BU firstto the CN andthento theHA. Secondwhile the BAcks
to HA and MAP BUs aremandatorythe BAck to the CN BU
is optional. In our implementationrBAcks to CN BUs are not
sentto avoid additionaloverhead.Underhigh saturationchan-
nel conditionsthe probability of a BU to be lost is increased,
thereforewhenusingstandardIPv6 if aBU totheCN s lost,
it is notretransmittedincreasingsignificantlythelateng value.
On the otherhand,whenthe BU to the MAP is lost it will be
retransmittechfter a one-secondimeoutwithout recevving the
correspondingacknavledge. An exceptionalcasecan be ob-
senedfor 6-8 MNs whereMIPv6 shaws a slightly betterper
formancethanHMIPv6. Dueto theencapsulatiothatHMIPv6
alwaysdoesfrom the MAP to the currentpoint of attachment,
we have ahigherloadto thechannelj.e. 40 additionalbytesper
paclet, andthusthe saturatiorthroughputis reachecearlierby
HMIPV6.

In principle, onewould expecta direct relationshipbetween
handof latengy andpaclet losses.In Figure4 we canseethat
thisis notthe case Fromthegraphwe canobsenethatfor upto
4 stationsthe usageof HMIPV6 resultsin similar paclet losses
comparedo MIPv6. However, whenthe numberof MNs in-
creaseghetotal numberof pacletlosseds higherfor HMIPv6
thanfor MIPv6. In orderto understandhis effect we have dif-
ferentiatedbetweerpacletslost atthe previous AR —the MN is
no longerthereto pick themup — and pacletslost at the new
AR dueto NeighborDiscovery, i.e., addresgesolutiof. The
usageof HMIPv6 shavs similar paclet lossesat the previous
accessoutereventhoughtheupdating distance’is shorterthan
for MIPv6 dueto the unexpectedmovementsvhich reducethe
importanceof the optimization. On the other hand, the num-
berof pacletslostwith HMIPv6 dueto NeighborDiscovery are
largerthanfor standardMiPv6 ascanbeseenasfollows. When
performinga handof with standardMIPv6 the MN first sends
a BU to the HA andimmediatelyafter (onewirelessdelay)to
theCN. Thefirst pacletthatarrivesto thenew AR triggeringthe
addressesolutionproces®f neighbordiscovery (seeSectionll-
A) is the BAck from the HA andthefirst datapacletsarrive to

2|EEES802.11realizeswhena packet was not correctly transmittedover the
wirelessmediumdueto the lack of a MAC layer acknavledgmentandre-tries
thetransmissioreighttimesbeforediscardingt.

3During the addresgesolutionprocessonly a small amountof paclets are
bufferedfor thesamedestinatioraddresse.qg. threein ourimplementatiorf14].
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thenew AR afterawirelessdelay However, if HMIPV6 is used,
after performinga handof the mobile nodewill senda single
BU to the MAP which will sendthe correspondindBAck fol-
lowedwithoutdelayby the next datapaclets. Sincein this case
thereis no delay betweenthe paclet that triggersthe address
resolutionprocessandthe next onesall the pacletsthatwill ar
rive during this processoncethe buffer for this addresss full
will bedropped.Thereforewhenthenumberof MNs increases
theaddressesolutionprocessakeslongerandmorepacletsare
lost dueto NeighborDiscovery. A strangebehaior canbe ob-
senedin therangefrom 2 to 4 mobile nodeswherethe paclet
lossednsteadof experiencinganincreasedecreaseln fact, if
amobilenodeentersn anoverlappingareaperformsahandof
informing aboutits new locationandimmediatelyafter moves
backto its previouslocation,until thehandof algorithmrealizes
thata new handof is necessargll pacletswill beroutedto the
wrong care-of-addressTherefore whenthe numberof mobile
nodesis low, the impactof the backandforth movementsdue
to randommovementss highersincethe updatesaboutthe new
point-of-attachmenrarefaster

Figure 5 correspondso the handof lateng for the 64 kbps
case. It shavs the samebehaior describedpreviously for the
256 kbps casebut arriving to the saturationconditionswith a
highernumberof stationsasexpected.The packetlossegyraph
hasnot beenincludedherefor spacereasonssinceit presents
the samecharacteristicasFigure4.

For the following studieswe have focusedon the caseof 64
kbpsand16 MNs sincethis representshe casewherethechan-
nel canbe accessevithout experiencinga high degradationin
the quality of servicedueto competingnodeswith a quitelarge
numberof mobileusers.

B. Impactof handof rate

Themain purposeof HMIPV6 is to keepconstanthe signal-
ing load outsideof themicro-mobility domainwhenthenumber
of handofs increasesWe have performeda simulationincreas-
ing the handof rate by increasingthe maximumspeedof the
mobile nodes. Figure 6 shows the relationshipbetweenmaxi-
mumspeedndnumberof handofs. We covermaximumspeeds
from 5 m/s, e.g. pedestrianuntil 25 m/s (90 km/h), e.g. vehi-
cles.

Figure 7 shaws that the goal of HMIPV6 is achieved. On
the otherhand,HMIPv6 increaseshe signalingloadwithin the
micro-mobility area. This is a coherentresult as we can see
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asfollows. Whenroamingwithin the local domain,HA and
CNsdo not realizeary changein the point of attachmentand
recevetheBUs periodically thereforethesignalingloadis con-
stantoutsidethe local domain. However, with standardMIPv6
wheneer a MN performsa handof the periodic BUs are re-
scheduledandthus,anincreasen the numberof handofs can
imply a reductionin the numberof periodic BUs. Sincewith
HMIPv6 thehandofs within a micro-mobility areaaretranspar
entto the HA andCNs, the periodicBUs arenot re-scheduled,
and thereforean increasein the numberof handofs doesnot
imply a reductionin the numberof periodic BUs. Addition-
ally, the implementationof HMIPv6 resultsin an increasein
the numberof periodicBUs sentin the micro-mobility domain,
i.e., additionalone sentto the MAP plus BAck, andthe BAcks
originatedby the HA have to be encapsulatedvhich increases
the signalingload. Anotheraspecto be considereds thatif a
MN hasmorethanoneCN, whena handweris performedthe
numberof sentBUs increasedinearly with the numberof CNs
for standardVIPv6 while it remainsconstanfor HMIPv6. As
a conclusion,the HMIPv6 saved signalingload within the lo-
cal domainheaily depend®nthe numberof CNsperMN and
the numberof handofs peformeduntil the periodic BU timer
fires,whenthesevaluesarelow HMIPv6 could performworse
than standardMIPv6 in signalingload termswhile whenthey
increasemoresignalingloadis saszed with HMIPv6. Notethat,
in our scenariothe signalingload dueto thehandofs only con-
tributesa marginal partto the overallload.

C. Impactofwiredlink delay

HierarchicalMobile IPv6 eliminatesthe necessityof inform-
ing outsideof the micro-mobility domainaboutthe new point
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Fig. 8. Impactof wiredlink delayon lateng
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of attachmentvhenperforminga local handof. Thereforewe
have computedhe differencedetweerMIPv6 andHMIPV6 in
handof lateng andpaclet lossesvhenthewired link delayld
fromtheCRtotheHA andCNisincreasedThedifferentld val-
uesmodeldifferent’distancesto the HA andCNs. As we can
seein Figure8 even consideringrandommovementsHMIPv6
accomplishesneof its expectedgoals,while anincreasen the
wired link delayimplies anincreasdn the handof lateng for
Mobile IPv6 it doesnot affect HierarchicalMIPv6 handof la-
teng. Thepacletlossegyraphdirectly correspondso thehand-
off latengy onesowe do notincludetheresultshere.

D. Impactof randommovements

Mobile usersareunawareof overlappingareasvherehandof
decisionsaretaken. This sectionstudiesthe differenceon the
performancemetrics betweena userfollowing a definedpath
andusersmoving randomly Figure9 shaws paclet lossesdue
to handofs for mobile nodesmoving randomcomparedo one
mobilenodefollowing adefinedpath.We canobserethatin no
saturationconditionsthe mobile nodefollowing a pre-defined
path experiencedower paclet lossescomparedo the random
onessince the back and forth movementsresult in a higher
paclet lossrate. However, whenthe wirelesschannelsuffers
saturatiorthe pacletlossedor therandommovementusersare
lower. Thereasoris thattheimpactof BUslostdueto saturation
on usersfollowing a definedpathis highercomparedo users
moving randomlysincedueto their backandforth movements
moreBUs, i.e. in principleunnecessanaresentdecreasinghe
impactof lostBUs.
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E. Impactof traffic sources

SectionV-A hasshovn the handof lateng andpacletlosses
behaior with MIPv6 and HMIPv6 when the numberof mo-
bile nodesincreasesin this sectionwe studythe impactof the
numberof stationsoverthereceivingstationsfor threedifferent
typesof traffic: H.263video,VVolP andTCP. As we canobsene
from Figure 10 the 256 kbpsvideo sourcesxperiencea degra-
dationof thereceivedbandwidthfrom 4 stationson, asexpected,
sincein the next point the saturatiorthroughputs reached For
the 64kbpscaseno more than 16 mobile nodescould receve
the desiredbandwidth. TCP sourceshow the adaptatiorof the
sendingrateto the availablechannelkapacitywhenthe number
of mobile usersincreases.For the caseof VolP, eventhough
we would expectthata highernumberof mobile userscouldbe
accommodatedueto the lower sendingratewe obtaina num-
berof userssimilarto the 64 kbpsvideo case 20 mobile nodes.
The reasonis the burstinessof the VolP sources.We canob-
senethatthedifferencesn recevedbandwidthbetweerMIPv6
andHMIPv6 correspondo the paclet lossesesultsin Section
V-A, i.e. HMIPv6 reachesarlierthe saturatiorthroughputand
presenta smallerrecevedbandwidthdueto the MAP encapsu-
lation.

V1. CONCLUSIONS AND FUTURE WORK

During the designprocessof an IPv6-basedvirelessaccess
network the questionof whetheror notto implementHierarchi-
cal Mobile IPv6 it’s likely to arise. In this paperwe have pro-
vided quantitatve resultson the improvementdegree one can
expectby using HierarchicalMobile 1Pv6 insteadof pure Mo-
bile IPv6 in a ‘hot spot’-like IEEE 802.11-basedcenariowith
four accesgoutersandup to 30 mobile nodes. We performed
a ‘stresstest’ of the protocolwherewe studiedhow handof la-
teng, paclet loss, and obtainedbandwidthare affectedby the
numberof mobile nodes,i.e. by competitionfor the wireless
medium, or by differenttraffic sourcese.g. video, VolP and
TCR or by protocolinteractions,e.g. with the NeighborDis-
covery procesf IPv6.

Thesefactorswere shovn to influencethe paclet loss rate
of HMIPv6, andwe indicatedthe pointsthat canbe improved
in animplementation.Handof lateng valuesof HMIPv6 out-
performedthe onesfrom MIPv6 in almostevery case.We also
guantitatvely studiedthe trade-of betweenHMIPv6 signaling
load reductionoutsideof the HMIP domainand the increase
within. Furthermorewe providedandindicationonthe number

of usersthat could be accommodateéh our systemdepending
on the consideredraffic and shoved the impactover the per
formancemetricsof definedpath mobility 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 where saturationthroughputis
achieved.

In our futurework we includeheadeicompressiorn orderto
judgetheprotocoloverheadnthewirelesdink in afair manner
andin orderto understandhe correspondingprotocolinterac-
tions with respectto the performancemetricsanalyzedin this
study
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