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Abstract

We conductedh simulativeevaluationof the overall per
formanceof FastHandoversfor MobileIPv6in comparison
with the baselineMobile IPv6 usingthe networksimulator
ns-2for a ‘hot spot’ deploymenscenario. The simulation
scenariocomprisedour accessouters andupto 50 mobile
nodeshat moverandomlyandcommunicatén accodance
with the IEEE 802.11wirelessLAN standad. The study
providesquantitativeresultsof the QoSimprovementb-
tained by FMIPv6 with respectto handof latency padet
lossrate and bandwidthper station. The simulationenvi-
ronmentallowed us also to investigatethe behaviorof the
protocol in extremecases,e.g. under channelsaturation
conditionsand consideringdifferent traffic sources: CBR,
\oIP, Video and TCP transfes. Asa complementaryart
of the study the signalingload costsassociatedo the per-
formanceimprovementgrovided by the enhancemerro-
posalwasanalysed Whilesomesimulationresultscorrobo-
ratetheintentionof the protocolspecificationptherresults
giveinsightsnot easily gainedwithout performingsimula-
tions.

1 Introduction

Thefastintroductionof cellullar systemsn our normal
life in additionto thewide usageof Internethasresultedin
a cornvergencetrendtowardsthe supportof Internetmobile
users.The IETF working groupon Mobile IP is proposing
Mobile IPv4 [1] andMobile IPv6 [2] asthe mainprotocols
for supportingP mobility. Additionally, lateng/ andpaclet
lossesssuegdueto Mobile IP handof have beendiscussed
in the IETF resultingin several proposalg3, 4]. FastHan-
doversfor Mobile IPv6[4] isthecurrentMobile IPv6 exten-
sion proposalto smooththe quality of servicedegradation
thata mobile userwould experiencedueto a changein its
point-of-attachment.On the cellular systemsside thereis
currently an increasednterestfor providing improved bit
ratesin ‘hot spot’ environmentsge.g.,ascanbe seenby the
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developmentof the so-calledHigh Speedownlink Packet
Access(HSDR) [5]. Mobile IP in combinationwith the
high speedaccesprovidedby wirelessLANs is acompeti-
tor technologycandidateto provide high speedaccessn
suchscenarios.Therefore,a thoroughstudy of the overall
performancef awirelessLAN Mobile IP basedhot spot’
scenarids necessarjo assesshesuitability of thetechnol-
ogy.

In this paperwe studythe protocolperformancenf Fast
Handoversfor Mobile IPv6 (FMIPv6) in comparisonwith
the baselineMobile IPv6 (MIPv6) protocol. We are pri-
marily interestedn evaluatingtwo parametersthe degra-
dationof quality of servicea mobile userpercevesduring
ahandof whenreceving adatastream(e.g.,videoor voice
over IP) andthe signalingload costsassociatedvith Mo-
bile IPv6 andits enhancementThus,we areinterestedn
performancemetricslike handof lateng, paclet lossrate,
obtainedbandwidthper stationand signalingload. More-
over, theimpactof differenttraffic sourcess studied:CBR,
video, VolP andTCPtransfers.

The scenariochosenfor this study resembles ‘build-
ing block’ of a potentialwirelessLAN ‘hot spot’ deploy-
ment. It comprisedour accesgoutersandup to 50 mobile
nodeshatmove randomlyandcommunicaten accordance
with the IEEE 802.11wirelessLAN standard.The mobil-
ity modelusedfor the randommovementis the Random
WaypointMobility Model [6]. We considerthe impact of
differentparameterdik e numberof mobile nodes handof
rate,numberof correspondemodeswired link delay ran-
dom movementand protocol optionsover the variousper
formancemetrics. Due to the compleity and broadness
of the requiredstudy simulationwas chosenas the most
suitableanalysismethod. As simulationtool we usedthe
network simulatorns-2

Regardingrelatedwork aboutFastHandoversfor Mobile
IPv6,aprotocolovervien of FMIPv6is providedin [10] but
the obtainedresultsarerestrictedto the caseof the handof
lateng for MIPv6, excludingFMIPv6 andconsideringonly
theinterferenceof upto 4 staticusers.In [11] Mobile IPv6
and FMIPv6 are studiedbut the resultsarelimited to TCP



handof latengy andobtainedbandwidthof a singleuserfol-

lowing adeterministigpathwithouttheinterferenceof other
users. Moreover, a key aspectof IPv6, the NeighborDis-

covery protocol,wasnotimplementedwhich could have a
relevantimpacton the results,as explainedin Section2.1
andshavnin 4.1.

In contrasto therelatedliterature,in our previouswork
[12, 13] we performeda detailedstudyof Mobile IPv6 and
HierarchicalMobile IPv6 focusingnot only on handof la-
teng but studyingalsothe pacletlossrate,theexperienced
bandwidth,the associatedignalingload costsand consid-
eringthe impactof differentsystemparameterse.g, hand-
off rate, traffic sourcetype, protocol options, etc. More-
over, previousanalysesisuallystudiedasinglemobilenode
withouttheinterferenceof others.In ourwork [12, 13], as
well asin this papera morerealisticscenariovith up to 50

mobilenodesandrandommovementpatternds considered.

Theresultsprovide acompletepictureof theoverall system
performancestudyingnot only the metricsthat FMIPV6 is
supposedo improve but alsoits effect over othernetwork
metricsrelevantto the systemperformanceand shov how
is it influencedby the differentstudiedparameters.

Therestof the paperis structuredasfollows. Section2
recallsthe basicsof NeighborDiscovery and FMIPV6. In
Section3 we describethe simulationmodel. Simulation
resultsareprovidedin Sectiord. Finally, Section5 summa-
rizestheconclusions.

2 MobilelPv6
2.1 Neighbor Discovery

One of the major novelties betweenlPv4 and IPVv6 is
the NeighborDiscovery protocolfor IPv6. This protocolis
usedby nodesto resohe the link-layer addresseandkeep
track of the reachabilityof their neighbors.Hostsuseit as
well to locateroutersin their link.

A MN, when performinga handwer, hasto learn the
AccessRouters (AR) MAC addresdeforebeingabletoin-
formaboutthenew pointof attachmentiatheBUs. In IPv4
a MN runsthe ARP processandhasto wait until its com-
pletion, delayingthusthe BUs transmission.On the other
hand,the IPv6 NeighborDiscovery protocoloptimizesthis
processobtainingthe AR’s MAC addresdrom the Router
Advertisement.This resultsin the MN beingableto send
the BU without ary delayaftera handwerandrunningthe
neighborunreachabilitydetectionprocessn parallel. How-
ever, in IPv4, after the ARP processis completedMAC
addressesn both sidesare obtained. This is not the case
for IPv6 wherethe AR hasto run the addresgesolution
procesgo obtainthe MN’s MAC addresswvhen having to
senda pacletto it. In fact,in the IPv6 case,whena MN
learnsa nodes MAC addressn a differentway than the

usualRequest-Replgxchangeor whenit wantsto senda
paclet after sometime without usingthe entry, the neigh-
bor unreachabilitydetectionhasto be launchedto resole
the MAC addresshut this is a oneway processpnly one
addresss resohed. Note thatin both casesaddressewiill
beresohedin parallelwhile sendingpaclets,thenno delay
is added.Besidessomechannelutilization canbe saved if
confirmationof reachabilityis recevedfrom upperlayers.

As mentionedabove, thedifferencebetweerMIPv4 and
MIPv6 with respecto signalinganddataflow requiressep-
aratestudiesto evaluateoverall protocol performance.In
this paper we focuson Mobile IPv6 specificfeatures.We
have implementedn ns-2the NeighborDiscovery protocol
comprisingthe new functionality explainedabove plusthe
NeighborCacheandthe five differentstates:Incomplete,
ReachableStale,DelayandProbe.Thefull NeighborDis-
covery specificatiorcanbe foundin [15].

2.2 Fast Handoversfor Mobile | Pv6

To preventthe quality of servicedegradationthata mo-
bile nodecouldsuffer dueto a changen its point of attach-
ment Fast Handovers for Mobile IPv6 hasbeenproposed
[4]. In the draft two differentmechanismsre described:
anticipatedandtunnel-basedandwer. Tunnel-basedhan-
dover relieson L2 triggersto potentially obtain betterre-
sultsthan AnticipatedHandorer, introducingthougha L2
dependenceahat could make the solution unfeasiblefor
somelL2 technologies.In principle,a L2 independenso-
lution would be a more desirablesolution. Therefore,we
have focusedon the performancestudy of the Anticipated
Handover proposalwhich is solely basedon L3 informa-
tion.

Anticipated Handover proposesa 'make-before-break’
approach. Whena MN has predictive information about
the next point of attachmento which the MN will move,
e.g. receptionof a RouterAdvertisemenfrom a newv AR
(nAR), it sendsa RouterSolicitationfor Proxy (RtSolPr)to
theold AR (0AR) with anidentifierof theattachmenpoint
to whichit wantsto move. OncetheoAR recevesinforma-
tionthataMN wantsto movetoanAR, it construct@nCoA
basedon the MN'’s interfacelD andthe nAR’s subnetpre-
fix. It thensendsa Proxy RouterAdvertisemen{PrRtAdv)
to the MN containingthe proposednCoA andthe nAR’s
IP addressandLink Layer Address.At the sametime, the
0AR sendsa Handover Initiate (HI) messagéo the nAR,
indicatingthe MN’s 0CoA andthe proposedhCoA. Upon
receiptof theHl messagethenAR first establishesvhether
thenCoAis avalid addres®nits subnetperformingchecks
to ensurethatit is nota duplicate.If thenCoA s accepted
by thenAR, thenAR addsthenCoAto theNeighborCache
for ashorttime periodsoit candefendit. ThenAR thenre-
spondswith a Handorer Acknowledge(HACK), indicating



thatthe proposedhCoA is valid. In casethe nCoA is not
valid (duplicatedaddressjhenAR addsa hostroutefor the
0CoA pointingto its mobility interface for a shorttime pe-
riod andrespondgo the oAR with aHACK indicatingthat
theproposediCoAis notvalid. Uponreceiptof theHACK,
if theHACK indicatesthatthenCoAis valid, the 0AR pre-
paresto forward pacletsfor the MN to the nCoA. If the
HACK indicatesthatthe nCoA is not valid, the 0AR pre-
paresto tunnelpacletsfor the MN to theoCoA atnAR. As
soonasthe MN received confirmationof a pendingLayer
3 handwer throughthe PrRtAdvandhasa nCoA, it sends
a FastBinding Update(F-BU) to 0AR, asthe lastmessage
beforethe Layer2 handweris executed.

Onreceiptandvalidationof the F-BU, the0AR responds
with a FastBinding Acknowledgemen({F-BAck), destined
to the nCoA. The oAR waitsfor a F-BU from the MN be-
fore actually forwarding paclets. On receiptof the F-BU,
the oAR formsatemporarytunnelfor 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 Layer 3 traffic,
it sendsa FastNeighborAdvertisemen{F-NA) to initiate
theflow of pacletsthatmaybewaiting for it. ThenAR will
deliver pacletsto the MN assoonasit recevesanindica-
tion thatthe MN is alreadyattacheduo it, usually recev-
ing a F-NA from the mobile node. The 0AR is responsible
for forwardingary pacletsthatarrive for the MN underits
oCoA aftertheMN hasmoved. For moredetailsaboutFast
Handoversfor Mobile IPv6 see[4].

3 Simulation Setup

The studiedscenariowas designedn orderto be large
enoughto provide realistic resultsbut to be small enough
to be handledefficiently within ns-2 The chosenscenario,
depictedin Figurel, is composedy the HomeAgentand
the Correspondentodesthat areconnectediia the ‘Inter-
net’ (modeledby adjustingthe link delayld) to a central
router(CR). Four accessouters(AR) —eachonerepresent-
ing a differentlP subnet-areconnectediia two intermedi-
aterouters(IR) to the centralrouter At simulationstartthe
mobile nodesare uniformly distributed over the coverage
area.

Theaccessoutershave beenpositionedn awayto pro-
vide total coverageto an areaof approximately700 x 700
squaremetersconsideringa transmissiorrangeof 250 me-
ters,seeFigure2. Themobilenodesmove randomlywithin
the coverageareafollowing the randomwaypointmobility
model [6]. This model hasbeenpreviously usedmainly
for ad-hocsimulationsbut it is well suitedaswell alsofor
our purposesaswe will explainin Section4. As wireless
mediumthe 2Mbps WirelessLAN 802.11DCF [16] pro-
videdby ns-2[17] is used.Theaccessoutersusethe same
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Figure 2. Access router s distrib ution

frequeng bandsince no roamingprocessis standardized
for 802.11andthus,roamingprotocolsareproprietary.

Within the local domaineachwired connectioris mod-
eledasa 5Mbpsduplex link with 2msdelay The’lnternet’
connectingthe centralrouterandthe HA or CNsis mod-
eledalsoasa 5Mbpsduplex link with a default link delay
Id of 10ms.In the simulationstheld valuehasbeenvaried
to modelvarious'distances’betweerthe MNs andthe HA
andCNs.

While moving within the overlappingarea,the mobile
nodesareableto send/receiedataonly via theaccessouter
thatcorrespondso their currentcare-ofaddressTechnolo-
gieslike 802.11allow the mobile nodesgatheringnforma-
tion aboutthe neighboringaccessouters,but do not allow
to receve IP flowswith differentdestinatioraddressesr at
differentfrequeny bandssimultaneouslhyffrom two access
routers exceptfor particularcasedik e having anadditional
wirelessinterface.

In orderto simulatearealisticcasewherea MN will re-
ceive paclketsfrom the sharedAR queueandwherea MN

1A recentstudyhasconcludedthatthe 802.11beaconscanningfiunc-
tion maytake severalhundredmillisecondsto complete duringthis period
sendingandreceving IP pacletsis not possible[18]



will alsocompetewith otherMNs andwith anAR to access
thechannelhalf of the MNs receie datafrom the CNsand

the otherhalf senddatato the CNs. The CNssendingo the

MNs introducedelayin the AR queueandthe MNs send-
ing to the CNs introducedelay in the wirelesslink. The

studythoughfocuseson the MNs receving datafrom the

CNssincethe purposeis to analyzethe degradationof the

experiencedjuality of servicedueto mobility.

In oursimulationgwo differentscenariosvill beconsid-
ered.First, theperformancef a singlemobilenodefollow-
ing a deterministicpathwhile all othermobile nodesmove
randomlyis studied. This scenarioallows for a compre-
hensve studyof theimpactof differentparametersverthe
quality of serviceexperiencecby the studiedmobile node
consideringheinterferenceof othermobile nodesmoving
randomlybut avoiding to take into accountin the measure-
mentsthe effect of the studiedmobile noderandommove-
ment.In thesecondscenaridhestudiedmobilenodemoves
randomly too. By doingthis, we cananalysetheimpactof
consideringandommovementfor the studiedmobilenode
over the performancametrics separatelywhich facilitates
the studyandcomprehensiownf the impactof the different
parametersver the variousprotocols.

The first type of sourcesusedin our simulationswill
be UDP CBR sources. UDP ConstantBit Rate (CBR)
sourcegprovide constantraffic whereno acknaviedgments
arerequired. This kind of traffic is usually generatedy
real-timeapplicationsand due to its deterministiccharac-
teristics,without recovery mechanismsgaseghe protocols
studyandcomparisonThiswill bethetraffic sourcegener
ally usedin our performancevaluation.

As a streamingapplication, for real-time video traffic
we have useda real H.263[19] video encodingprovided
by [20]. The encodedvideo correspondso the film "Star
Trek: First Contact”for a target bit rate of either 256 or
64 kbps. The obtainedframe sizes(in bytes)of the indi-
vidual encodedvideo framesareusedasinput for the ns-2
videotraffic application.Sincetheseracesncludeonly the
raw pacletizedvideo, additionalstreamingprotocol over
headhasbeenadded.We considered 12 byte RTP header
plus8 byte UDP headeiandplus40byte|Pv6 heademasthe
streamingprotocoloverhead.

Oneof theapplicationsxpectedo be usedwith MIPv6
is VoIP. We have implementeda VolP modelbasedn [21].
The model assumesilencesuppressiorand modelseach
voice sourceas an on-off Markov process. The alternat-
ing active on andsilenceoff periodsareexponentiallydis-
tributed with averagedurationsof 1.004and 1.587s. As
recommendeby thel TU-T specificatiorfor corversational
speecH22], anaveragetalk spurtof 38.57%andan aver-
agesilenceperiod of 61.47%is considered.A rate of 88
kbps in on periodsandO kbpsin off periodsis assumedor

2Assume8KHz 8 bits/samplePCM codecwas usedwith 20 s frame

avoicesourcethatgenerate€BR traffic.

TCPisthemostwidely usedtransporprotocol. We sim-
ulate endlessFTP sourcegto understandhe impactof 1P
mobility on the congestiorcontrol mechanisnmof TCP us-
ing theenhancedolution.

The simulationcode usedfor the experimentswas de-
signedontop of INRIA/Motorola MIPv6 [23] codefor ns-
2[17] implementationWe have extendedhecodewith two
mainmodules:NeighborDiscovery andFastHandoersfor
Mobile IPv6. Somemodificationshave beendoneto the
original releasein orderto extendthe codeto work with
morethanonemobilenode.

4 Performance evaluation & discussion

We analyzethe degradationof the performancemetrics
from the point of view of a singlemobile nodethatfollows
adeterministigpathwhile all othermobilenodesin thesys-
tem follow the randomwaypoint mobility (RWP) model.
In Section4.5 the randommovementof the studiedmobile
nodeis considered.

The RWP modelis well-suitedto representmovements
of mobileusersin campusor hot spotscenaricat moderate
compleity. The mobile nodesmove accordingto a modi-
fied ns-2randomwaypointmodel. With the randomway-
pointmobility modelprovidedby ns-2 anodeselectsatar
getlocationanda speedsampleduniformly from aninter-
val [0, vmqz]) @andmoveslinearly towardsthetargetlocation
with the selectedspeeduntil a specifictimer fires. When
thetimeoutoccurs,the mobile nodesrestartthe procedure.
Whenno othervalueis indicated,all the simulationshave
beenperformedwith a maximumspeedf 5m/s.

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

All simulationshave a durationof 125secondwith a5
secondsvarm-upphase Eachpointin thefollowing graphs
representhe averageof atleast100simulations.The sam-
ple size necessaryo achieve a confidencanterval of 99%
with respecto the averagevaluehasbeenselectedasindi-
catedin [24]. Thisrequiredin somecasedo performup to
1000 simulations,e.g.,in the 50 mobile nodesor random
movementcase.

We assumea systemwheremobile nodesusethe IPv6
statelesaddresswto-configuratiofieatureperformingDu-
plicate AddressDetection(DAD) in parallelto avoid the
introductionof an additionaldelayto the handof process.
Note thatthe delayintroducedby DAD would betoo time

perpaclet. With 12 byte RTP header8 byte UDP headeiand40 byteIPv6
headerthesizeof eachvoicepacletis 220bytes. The bandwidthrequired
will be(220x 8)/20=88kbps
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consumingresultingin a noticeabledisruptionof the ser
vice.

4.1 Impactof numberof stations

We presenterethe resultsof the impactof the number
of competingstationson thefollowing parametershandof
lateng, packetloss,obtainedoandwithandthe fasthandof
procesgrobability of success.

The studiedMN performs4 handofs during a simula-
tion run moving at 10 m/sfrom centerto centerof the AR’s
coverageareasuntil it reachesgainthe startingpoint. The
valuesrepresenteih the graphsaretheonescorresponding
to theanalyzedVIN.

We canobsene that the usageof FMIPV6 resultsin a
betterperformancdor all the parametersip to 30 MNs, as
expected. Until this point, FMIPv6 meetsits goal of re-
ducinghandof pacletlossandlateng. Figure3 shovsthe
increasen handof lateng dueto anincreasen the num-
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berof MNs sharingthewirelesschannel FMIPv6 performs
betterthan standardMIPv6, sincethe MN, after a hand-
off, doesnot have to wait for the HA or CN to be updated
to startreceving packetsagain. With FMIPv6 pacletsare
redirectedby the 0AR to the nAR throughthe wired link
andthusonly this delayis noticed.Basedon this, Figure4
shavs how FMIPV6 paclet lossesareinsignificantin front
of MIPv6 ones.

On the otherhand,althoughthe FastHandover protocol
is designedo minimize pacletlossesandlateng duringa
handof, we canobsene a worseperformancevith respect
to MIPv6 in high load conditions. To understandhis be-
havior a few factorsmustbe considered.In the scenarios
with 30 or more MNs the load in the wirelesschannelis
high, resultingin achannelwith alongaccessime andhigh
collision rate. If we take a look at the pacletslost dueto
theneighbordiscovery (ND) processFig.4,we canseethat
they arehigherwhenFMIPV6 is not used(the doublewith
50 MN). Thosepaclets,that aredroppedin the ND entry
gueue,arenot sentthroughthe wirelesschannel what re-



sultsin alower channeloadfor the MIPv6 caseand,what
is moreimportant,a shorteraccesgdelay In the FMIPv6
scenariadhough,the nAR learnsthe LL addressf the MN
beforehaving to senda pacletto it (via thereceptionof the
HI by the nAR) evenif the FMIPv6 processhasnot been
succesfullyperformed.Thereforethe AR will sendpaclets
to the channelwithout waiting the addresgo be confirmed
resultingin a lower pacletlossratein the AR’s ND queue
butintroducinga higherloadonthechannel Anotherfactor
thatyieldstheFMIPv6worseperformanceén highloadcon-
ditions s its additionalsignalingload in the local domain,
aswill be shovn in section4.2, which resultsin FMIPv6
reachingearlierthe saturatiorlevel onthewirelesschannel.
A goodmeasuref whethertherouteupdatingmechanisms
areworking properlyarethepacletlossesattheHA. Packet
arelost in the HA only whenthe BU lifetime of both, CN
and HA, hasexpired. As it canbe seenin Figure 4 the
higherload for the FMIPv6 caseproducesa higherrate of
pacletlossesatthe HA for 30 or moreMNs, which corrob-
oratestheargumentscommentedbove.

Oncethe saturationlevel hasbeenreachedy both pro-
tocols,if we increasehe numberof MNs the performance
metricstendto corverge sincefor both caseshe wireless
channelpresents high collision rateandlong channelac-
cestime reducingthus, the impact of the differencesbe-
tweenboth approachesFigure5 shavs thatup to 30 MNs
the wirelesschannelconditionsallows for a propercom-
pletion of the fasthandof process.However, for a higher
numberof MNs the probability of the processsuccessle-
creaseddramatically This resultjustifies the bad perfor-
manceshavn by FMIPv6 above the 30 MNs case We have
differentiatecbetweertwo casesfull completionof thefast
handof processand partial completion,meaningthat the
redirectionof thetraffic from the 0AR to the nAR hasbeen
established We believe that the latter caseis a significant
valuesinceit meansthatthe FBACK paclet hasbeenlost
but not the previous FMIPV6 correspondingnessagesie-
sultingin asmoothethandof comparedo MIPv6.

Figure 6 correspondsto the bandwidth obtained by
our specific mobile node. As we can see, the band-
width matcheslmostperfectlytheresultsshavn for paclket
losses. The slight difference appreciatedbetweenboth
graphicqin the40and50MN case)js aconsequencef the
higherwirelessload for FMIPv6. A highersignalingload
and datapaclets sentthroughthe wirelesschannelyields
alongerchannelaccesslelayandhighercollision rate,re-
sulting in a highernumberof packetswaiting to be sentin
the currentMN’s AR interfacequeuewhenthe simulation
ends.

For thefollowing studieswe have focusedon the caseof
20 MNs sincethis representshe casewherethe cannelcan
be accessewvithout experiencinga high degradationin the
quality of servicedueto competingnodes.
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Figure 7. Impact of handoff rate on signaling
load

4.2 Impactof handof rate

In Section4.1 we have shovn thatthe aim of FMIPV6,
reductionof handof lateny andpacletlossis achievedif
the wirelesschannelis not saturated However, several ad-
ditionalsignalingmessagebave beenintroducedo achieve
thoseresults.A trade-of betweeradditionalsignalingload
and handof lateng/ and paclet lossimprovementshasto
be considered. In Figure 7 we studiedthe differencesn
signalingload betweenMIPv6 andthe proposedenhance-
ment, FMIPv6, for a handof raterangevarying from 0O to
10 handwaersper minute. As expected,the signalingload
outsideof thelocal domainis the samefor bothapproaches
andthus,thedifferenceinsidethelocal domainis dueto the
additionalFMIPv6 messagesAs we canobsene, already
in the caseof performing4 handofs perminute,the signal-
ing loadwithin thelocal domainis morethanthedoublefor
the FMIPVv6 case.This is a coherentesultwith the results
presentedn Section4.1 shawving thatsaturationis reached
earlierby FMIPv6.

The signaling load correspondingto standardMIPv6
presentsa priori, a strangebehaior having a local mini-
mumfor the caseof 8 handofs/min. However, if we recall
thatfor eachhandof the MN re-scheduletheperiodicBUs
to besentwe realizethatif thetimer of the periodicBUs is
below the time betweentwo consecutre handofs we will
obsene the periodicBUs and afterwardsthe onesdueto a
handof. On the otherhand,if the time betweentwo con-
secutve handofs is belowv the timer of the periodic BUs
the periodicBUs will be always re-scheduledvithout be-
ing sentduring the whole simulation. Thus,in the caseof
8 handofs/min, consideringa timer of 10 seconddor the
periodicBUs, they arealwaysre-scheduledlueto a hand-
off andneversent,resultingin areductionof signalingload
comparedo the previouscase.
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4.3 Impactof wiredlink delay

We have computedhediferencesn handof lateng and
pacletlosseshetweerFMIPv6 andMIPv6 whenthe wired
link delayld from the CR to the HA andCN is increased.
Thedifferentld valuesmodeldifferent’ distancesto theHA
andCNs.

FMIPv6 reducesthe time that elapsesbetweena MN
changeof point of attachmengandthetraffic redirectionto
its NCoA. The MN informsits 0AR to startforwardingits
traffic beforechangingits link layer connection.Thus,the
delayexperiencedy theredirectedraffic is proportionalto
the wired path betweenits 0AR andthe new one, bothin
thelocal domain. On the otherhand,with MIPv6, the BUs
sentafter performingthe handwer, have to reachthe HA
andCNs (outsideof thelocal domain)in orderto sendthe
traffic to the properCoA resultingon a directdependence
with theld value.

As we can seein Figure 8 the resultsare as expected:
while anincreasan thewired link delayimpliesanicrease
in thehandof lateng for MIPV6, it doesnotaffect FMIPv6
handof lateng. The graphwith respectto paclet losses
directly correspondso the oneof handof lateny sowe do
notincludetheresultshere.

4.4 Impactof PreviousAccessRouterForwarding

Section4.3 hasshavn handof lateng andpacletlosses
reductiondueto FMIPv6 usagewhenthe 'distance’to the
HA andCNsincreasesln this sectionwe studythe MIPv6
option of establishingorwardingfrom a previous care-of-
addressWhenthis optionis enableda MN after perform-
ing ahandof sendsa BU not only to HA andCNsbut also
to the previousaccessouter(PAR), i.e. previous point-of-
attachment.We have repeatedhe experimentof the pre-
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Figure 9. Impact of previous access router for-
warding on handoff latency

vious sectionbut now usingthe previousaccessouterfor-
wardingoption.

As we canobsene from Figure9 the resultsfor MIPv6
are quite differentcomparedto the onesobtainedbefore.
MIPv6 and FMIPv6 performin a similar way in lateng
terms,only about15 ms difference,sincenow the depen-
dencewith theld valuehasbeenremoved. Notethatin this
casefo contactthe previousaccesgouter, is not necessary
to go outsideof the local domain,reducingthusthe wired
'distance’to the forwardingentity. The differencebetween
both approachess dueto the FMIPv6 make-before-break
enhancemenwhich startsthe forwardingprocesgrom the
0AR to the new one before actually performingthe link
changensteadof afterwards. Moreover, the MIPv6 BU to
thePAR is sentaftertheHA andCN onesintroducinganad-
ditional lateng. The MIPv6 draft doesnot provide ary in-
dicationaboutthe orderto be followed whensendingBUs
so part of the obsened differencecould be easily reduced
changingthe sendingorder As in the previous sectionthe
paclet lossesgraphdirectly correspondso the handof la-
teng/ one,sothe resultsarenot included. Note, however,
thatin this casethe differencebetweerFMIPv6 andMIPv6
is about5 paclet losses,averaging0.5 versusb.5 respec-
tively.

Finally, we would like to remarkthatthe advantagef
FMIPv6, shorterlateng andlower paclet lossesproduce
a significanthighersignalingload within the local domain
comparedo MIPv6 which introducesonly one additional
messagavith the Previous AccessRouterForwarding op-
tion usage. This resultsin an averagedifferenceof 120
bits/s(235versus360)for this case.

4.5 Impactof randommovement

Mobile usersare unaware of overlappingareaswhere
handof decisionsaretaken. This sectionstudieswhether
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the performancenetricsdifferenceobsenedbetweerboth
protocolsin previous sectionsstill hold consideringa mo-
bile nodemoving randomly Note that unexpectedmove-
mentscanhave a quite negative effectontherecevedband-
width dueto backand forth movementsaroundthe over
lappingareas.This effect could potentiallyprevail overthe
protocolenhancements.

Figure10 shows the histogramof total packet lossesex-
periencedy our mobilenodemoving randomlyin thecase
of 20mobilenodesandfor MIPv6 andFMIPv6. Thepaclet
losseoccurrencebave beengroupedn lower or equalthan
1,10, 100andover 100. As we canobsere in thefigure,
the resultsare consistentwith the onespresentedn Sec-
tion 4.1. FMIPv6 outperformsMIPv6 keepingmostof the
pacletlosseson lower valuesthanMIPV6.

4.6 Impactof traffic sources

Until this sectionwe have studiedtheimpactof different
parameter®ver a target stationreceving a high constant
traffic load (probe) in orderto obtainresultswith a signifi-
cantprecisionandwithouttheinterferenceof sourcebursti-
ness(VolP, Video) or recovery mechanismgTCP). In this
sectionwe repeathe experimentof Section4.1 but consid-
eringmorerealistictraffic sourcesnda simulationscenario
whereall the MNs sendor receve the sametype of traffic
at the samerate. By doing this, we analysewhetherthe
different performancamprovementsobsened in previous
sectionsareaffectedby thetraffic sourcetype,i.e.,whether
auserwould noticea quality of serviceimprovementor the
improvementsare’'masked’ by thetraffic sourcexharacter
istics. Specifically threedifferenttypesof traffic arestud-
ied: VoIP, Videoand TCPtransfers.

As explainedin Section3, our VoIP sourceproduces
bursty traffic following an on-off Markov processthat re-
sultsin a high variancebetweerpaclet arrivals. Figure11
shavs theimpactof the numberof stationsover the paclet
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Figure 11. Impact of traffic sources on VolP
packet losses

lossrateof VolP traffic until thecongestiorevelis reached.
SinceVolP sourceproducerelatively alow traffic load (~
24kbpspersourceno pacletlossis obsenedfor ary of the
protocolsuntil the 20 MNs case.In this case surprisingly
MIPv6 performsbetterthan FMIPv6. The additionalload
introducedby FMIPV6 in thewirelesschannelasshown in
Sectiord.1,is thereasorfor thisbehaior. We canconclude
that, for a scenariowith low rate traffic sourcessending
small paclets the overheadintroducedby FMIPv6 would
resultin aworseperformancen handof lateng/ andpaclet
lossegermscomparedo the baselineMobile IPv6.

The H.263 video sourceproducespaclets of different
lengthat a semi-constantate for a targetrate of 64 kbps.
We shav the impact of the numberof stationsover the
handof lateng. As we canobsene in Figure 12, the re-
sultsaresimilarto theonesalreadydescribedn Sectioré.1,
i.e., FMIPv6 performsbetterin handof lateng termsthan
MIPvV6. In this casejn contrasto the VolP one,theimple-
mentationof the Mobile IPv6 enhancementesults,as ex-
pectedjn abetteruserexperiencedjuality of servicesince
theadditionalsignalingloadis lessrelevantcomparedo the
datatraffic load.

Finally, we studywhethera regularuserdownloadinga
file using TCP would noticeary differencein the receved
serviceby using FMIPv6. For a userperforminga down-
load, handof lateng or paclet loss rate are not relevant
performanceametricsbut the experiencedandwidthduring
the TCPtransferis of majorinterest.

Figure 13 shaws the differenceson the available band-
width for TCP usersdependingon the consideregrotocol.
In the figure we can obsene the TCP sourcesadjustment
of the sendingrateto the available channelcapacitywhen
the numberof mobile usersncreaseskor anumberof mo-
bile nodesbelow 10, a lower paclet loss rate obtainedby
FMIPV6 resultsin usersachievementof larger bandwidth.
Whenthenumberof mobilenodesncreasesheprobability
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Figure 13. Impact of traffic sources on TCP
band width

of experiencinga collision while trying to accesghe chan-
nel increasestoo. This, in turn, triggersthe TCP conges-
tion avoidancemechanisnmmore often reducingthe paclet
lossesexperiencedby the MNs and thus, decreasinghe
bandwidthdifferencedetweernthe proposalsThesediffer-
encesvould otherwisebemuchbigger, asit hasbeenshavn
is Section4.1, whenthe userstry to geta largerbandwidth
thanthe oneactuallyavailablein thechannel.

As a conclusion,TCP userswould alsobenefitfrom the
implementatiorof the FMIPv6 protocolwhenthe wireless
channeis notcongested.

5 Conclusions

In this paperwe have provided quantitatve resultson
thelevel of improvementhatcanbeexpectedby usingFast
Handoversfor Mobile IPv6 insteadof pureMobile IPv6 in
a‘hot spot’-like IEEE 802.11-basedcenariowith four ac-
cessroutersand up to 50 mobile nodes. The resultswere

achieved througha thoroughstudy via simulationthat re-
quiredto implementFastHandwersfor Mobile IPv6 and
NeighborDiscovery for the network simulatorns-2

We performeda ‘stresstest’ of the protocolwherewe
studied how handof lateng, paclet loss rate, obtained
bandwidthandfasthandof processuccesprobabilityare
affectedby thenumberof mobilenodesij.e.,by competition
for the wirelessmediumor by protocol interactions.e.g.,
with the NeighborDiscovery procesf IPv6. The beha-
ior of the protocolsfor a generalcaseconsideringrandom
movementsand more realistic traffic sources,.e., Video,
VolP and TCR, wasalsostudied.Finally, the signalingload
costsassociatedo the Mobile IPv6 proposecenhancement
comparedo the performanceémprovementobtainedwere
analysecconsideringa broadrangeof handof rates.These
factorswereshown to have a significantinfluenceover the
performancenetricsandwe indicatedthepointsto betaken
into accountn arealimplementation.

Specifically we have shavn thatwhile somesimulation
resultscorroboratethe intention of the protocolsspecifi-
cations,otherresultsgive insightsnot easily gainedwith-
out performingsimulations. Someof the mostremarkable
resultsarethati) Mobile IPv6 can eventually outperform
FMIPV6 in pacletlossegermsin saturatiorconditionsdue
to the higher numberof paclets discardeddirectly in the
NeighborDiscovery entry queuethatlower the loadin the
wirelesschannel,ii) randommovementsaffect the experi-
encedperformancemprovementsbut the differencein the
perceved quality of servicewhen using FMIPV6 is still
clearlynoticeableijii) in scenariosvheretheusersproduce
alow ratewith small paclets,e.g.,VolP sourcesthe addi-
tional load in the wirelesschannelintroducedby FMIPv6
canresultin a worse performancethan the baselineMo-
bile IPv6 one,andiv) by usingpure Mobile IPv6 anden-
ablingthe optionof establishingorwardingfrom the previ-
ouscare-of-addresiandof lateny andpaclket lossescan
be alsoimproved without requiring and additionalimple-
mentatioreffort andatalower signalingloadcost,however,
without reachingthe samelevel of improvementachieved
by FMIPV6.

Through this analysisa deepinsight on the different
overall system performanceof both protocols and their
causeswvas acquired. Therefore,the resultsof this study
aretwofold. First, we provided quantitave resultsfor Mo-
bile IPv6 andFastHandorersfor Mobile IPv6 of theoverall
systemperformanceand checled whetherthey performas
expectedn arealistic'hot spot’ scenario.Secondwe pro-
vided the reasoningoehindthe impactof the differentpa-
rametersover the performanceof both protocolsin satura-
tion andno saturatiorconditionspayingspecialattentionto
the casesvherethe behaior wasdifferentto the expected
one. The applicationof this reasonings not restrictedto
our specificscenariobut also holdsfor ary otherscenario



consideringlifferentwirelesstechnologies.
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