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Abstract—The first part of this paper presentsa novel schemefor han-
dover provisioning in WirelessATM (W–ATM) networks basedon in-band
signaling. First, the network architecture and principles of in-band signal-
ing are described,discussingadvantagesand interaction with other proce-
duresand signaling techniques.Then, loss-freeprotocolsfor the handover
proceduresare presentedand compared with existing proposals.The sec-
ond part of the paper is devoted to performance analysisof the handover
procedures.A generalmethodologyfor evaluating handover delaysand re-
quir edbuffer capacityis intr oducedandexemplifiedfor oneof theprotocols
intr oducedbefore. Numerical resultsgive insight into the handover proce-
dure characteristicsand are compared with estimatesprovided by detailed
discreteevent simulations for validation purposes.Finally, additional sim-
ulation resultsarepresentedfor parallel, concurrent handovers,evaluating
the requirementsposedto the network by different handover procedures.

Keywords— WirelessATM, handover procedure, performance evalua-
tion.

I . INTRODUCTION AND MOTIVATIONS

Mobile communicationsare now mature to offer packet
switchedandbroadbandservices.GPRS(GeneralPacketRadio
Service)[1], [2] will beofferedsoonin Europe,WAP (Wireless
Application Protocol)sitesstartoffering WWW accessto mo-
bile terminalsthathavethesizeof anormalmobilephone,while
UMTS (UniversalMobile TelecommunicationSystem)licenses
arebeingauctionedby Governments.Theactivities of themain
standardizationbodies,like ITU–T, ETSI andATM Forum,on
thenext generationcellularsystemsareall characterizedby the
clear aim to provide multimedia services,with the ability to
supportconnectionsat 2 Mbit/s andabove. Specificresearch
projectslike thosedescribedin [3], [4], [5], [6] are studying
andprototypinglargebandwidth(up to 25Mbit/s) cellularnet-
works, integratedwithin B-ISDN, shakingthe traditional idea
thatmobilenetworksmustbenarrowbandandspecialized.Sim-
ilar worksconcentrateon the integrationof mobility within the
TCP/IPInternetprotocolsuite[7].

The requirementsposedby standards,and the relevant fu-
ture role of dataservices,arehints to the fact that oneof the
candidatetechnologiesfor cellularsystemsintegratedwithin B-
ISDN is ATM. Two different approachescan be observed in
ATM basedcellularnetworks.Thefirst oneis supportedmainly
by the ATM Forum[8]; it involvesthe presenceof ATM con-
nectionsthroughtheradio interface,up to themobileenduser.
The secondone,preferredby moretraditional standardization
bodieslike ITU-T andETSI,andreflectedin IMT 2000[9] and
UMTS[10], involvesthepresenceof ATM only in thefixedpart
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Fig. 1. Classificationtreeof handover procedures.

of themobilenetwork, thusavoiding thetransportof ATM cells
over the wirelesslink. This paperdealswith a network archi-
tectureconsistentwith thefirst approach;nevertheless,mostof
thework describedherecanbeextendedto thesecondapproach
with little effort. Network architecturesconsistentandsimilar
to theoneweconsiderwereadoptedin severalpapersthatstudy
theoverall signalingarchitectures[3], [11], [12], [13].

The introductionof handover proceduresin ATM networks
hasnormallya deepimpacton thetransportandcontrolplanes
in termsof modificationsto standardsignalingand switching
functions[11], [14]. Wethereforeproposetheuseof thein-band
signalingtechnique,which limits thesemodificationssincesig-
nalingrelatedto specificprocedures,like handovers,cantrans-
parentlycrossATM switchesthatarenot enhancedwith mobil-
ity functions. Somemodificationsare still neededto manage
procedureswhenthereareno communicationsactive.

Multi-service,packet basednetworks,shouldsupportseveral
typesof handoverprocedures,in orderto providemobility to all
possibleservices.Fig.1 reportsaclassificationtreefor handover
procedures;theATM Forumproposedaclassification[15], [16]
(whosenamingwe adopthere)and a similar one is reported
in [17]. Also,handoversshouldpreferablybeseamless1 in order
to minimizeservicedisruption,speciallyfor dataservices.

�
In this work, the term seamlesshandover proceduresrefersto thoseproce-

duresthat guaranteeloss-freeandin-sequencedelivery of cells; otherauthors
sometimesusethesametermwith adifferentmeaning.
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Seamlesshandoversin ATM networksposea relevantprob-
lemin the� synchronizationof theprocedurefor in-sequencecell
delivery; thisproblemis not relevantin PCM(PulseCodeMod-
ulation)basednetworks[18], [19], wherethePCM frameitself
can be usedfor synchronization.ATM networks do not have
explicit meansfor synchronizationandinformationre-ordering;
cell headersdo not containcountersandareall identicalto one
another. Duringseamlesshandovers,eithersoft or hard,aprob-
lemarisesdueto theimplicit VC mergingembeddedin any han-
dover scheme. ACTS researchprojectslike RAINBOW [20]
andMagicWAND [21] foundthatcell mis-orderingdueto non-
synchronizedVC mergingis commonduringhandover, asit was
alsorecognizedin [11], [22]. Thereasongenerallylies in differ-
entpropagationandprocessingdelaysof commonchannelsig-
nalingmessages.Theuseof explicit synchronizationinforma-
tion (delimitersandpacket counters)within the userdataflow
seemsto be the only solution to the problem. The useof in-
bandsignalingprovidesa naturalframework for synchroniza-
tion, sincethe dataflows are delimited by the handover mes-
sagesthemselves.

This paperpresentsa comprehensivework aimedat defining
possiblesolutionsanda generalanalysismethodfor network-
level handover protocolsin integratednetworks. Within this
framework somedetailedprotocolsfor thecontrolof handover
proceduresperformedby usingin-bandsignalingarepresented
and analyzed,extending and completing the ideasproposed
in [23], [24], [25]. Also, resultsfor concurrenthandoversat the
sameaccesspoint arederived. In [23] the ideaof in-bandsig-
nalingfor handovermanagementwasfirst sketchedfor asimple
handoverschemesimilar to thoseof 2ndgenerationcellularnet-
works. Thework in [24] presenteda detailedsimulationanaly-
sisof buffer requirementsfor a singlehandoverprocedurewith
variablenetwork parametersfor thesamehandoverschemecon-
sideredin [23]. In [25] theneedfor differentnetwork handover
schemesin a mobile, integratednetwork, andan early version
of thehandoverclassificationadoptedhere,wereillustrated.

We claim that the in-bandsignalingapproachfor handover
managementhasnot beenconsideredthoroughlyin the litera-
ture; thus,the definition,validation,analysis,andimplementa-
tion in a simulatedenvironmentof handover proceduresbased
onin-bandsignalingisanoriginalcontributionof thiswork. The
performanceof the handover proceduresis shown to be good
andthecomplexity is comparablewith thatof otherschemes.In
addition,the paperproposesa novel, simpleanalyticalmethod
for performanceevaluationof handover procedures.This ap-
proachis notspecificfor in-bandsignalingandrepresentsause-
ful tool for theevaluationof generalhandoverprocedures.

I I . THE NETWORK REFERENCE MODEL

Handoverproceduresandrelatedprotocolsareheavily influ-
encedby the network architecture.For instance,in GSM-like
and CDMA-basedcellular networks handover proceduresare
fairly different. The network architectureconsideredhereim-
plies a completeintegrationof mobile terminals(MTs) within
the ATM network, andwasdescribedin detail in [23]. Notice
that,on theonehand,thenetwork modelis purposelynot very
detailedto abstracttheproceduresfrom any implementationor
unnecessarydetail; on theotherhand,theprocedureswereim-

plementedin a cell level, detailedATM network simulator(see
Sec.V) ensuringthatthey work properlyin anATM network.

The key aspectsof the considerednetwork architectureare:
i) handover proceduresmustbe handledat the ATM level and
must be independentfrom the underlyingradio level, and ii)
connectionre-routingmustbe performedefficiently andwith-
out resourcewaste. The first point doesnot imply that radio
level handoverproceduresareeitherabsentor irrelevant,rather
thatATM level handoverproceduresandreroutingoperateinde-
pendentlyof thelayersunderneath.For example,theradiointer-
facecanexploit a CDMA techniqueandmacrodiversitycanbe
usedat theradiolevel ensuringhighreliability andsmoothtran-
sitionsfrom onephysicalinterface(antennaor BaseTransceiver
Station– BTS) to the next one: only whenthe mobile crosses
theborderbetweendomainsmanagedby differentBaseStation
Controllers(BSC),anATM level handoverprocedureis needed,
just like in GSMnetworkswhereMSC(Mobile SwitchingCen-
ter)managesthehandoverprocedureonly whenMT crossesthe
boundarybetweentwo BSCsareas.

Theprotocolarchitecturemustprovide for a wirelesscontrol
and mobility control layer, but no other requirementsare im-
posed.Thehandover managementexploits the incrementalVC
re-establishmentapproach:TheVC routeisdynamicallyrecom-
putedduring the handover, breakingthe VC in a suitablenode
andre-establishingits terminalportionstartingfrom this node.
BSCsaretraffic concentratorsanddo not have routingcapabil-
ities; the nodesto which BSCsareconnectedaretermedEnd-
UserMobility SupportingATM Switchat theEdge(EMAS-E)
andthe nodethatperformsthe connectionre-routingis named
Cross-Over Switch (COS),adoptingtheATM Forumterminol-
ogy2. The assumptionthatBSCsdo not have routingcapabili-
ties is not restrictive,sincea BSCwith routingcapabilitiesjust
concentratesthefunctionalitiesof BSCandEMAS-E.

As discussedin [23], two handover typescanbe envisaged,
involving a different numberof network entities: in the first
case,both the source BSC (BSC� ) and the destinationBSC
(BSC� ) areconnectedto thesameEMAS-E, originatinglocal3

handovers;in thesecondcase,thetwo BSCs(BSC� andBSC� )
areconnectedto differentEMAS-Es,originatingglobal4 han-
dovers.Thelatterconstituteacrucialpoint towardtheobjective
of an integratedmobilenetwork, wheretheusercanfreelyroam
throughthe network, moving from onesubnetandoperatorto
another. As a generalrule in protocol definition, we assume
that theswitchesof an integratednetwork incorporatingmobil-
ity servicesshouldnot beburdenedwith too muchoverheadfor
mobility management:BSCshouldundertakemobility manage-
menttasksasfaraspossible.

Without thepretenseof beingexhaustive in thediscussionof
theliterature,weonly compareourapproachwith thedraftstan-
dardof theATM Forum[8].

TheATM Forumconsidersa mobileinitiated backwardhan-
dover, while herewe presenta networkinitiated backwardhan-
dover. The differenceis marginal; we definedthe mobile ini-

�
Although we often adoptATM Forum terminologyfor the sake of clarity,

we do not claim that the work presentedhereis compliantwith ATM Forum
specifications.�

Intra-EMAS-Ehandover in ATM Forumjargon.	
Inter-EMAS-Ehandover in ATM Forumjargon.
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tiated backwardhandover in [28] andthe interestedreadercan
refer to that document.ATM Forum proceduresaredescribed
by assumingthatEMAS-E andBSCareembeddedin thesame
device.

Apart from the signalingtechnique,the first striking differ-
enceis thatATM Forumproceduresarenotseamless(according
to the meaningof the term adoptedin this paper).This differ-
encepreventsapossiblecomparisonbasedonbufferingrequire-
ments,andit is alsoresponsibleof a greatercomplexity in the
forward handover presentedherebecausethe retrieval of cells
from theold EMAS-E requiresadditionaloperations.

A secondmajordifferencelies in therole that theCOSplays
in theprocedures.We assumethatEMAS-Esarenot connected
directlythroughasignalingchannel,andtheCOShastheroleof
checkingtheavailability of resourcesat thenew EMAS-E.The
ATM Forumprocedures,instead,assumethatEMAS-Esaredi-
rectlyconnectedthroughasignalingchannel.Whichsolutionis
superioris difficult to statein general.For instance,if we con-
siderthehandover latency, the relative speedof the two proce-
duresdependson therelative topologicalpositionof EMAS-Es
andCOS.

A furtherdifferencelies in thetime instanttheCOSperforms
the connectionswitch. We assumethat the switch of eachVC
(uplink anddownlink) is independentand is not synchronized
with theMT disassociationfrom theold accesspoint andasso-
ciation with the new one. The ATM Forum, instead,forcesall
theVCs of theconnectionto beswitchedat thesametime, the
time instantbeingsynchronizedbetweenthedisassociationand
thenew association.Onceagainit is hardto statewhichsolution
is superior.

A. In-bandSignalingfor HandoverProcedures

In-bandsignalingis implementedby meansof dedicatedRe-
sourceManagement(RM) cells, similar to thoseusedin the
ABR (AvailableBit Rate)andABT (ATM Block Transfer)ATM
transfercapabilities[29]. Thesecells, termedMobility En-
hancementSignaling(MES) cells,areinsertedin thedataflow
of the connectionwhen needed,and provide the exchangeof
informationamongthenodesalongtheconnectionpath.A pos-
sibleformatof MEScells,compliantwith standardRM cells,is
reportedin [23], [28].

The rationalebehindthe useof in-bandsignalingfor han-
doverproceduresin WirelessATM is threefold.

First of all, MES cells transparentlycrosstheATM switches
of thefixednetwork thatarenotupgradedto handledynamicVC
re-establishment.Thisallowsagradualintroductionin thefixed
network of ATM switchescapableof interpretingMEScellsand
thusparticipatingin theVC re-establishmentprocedure.

Second,thesignalingflow relatedto handover proceduresis
limited to a small numberof network entities,andit is strictly
relatedto theinformationflow. All entitiesinvolvedin thehan-
dover must interpretthe signalingmessages,anddo it in real-
timewhile managingtheinformationflow; asituationfairly dif-
ferentfrom Call Managementor IntelligentNetwork Signaling
in PSTN and ISDN. Sincethe handover procedureoperations
mustbesynchronizedbetweenMT, BSCsandnodesin orderto
granta seamlesshandover, theuseof RM cellsprovidesa nat-
ural framework for protocolsynchronizationwithout the need

for global network or connectionsynchronization.Moreover,
in-bandsignalingensuresthatall andonly theentitiesinvolved
in thehandoverreceive thesignalingmessages,a conditionthat
is hardto reproducewith commonchannelsignaling.

Third, given the poor propagationcharacteristics,the band-
width allocatedover the radio channelshould be somewhat
larger than the SustainableCell Rate(SCR)of the VC, in or-
der to leave capacity for retransmissions.In-band signaling
andretransmissionscanbe statisticallymultiplexedon the ex-
tra bandwidth,thussparingsomeresources.The wired part of
the VC mustbe suitablydimensionedby the network to avoid
mismatchesbetweentheair interfaceandotherinterfaceswithin
thenetwork. This is howevera minor problem,evenin thecase
of synchronousCBR flows: RM cellsarenot consideredby the
AAL (ATM AdaptationLayer) that re-constructstiming infor-
mation.

Finally, considerthat VPI/VCI identifiersare local to inter-
faces,so that a non marginal amountof information must be
transferredbetweennetwork entities to identify the VCs that
must be re-routed. Clearly, in-band signaling simplifies this
problem.

B. Interactionwith OtherMobility RelatedProcedures

Althoughthispaperdiscussesonly handoversvia in-bandsig-
naling,we do not claim that in-bandsignalingis a panaceafor
wirelessATM, nor we disregardthe presenceof other, equally
importantmobility relatedprocedures,like registration,authen-
tication, localization and paging, or call managementproce-
dures,like connectionsetupandrelease.

First of all, somefunctions,like registrationandpaging,are
performedwithoutanactiveuserchannel,hencein-bandsignal-
ing cannotbeused.Wekeptthenetwork architectureasgeneral
aspossiblefrom themobility point of view, without specifying,
for example,wherethemobility data-basesarelocated,or which
entitiesmanagemobility relatedinformationat the application
level. This is doneon purposeto show thathandoversbasedon
in-bandsignalingcanbeappliedin averygeneralscenario.No-
tice that registration,authenticationandsimilar procedures,are
logically separatedfrom handover managementandthe update
of locationdata-basesis bestdonewith commonchannelsignal-
ing. For instance,thenew EMAS-E cando theupdateassoon
asthehandoveris successfullycompleted.

I I I . PROTOCOLS FOR TWO HANDOVER PROCEDURES

In the following, two hardhandover protocolsbasedon in-
bandsignalingarepresented:A backwardhandover anda for-
wardhandover. All otherprotocolsfor theadmissiblehandover
proceduresidentifiedin Fig. 1 canbefoundin [28]; they arenot
reportedherefor thesakeof brevity.

A backwardhandoverprotocolis thestandardprocedureper-
formed by MT when any “normal” reasoncausesthe mobile
userto changeBSC.A forwardhandover protocolis run when
a suddenradio link failure occursandMT attemptsto recover
theconnectionwith anotherBSC.For theformer, weconsidera
network-initiatedprocedure;while for thelatterwe assumethat
thehandoveris startedby MT.

In thepresentedprotocols,in orderto guaranteeloss-freeand
in-sequencecell delivery we proposeto temporarilybuffer data
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Fig. 2. Messageflow of ahardbackwardnetwork-initiatedhandover.

at theBSCs.This approachhasthesignificantadvantageto re-
quire the leastamountof changesat the ATM nodes,andthus
reducethe cost of the mobility featuresimplementation. The
sameprotocolscanbe re-designedwith little modificationfor
bufferingatCOSor EMAS-Es.Somedatamustbestoredat the
MT anyway, but this is aminorconcern.

In thehandoverdescription,thesourceanddestinationBSCs
aredenotedby BSC� andBSC� , respectively, while MT is de-
notedbyMT � while it is connectedto BSC� andbyMT � whenit
isconnectedtoBSC� . Sincein localhandoversonlyoneEMAS-
E is involvedin theprocedure,andthesameEMAS-E behaves
asCOS,all the protocolswill be illustratedonly for the more
generalcaseof globalhandovers.

COS discovery is not discussedherebut can be performed
by usingany of the algorithmsdescribedin the literature[17],
[30], [31], [32]; moreover, COS discovery can be performed
off-line and the resultsstoredin a table, so that the time for
COSdiscoveryduringthehandoveris minimized.

The describedprotocolsassumethat the MT is alreadyreg-
isteredwith thenetwork; in fact,asdiscussedin Sec.II-B, this
taskcannot beperformedwith in-bandsignaling.For thesake
of simplicity, we alsodo not considercall managementproce-
duresthatcanbehandledvia standard(or enhanced)ATM sig-
naling.

A. Backward, Network-InitiatedHandover

Theprotocolmessageflow diagramof a backwardnetwork-
initiatedhandover is illustratedin Fig. 2. Let usconsidera mo-
bile terminalthatmovesfrom thedomaincontrolledby BSC� to
the domaincontrolledby BSC� . WhenBSC� decidesthatMT
hasto performahandover, it sendsaHOR(HandOverRequest)
messageon boththedownstreamandupstreamconnections.

Upon receiving the HOR message,EMAS-E� identifiesthe
COS(time interval 
 ����
������ ), andforwardsthehandover request
to it. The COSverifieswhethera new connectionpathcanbe
openedthroughBSC� . In the successfulcase,the COSsends
the HOC (HandOver Confirm) messageto MT throughBSC� ;
otherwise,thehandoverrequestis refused,andtheCOSsendsa
HOD (HandOverDenied)message.
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AssoonastheHOCMEScell is transmitted,theCOSupdates
thedownstreamroutingtable,andstartssendingthedownstream
dataflow, precededby themessageSDF������� (StartDataFlow
on the DOWNstreamconnection),toward BSC� . Thesecells
are storedin the downstreamhandover buffer at BSC� , until
they canbe deliveredto MT over the radio link (time interval
 ����
�� � � ). Thetransmissionof HOCandSDF������� messagescan
be donealmostat the sametime andthey might be mergedin
the sameMES cell, becausethe transmissionof HOC can be
delayeduntil thedownstreamroutingtablesarereadyto beup-
dated.

While waiting for the HOC message,MT continuessending
(receiving) datacells over the original upstream(downstream)
connection.After receiving theHOCmessage,MT endsits up-
streamtransmissionthroughBSC� by sendingthe EDF (End
DataFlow) message,anddisconnectsfrom BSC� . Theupstream
transmissionis resumedat time instant � � whenthe radio link
is establishedbetweenMT andBSC� ; in the meanwhile,MT
buffers the generatedtraffic in its transmissionbuffer (time in-
terval 
 � � 
!� � � ). Oncethe EDF messagereachesthe COS, the
upstreamrouting table at the switch is updated(time interval
 "#�$
�"#�%� ), andtheULR (UpstreamLink Ready)messageis trans-
mittedto BSC� , to notify thattheupstreamconnectionpathhas
beenre-routed.

After theradiolink is recovered,MT sendstheSDF&�' (Start
DataFlow on theUPstreamconnection)messageandbeginsto
transmittheupstreamdatacells to BSC� , whereasBSC� starts
sendingcellsto MT onthedownstreamradiolink. Cellsarriving
at BSC� from MT arestoredin the upstreamhandover buffer
until ULR reachesBSC� (time interval 
 ���$
!��(�� ). Thehandover
protocolendswhentheSDF&$' messageis forwardedby BSC�
to theCOSon thenew wired connectionpath.
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Thehandovercouldbeterminatedin a slightly differentway,
bufferingupstreamcellsat MT only andresumingtransmission
on the uplink whenthe ULR message(forwardedalsoto MT)
arrives. This is perfectly viable and a protocol providing for
bothsolutionscanbeeasilyenvisaged.We choosethebuffering
at theBSCbecauseit slightly reducesthehandoverlatency, and
wedeemthatbufferingalsoupstreamcellsbesidesdownstream
onesis not a majorburdenfor theBSC.

B. Forward, Mobile-InitiatedHandover

Theneedfor thishandoverconfigurationstemsfrom thepos-
sibility of suddenfailure of the radio connectionbetweenMT
andBSC� , a possibilitythatwith largebandwidthandhigh fre-
quency channelsis muchmorerealisticthanin narrowbandcel-
lular networks. As illustratedin Fig. 3, the MT connectionto
BSC� is not consideredat all; it hasno influenceon the han-
doverproceduresinceweassumethattheconnectionis resumed
througha differentBSC.MT triesto re-connectto thenetwork,
andaBSCdifferentfrom thepreviousoneis contactedat instant� � . For thesake of clarity, in the performanceanalysiswe will
assumethattheconnectionwasinterruptedat time )+* .

Sinceno connectionis active betweenMT andthe network,
theuseof in-bandsignalingto startthehandoverproceduremust
beprecededby a signalingphase(not consideredin this paper)
necessaryfor MT registration. This phasecan be performed
with any signalingproceduresavailable for suchtasksas dis-
cussedin Sec.II-B.

Thetime neededto performthesetasksis highlightedby the
shadedareaboundedby ����
!�,�$
�-$��
!-�� in Fig. 3; in this timeinter-
val, MT hasto notify BSC� thattheconnectionrequestdoesnot
refer to a new connection,but it is for handover purposesand
thatit waspreviouslyconnectedto BSC� .

¿Frominstant � � on, in-bandsignalingcanbe resumed,and
MT sendstheHOR messageto thedestinationBSCit just con-
nectedto. As an acknowledgmentof the resumedoperation,
EMAS-E� sendstheWEL (WELcome)messageto MT, while it
sendstheHRE(HandoverREsume)messageto theCOS,requir-
ing thehandover procedureto beperformed.Thetime interval
 -��$
�-��.� is usedto identify theCOS.Sincein thiscaseBSC� does
not know thepathof theconnectionbeforetheconnectionwith
MT is resumed,this taskmay requirea non-negligible amount
of time.

If the COScannot be found in time, or if the new connec-
tion cannotbeestablished,thenetwork (eitherEMAS-E� or the
COS)transmitsaHOD message;otherwise,it acknowledgesthe
requestedhandoverby sendingtheHOC message.Afterwards,
MT � startstransmittingtheupstreaminformationto BSC� , that
buffers the datauntil the upstreamconnectionthroughthe net-
work is ready.

During thetime interval 
 " � 
!" ( � , COScontactsBSC� andre-
coversthedownstreamandupstreamdatabufferedatBSC� after
the radio link failure. WhenBSC� startsemptyingthe down-
streambuffer relatedto theMT thatis performingthehandover,
it sendsthe BST������� (DOWNstreamBuffer STatus)message
to theCOS.This informationcomingfrom BSC� is forwarded
by COSto MT. TheBST&�' (UPstreamBuffer STatus)message
endsthedataflow to bedeliveredto MT, andstartstheupstream
dataflow that COShasto forward to the remoteterminal. We

pointout thatsinceBSC� cankeepforwardingcellsto theCOS
after the disconnectionof MT, usually the upstreambuffer at
BSC� is empty: in this casetheBST&�' andtheEDF messages
coincideandcanbesentwithin the sameMES cell. The three
messagesBST������� , BST&�' andEDF, arekept logically sepa-
ratein theprotocolfor thesake of completenessandgenerality,
althoughthe upstreambuffer shouldalwaysbe empty. It is an
implementationchoicewhetherto merge someof thesemes-
sagesor not;noticehoweverthatin somesituationtheavailabil-
ity of an upstreambuffer canbe useful, if not necessary. For
instance,if theupstreamanddownstreamradiochannelsareob-
tainedby FDD (Frequency DivisionDuplex), it mayhappenthat
thedownstreamchannelis disrupted,while theupstreamoneis
goodandMT cankeeptransmittingcellswhile trying to contact
a new BST.

After the flow from BSC� ends,COSupdatesthe upstream
routingtablesandsendstheULR messageto BSC� . By sending
theSDF&$' messageto theCOS,BSC� completesthehandover
procedure,andstartsemptyingtheupstreamhandoverbuffer.

With referenceto Fig. 3, startingfrom time "/� , thecellscom-
ing from the connectionremoteendpointshouldbe forwarded
to BSC� , aswell as the cells retrieved from BSC� . Sinceour
choiceis to buffer only at BSC� , not at the COS,an auxiliary
VC mustbeusedto transfercellsfrom BSC� to BSC� .

In forwardhandoverprocedures,thesimplebufferingscheme
providedby BSC� in backwardhandoversis notsufficientto en-
surea losslesshandoverwith in-sequencecell delivery. In order
to deliver thedownstreamcellswith theproperordering,those
retrieved from BSC� must be storedin a queuelogically dif-
ferentfrom thedownstreambuffer usedto collect thedataflow
from the connectionremoteendpoint. Forwardingthe BST&�'
messageto BSC� indicatesthat all cells have beenretrieved
from BSC� , and the two downstreambuffers can be concate-
natedto transmitall cellsin theproperorderto MT.

IV. PROTOCOL VERIFICATION

The protocolscorrectnessis verified by using a formal de-
scriptionbasedon Petrinets(PNs). Examplesof protocolveri-
ficationwith PetriNetscanbefoundfor instancein [33].

Fig.4 reportsaPNdescriptionof thehandoverprotocolillus-
tratedin Fig.2. For the sake of brevity, the PN descriptionof
theotherprotocolis omitted,however its PN validationyielded
thesamepositive resultasfor theprotocolwe discuss.ThePN
descriptionof theprotocolandtheanalysisof thePNproperties
arebasedonGreatSPN[34], asoftwaretool for thedevelopment
andtheanalysisof PN models.

The nameof placesandtransitionsin the PN descriptionof
the handover protocol should be, in general,self explaining,
basedon theprotocoldescriptionprovidedin Sec.III-A. Here,
wejustbriefly commentonsomespecificaspectsof thePNpro-
tocol representationthatmight not bestandard.

In Fig.4 thePN is depictedwith themarking(distribution of
tokensin places)relative to the phasebetweentwo handovers.
Theonly enabledtransitionin this markingis theonethatcor-
respondsto thebeginningof anew handoverin thePN.Thefact
thatnotemporalspecificationsareincludedin thePNmodelim-
pliesthattheprotocoldescriptionis valid for all possibleorder-
ingsof events,thusfor all combinationsof delays(deterministic
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Fig. 5. Referencenetwork configurationadoptedfor performanceevaluation.

or stochastic)betweendifferentprotocolactions.
The resultsof theGreatSPNanalysisof the PN modelshow

that the protocolhas78 possiblestates(markingsof the PN),
noneof which is a deadlock.Similarly, theprotocolcanbeob-
served to always terminatein a finite numberof actions,and
alwaysreturnto theinitial stateafterafinite andlimited number
of messageexchanges.

All placesof thePNarecoveredby P-invariants,andall tran-
sitionsin thePN arecoveredby only oneT-invariant.This im-
pliesthatthepropertiesthatareobservedonthePNreachability
graphcan also be proven with the linear algebraictechniques
typical of PN theory(seefor instance[35], [36] for theproof of
propertiesof PN modelswith structuraltechniques).

In summary, we canconcludethat the handover protocol is
correctlydefined.

V. CONFIGURATION FOR PERFORMANCE EVALUATION

Fig. 5 shows the network setupthat we considerfor perfor-
manceevaluationof handoverprocedures,boththroughthean-
alyticalmethodpresentedin Sec.VI andvia simulation.

We considerglobalnetwork handovers,with two BSCscon-
nectedto theircorrespondingEMAS-Es,andoneCOSconnect-

ing the two EMAS-Es. The times requiredfor COS search-
ing, routingprocedures,andsimilar tasksaredescribedstochas-
tically. We assumehomogeneouscalls consistingof a single
VBR (VariableBit Rate)connection:the extensionto non ho-
mogeneous,multimedia(multipleVCs)callsis cumbersomebut
straightforward,sinceit justconsistsin keepingtrackof themul-
tiple VCs with their different loadsand(if per VC queuingis
provided)of themultiple buffersduringhandover.

Without any lossof generality, simulationsandanalysisare
carried out under the assumptionsthat a TDMA radio inter-
faceis usedandthat the VC rateat the BSCsis controlledby
a GCRA (GenericCell RateAlgorithm) shapingdevice imple-
mentedasVSA (Virtual SchedulingAlgorithm) [29], while the
auxiliary VC usedin forward handoversis a DBR (Determin-
istic Bit Rate)VC, with rateAVCR (Auxiliary Virtual Circuit
Rate).

Simulationresultswere obtainedby implementingthe pro-
posedhandoverprotocolsin CLASS5 [37] andobservingseveral
thousandshandoverprocedures.We point out thatthecell-level
detail providedby CLASSallows for aneffective implementa-
tion of the in-bandsignalingprocedurewith the explicit trans-
missionof signalingmessages,sothattherisk of over-simplified
simulationmodelingis avoided.TableI reportsthedefinitionof
theparametersusedin theanalysis.

Given the kind of analysisthat we perform,eitheron a sin-
gle handover procedureor basedon the numberof handover
performedper BSC, the mobility modelandthe channelradio
propagationcharacteristicshaveno influenceon theresults.

K
CLASSis acell-level simulatorof ATM networksdevelopedat theElectron-

icsDepartmentof Politecnicodi Torinoin cooperationwith CSELT (theresearch
centerof TelecomItalia) and the TechnicalUniversity of Budapest;CLASS
standsfor Cell Level ATM network ServicesSimulator;it is entirelywritten in
C languageandportableon mostcomputingplatforms.InformationonCLASS
is available at the URL http://www1.tlc.polito.it/class.html,
anddetailsaboutthesimulationscanbeobtainedvia e-mailfrom theauthors.
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TABLE I

PARAMETERS USED IN THE HANDOVER ANALYSIS.

PCR,SCR PeakandSustainableCell Ratesof VBR connections;theformeris setequalto theradiolink capacity.
AVCR Cell rateof theauxiliaryDBR VC.LNM

Averageofferedloadperconnection.
"PO Cell propagationdelayover theradiolink.
" REG Registrationphaseduration([ -��RQS-$� ] in Fig. 3).
TUPD Timerequiredto updatetheroutingtablesof theATM switchandbuild theincrementalpath

of theongoingconnection.
" COS Timerequiredto identify theCOS([ - � QT- � ] in Fig. 3).

� SCR, � PCR, � AVCR Time interval betweentwo consecutivecell transmissionsat PCR, SCR,andAVCR rate,respectively.U
COS,

U
BSC,

U
MT MES cell processingdelayat theCOS,atBSC,andat MT.V

MES 
 V mes TimebetweenaMES cell generation(arrival) at theMT (BSC)andits transmissionover theradiolink;
it assumesvaluesuniformly distributedover 
 WX
�� SCR� .Y[Z\ , Y \ Cell propagationdelaybetweenBSC\ andEMAS-E\ , andEMAS-E\ andtheCOS,respectively.

VI . ANALYSIS OF TIME DELAY AND BUFFER

REQUIREMENTS

In this sectionwe presentananalyticalmethodfor theevalu-
ationof themaximumadditionaldelayintroducedby handover
procedures(akey performanceparameterfor realtimeservices),
aswell asbuffer requirementsfor a singlehandover procedure
at theBSCs.As shown in thefollowing, thetwo parametersare
tightly coupled.Hintsonthepossibilityof analyticallycompute
someperformanceparametersof handoverprocedureswereal-
readygivenin [24], andsomeresultsappearedin [38] thatmake
useof a similar methodology. The latter, however, allow only
for a worst caseanalysisof delays,that in most casesare far
from real values;moreover, no evidenceis given (e.g., mea-
sures,simulationexperiments)thatthederivedworstcasevalue
is consistentwith any implementation.

Theanalysisis presentedfor thecaseof theforward,mobile-
initiatedhandoverproceduredefinedin Sec.III-B (i.e., themost
complex procedurewepresented),but it is quitegeneralandcan
beappliedto any handoverprocedure,regardlessof theadopted
signalingtechnique.Theonly simplifying assumptionwe make
is that the upstreambuffer at BSC� is emptywhenMT recon-
nectsto the network: this is a reasonableassumptionand, as
discussedin Sec.III-B, is confirmedby simulationresults.

Therationaleof theanalysisis thecomputation,for eachcon-
sideredbuffer, of thetime interval, denotedby ] , duringwhich
eachbuffer involvedin theprocedureis filled andemptied.The
maximumbuffer occupancy ^ is inferred basedon the differ-
ential flow of cellsenteringthebuffer underexamination.The
subscripts_a` bJ` c refer to Downstream,UpstreamandAuxiliary
buffers, respectively; the superscriptd �3` ��e refersto BSC 1 and
2, respectively. All quantitiesarerandomprocessesandarede-
finedin TableI.

Referringto Fig. 3, thetime instant )+* at BSC� identifiesthe
suddeninterruptionof theradiochannel.From ) * onwardsthe
dataflow transmittedby the remoteuserto BSC� can not be
deliveredto MT andcells have to be storedin thedownstream
bufferatBSC� . Cellsarebuffereduntil thetimeinstant)�� , when
thebuffer startsto empty. Thus,cellsarebufferedat BSC� dur-

ing thetime interval

] (1)f g%h ` g%i jlk " REG m "XO m V
HOR m Y � m Y Z� m Y � m Y Z�

m U
BSC mon U EMAS-E m U

COS m " UPD m " COS p (1)

By assumingthat U COS,
U

EMAS-E,
U

BSC arenegligible, weobtain

] (1)f g h ` g i j k " REG m " O m V
HOR m Y � m Y Z� m Y � m Y Z� m " UPD m " COS p

(2)
Therefore,themaximumnumberof cellsthatarebufferedin the
downstreambuffer at BSC� is

^ (1)
D

k ] (1)f g%h ` g%i jCq Lsr
t n t (3)

where424 are the bits in one ATM cell. ¿Fromthe time in-
stant )�� , BSC� startstransmittingthebufferedcells to BSC� at
AVCR; then,thetimenecessaryto emptythedownstreambuffer
is ] (1)f g i ` g%uvj k ^ (1)

D
q � AVCR p (4)

The whole time occupancy of the downstreambuffer at BSC�
canbewrittenas

] (1)
D

k ] (1)f g%h ` g�wxj m ] (1)f g%i ` g u j (5)

in accordancewith theassumptionof negligible cell processing
times.

As describedin Sec.III-B, thecellsfrom BSC� aredelivered
to MT by BSC� over the radio link at PCR. If AVCR y PCR,
cellsarestoredin theauxiliarydownstreambuffer atBSC� ; oth-
erwisecells just passthroughthis buffer. The time neededto
deliverall cellscomingfrom BSC� to MT is

] (2)
A

k{z ^ (1)
D m}|�~ � PCR (6)

whereoneadditionalcell representingthe SDF������� message
mustbe addedto ^ (1)_ . The maximumnumberof cells buffered
in theauxiliarydownstreambuffer is

^ (2)
A

k ^ (1)
D m}|

AVCR
z AVCR Q PCR~ p (7)
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Cells coming from the remoteuserandsentby the COSto
BSC� can not be transmittedto MT until the cells flow from
BSC� ends.By takinginto accountthetransmissionof BST&�' ,
andneglectingprocessingtimes,theinterval duringwhich cells
mustaccumulatein thedownstreambuffer atBSC� is derivedas

] (2)f �,� ` �,�,j�k Y � m Y Z� Q Y ��Q Y Z� m Y � m Y Z� m Y � m Y Z�
m�n U BSC mon U EMAS-E m U

COS m ] ( �!e
A m � AVCR

k n z Y � m Y Z� ~/m ] ( ��e
A m � AVCR p (8)

For thedownstreambuffer occupancy at BSC� , we obtain

^ (2)
D

k ] (2)f � � ` � � j q LNr
t n t p (9)

Sincefrom time instant ��� the cells storedin the downstream
buffer at BSC� are forwardedto MT at PCR, while the data
flow from the remoteuserarrivesat BSC� at rate

L r
, the total

time during which the downstreambuffer is usedby the MT
connectionis

] (2)
D

k ] (2)f �,� ` �,�,j m ^ (2)
Dz PCR Q LNr ~ p (10)

By referringagainto Fig. 3 andneglectingtheprocessingtime,
the time period during which cells are storedin the upstream
buffer at BSC� andcannot beforwardedtowardtheCOSis

] (2)f �,� ` ��wBh,j k ] (2)
A m Y � m Y Z� m Y � m Y Z� m " UPD mon � AVCR

Q n " O Q V��.�X� &�' Q V.�#��� p (11)

Themaximumnumberof cellsthatarebufferedin theupstream
buffer is computedby consideringthatduring the time interval
 ����
������ thebuffer is filled by MT at SCR,

^ (2)
U

k ] (2)f �,� ` ��wBh,j
� SCR

q t n t p (12)

After instant ���v* , BSC� startsemptyingtheupstreamhandover
buffer atPCR; thus,thisbuffer is usedby theMT connectionfor
a total time equalto

] (2)
U

k ] (2)f �,� ` ��w�h�j m ^ (2)
Uz PCR Q SCR~ p (13)

We noticethat the rateat which the upstreambuffer is filled is
consideredequalto SCRsincewe claim thata greatamountof
cells arestoredin the MT transmissionbuffer dueto the radio
channelinterruption(we areconsideringhardhandovers). Fi-
nally, undertheassumptionthattheMEScell processingtime is
negligible, we derive thedelaydueto thewholehandover pro-
cedureas

�
HO

k " REG m V
HOR m "PO m " COS mon " UPD m�n z Y � m Y Z� ~/m

] (1)f g u ` g3��j m�n � AVCR m�� z Y � m Y Z� ~ p (14)

VI I . NUMERICAL RESULTS

We presentheresomeselectedresults,highlightingthemain
characteristicsof the handover proceduresdefinedin Sec.III.

The network scenariois the one definedin Sec.V. First, in
Sec.VII-A, resultsobtainedthroughthe analysissketchedin
Sec.VI arediscussedandcomparedwith thoseobtainedby sim-
ulation; then, in Sec.VII-B, additionalinsight is provided by
comparingthe buffering requirementsof the two differentpro-
ceduresin thepresenceof concurrenthandovers. Theseresults
cannot be obtainedanalyticallybecauseconcurrenthandovers
introducecomplex correlationsin buffer dynamics.

Eq. (14) clearly statesthat the overall delay introducedby
the handover dependsonly on the sumof transmissiondelays
betweenthe BSCsand the COS; (2)–(12), show that also the
buffer occupancy dependson the sum of transmissiondelays
only, not on their difference.Thus,we presentresultsonly for
thespecialcase

Y � k Y � (from now on denotedby
Y �%` � ) andY[Z� k Y�Z� 6.

Unlessotherwisestated,the valuesof the parametersused
to obtainthe numericalresultspresentedin this sectionarethe
following: PCR=2.0 Mbit/s, SCR=1.9Mbit/s,

LNr
=1.8Mbit/s,Y[Z� = Y[Z� =0.25ms, "XO =8.5 � s (this valuecorrespondsto roughly

2.4km radius,probablytoo large for a micro-cellularenviron-
ment; however, when smaller delaysare considered,perfor-
manceimproves); " REG is a uniform randomvariablewith sup-
port 
 W p n 
!W p � � ms (thus with meanvalue 0.5ms), and " COS is
uniformly distributedwith meanvalueequalto � p � Y � ms, the
supportbeing 
 Y � 
 | W Y � � ms. " UPD is assumedto be exponen-
tially distributedover the rangeof values[2,10]ms,with aver-
ageequalto 4ms7; whereasAVCR and

Y �%` � aretakenasvari-
ableparameters.

A. AnalyticalResults

Eq.s(3), (7), (9) and(12) give a stochasticdescriptionof the
buffer neededto guaranteea losslesshandoverprocedure,while
(14) describestheoverall durationof thehandover itself. If the
handovermustnot beperceivedby theuser, regardlessthetype
of servicethe useris receiving from the network, its duration
mustbekeptwithin a few tensof milliseconds.Oneinteresting
fact is that both buffer occupancy andhandover durationgrow
linearlywith thepropagationdelaybetweenBSCsandtheCOS:
Handoverscanbesafelyhandledevenif there-routingpoint lies
hundredsof kilometersaway from theBSCs.

Let usnow concentrateon thehandover duration. Retracing
theanalysisof Sec.VI on thebackward,network-initiatedpro-
tocol (seeSec.III-A) yields

���
HO

k V
HOR m V

HOC m V
EDF m�� " p mon " UPD

m�� z Y � m Y Z� ~/m�n z Y � m Y Z� ~ (15)

wherethe superscript
�

is to differentiateit from the delayex-
pressedby (14) that refersto theforwardhandover. In orderto
comparethe two proceduresthe Probability Density Function
(PDF)of

�
HO and

� �
HO mustbecomputed;we obtainedthemby

numericalconvolution startingfrom the PDFsof the termson
theright handsideof (14) and(15). A closelook to thesetwo�

The analysiscarriedout on the backward, network-initiatedprocedure(not
reportedherefor thesakeof brevity) showedthattheupstreambuffer occupancy
is still a functionof thesumof the propagationdelays;while, thedownstream
buffer occupancy is lesscritical anddependson the difference �I� ��� �a ��¡C¢�@� ��� �  � ¡ .£

Wetook thesevaluesfrom measuresreportedin [39].



9

0

30

60

90

120

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

[m
s]¤

D’’ [ms]

backward procedure

Av
Pc

0

30

60

90

120

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

[m
s]¤

D’’ [ms]

forward procedure - AVCR = 8 Mb/s

Av
Pc

Fig. 6. Comparisonof the handover durationfor the backward and forward
procedures(AVCR=8Mbit/s), for increasingvaluesof ¥ UPD: Average(Av)
ando ¦%§�¨ (Pc).

equationsshows that the average,aswell asany constantper-
centilevalue,arelinearfunctionsof

Y[© k Y � m Y�Z� k Y � m Y�Z� ,
o ª¬« k}­ Y[© m�®

where o ª¯« is the N-th percentileof the delay distribution,
o �$W « being the meanvalue. For the backward handover we
have ­°k � , while for theforwardhandover thevalueof ­ de-
pendsonAVCR.

Fig. 6 reportssomesamplesof theaveragevalueof
�

HO and� �
HO aswell astheir 95-thpercentilesasfunctionsof

Y[©
. Plots

report the resultsof the analysiswhen " UPD is a shifted, trun-
catedexponentialdistributionwith minimumandmaximumval-
uesequalto 0.5and2.5timesthemeanvalue,respectively. The
forwardprocedureis studiedfor AVCR=8Mbit/s. Theaverage
valuesconsideredfor " UPD are2, 4, and8 ms; the curveswith
higherdelayareclearlythosewith higher " UPD.

Fig. 7 shows the behavior of the forward handover duration
(o ± � « only) asa functionof theauxiliary link rateAVCR. The
assumptionsusedto derive theseresultsarethesameasbefore.
Differentcurvesfamilies(indicatedby usingdifferentlines)re-
fer to differentdelays

Y[©
, whiledifferentcurveswithin thesame
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Fig. 7. Forwardhandover durationasa functionof AVCR for differentvalues
of �a³ and ¥ UPD.

family referto differentvaluesof " UPD, againwith higherdelays
correspondingto higher " UPD values. The plots show that the
optimal choicefor AVCR is 3–4 timesthe connectionPCR;a
furtherbandwidthincreaseon theauxiliaryVC resultsonly in a
marginalreductionof thehandoverduration.Similar resultscan
be obtainedfor any delay interval or buffer occupancy value;
however, wedeemthattheoveralldurationgivesenoughinsight
into theprotocolbehavior.

In order to gain confidencein the accuracy of the analyti-
cal results,we comparesomevalueswith simulationresults.
It was not possibleto comparethe whole set of curves with
similar onesobtainedby simulationsincesimulationsarequite
long. Evenassumingvery high handover ratesresultingin sev-
eralhandoverspersecondperconnection8, collectingresultson
just a few thousandhandoversrequirethesimulationof several
minutesof network operations,with thetransferof hundredsof
millions of cells.

TablesII–III reportthevaluesobtainedwith bothanalysisand
simulationfor severalperformancefiguresin thecaseof forward
handover: " UPD assumesthedefaultdistributionand

Y �%` � varies.
Averagevaluesarecomparedfor all variables;andin the case
of thehandoverdurationalsothepercentilesarepresented.

The agreementof the analysisand simulationresultsis re-
markable,andin any caseanalyticalresultsarewell within the
simulationconfidenceintervals, that,given the limited number
of samplesavailable,areno betterthan ´ | W % with 90% con-
fidencelevel. The samesatisfactoryagreementwas found for
thesimplerbackwardhandoverandfor cellsstoredin thedown-
streambuffers.

B. AdditionalSimulationResults

Simulationstudiesarealsocarriedout to assess,with quan-
titative performanceresults,thefeasibility of theproposedhan-
µ
We useda very large handover ratein orderto reducethe simulationtime.

This is equivalent, thoughsimpler, to disregardwhat happensbetweensucces-
sive handovers. Notice that this is alsoa proof of robustnessfor the handover
procedure,thatcaneasilyscaleto veryhighhandover rateswithoutaffectingtoo
muchtheconnectionqualityof service.
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TABLE II

AVERAGE VALUE OF THE MAXIMUM NUMBER OF CELLS STORED IN THE

UPSTREAM BUFFER AT BSC � FOR AVCR=2, 4, 8, 16 MBIT/S.

Y �%` � [ms] AVCR=2 Mbit/s AVCR=4 Mbit/s^ (2)
U ^ (2)

U

analys. simul. analys. simul.
0.5 61 60 40 41
5 236 226 139 144
50 2000 2057 1205 1156

AVCR=8 Mbit/s AVCR=16Mbit/s^ (2)
U ^ (2)

U

analys. simul. analys. simul.
0.5 29 23 23 18
5 92 100 67 79
50 724 667 484 442

TABLE III

MEAN VALUE AND 95-TH PERCENTILE OF THE TIME DELAY DUE TO THE

FORWARD HANDOVER PROCEDURE FOR AVCR=2, 4, 8, 16 MBIT/S.

AVCR=2Mbit/sY �%` � [ms]
�

HO [ms] o ± � « [ms]
analys. simul. analys. simul.

0.5 24.4 24.6 31.7 36.2
5 104.3 97.1 132 140
50 912.7 877.2 1171 1271.6

AVCR=4Mbit/sY �%` � [ms]
�

HO [ms] o ± � « [ms]
analys. simul. analys. simul.

0.5 19.6 19.9 27.2 30.7
5 83.0 79.9 107.1 110.9
50 722.8 690.8 938.5 1000.8

AVCR=8Mbit/sY �%` � [ms]
�

HO [ms] o ± � « [ms]
analys. simul. analys. simul.

0.5 17.7 17.9 24.6 26.6
5 72.3 68.8 95 95.4
50 627.9 604.5 830.2 862.3

AVCR=16Mbit/sY �%` � [ms]
�

HO
o ± � « [ms]

analys. simul. analys. simul.
0.5 16.6 17.1 23.3 25.2
5 67.0 64.8 89.4 89.5
50 580.4 565.1 781.6 797.7
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Fig. 8. Backward,BSC-initiatedHandover: PDFof upstreamanddownstream
buffer occupancy atBS� .
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Fig. 9. Forward, MT-initiated Handover: PDF of upstreamanddownstream
buffer occupancy atBS� .

doverprotocols.
While theanalysisgivesdetailedinsightinto thebehavior of a

singlehandoverprocedure,it fails to describethebuffer require-
mentsof severalparallelhandovers. Our referencescenarioal-
lows only for handoversthat, given the destinationBSC,have
all the samesourceBSC, but the resultsare still valid also if
sourceBSCsaredifferent. We chooseto fix the maximumal-
lowednumberof handoversperdestinationBSCto 8. Simula-
tions wererun for a periodof time coveringseveral thousands
handovers,thusgiving goodconfidencein theresults.Thenet-
work loadandhandoverratearetunedto giveahandoverblock-
ing probability equalto 2%: A fairly high value,meaningthat
destinationsBSCsareunderstress.All resultsshow thebuffer
occupancy resultingfrom all the active handoversat any given
time,thusrepresentingthebuffer requirementsatBSCto handle
up to 8 handoversat thesametime.

Fig.s8 and9 show thePDFsof theupstreamanddownstream
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Fig. 10. Forward, MT-initiated Handover: PDF of downstreambuffer occu-
pancy at BS� andauxiliary buffer occupancy at BS� .

handover buffers occupancy at BS� in the caseof backward
and forward handovers, respectively. Resultsare derived forY �3` � =5ms, and, in the caseof forward handover, for several
valuesof AVCR. As expected,thebuffer occupancy is lesscrit-
ical in backward than in forward handovers; for the upstream
buffer thedifferenceis striking. Indeed,in forwardprocedures
the channeldisruptiontime is muchlonger, asreflectedby the
downstreambuffer occupancy. However, the upstreambuffer
occupancy is threeordersof magnitudelarger:A proportionthat
is not dueto differentoverall durations,but to the fact that the
canneltransitionwasnot preparedin advance. We noticethat
usinga largecapacityauxiliaryVC (AVCR=16Mbit/s) helpsin
keepingtheupstreambuffer occupancy low.

Fig.10 presentssimilar curves for the two buffers that are
presentin forward proceduresonly. The downstreambuffer
at BS� and the auxiliary downstreambuffer at BS� . As ex-
pected,the former is practically independentfrom AVCR be-
causeits maximumoccupancy is reachedbeforethe auxiliary
VC startsdraining cells from it, while the latter is empty for
AVCR=2 Mbit/s but its occupancy grows asAVCR increases.
Lookingat thepresentedresults,wecanconcludethatanauxil-
iary VC 4–5timesfasterthantheconnectionPCRyieldsthebest
tradeoff betweenhandoverperformanceandnetwork resources
usage.Indeed,thelargerthebandwidthof theauxiliary VC the
shorterits life; therefore,a largerbandwidthauxiliaryVC is not
a realwasteof resources.

VI I I . CONCLUSIONS

This paperpresentedan in-bandsignalingsolution for han-
dover managementin integratednetworks supportingmobile
services. The network core infrastructureis supposedto be
ATM, andthe ATM VC is extendedall the way to the mobile
terminal,thusmakingthescenarioanintegratedWirelessATM
network.

In-bandsignalingis anovel signalingtechniquefor handover
proceduresfirst proposedby the authors,and its advantages
anddisadvantagesfor the supportof ATM network handovers

was briefly discussed,pointing out that it must be integrated
with otherproceduresto supportmobility relatedfunctionalities
whenuserconnectionsarenot active.

Two handoverprocedureswerepresented,onefor a network
initiatedbackwardhandover, theotheronefor amobileinitiated
forwardhandover. Thehandoverprotocolswerealsocompared
with the ATM Forum Draft Standardandwith otherproposals
appearedin theliterature,showing that,besidesthein-bandsig-
nalingapproach,theproceduresareoriginalandinnovative.

Performanceof the handover procedureswasevaluatedboth
in termsof channeldisruptiontime, resultingin additionalde-
lay addedto the VC cells, and in termsof buffering require-
mentsposedto thenetwork to ensurea losslessprocedurewith
in-sequencecell delivery. This featureis extremely important
for dataandmultimediaservices,but sofar it waslittle consid-
ered.

Performanceevaluation was carried out both analytically,
with a simplemethodintroducedin thepaper, andthroughde-
tailed discrete-eventsimulations.Simulationshadthe purpose
of i) validatingtheapproximateanalysis,andii) showing thevi-
ability of in-bandsignalingwith an implementationof thepro-
tocols.

Thecontributionof thispaperlies in two separateareas.First
of all it presented,discussedandshowedthefeasibilityandgood
performanceof handoverproceduresbasedonin-bandsignaling
insteadof commonchannelsignaling. Theseprocedureshave
significantadvantagescomparedwith commonchannelsignal-
ing ones,speciallywhen losslesshandoverswith in-sequence
cell deliveryarerequired.Thepossibilityof combiningin-band
signalinghandoverswith commonchannelsignalingnecessary
for otherprocedureswasalsodiscussed.Thesecondcontribu-
tion is relatedto performanceanalysis. The paperpresented
a simple analytical approachto evaluate the handover dura-
tion andotherinterestingperformancemeasures;theanalytical
methodwasvalidatedagainstresultsobtainedthroughanevent-
drivencell level ATM simulator. The approachwasappliedto
the proposedhandover protocols,but can be usedto evaluate
any otherproceduresaswell.
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