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We performeda simulative evaluationof HierarchicalMIPv6 in comparisorwith standard
MIPv6 usingthe network simulatorns-2for a *hot spotdeployment’ scenario.The simulation
scenariocomprisesfour accessoutersand up to 50 mobile nodesthat move randomlyand
communicaten accordancevith the [IEEE 802.11wirelessLAN standard.The studyprovides
guantitatve resultsof theimprovementgprovided by HMIPv6 with respecto handof lateng,
pacletloss,signalingload andbandwidthper station. The simulationervironmentallowed us
alsoto investigatethe behaior of the protocolin extremecaseseg.g.,underchannelkaturation
conditions,andconsideringdifferenttraffic sourcesCBR, Video,VolP andTCP

1. Introduction

Recentlythereis astrongcorvergencerendof Internetandcellularsystemsy usinglP asthe
commometwork protocol. ThelETF working groupon Mobile IP is proposingViobile IPv4[1]
andMobile IPv6[2] asthemainprotocolsfor supportingP mobility. In addition,solutionshave
beenproposedn orderto extendMobile IP for environmentswherethe mobile nodeschange
their point of attachmenfrequentlyandthe baselineMobile IP protocolwould resultin a high
signalingloadaswell ashigh handof latengy andpacletlosses.Theseproposalarecommonly
referredto as micro-mobility protocols,see[3] and[4]. On the cellular systemssidethereis
currentlyanincreasednterestfor providing improvedbit ratesin hotspotervironmentsg.g.,as
canbeseerby thedevelopmenbf theso-calledHigh Speedownlink Packet AccesqYHSDR)
[5]. WirelessLAN technologiesn combinationwith Mobile IP can sere as a competitor
technologyto provide high speedaccessn hot spotscenarios.Therefore,we have seenthe
needfor a thoroughstudyon the performanceof a wirelessLAN Mobile IPv6-basedot spot
scenarido assesshe suitability of thistechnology

In this paperwe studythe protocol performanceof HierarchicalMobile IPv6 (HMIPV6) in
comparisorwith the baselineMobile IPv6 (MIPv6) protocol. Apart from measuringsignaling
loadwe areprimarily interestedn evaluatingthe degradationof serviceamobileuserobseres
duringahandof whenreceving a continuousdatastream(e.g.,videoor voice over IP). Thus,
we areinterestedn performancanetricslik e handof lateng, paclket loss,andobtainedband-
width per station. The scenaridfor this studywaschosento resemblea ‘building block’ of a
potentialwirelessLAN hot spotdeployment. It comprisedour accessoutersandup to 50 mo-
bile nodesthatmove randomlyandcommunicaten accordancevith the IEEE 802.11wireless
LAN standardWe considertheimpactof differentparameter$ik e degreeof mobility, number
of mobile nodes,wired link delayand protocoloptionsover the variousperformancemetrics.
Dueto the compleity of the requiredstudy simulationwaschosemasthe mostsuitableanal-



ysis method. We usenetwork simulatorns-2 Mobile nodesmove accordingto the Random
WaypointMobility Model [6].

Previouswork onsimulatve evaluationsof Mobile IP almostexclusively dealtwith IPv4 net-
works. RegardingHMIPV6, ananalitycalstudythatfocusedexclusively ontheupdatesignaling
messagefequeng basednanearlyversionof theHMIPv6 internet-drafcanbefoundin [7].
Becauseof the significantdifferencesdbetweenMobile IPv6 and Mobile IPv4, e.g., Neighbor
Discovery, resultsobtainedfor MIPv4 do not take over for MIPv6. Thereforejn our previous
work [8], we performeda detailedstudyof Mobile IPv6 anda fasthandof procedure More-
over, previous analysisusuallystudieda singlemobile nodewithout the interferenceof others.
In [8] aswell asin this papera morerealistic scenariowith more thanone mobile nodeand
randommovementpatternss considered.Our resultsshav that consideratiorof an arbitrary
numberof mobilenodesandrandommovementssignificantlyimpactthe obtainedperformance
results.

The paperis structuredas follows. Section2 describeghe simulationmodel. Simulation
resultsareprovidedin Section3. Finally, Sectiond presentshe conclusionsTwo sectionshad
to beremoveddueto spacerestrictions. The first onerecalledthe basicsof NeighborDiscov-
ery, Mobile IPv6 andHMIPv6. The secondonedescribedhe performanceaspectsubjectof
interest.Thesesectionscanbefoundin [9] whichis anextensionof this paper

2. Simulation setup

The studiedscenariowas designedn orderto be large enoughto provide realistic results
but to be small enoughto be handledefficiently within ns-2 The chosenscenario,depicted
in Figurel, is composedy the HomeAgentandthe Correspondentodesthatareconnected
via the‘Internet’ (modeledby adjustingthelink delayld) to a centralrouter(CR). Four access
routers(AR) —eachonerepresenting differentlP subnet-areconnectediia two intermediate
routers(IR) to the centralrouter WhenHierarchicalMIPv6 is consideredthe functionality of
the Mobility Anchor Pointis placedon the centralrouterandthe CR, IRs and ARs form the
micro-mobility domain.At simulationstartthe mobile nodesareuniformly distributedoverthe
coveragearea.

The accessoutershave beenpositionedin away to provide total coverageto anareaof ap-
proximately700 x 700 squaremetersconsideringatransmissiomangeof 250metersseeFigure
2. Themobile nodesmove randomlywithin the coverageareafollowing the randomwaypoint
mobility model[6]. This modelhasbeenpreviously usedmainly for ad-hocsimulationsbut it
is well suitedaswell for our purposesswe will explainin Section3. As wirelessmediumthe
2MbpsWirelessLAN 802.11DCF [10] provided by ns-2[11] is used. The accessoutersuse
thesamdrequeng bandsincenoroamingprocesss standardizefbr 802.11andthus,roaming
protocolsareproprietary

Within the micro-mobility domaineachwired connectioris modeledasa 5Mbpsduplex link
with 2msdelay The’lnternet’ connectinghecentralrouterandtheHA or CNsis modeledalso
asa 5Mbpsduplex link with adefaultlink delay(ld) of 10ms.In the simulationstheld value
hasbeenvariedto modelvarious‘distances’betweerthe MNs andtheHA andCNs.

In orderto simulatea realisticcasewherea MN will receve pacletsfrom the sharedAR
gqueueandwhereaMN will alsocompetewith otherMNs andwith anAR to accesshechannel,
half of the MNs receve datafrom the CNs andthe otherhalf senddatato the CNs. The CNs
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sendingo theMNs introducedelayin the AR queueandthe MNs sendingo the CNsintroduce
delayin thewirelesslink. The studythoughfocuseson the MNs receving datafrom the CNs
sincethe purposeis to analyzethe degradationof the experiencedquality of servicedueto
mobility.

In our simulationsdifferenttypesof traffic will be simulated. UDP CBR sourcesprovide
constanttraffic whereno acknavledgmentsare required. This kind of traffic is usually gen-
eratedby real-timeapplicationsanddueto its deterministiccharacteristicswithout recovery
mechanismsgasesheprotocolsstudyandcomparisonThiswill bethetraffic sourcegenerally
usedin our performancevaluation.

TCPis themostwidely usedtransporfprotocol. We simulateendlesg=TP sourcedo under
standtheimpactof IP mobility onthecongestiorcontrolmechanisnof TCPusingthedifferent
protocols.

One of the applicationsexpectedto be usedwith MIPv6 is VoIP. We have implementeda
VoIP modelbasedon [12]. The model assumesilencesuppressiorand modelseachvoice
sourceas an on-off Markov process. The alternatingactive on and silenceoff periodsare
exponentiallydistributed with averagedurationsof 1.004and 1.587s. As recommendedby
thelTU-T specificatiorfor corversationabpeect13], anaveragetalk spurtof 38.57%andan
averagesilenceperiodof 61.47%is consideredA rateof 88 kbps' in on periodsand0 kbpsin
off periodsis assumedor avoice sourcethatgenerate€BR traffic.

As astreamingapplicationfor real-timevideotraffic we have usedarealH.263[14] videoen-
codingprovidedby [15]. Theencoded/ideocorrespondso thefilm "Star Trek: First Contact”
for atargetbit rate of 64 kbps. The obtainedframesizes(in bytes)of the individual encoded
videoframesareusedasinputfor thens-2real-timevideotraffic application.Sincethesedraces
includeonly theraw pacletizedvideo,additionalstreamingprotocoloverheachasbeenadded.

! Assume8KHz 8 bits/samplePCM codecwasusedwith 20 s frameper packet. With 12 byte RTP headey8 byte
UDP headerand40 byte IPv6 headerthe sizeof eachvoice pacletis 220bytes. The bandwidthrequiredwill be
(220x 8)/20=88kbps



As in the caseof VoIP sourcesve considera 12 byte RTP headeplus 8 byte UDP headerand
plus40 byte IPv6 headelasthe streamingprotocoloverhead.

The simulation code usedfor the experimentswas designedon top of INRIA/Motorola
MIPv6 [16] codefor ns-2[11] implementation.We have extendedthe codewith two main
modules:NeighborDiscovery and HierarchicalMobile IPv6. Somemodificationshave been
doneto theoriginalreleasen orderto extendthe codeto work with morethanonemobilenode.

3. Performance evaluation & discussion

With our ns-2 simulationswe studythe impactof several systemparametersver the per
formancemetricsfor the scenariodescribedn Section2. We analyzethe degradationof the
performancenetricsfrom the point of view of a singlemobile nodethatfollows adeterministic
pathwhile all othermobile nodesin the systemfollow the randomwaypointmobility (RWP)
model. The RWP modelis well-suitedto representnovementsof mobile usersin campusor
hot spotscenariost moderatecompleity. In Section3.4 therandommovementof the studied
mobile nodeis considered\We have chosera UDP probingtraffic from the CN to our specific
mobile nodeof 250 bytestransmittedat intervals of 10 ms. The other mobile nodescreate
backgroundraffic sendingor receving dataat arateof 32 kbps.

All simulationshave adurationof 125secondsvith a5 secondsvarm-upphase Eachpoint
in the following graphsrepresenthe averageof at least100 simulations. The samplesize
necessaryo achieve a confidencanterval of 99% with respecto the averagevalue hasbeen
selectedasindicatedin [17]. This requiredin somecasedo performup to 1000simulations,
e.g.,in the50 mobilenodesor randommovementcase.

3.1. Impactof numberof stations

We have studiedthe impactof the numberof competingstationsin the sharedmediumon
the following parametershandof lateng, paclet lossand obtainedbandwidth. The studied
MN performsfour? handofs duringa simulationrun moving from centerto centerof the AR’s
coverageareasuntil it reachesgainthe startingpoint. Thevaluesrepresenteth thegraphsare
theonescorrespondingo theanalyzedVIN.

Figure 3 shows the increasein handof lateny dueto anincreasein the numberof MNs
sharingthe wirelesschannel. We can obsenre that HMIPv6 performsalmostalways better
or equalthanstandardMIPv6, as expected,sincethe wired ‘distance’in orderto updatethe
respectre agentthatforwardspacletsto the mobile nodeis alwaysshorter For asmallnumber
of MNs, e.g., 20 or belaw, the dominatingfactor for handof lateng is the wired delay not
the wirelessone. Therefore the lateng obtainedwith HMIPv6 is muchsmallercomparedo
the MIPv6 one. However, for a highernumberof MNs the wirelessdelay becomesnoreand
moreimportantdecreasinghe handof lateny advantageof usingHMIPv6. However, when
thewirelessdelaybecomewery high dueto saturationn thechannelg.g.,40-50stationscase,
we seeagaina betterlateny performanceof HMIPv6 dueto two reasonsFirst, only oneBU
is sentto the MAP in the HMIPv6 casewhile MIPv6 sendsa BU to the HA and afterwards
oneto theCN, i.e.,introducinganadditionalwirelessdelay This differencecouldberemored
sendingthe BU first to the CN andthento theHA. Secondwhile the BACKsto HA andMAP

2In [18] a twelve-weektraceof a building-wide local-areawirelessnetwork was studied. The resultspresented
thereshavedthat2 handofs per minuteis a high handof ratefor pedestriamimobile users
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BUsaremandatorythe BACK to theCN BU is optional.In ourimplementatiorBACKsto CN
BUs are not sentto avoid additionaloverhead.Underhigh saturationchannelconditionsthe
probability of a BU to belostincreasestherefore whenusingstandardMIPv6, if a BU to the
CNislost, it is notretransmittedincreasingsignificantlythelateng value.Ontheotherhand,
whenthe BU to the MAP is lost, it will be retransmittecafter a one-secondimeoutwithout
receving the correspondingacknavledge. An exceptionalcasecanbe obsered for 30 MNs
whereMIPv6 shavs a slight betterperformancehanHMIPV6. Thereasons theencapsulation
thatHMIPv6 alwaysdoesfrom the MAP to the currentpoint of attachmentincreasingheload
in thechannelj.e.,40 additionalbytesperpaclet, andthusthe saturatiorthroughpuis reached
earlierby HMIPV6.

In principle, one would expect a direct relationshipbetweenhandof lateny and paclet
losses.In Figure4 we canseethatthis is not the case. From the graphwe canobsene that
for upto 20 stationgheusageof HMIPVG6 resultsin reducedpacletlossescomparedo MIPV6.
However, whenthe numberof MNs increasesthe total numberof paclet lossedss temporally
higherfor HMIPv6 dueto its earlierchannelsaturatiorandtendsto corverge with MIPv6 for
a highernumberof MNs becaus®f the high saturationconditions.In orderto understandhis
effect we have differentiatedbetweenpacletslost at the previous AR —the MN is no longer
thereto pick themup — and pacletslost at the nev AR dueto NeighborDiscovery, i.e., ad-
dressresolutiorf. While the usageof HMIPV6 shows lesspaclet lossesat the previous access
routersincethe updating‘distance’is shorterthanfor MIPv6, the numberof pacletslost with
HMIPv6 dueto NeighborDiscovery will belargerthanfor standardVIPv6 ascanbe seenas
follows. Whenperforminga handof with standardviIPv6 the MN first sendsa BU to the HA
andimmediatelyafter (onewirelessdelay)to the CN. Thefirst paclet that arrivesto the new
AR triggeringthe addressesolutionprocessof neighbordiscovery is the BACK from the HA

3|EEES802.11realizeswhena packet wasnot correctlytransmittedover the wirelessmediumdueto the lack of a
MAC layeracknavledgmentandre-triesthetransmissioreighttimesbeforediscardingt.

4During the addressesolutionprocesonly a small amountof pacletsare bufferedfor the samedestinationad-
dressge.g.,threein ourimplementatiorj19].



andthefirst datapacletsarrive to the nev AR afterawirelessdelay However, if HMIPV6 is
used afterperforminga handof the mobile nodewill sendasingleBU to the MAP which will
sendthe correspondindACK followed without delayby the next datapaclets. Sincein this
casethereis no delay betweerthe paclet that triggersthe addresgesolutionprocessandthe
next ones,all the pacletsthatwill arrive during this processpncethe buffer for this address
is full, will be dropped.Therefore whenthe numberof MNs increaseshe addressesolution
processakeslongerandmorepaclketsarelostdueto NeighborDiscovery.

We have includedthe pacletslost in the HA asa measureof whetherthe route updating
mechanismsre working properly Packet arelost by the HA only whenthe BU lifetime of
both,CN andHA, have expired. Figure4 shavs thatunderchannekongestiorconditions,.e.,
30or moreMNs, HMIPv6 presentsa higherrateof pacletlossesatthe HA. Thereasons that
with HMIPv6 the MN mustfirst senda BU to the MAP andwait until it is confirmedto send
a BU to the HA. Therefore underhigh saturationconditionswherethe possibility of a paclet
dropis higher the expiration probability of the BU of the HA is higherfor the HMIPv6 case
resultingin a significantdifferenceon the numberof pacletsdroppedby the HA.

For the following studieswe have focusedon the caseof 20 MNs sincethis representshe
casewherethe channelcanbe accessewvithout experiencinga high degradationin the quality
of servicedueto competingnodes.

3.2. Impactof handof rateand numberof correspondenhodes

The main purposeof HMIPV6 is to reducethe signalingload outsideof the micro-mobility
domainwhenthe numberof handofs increases.We have performeda simulationincreasing
the handof rate performedby the studiedstation. Figure5 shaws thatthe goal of HMIPVG6 is
achieved. On the otherhand,HMIPV6 increaseghe signalingload within the micro-mobility
area.Thisis acoherentesultaswe canseeasfollows. Whenroamingwithin thelocaldomain,
HA andCNsdo notrealizearny changen the point of attachmenandreceve the BUs periodi-
cally, thereforethe signalingloadis constanbutsidethelocal domain.However, with standard
MIPv6 whenerera MN performsa handof the periodicBUs arere-schedule@ndthus,anin-
creasdn the numberof handofs canimply a reductionin the numberof periodicBUs. Since
with HMIPv6 the handofs within a micro-mobility areaaretransparento the HA andCNs,the
periodicBUs arenotre-scheduledandthereforeanincreasen thenumberof handofs doesnot
imply areductionin thenumberof periodicBUs. Additionally, theimplementatiorof HMIPv6
resultsin anincreasen the numberof periodic BUs sentin the micro-mobility domain,i.e.,
additionalonesentto the MAP plus BACK, andthe BACKs originatedby the HA have to be
encapsulatewhich increaseshe signalingload. Note thoughthatif a MN hasmorethanone
CN, whena handwer is performedthe numberof sentBUs for standardMIPv6 increasesin-
earlywith the numberof CNswhile it remainsconstanfor HMIPv6. Thisis shavn in Figure
6 thatillustratestheimpactof increasinghe numberof correspondemodesover the signaling
loadfor the differentprotocolsin the caseof a mobile nodeperforming4 handofs in 120sec-
onds. The differencethough,is not very big sincein our scenariathe numberof handofs per
periodicBU periodsis small,resultingin a smalldifferentiationof HMIPV6.

The signalingload correspondingo standardVIIPv6 presentsa priori, a strangebehaior
having a local minimum for the caseof 8 handofs/min (Figure 5). However, if we recall
that for eachhandof the MN re-scheduleshe periodic BUs to be sentwe realizethatif the
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timer of the periodicBUs is below thetime betweenwo consecutre handofs we will obsenre
the periodic BUs and afterwardsthe onesdueto a handof. On the other hand,if the time
betweertwo consecutie handofs is belown thetimer of the periodicBUs the periodicBUs will
be alwaysre-scheduledvithout being sentduring the whole simulation. Thus, in the caseof
8 handofs/min, consideringa timer of 10 seconddor the periodic BUs, they are alwaysre-
schedulediueto a handof andnever sent,resultingin a reductionof signalingload compared
to thepreviouscase.

3.3. Impactof wiredlink delayandof PreviousAccessRouterForwarding

HMIPv6 eliminateshe necessityof informing entitiesoutsideof the micro-mobility domain
aboutthe new point of attachmentvhenperformingalocal handof. Thereforewe have com-
putedthe differencesn handof lateny andpaclet losseshetweerHMIPv6 andMIPv6 when
the wired link delayld from the CR to the HA andCN is increased.The differentld values
modeldifferent‘distances’to the HA andCNs. As we canseein Figure7 the resultsareas
expected:while anincreasen the wired link delayimpliesanincreasdn the handof lateng
for MIPV6, it doesnot affect HMIPv6 handof lateng.

We have repeatedhe experimentof the previous sectionbut now usingthe previous access
router forwarding option. As we canobsere from Figure 8 the resultsfor MIPv6 are quite
differentcomparedo the onesobtainedoefore. MIPv6 andHMIPV6 performin latengy terms
in asimilar way sincenow the MIPv6 wired'distance’to re-establishthe paclet flow hasbeen
significantly reduced. Note that to contactthe previous accessouteris not necessaryo go
outsideof the micro-mobility domain, reducingthus the wired 'distance’to the forwarding
entity.

3.4. Impactof randommovement

Mobile usersare unawvare of overlappingareaswhere handof decisionsare taken. This
sectionstudiesvhethertheperformancenetricsdifference®bsenedbetweerbothprotocolsin
previous sectionsstill hold consideringa mobile nodemoving randomly Note thatunexpected
movementscanhave a quite negative effect on the paclet lossesexperienceddueto backand
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forth movementsaroundthe overlappingareas. This effect could potentially prevail over the
protocolenhancementgigure9 shows the histogramof total pacletlossesxperiencedy our
mobilenodemoving randomlyin thecaseof 20 mobilenodesandfor MIPv6 andHMIPvV6. The
pacletlossesoccurrencebave beengroupedn lower or equalthanl, 10,100andover 100. As
we canobserne in thefigure, the resultsare consistentvith the onespresentedn Section3.1.
HMIPv6 outperformaMiIPv6 keepingmostof the pacletlosseson lower valuesthanMIPV6.
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3.5. Impactof traffic sources

Until this sectionwe have studiedtheimpactof differentparametersver the studiedstation
receving a high traffic load (probé in orderto obtainresultswith a significantprecisionand
without the interferenceof sourceburstinesqVolP, Video) or recovery mechanismgTCP). In



this sectionwe considerrealtraffic sourcesanda simulationscenariovhereall the MNs send
or receve usingthe sametraffic sourceandrate.We studytheimpactof the numberof stations
over the receved bandwidthuntil the desiredlevel is not achieved for threedifferenttypesof
traffic: video,VolP andTCR Figure10 shovstheobtainedresults.

In the figure we can obsene the TCP sourcesadaptationof the sendingrateto the avail-
ablechannelcapacitywhenthe numberof mobile usersincreaseslueto its congestiorcontrol
mechanismAlthoughHMIPV6 presentdetterpacletlossegesultsthanMIPv6 the bandwidth
resultsarevery similar. Thereasoris twofold, on onehandthe numberof paclet lossessaved
comparedo the numberof pacletsrecevedis very small, on the otherhandthe MAP encap-
sulatesall the datapacletsaddressedtb the mobile nodes this overheadeduceghe available
bandwidthin thewirelesschannel. Thevideo sourcesisedin our experimentsequirein aver-
age64 kbpsof bandwidth.As we canseein thefigurethe obtainedbandwidthstartsto decrease
from 20 stationson, so no morethan20 mobile nodescould be accommodatedFor the case
of VoIP, eventhoughwe would expectthata highernumberof mobile userscould be accepted
dueto thelower sendingratecomparedo the video source we obtaina numberof userssim-
ilar to the 64 kbpsvideo case,20 mobile nodes. The reasonis the higher burstinessof the
VoIP sources As a conclusionwe canobsere thatenhancingVllPv6 doesnot allow a higher
numberof mobileusers althoughthey experiencea higherQosS.

4. Conclusions and Future work

During thedesignprocesof anIPv6-basedvirelessaccessietwork the questionof whether
it is worthto implementHierarchicalMobile IPv6 insteadof pureMobile IPv6 shouldbe anal-
ysed. In this paperwe have provided quantitatve resultson the level of improvementonecan
expectby usingHierarchicalMobile IPv6 insteadof pureMobile IPv6in a‘hot spot’-like IEEE
802.11-basedcenariowith four accesgoutersand up to 50 mobile nodes. We performeda
‘stresstest’ of the protocolwherewe studiedhow handof lateng, paclet loss and obtained
bandwidthare affectedby the numberof mobile nodes,i.e., by competitionfor the wireless
medium,or by protocolinteractionsg.g.,with the NeighborDiscovery processof IPv6. These
factorswere shown to influencethe paclet lossrate of HMIPv6, andwe indicatedthe points
to betakenin accountin animplementationHandof lateng valuesof HMIPv6 outperformed
theonesfrom MIPv6 in almostevery case We alsoquantitatvely studiedthetrade-of between
HMIPv6 signalingload reductionoutsideof the HMIP domainandthe increasewithin. Fur-
thermore for our choserscenariove shavedthatby usingpureMobile IPv6 andenablingthe
option of establishingorwardingfrom the previous care-of-addresdateny andpacletlosses
aresimilarly improvedaswith the useof HMIPv6, however, without HMIPVv6’s benefitsof re-
ducingwide-areasignalingtraffic. Finally, the behaior of the protocolsconsideringrandom
movementsanddifferenttraffic sourcesi.e.,video,VolP andTCPwerestudied.

Clearly, ourresultstake overalsofor IEEE802.1lvariantswith higherbit rateswhentheval-
uesareadjustedaccordinglywith respecto the point wheresaturatiorthroughpuis achiesed.

Futurework will haveto includeheadercompressiorn orderto judgethe protocoloverhead
on thewirelesslink andto understandhe correspondingprotocolinteractionswith respecto
the performancemetricsanalyzedn this study

Thiswork hasbeenpartially supportedy thelST projectMobyDick [20]. Theauthorsvould
like to thankClaudeCastelluccidor his helpful comments.
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