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Abstract

We conducteda simulativeevaluationof theoverall per-
formanceof FastHandoversfor MobileIPv6in comparison
with thebaselineMobile IPv6 usingthenetworksimulator
ns-2for a ‘hot spot’ deploymentscenario.Thesimulation
scenariocomprisesfour accessroutersandupto 50mobile
nodesthatmoverandomlyandcommunicatein accordance
with the IEEE 802.11wirelessLAN standard. The study
providesquantitativeresultsof the QoSimprovementsob-
tainedby FMIPv6 with respectto handoff latency, packet
lossrate and bandwidthper station. Thesimulationenvi-
ronmentallowedus also to investigatethe behaviorof the
protocol in extremecases,e.g. under channelsaturation
conditionsand consideringdifferent traffic sources: CBR,
VoIP, Video and TCP transfers. As a complementarypart
of thestudy, thesignalingload costsassociatedto theper-
formanceimprovementsprovidedby theenhancementpro-
posalwasanalysed.Whilesomesimulationresultscorrobo-
ratetheintentionof theprotocolspecification,otherresults
give insightsnot easilygainedwithoutperformingsimula-
tions.

1 Introduction

Thefastintroductionof cellullar systemson our normal
life in additionto thewide usageof Internethasresultedin
a convergencetrendtowardsthesupportof Internetmobile
users.TheIETF working groupon Mobile IP is proposing
Mobile IPv4 [1] andMobile IPv6 [2] asthemainprotocols
for supportingIP mobility. Additionally, latency andpacket
lossesissuesdueto Mobile IP handoff havebeendiscussed
in theIETF resultingin severalproposals[3, 4]. FastHan-
doversfor MobileIPv6 [4] is thecurrentMobile IPv6exten-
sion proposalto smooththe quality of servicedegradation
thata mobileuserwould experiencedueto a changein its
point-of-attachment.On the cellular systemssidethereis
currentlyan increasedinterestfor providing improved bit
ratesin ‘hot spot’ environments,e.g.,ascanbeseenby the

developmentof theso-calledHigh SpeedDownlink Packet
Access(HSDPA) [5]. Mobile IP in combinationwith the
highspeedaccessprovidedby wirelessLANs is acompeti-
tor technologycandidateto provide high speedaccessin
suchscenarios.Therefore,a thoroughstudyof the overall
performanceof a wirelessLAN Mobile IP based‘hot spot’
scenariois necessaryto assessthesuitabilityof thetechnol-
ogy.

In this paperwe studytheprotocolperformanceof Fast
Handoversfor Mobile IPv6 (FMIPv6) in comparisonwith
the baselineMobile IPv6 (MIPv6) protocol. We are pri-
marily interestedin evaluatingtwo parameters:the degra-
dationof quality of servicea mobileuserperceivesduring
ahandoff whenreceiving adatastream(e.g.,videoor voice
over IP) andthe signalingload costsassociatedwith Mo-
bile IPv6 andits enhancement.Thus,we areinterestedin
performancemetricslike handoff latency, packet lossrate,
obtainedbandwidthper stationandsignalingload. More-
over, theimpactof differenttraffic sourcesis studied:CBR,
video,VoIPandTCPtransfers.

The scenariochosenfor this study resemblesa ‘build-
ing block’ of a potentialwirelessLAN ‘hot spot’ deploy-
ment. It comprisesfour accessroutersandup to 50 mobile
nodesthatmoverandomlyandcommunicatein accordance
with the IEEE 802.11wirelessLAN standard.Themobil-
ity model usedfor the randommovementis the Random
WaypointMobility Model [6]. We considerthe impactof
differentparameterslike numberof mobilenodes,handoff
rate,numberof correspondentnodes,wired link delay, ran-
dom movementandprotocoloptionsover the variousper-
formancemetrics. Due to the complexity and broadness
of the requiredstudy, simulationwas chosenas the most
suitableanalysismethod. As simulationtool we usedthe
network simulatorns-2.

Regardingrelatedwork aboutFastHandoversfor Mobile
IPv6,aprotocoloverview of FMIPv6is providedin [10] but
theobtainedresultsarerestrictedto thecaseof thehandoff
latency for MIPv6, excludingFMIPv6andconsideringonly
theinterferenceof up to 4 staticusers.In [11] Mobile IPv6
andFMIPv6 arestudiedbut the resultsarelimited to TCP



handoff latency andobtainedbandwidthof asingleuserfol-
lowingadeterministicpathwithouttheinterferenceof other
users.Moreover, a key aspectof IPv6, the NeighborDis-
covery protocol,wasnot implemented,which couldhave a
relevant impacton the results,asexplainedin Section2.1
andshown in 4.1.

In contrastto therelatedliterature,in our previouswork
[12, 13] we performeda detailedstudyof Mobile IPv6 and
HierarchicalMobile IPv6 focusingnot only on handoff la-
tency but studyingalsothepacket lossrate,theexperienced
bandwidth,the associatedsignalingloadcostsandconsid-
eringthe impactof differentsystemparameters,e.g,hand-
off rate, traffic sourcetype, protocol options,etc. More-
over, previousanalysesusuallystudiedasinglemobilenode
without theinterferenceof others.In our work [12, 13], as
well asin this papera morerealisticscenariowith up to 50
mobilenodesandrandommovementpatternsis considered.
Theresultsprovideacompletepictureof theoverallsystem
performancestudyingnot only the metricsthatFMIPv6 is
supposedto improve but alsoits effect over othernetwork
metricsrelevant to the systemperformanceandshow how
is it influencedby thedifferentstudiedparameters.

Therestof thepaperis structuredasfollows. Section2
recallsthe basicsof NeighborDiscovery andFMIPv6. In
Section3 we describethe simulationmodel. Simulation
resultsareprovidedin Section4. Finally, Section5 summa-
rizestheconclusions.

2 Mobile IPv6

2.1 Neighbor Discovery

One of the major novelties betweenIPv4 and IPv6 is
theNeighborDiscovery protocolfor IPv6. This protocolis
usedby nodesto resolve the link-layer addressesandkeep
trackof the reachabilityof their neighbors.Hostsuseit as
well to locateroutersin their link.

A MN, when performinga handover, has to learn the
AccessRouter’s(AR) MAC addressbeforebeingableto in-
formaboutthenew pointof attachmentvia theBUs. In IPv4
a MN runsthe ARP processandhasto wait until its com-
pletion,delayingthusthe BUs transmission.On the other
hand,theIPv6 NeighborDiscovery protocoloptimizesthis
processobtainingthe AR’s MAC addressfrom the Router
Advertisement.This resultsin the MN beingableto send
theBU without any delayaftera handoverandrunningthe
neighborunreachabilitydetectionprocessin parallel.How-
ever, in IPv4, after the ARP processis completedMAC
addresseson both sidesareobtained.This is not the case
for IPv6 wherethe AR hasto run the addressresolution
processto obtainthe MN’s MAC addresswhenhaving to
senda packet to it. In fact, in the IPv6 case,whena MN
learnsa node’s MAC addressin a different way than the

usualRequest-Replyexchangeor whenit wantsto senda
packet after sometime without usingthe entry, the neigh-
bor unreachabilitydetectionhasto be launchedto resolve
the MAC address,but this is a oneway process,only one
addressis resolved. Note that in bothcases,addresseswill
beresolvedin parallelwhile sendingpackets,thennodelay
is added.Besides,somechannelutilization canbesavedif
confirmationof reachabilityis receivedfrom upperlayers.

As mentionedabove,thedifferencesbetweenMIPv4 and
MIPv6 with respectto signalinganddataflow requiressep-
aratestudiesto evaluateoverall protocolperformance.In
this paper, we focuson Mobile IPv6 specificfeatures.We
have implementedin ns-2theNeighborDiscoveryprotocol
comprisingthenew functionalityexplainedabove plus the
NeighborCacheand the five differentstates:Incomplete,
Reachable,Stale,DelayandProbe.Thefull NeighborDis-
coveryspecificationcanbefoundin [15].

2.2 Fast Handovers for Mobile IPv6

To prevent thequality of servicedegradationthata mo-
bile nodecouldsuffer dueto achangein its pointof attach-
mentFast Handovers for Mobile IPv6 hasbeenproposed
[4]. In the draft two differentmechanismsaredescribed:
anticipatedandtunnel-basedhandover. Tunnel-basedhan-
dover relieson L2 triggersto potentiallyobtainbetterre-
sults thanAnticipatedHandover, introducingthougha L2
dependencethat could make the solution unfeasiblefor
someL2 technologies.In principle, a L2 independentso-
lution would be a moredesirablesolution. Therefore,we
have focusedon the performancestudyof the Anticipated
Handover proposal,which is solely basedon L3 informa-
tion.

Anticipated Handover proposesa ’make-before-break’
approach. When a MN haspredictive information about
the next point of attachmentto which the MN will move,
e.g. receptionof a RouterAdvertisementfrom a new AR
(nAR), it sendsaRouterSolicitationfor Proxy(RtSolPr)to
theold AR (oAR) with anidentifierof theattachmentpoint
to which it wantsto move. OncetheoAR receivesinforma-
tion thataMN wantsto movetoanAR, it constructsanCoA
basedon theMN’s interfaceID andthenAR’s subnetpre-
fix. It thensendsa ProxyRouterAdvertisement(PrRtAdv)
to the MN containingthe proposednCoA and the nAR’s
IP addressandLink LayerAddress.At thesametime, the
oAR sendsa Handover Initiate (HI) messageto the nAR,
indicatingthe MN’s oCoA andthe proposednCoA. Upon
receiptof theHI message,thenAR first establisheswhether
thenCoAisavalidaddressonits subnet,performingchecks
to ensurethat it is not a duplicate.If thenCoA is accepted
by thenAR, thenAR addsthenCoAto theNeighborCache
for ashorttimeperiodsoit candefendit. ThenAR thenre-
spondswith a HandoverAcknowledge(HACK), indicating
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that the proposednCoA is valid. In casethe nCoA is not
valid (duplicatedaddress)thenAR addsahostroutefor the
oCoApointingto its mobility interface,for a shorttimepe-
riod andrespondsto theoAR with a HACK indicatingthat
theproposednCoAis notvalid. Uponreceiptof theHACK,
if theHACK indicatesthatthenCoA is valid, theoAR pre-
paresto forward packets for the MN to the nCoA. If the
HACK indicatesthat the nCoA is not valid, the oAR pre-
paresto tunnelpacketsfor theMN to theoCoAat nAR. As
soonasthe MN receivedconfirmationof a pendingLayer
3 handover throughthe PrRtAdvandhasa nCoA, it sends
a FastBinding Update(F-BU) to oAR, asthe lastmessage
beforetheLayer2 handoveris executed.

Onreceiptandvalidationof theF-BU, theoAR responds
with a FastBinding Acknowledgement(F-BAck), destined
to thenCoA. TheoAR waits for a F-BU from the MN be-
fore actuallyforwardingpackets. On receiptof the F-BU,
theoAR formsa temporarytunnelfor thelifetime specified
in the F-BAck, andthe F-BAck is sentthroughthe tunnel
to the MN on the new link. Whenthe MN arriveson the
nAR andits Layer2 connectionis readyfor Layer3 traffic,
it sendsa FastNeighborAdvertisement(F-NA) to initiate
theflow of packetsthatmaybewaitingfor it. ThenAR will
deliver packetsto the MN assoonasit receivesan indica-
tion that the MN is alreadyattachedto it, usually receiv-
ing a F-NA from themobilenode.TheoAR is responsible
for forwardingany packetsthatarrive for theMN underits
oCoAaftertheMN hasmoved.For moredetailsaboutFast
Handoversfor Mobile IPv6see[4].

3 Simulation Setup

The studiedscenariowasdesignedin order to be large
enoughto provide realistic resultsbut to be small enough
to behandledefficiently within ns-2. Thechosenscenario,
depictedin Figure1, is composedby theHomeAgentand
theCorrespondentNodesthatareconnectedvia the ‘Inter-
net’ (modeledby adjustingthe link delay ld) to a central
router(CR).Four accessrouters(AR) –eachonerepresent-
ing a differentIP subnet–areconnectedvia two intermedi-
aterouters(IR) to thecentralrouter. At simulationstartthe
mobile nodesare uniformly distributedover the coverage
area.

Theaccessroutershavebeenpositionedin away to pro-
vide total coverageto anareaof approximately

�������������
squaremetersconsideringa transmissionrangeof 250me-
ters,seeFigure2. Themobilenodesmoverandomlywithin
thecoverageareafollowing the randomwaypointmobility
model [6]. This model hasbeenpreviously usedmainly
for ad-hocsimulationsbut it is well suitedaswell alsofor
our purposesaswe will explain in Section4. As wireless
mediumthe 2Mbps WirelessLAN 802.11DCF [16] pro-
videdby ns-2[17] is used.Theaccessroutersusethesame
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Figure 2. Access router s distrib ution

frequency bandsinceno roamingprocessis standardized
for 802.11andthus,roamingprotocolsareproprietary1.

Within the local domaineachwired connectionis mod-
eledasa 5Mbpsduplex link with 2msdelay. The’Internet’
connectingthe centralrouterand the HA or CNs is mod-
eledalsoasa 5Mbpsduplex link with a default link delay
ld of 10ms.In thesimulations,the ld valuehasbeenvaried
to modelvarious‘distances’betweentheMNs andtheHA
andCNs.

While moving within the overlappingarea,the mobile
nodesareableto send/receivedataonlyvia theaccessrouter
thatcorrespondsto their currentcare-ofaddress.Technolo-
gieslike 802.11allow themobilenodesgatheringinforma-
tion abouttheneighboringaccessrouters,but do not allow
to receiveIP flowswith differentdestinationaddressesor at
differentfrequency bandssimultaneouslyfrom two access
routers,exceptfor particularcaseslikehaving anadditional
wirelessinterface.

In orderto simulatea realisticcasewherea MN will re-
ceive packetsfrom the sharedAR queueandwherea MN

1A recentstudyhasconcludedthat the 802.11beaconscanningfunc-
tion maytakeseveralhundredmillisecondsto complete,duringthisperiod
sendingandreceiving IP packetsis not possible[18]
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will alsocompetewith otherMNs andwith anAR to access
thechannel,half of theMNs receivedatafrom theCNsand
theotherhalf senddatato theCNs.TheCNssendingto the
MNs introducedelayin the AR queueandthe MNs send-
ing to the CNs introducedelay in the wirelesslink. The
studythoughfocuseson the MNs receiving datafrom the
CNssincethepurposeis to analyzethedegradationof the
experiencedquality of servicedueto mobility.

In oursimulationstwo differentscenarioswill beconsid-
ered.First, theperformanceof asinglemobilenodefollow-
ing a deterministicpathwhile all othermobilenodesmove
randomlyis studied. This scenarioallows for a compre-
hensivestudyof theimpactof differentparametersover the
quality of serviceexperiencedby the studiedmobile node
consideringthe interferenceof othermobilenodesmoving
randomlybut avoiding to take into accountin themeasure-
mentstheeffect of thestudiedmobilenoderandommove-
ment.In thesecondscenariothestudiedmobilenodemoves
randomly, too. By doingthis,we cananalysetheimpactof
consideringrandommovementfor thestudiedmobilenode
over the performancemetricsseparately, which facilitates
thestudyandcomprehensionof theimpactof thedifferent
parametersover thevariousprotocols.

The first type of sourcesusedin our simulationswill
be UDP CBR sources. UDP ConstantBit Rate (CBR)
sourcesprovideconstanttraffic wherenoacknowledgments
are required. This kind of traffic is usually generatedby
real-timeapplicationsanddue to its deterministiccharac-
teristics,without recoverymechanisms,easestheprotocols
studyandcomparison.Thiswill bethetraffic sourcegener-
ally usedin our performanceevaluation.

As a streamingapplication,for real-timevideo traffic
we have useda real H.263 [19] video encodingprovided
by [20]. The encodedvideo correspondsto the film ”Star
Trek: First Contact” for a target bit rate of either 256 or
64 kbps. The obtainedframesizes(in bytes)of the indi-
vidual encodedvideoframesareusedasinput for thens-2
videotraffic application.Sincethesetracesincludeonly the
raw packetizedvideo, additionalstreamingprotocolover-
headhasbeenadded.We considereda 12 byteRTP header
plus8 byteUDPheaderandplus40byteIPv6headerasthe
streamingprotocoloverhead.

Oneof theapplicationsexpectedto beusedwith MIPv6
is VoIP. We have implementedaVoIPmodelbasedon [21].
The model assumessilencesuppressionand modelseach
voice sourceas an on-off Markov process. The alternat-
ing active on andsilenceoff periodsareexponentiallydis-
tributedwith averagedurationsof 1.004and1.587s. As
recommendedby theITU-T specificationfor conversational
speech[22], an averagetalk spurtof 38.57%andan aver-
agesilenceperiodof 61.47%is considered.A rateof 88
kbps2 in onperiodsand0 kbpsin off periodsis assumedfor

2Assume8KHz 8 bits/samplePCM codecwasusedwith 20 s frame

avoicesourcethatgeneratesCBR traffic.
TCPis themostwidely usedtransportprotocol.Wesim-

ulateendlessFTP sourcesto understandthe impactof IP
mobility on the congestioncontrol mechanismof TCP us-
ing theenhancedsolution.

The simulationcodeusedfor the experimentswas de-
signedon top of INRIA/Motorola MIPv6 [23] codefor ns-
2 [17] implementation.Wehaveextendedthecodewith two
mainmodules:NeighborDiscoveryandFastHandoversfor
Mobile IPv6. Somemodificationshave beendoneto the
original releasein order to extend the codeto work with
morethanonemobilenode.

4 Performance evaluation & discussion

We analyzethe degradationof the performancemetrics
from thepoint of view of a singlemobilenodethat follows
adeterministicpathwhile all othermobilenodesin thesys-
tem follow the randomwaypoint mobility (RWP) model.
In Section4.5 therandommovementof thestudiedmobile
nodeis considered.

The RWP model is well-suitedto representmovements
of mobileusersin campusor hot spotscenarioat moderate
complexity. Themobilenodesmove accordingto a modi-
fied ns-2randomwaypointmodel. With the randomway-
pointmobility modelprovidedby ns-2, anodeselectsa tar-
getlocationanda speed(sampleduniformly from aninter-
val 
 ����
�������� ) andmoveslinearlytowardsthetargetlocation
with the selectedspeeduntil a specifictimer fires. When
thetimeoutoccurs,themobilenodesrestarttheprocedure.
Whenno othervalueis indicated,all the simulationshave
beenperformedwith a maximumspeedof 5m/s.

We have chosena UDP probingtraffic from the CN to
our specificmobilenodeof 250bytestransmittedat inter-
vals of 10 ms. The othermobile nodescreatebackground
traffic sendingor receiving dataat a rateof 32 kbps.

All simulationshave a durationof 125secondswith a 5
secondswarm-upphase.Eachpoint in thefollowing graphs
representtheaverageof at least100simulations.Thesam-
ple sizenecessaryto achieve a confidenceinterval of 99%
with respectto theaveragevaluehasbeenselectedasindi-
catedin [24]. This requiredin somecasesto performup to
1000simulations,e.g., in the 50 mobile nodesor random
movementcase.

We assumea systemwheremobile nodesusethe IPv6
statelessaddressauto-configurationfeatureperformingDu-
plicate AddressDetection(DAD) in parallel to avoid the
introductionof an additionaldelayto the handoff process.
Note that the delayintroducedby DAD would be too time

perpacket. With 12byteRTPheader, 8 byteUDPheaderand40byteIPv6
header, thesizeof eachvoicepacket is 220bytes.Thebandwidthrequired
will be(220x 8)/20=88kbps
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consumingresultingin a noticeabledisruptionof the ser-
vice.

4.1 Impactof numberof stations

We presentheretheresultsof the impactof thenumber
of competingstationson thefollowing parameters:handoff
latency, packet loss,obtainedbandwithandthefasthandoff
processprobabilityof success.

The studiedMN performs4 handoffs during a simula-
tion runmoving at10m/sfrom centerto centerof theAR’s
coverageareasuntil it reachesagainthestartingpoint. The
valuesrepresentedin thegraphsaretheonescorresponding
to theanalyzedMN.

We can observe that the usageof FMIPv6 resultsin a
betterperformancefor all theparametersup to 30 MNs, as
expected. Until this point, FMIPv6 meetsits goal of re-
ducinghandoff packet lossandlatency. Figure3 shows the
increasein handoff latency dueto an increasein the num-
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berof MNs sharingthewirelesschannel.FMIPv6performs
better than standardMIPv6, since the MN, after a hand-
off, doesnot have to wait for theHA or CN to be updated
to startreceiving packetsagain. With FMIPv6 packetsare
redirectedby the oAR to the nAR throughthe wired link
andthusonly this delayis noticed.Basedon this, Figure4
shows how FMIPv6 packet lossesareinsignificantin front
of MIPv6 ones.

On theotherhand,althoughtheFastHandoverprotocol
is designedto minimizepacket lossesandlatency duringa
handoff, we canobserve a worseperformancewith respect
to MIPv6 in high load conditions. To understandthis be-
havior a few factorsmustbe considered.In the scenarios
with 30 or more MNs the load in the wirelesschannelis
high,resultingin achannelwith alongaccesstimeandhigh
collision rate. If we take a look at the packetslost dueto
theneighbordiscovery(ND) process,Fig.4,wecanseethat
they arehigherwhenFMIPv6 is not used(thedoublewith
50 MN). Thosepackets,that aredroppedin the ND entry
queue,arenot sentthroughthe wirelesschannel,what re-
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sultsin a lower channelloadfor theMIPv6 caseand,what
is more important,a shorteraccessdelay. In the FMIPv6
scenariothough,thenAR learnstheLL addressof theMN
beforehaving to sendapacket to it (via thereceptionof the
HI by the nAR) even if the FMIPv6 processhasnot been
succesfullyperformed.Therefore,theAR will sendpackets
to thechannelwithout waiting theaddressto beconfirmed
resultingin a lower packet lossratein theAR’s ND queue
but introducingahigherloadonthechannel.Anotherfactor
thatyieldstheFMIPv6worseperformancein highloadcon-
ditions is its additionalsignalingload in the local domain,
aswill be shown in section4.2, which resultsin FMIPv6
reachingearlierthesaturationlevel onthewirelesschannel.
A goodmeasureof whethertherouteupdatingmechanisms
areworkingproperlyarethepacketlossesat theHA. Packet
arelost in the HA only whenthe BU lifetime of both,CN
and HA, hasexpired. As it can be seenin Figure 4 the
higherload for theFMIPv6 caseproducesa higherrateof
packet lossesat theHA for 30or moreMNs, whichcorrob-
oratestheargumentscommentedabove.

Oncethesaturationlevel hasbeenreachedby bothpro-
tocols,if we increasethenumberof MNs theperformance
metricstend to convergesincefor both casesthe wireless
channelpresentsa high collision rateandlong channelac-
cestime reducingthus, the impact of the differencesbe-
tweenbothapproaches.Figure5 shows thatup to 30 MNs
the wirelesschannelconditionsallows for a propercom-
pletion of the fasthandoff process.However, for a higher
numberof MNs the probability of the processsuccessde-
creasesdramatically. This result justifies the bad perfor-
manceshown by FMIPv6abovethe30MNs case.We have
differentiatedbetweentwo cases:full completionof thefast
handoff processand partial completion,meaningthat the
redirectionof thetraffic from theoAR to thenAR hasbeen
established.We believe that the latter caseis a significant
valuesinceit meansthat the FBACK packet hasbeenlost
but not the previous FMIPv6 correspondingmessages,re-
sultingin asmootherhandoff comparedto MIPv6.

Figure 6 correspondsto the bandwidth obtained by
our specific mobile node. As we can see, the band-
width matchesalmostperfectlytheresultsshown for packet
losses. The slight differenceappreciatedbetweenboth
graphics(in the40and50MN case),is aconsequenceof the
higherwirelessload for FMIPv6. A highersignalingload
anddatapacketssentthroughthe wirelesschannelyields
a longerchannelaccessdelayandhighercollision rate,re-
sulting in a highernumberof packetswaiting to besentin
the currentMN’s AR interfacequeuewhenthe simulation
ends.

For thefollowing studieswehavefocusedonthecaseof
20 MNs sincethis representsthecasewherethecannelcan
beaccessedwithout experiencinga high degradationin the
qualityof servicedueto competingnodes.
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4.2 Impactof handoff rate

In Section4.1 we have shown that the aim of FMIPv6,
reductionof handoff latency andpacket lossis achieved if
thewirelesschannelis not saturated.However, severalad-
ditionalsignalingmessageshavebeenintroducedto achieve
thoseresults.A trade-off betweenadditionalsignalingload
andhandoff latency andpacket loss improvementshasto
be considered. In Figure 7 we studiedthe differencesin
signalingload betweenMIPv6 andthe proposedenhance-
ment,FMIPv6, for a handoff raterangevarying from 0 to
10 handoversper minute. As expected,the signalingload
outsideof thelocaldomainis thesamefor bothapproaches
andthus,thedifferenceinsidethelocaldomainis dueto the
additionalFMIPv6 messages.As we canobserve, already
in thecaseof performing4 handoffs perminute,thesignal-
ing loadwithin thelocaldomainis morethanthedoublefor
theFMIPv6 case.This is a coherentresultwith the results
presentedin Section4.1 showing thatsaturationis reached
earlierby FMIPv6.

The signaling load correspondingto standardMIPv6
presents,a priori, a strangebehavior having a local mini-
mumfor thecaseof 8 handoffs/min. However, if we recall
thatfor eachhandoff theMN re-schedulestheperiodicBUs
to besentwe realizethatif thetimerof theperiodicBUs is
below the time betweentwo consecutive handoffs we will
observe theperiodicBUs andafterwardstheonesdueto a
handoff. On the otherhand,if the time betweentwo con-
secutive handoffs is below the timer of the periodic BUs
the periodicBUs will be always re-scheduledwithout be-
ing sentduring the whole simulation. Thus,in the caseof
8 handoffs/min, consideringa timer of 10 secondsfor the
periodicBUs, they arealwaysre-scheduleddueto a hand-
off andneversent,resultingin a reductionof signalingload
comparedto thepreviouscase.
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4.3 Impactof wiredlink delay

We havecomputedthediferencesin handoff latency and
packet lossesbetweenFMIPv6 andMIPv6 whenthewired
link delay ld from the CR to the HA andCN is increased.
Thedifferentld valuesmodeldifferent’distances’to theHA
andCNs.

FMIPv6 reducesthe time that elapsesbetweena MN
changeof point of attachmentandthetraffic redirectionto
its nCoA. The MN informs its oAR to startforwardingits
traffic beforechangingits link layerconnection.Thus,the
delayexperiencedby theredirectedtraffic is proportionalto
the wired pathbetweenits oAR andthe new one,both in
thelocal domain.On theotherhand,with MIPv6, theBUs
sentafter performingthe handover, have to reachthe HA
andCNs(outsideof the local domain)in orderto sendthe
traffic to the properCoA resultingon a direct dependence
with the ld value.

As we can seein Figure 8 the resultsareasexpected:
while anincreasein thewired link delayimpliesanicrease
in thehandoff latency for MIPv6, it doesnotaffectFMIPv6
handoff latency. The graphwith respectto packet losses
directlycorrespondsto theoneof handoff latency sowe do
not includetheresultshere.

4.4 Impactof PreviousAccessRouterForwarding

Section4.3hasshown handoff latency andpacket losses
reductiondueto FMIPv6 usagewhenthe ’distance’to the
HA andCNsincreases.In this sectionwe studytheMIPv6
optionof establishingforwardingfrom a previouscare-of-
address.Whenthis optionis enabled,a MN afterperform-
ing a handoff sendsa BU not only to HA andCNsbut also
to thepreviousaccessrouter(PAR), i.e. previouspoint-of-
attachment.We have repeatedthe experimentof the pre-
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Figure 9. Impact of previous access router for-
warding on handoff latenc y

vioussectionbut now usingthepreviousaccessrouterfor-
wardingoption.

As we canobserve from Figure9 theresultsfor MIPv6
are quite different comparedto the onesobtainedbefore.
MIPv6 and FMIPv6 perform in a similar way in latency
terms,only about15 ms difference,sincenow the depen-
dencewith the ld valuehasbeenremoved.Notethatin this
case,to contactthepreviousaccessrouter, is not necessary
to go outsideof the local domain,reducingthusthe wired
’distance’to theforwardingentity. Thedifferencebetween
both approachesis dueto the FMIPv6 make-before-break
enhancementwhich startsthe forwardingprocessfrom the
oAR to the new one before actually performing the link
changeinsteadof afterwards.Moreover, theMIPv6 BU to
thePAR is sentaftertheHA andCN onesintroducinganad-
ditional latency. TheMIPv6 draft doesnot provide any in-
dicationabouttheorderto be followedwhensendingBUs
so part of the observed differencecould be easilyreduced
changingthesendingorder. As in theprevioussectionthe
packet lossesgraphdirectly correspondsto the handoff la-
tency one,so the resultsarenot included. Note, however,
thatin thiscasethedifferencebetweenFMIPv6andMIPv6
is about5 packet losses,averaging0.5 versus5.5 respec-
tively.

Finally, we would like to remarkthat the advantagesof
FMIPv6, shorterlatency andlower packet losses,produce
a significanthighersignalingload within the local domain
comparedto MIPv6 which introducesonly oneadditional
messagewith the Previous AccessRouterForwardingop-
tion usage. This resultsin an averagedifferenceof 120
bits/s(235versus360)for this case.

4.5 Impactof randommovement

Mobile usersare unaware of overlappingareaswhere
handoff decisionsare taken. This sectionstudieswhether
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Figure 10. Packet losses histogram consider -
ing random movement

theperformancemetricsdifferencesobservedbetweenboth
protocolsin previoussectionsstill hold consideringa mo-
bile nodemoving randomly. Note that unexpectedmove-
mentscanhaveaquitenegativeeffectonthereceivedband-
width due to back and forth movementsaroundthe over-
lappingareas.This effect couldpotentiallyprevail over the
protocolenhancements.

Figure10 shows thehistogramof total packet lossesex-
periencedby ourmobilenodemoving randomlyin thecase
of 20mobilenodesandfor MIPv6 andFMIPv6. Thepacket
lossesoccurrenceshavebeengroupedin lowerorequalthan
1, 10, 100andover 100. As we canobserve in the figure,
the resultsare consistentwith the onespresentedin Sec-
tion 4.1. FMIPv6 outperformsMIPv6 keepingmostof the
packet losseson lowervaluesthanMIPv6.

4.6 Impactof traffic sources

Until thissectionwehavestudiedtheimpactof different
parametersover a target stationreceiving a high constant
traffic load(probe) in orderto obtainresultswith a signifi-
cantprecisionandwithout theinterferenceof sourcebursti-
ness(VoIP, Video) or recovery mechanisms(TCP). In this
sectionwe repeattheexperimentof Section4.1but consid-
eringmorerealistictraffic sourcesandasimulationscenario
whereall the MNs sendor receive the sametypeof traffic
at the samerate. By doing this, we analysewhetherthe
differentperformanceimprovementsobserved in previous
sectionsareaffectedby thetraffic sourcetype,i.e.,whether
auserwouldnoticeaqualityof serviceimprovementor the
improvementsare’masked’ by thetraffic sourcescharacter-
istics. Specifically, threedifferenttypesof traffic arestud-
ied: VoIP, VideoandTCPtransfers.

As explained in Section3, our VoIP sourceproduces
bursty traffic following an on-off Markov processthat re-
sultsin a high variancebetweenpacket arrivals. Figure11
shows theimpactof thenumberof stationsover thepacket
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Figure 11. Impact of traffic sour ces on VoIP
packet losses

lossrateof VoIPtraffic until thecongestionlevel is reached.
SinceVoIP sourcesproducerelatively a low traffic load( �
24kbpspersource)nopacket lossis observedfor any of the
protocolsuntil the20 MNs case.In this case,surprisingly,
MIPv6 performsbetterthanFMIPv6. The additionalload
introducedby FMIPv6 in thewirelesschannel,asshown in
Section4.1,is thereasonfor thisbehavior. Wecanconclude
that, for a scenariowith low rate traffic sourcessending
small packets the overheadintroducedby FMIPv6 would
resultin aworseperformancein handoff latency andpacket
lossestermscomparedto thebaselineMobile IPv6.

The H.263 video sourceproducespackets of different
lengthat a semi-constantratefor a target rateof 64 kbps.
We show the impact of the numberof stationsover the
handoff latency. As we canobserve in Figure12, the re-
sultsaresimilarto theonesalreadydescribedin Section4.1,
i.e., FMIPv6 performsbetterin handoff latency termsthan
MIPv6. In this case,in contrastto theVoIP one,theimple-
mentationof the Mobile IPv6 enhancementresults,asex-
pected,in a betteruserexperiencedquality of servicesince
theadditionalsignalingloadis lessrelevantcomparedto the
datatraffic load.

Finally, we studywhethera regularuserdownloadinga
file usingTCPwould noticeany differencein the received
serviceby usingFMIPv6. For a userperforminga down-
load, handoff latency or packet loss rate are not relevant
performancemetricsbut theexperiencedbandwidthduring
theTCPtransferis of majorinterest.

Figure13 shows the differenceson the availableband-
width for TCPusersdependingon theconsideredprotocol.
In the figure we canobserve the TCP sourcesadjustment
of the sendingrateto the availablechannelcapacitywhen
thenumberof mobileusersincreases.For anumberof mo-
bile nodesbelow 10, a lower packet loss rateobtainedby
FMIPv6 resultsin usersachievementof larger bandwidth.
Whenthenumberof mobilenodesincreases,theprobability
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Figure 13. Impact of traffic sour ces on TCP
band width

of experiencinga collision while trying to accessthechan-
nel increases,too. This, in turn, triggersthe TCP conges-
tion avoidancemechanismmoreoften reducingthe packet
lossesexperiencedby the MNs and thus, decreasingthe
bandwidthdifferencesbetweentheproposals.Thesediffer-
enceswouldotherwisebemuchbigger, asit hasbeenshown
is Section4.1,whentheuserstry to geta largerbandwidth
thantheoneactuallyavailablein thechannel.

As a conclusion,TCPuserswould alsobenefitfrom the
implementationof theFMIPv6 protocolwhenthewireless
channelis not congested.

5 Conclusions

In this paperwe have provided quantitative resultson
thelevel of improvementthatcanbeexpectedby usingFast
Handoversfor Mobile IPv6 insteadof pureMobile IPv6 in
a ‘hot spot’-like IEEE 802.11-basedscenariowith four ac-
cessroutersandup to 50 mobile nodes. The resultswere

achieved througha thoroughstudyvia simulationthat re-
quired to implementFastHandoversfor Mobile IPv6 and
NeighborDiscovery for thenetwork simulatorns-2.

We performeda ‘stresstest’ of the protocol wherewe
studied how handoff latency, packet loss rate, obtained
bandwidthandfasthandoff processsuccessprobabilityare
affectedby thenumberof mobilenodes,i.e.,bycompetition
for the wirelessmediumor by protocol interactions,e.g.,
with the NeighborDiscovery processof IPv6. Thebehav-
ior of the protocolsfor a generalcaseconsideringrandom
movementsand more realistic traffic sources,i.e., Video,
VoIP andTCP, wasalsostudied.Finally, thesignalingload
costsassociatedto theMobile IPv6 proposedenhancement
comparedto theperformanceimprovementsobtainedwere
analysedconsideringa broadrangeof handoff rates.These
factorswereshown to have a significantinfluenceover the
performancemetricsandweindicatedthepointsto betaken
into accountin a realimplementation.

Specifically, we have shown thatwhile somesimulation
resultscorroboratethe intention of the protocolsspecifi-
cations,other resultsgive insightsnot easilygainedwith-
out performingsimulations.Someof themostremarkable
resultsare that i) Mobile IPv6 can eventuallyoutperform
FMIPv6 in packet lossestermsin saturationconditionsdue
to the higher numberof packets discardeddirectly in the
NeighborDiscovery entryqueuethat lower the load in the
wirelesschannel,ii) randommovementsaffect the experi-
encedperformanceimprovementsbut the differencein the
perceived quality of servicewhen using FMIPv6 is still
clearlynoticeable,iii) in scenarioswheretheusersproduce
a low ratewith smallpackets,e.g.,VoIP sources,theaddi-
tional load in the wirelesschannelintroducedby FMIPv6
can result in a worseperformancethan the baselineMo-
bile IPv6 one,and iv) by usingpureMobile IPv6 anden-
ablingtheoptionof establishingforwardingfrom theprevi-
ouscare-of-address,handoff latency andpacket lossescan
be also improved without requiring andadditional imple-
mentationeffort andatalowersignalingloadcost,however,
without reachingthe samelevel of improvementachieved
by FMIPv6.

Through this analysisa deep insight on the different
overall systemperformanceof both protocols and their
causeswas acquired. Therefore,the resultsof this study
aretwofold. First, we providedquantitave resultsfor Mo-
bile IPv6andFastHandoversfor Mobile IPv6of theoverall
systemperformanceandcheckedwhetherthey performas
expectedin a realistic‘hot spot’ scenario.Second,we pro-
vided the reasoningbehindthe impactof the differentpa-
rametersover theperformanceof bothprotocolsin satura-
tion andnosaturationconditionspayingspecialattentionto
the caseswherethe behavior wasdifferentto the expected
one. The applicationof this reasoningis not restrictedto
our specificscenariobut alsoholds for any otherscenario
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consideringdifferentwirelesstechnologies.
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[13] Xavier Pérez-Costaand Marc Torrent-Moreno, “A
PerformanceStudyof HierarchicalMobile IPv6 from
a SystemPerspective,” to appearin Proceedingsof
IEEE InternationalConferenceon Communications
(ICC), May 2003.

[14] C.Perkins, “IP encapsulationwithin IP,” RFC 2003,
October1996.

[15] T.Nartenet al., “Neighbor Discovery for IP Version
6,” RFC2461,December1998.

[16] “WirelessLAN Medium AccessControl (MAC) and
PhysicalLayer(PHY) Specifications,” IEEEStandard
802.11,June1999.

[17] “Network Simulator (ns), version 2,”
http://www.isi.edu/nsnam/ns.

[18] A. et al. Mitra, “An Empirical Analysisof the IEEE
802.11MAC Layer Handoff Process,” CS-TR-4395,
Universityof MarylandDepartmentof ComputerSci-
ence,September2002.

[19] “H.263,videocodingfor low bitratecommunication,”
ITU-T/SG15Recommendation,1996.

[20] Frank H.P. Fitzek and Martin Reisslein, “MPEG-4
and H.263 Video Tracesfor Network Performance
Evaluation,” IEEE Network,Vol. 15,No. 6,pages40-
54,November/December2001.

[21] C-N.Chuahet al., “QoS ProvisioningUsing a Clear-
ing HouseArchitecture,” InternationalWorkshopon
Qualityof Service(IWQoS),June2000.

[22] “Artificial conversationalspeech,” ITU-T p.59, Rec-
ommendation,1993.

[23] “Mobiwan: ns-2 extensions to study mo-
bility in Wide-Area IPv6 Networks,”
http://www.inrialpes.fr/planete/mobiwan.

[24] William Mendenhallet al., “MathematicalStatistics
with Applications,p.368,” 4th Ed.PWS-KENT, 1990.

[25] “Mobility and Differentiated Services in a Fu-
ture IP Network,” IST-2000-25394,http://www-
int.berkom.de/mobydick/,2000.

10


