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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 technigues. Then, loss-free protocolsfor the handover
proceduresare presentedand compared with existing proposals. The sec-
ond part of the paper is devoted to performance analysis of the handover
procedures. A generalmethodologyfor evaluating handover delaysand re-
quiredbuffer capacityisintr oducedand exemplifiedfor oneof the protocols
intr oducedbefore. Numerical resultsgive insight into the handover proce-
dure characteristicsand are compared with estimatesprovided by detailed
discrete event simulations for validation purposes.Finally, additional sim-
ulation resultsare presentedfor parallel, concurrent handovers, evaluating
the requirementsposedto the network by differ ent handover procedures.

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

|. INTRODUCTION AND MOTIVATIONS

Mobile communicationsare now mature to offer paclet
switchedandbroadbandervices GPRS(GeneraPacket Radio
Service)1], [2] will beofferedsoonin Europe WAP (Wireless
Application Protocol)sitesstartoffering WWW accesgo mo-
bile terminalsthathave thesizeof anormalmobilephone while
UMTS (UniversalMobile TelecommunicatioiBystem)icenses
arebeingauctionedoy GovernmentsTheactiities of themain
standardizatiobodies,like ITU-T, ETSI andATM Forum,on
thenext generatiorcellularsystemsareall characterizedy the
clear aim to provide multimedia services,with the ability to
supportconnectionsat 2 Mbit/s and above. Specificresearch
projectslike thosedescribedin [3], [4], [5], [6] are studying
and prototypinglarge bandwidth(up to 25Mbit/s) cellular net-
works, integratedwithin B-ISDN, shakingthe traditional idea
thatmobile networksmustbenarravbandandspecialized Sim-
ilar works concentraten the integrationof mobility within the
TCP/IPInternetprotocolsuite[7].

The requirementgosedby standardsand the relevant fu-
ture role of dataservices,are hints to the fact that one of the
candidat@echnologiedor cellularsystemsntegratedwithin B-
ISDN is ATM. Two different approachegan be obsened in
ATM basectellularnetworks. Thefirst oneis supportednainly
by the ATM Forum[8]; it involvesthe presenceof ATM con-
nectionsthroughthe radio interface,up to the mobile enduser
The secondone, preferredby more traditional standardization
bodieslike ITU-T andETSI, andreflectedin IMT 2000[9] and
UMTS[10], involvesthepresencef ATM only in thefixedpart
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Fig. 1. Classificatiortreeof handwer procedures.

of themobilenetwork, thusavoiding thetransporof ATM cells

over the wirelesslink. This paperdealswith a network archi-

tectureconsistentvith thefirst approachneverthelessmostof

thework describedherecanbe extendedo thesecondapproach
with little effort. Network architecturesonsistentand similar

to theonewe considemwereadoptedn severalpaperghatstudy
theoverall signalingarchitecture§3], [11], [12], [13].

The introductionof handwer proceduresn ATM networks
hasnormally a deepimpacton the transportandcontrol planes
in termsof modificationsto standardsignalingand switching
functions[11], [14]. We thereforgproposeheuseof thein-band
signalingtechniquewhich limits thesemodificationssincesig-
naling relatedto specificprocedureslike handwers,cantrans-
parentlycrossATM switchesthatarenot enhancedvith mobil-
ity functions. Somemodificationsare still neededto manage
proceduresvhenthereareno communicationgctive.

Multi-service,paclket basechetworks, shouldsupportseveral
typesof handwerproceduresin orderto provide mobility to all
possibleservicesFig. 1 reportsaclassificatiortreefor handwer
proceduresthe ATM Forum proposed classificatiof15], [16]
(whosenamingwe adopthere)and a similar one is reported
in[17]. Also, handaersshouldpreferablybeseamlessin order
to minimize servicedisruption,speciallyfor dataservices.

LIn this work, the term seamlesfiandwer proceduresefersto thoseproce-
duresthat guarantedoss-freeandin-sequencelelivery of cells; otherauthors
sometimesisethe sametermwith a differentmeaning.



Seamleshandwersin ATM networks posea relevant prob-
lemin the synchronizatiorof the procedurdor in-sequenceell
delivery; this problemis notrelevantin PCM (PulseCodeMod-
ulation) basedhetworks[18], [19], wherethe PCM frameitself
can be usedfor synchronization.ATM networks do not have
explicit meandor synchronizatiorandinformationre-ordering;
cell headerglo not containcountersandareall identicalto one
another During seamlestandwers,eithersoftor hard,aprob-
lem arisesdueto theimplicit VC meigingembeddedh any han-
dover scheme. ACTS researchprojectslike RAINBOW [20]
andMagic WAND [21] foundthatcell mis-orderingdueto non-
synchronized/C meigingis commonduringhandwer, asit was
alsorecognizedn[11], [22]. Thereasorgenerallyliesin differ-
entpropagatiorandprocessinglelaysof commonchannelsig-
naling messagesThe useof explicit synchronizatiorinforma-
tion (delimitersand packet counters)within the userdataflow
seemdto be the only solutionto the problem. The useof in-
bandsignalingprovides a naturalframework for synchroniza-
tion, sincethe dataflows are delimited by the handwer mes-
sageshemseles.

This paperpresentsa comprehensie work aimedat defining
possiblesolutionsand a generalanalysismethodfor network-
level handwer protocolsin integratednetworks. Within this
framewvork somedetailedprotocolsfor the control of handwer
procedureperformedby usingin-bandsignalingarepresented
and analyzed, extending and completing the ideas proposed
in [23], [24], [25]. Also, resultsfor concurrenhandwersat the
sameaccesgoint arederived. In [23] theideaof in-bandsig-
nalingfor handwermanagemenwasfirst sketchedfor a simple
handwerschemesimilarto thoseof 2ndgeneratiorcellularnet-
works. Thework in [24] presentea detailedsimulationanaly-
sis of buffer requirementdor a singlehandawer procedurewith
variablenetwork parameterfor thesamehandwerschemeson-
sideredin [23]. In [25] the needfor differentnetwork handwer
schemesn a mobile, integratednetwork, and an early version
of thehandwerclassificatioradoptechere,wereillustrated.

We claim that the in-bandsignalingapproachfor handwer
managemenhasnot beenconsideredhoroughlyin the litera-
ture; thus, the definition, validation,analysis,andimplementa-
tion in a simulatedenvironmentof handwer proceduredbased
onin-bandsignalingis anoriginal contribution of thiswork. The
performanceof the handwer proceduress shavn to be good
andthecompleity is comparablavith thatof otherschemesin
addition, the paperproposes novel, simple analyticalmethod
for performanceavaluationof handwer procedures.This ap-
proachis notspecificfor in-bandsignalingandrepresents use-
ful tool for the evaluationof generahandwer procedures.

Il. THE NETWORK REFERENCE M ODEL

Handover proceduregndrelatedprotocolsareheavily influ-
encedby the network architecture.For instance,in GSM-like
and CDMA-basedcellular networks handwer proceduresare
fairly different. The network architectureconsiderechereim-
plies a completeintegration of mobile terminals(MTs) within
the ATM network, andwasdescribedn detailin [23]. Notice
that, on the onehand,the network modelis purposelynot very
detailedto abstracthe proceduredrom ary implementatioror
unnecessargetail; on the otherhand,the proceduresvereim-

plementedn acell level, detailedATM network simulator(see
SecV) ensuringhatthey work properlyin anATM network.

The key aspectof the considerechetwork architectureare:
i) handwer proceduresnustbe handledat the ATM level and
must be independenfrom the underlying radio level, and ii)
connectionre-routingmust be performedefficiently and with-
out resourcewaste. The first point doesnot imply that radio
level handaer proceduresreeitherabsenbor irrelevant, rather
thatATM level handwerproceduresandreroutingoperatende-
pendentlyof thelayersunderneathiFor example theradiointer-
facecanexploit a CDMA techniqueandmacrodversity canbe
usedattheradiolevel ensuringhighreliability andsmoothtran-
sitionsfrom onephysicalinterface(antennar BaseTransceier
Station— BTS) to the next one: only whenthe mobile crosses
theborderbetweerdomainsmanagedy differentBaseStation
Controllers(BSC),anATM level handwerprocedurds needed,
justlikein GSM networkswhereMSC (Mobile SwitchingCen-
ter) manageshehandwerprocedurenly whenMT crossesghe
boundanbetweerntwo BSCsareas.

The protocolarchitecturemustprovide for a wirelesscontrol
and mobility control layer, but no other requirementsare im-
posed.The handwer managemengxploits the incrementaVC
re-establishmergpproachTheVC routeis dynamicallyrecom-
putedduring the handwer, breakingthe VC in a suitablenode
andre-establishingts terminalportion startingfrom this node.
BSCsaretraffic concentratoranddo not have routing capabil-
ities; the nodesto which BSCsare connectedare termedEnd-
UserMobility SupportingATM Switch at the Edge(EMAS-E)
andthe nodethat performsthe connectiornre-routingis named
Cross-Oer Switch (COS),adoptingthe ATM Forumterminol-
0gy?. The assumptiorthat BSCsdo not have routing capabili-
tiesis notrestrictive, sincea BSC with routing capabilitiesjust
concentratethefunctionalitiesof BSCandEMAS-E.

As discussedn [23], two handwer typescanbe ervisaged,
involving a different numberof network entities: in the first
case,both the source BSC (BSC;) and the destinationBSC
(BSG,) areconnectedo the sameEMAS-E, originatinglocal®
handwers;in the seconctasethetwo BSCs(BSG, andBSG)
are connectedo differentEMAS-Es, originating global* han-
dovers.Thelatter constitutea crucial pointtowardthe objective
of anintegratedmobilenetwork wherethe usercanfreely roam
throughthe network, moving from one subnetand operatorto
another As a generalrule in protocol definition, we assume
thatthe switchesof anintegratednetwork incorporatingmobil-
ity servicesshouldnot be burdenedwith too muchoverheador
mobility managementBSCshouldundertale mobility manage-
menttasksasfaraspossible.

Without the pretenseof beingexhaustie in the discussiorof
theliterature we only compareour approactwith thedraft stan-
dardof the ATM Forum[8].

The ATM Forum considersa mobileinitiated backward han-
dover, while herewe present networkinitiated backward han-
dover. The differenceis maminal; we definedthe mobile ini-

2 Although we often adoptATM Forum terminologyfor the sale of clarity,
we do not claim that the work presentechereis compliantwith ATM Forum
specifications.

3Intra-EMAS-Ehandaer in ATM Forumjargon.

4nter-EMAS-Ehandwerin ATM Forumjargon.



tiated backward handwer in [28] andthe interestedreadercan
referto that document. ATM Forum proceduresre described
by assuminghatEMAS-E andBSC areembeddedn the same
device.

Apart from the signalingtechnique the first striking differ-
enceis thatATM Forumproceduregarenotseamlesgaccording
to the meaningof the term adoptedn this paper). This differ-
encepreventsapossiblecomparisorbasedn bufferingrequire-
ments,andit is alsoresponsibleof a greatercompleity in the
forward handwer presentecherebecausehe retrieval of cells
from the old EMAS-E requiresadditionaloperations.

A secondmajordifferenceiesin therole thatthe COSplays
in the proceduresWe assuméahatEMAS-Esarenot connected
directlythroughasignalingchannelandthe COShastherole of
checkingthe availability of resourcestthe new EMAS-E. The
ATM Forumproceduresinstead assumehatEMAS-Esaredi-
rectly connectedhroughasignalingchannel Which solutionis
superioris difficult to statein general.For instancejf we con-
siderthe handwer lateng, the relative speedof the two proce-
duresdepend®n the relative topologicalpositionof EMAS-Es
andCOS.

A furtherdifferencdiesin thetime instantthe COSperforms
the connectiornswitch. We assumehat the switch of eachVC
(uplink anddownlink) is independenaindis not synchronized
with the MT disassociatiofrom the old accesgoint andasso-
ciationwith the new one. The ATM Forum, instead forcesall
the VCs of the connectiorto be switchedat the sametime, the
time instantbeingsynchronizedetweerthe disassociatioand
thenew associationOnceagainit is hardto statewhich solution
is superior

A. In-bandSignalingfor Handover Procedues

In-bandsignalingis implementecdy meansof dedicatedRe-
sourceManagemen{RM) cells, similar to thoseusedin the
ABR (AvailableBit Rate)andABT (ATM Block Transfer)ATM
transfer capabilities[29]. Thesecells, termed Mobility En-
hancemensignaling(MES) cells, areinsertedin the dataflow
of the connectionwhen needed,and provide the exchangeof
informationamongthe nodesalongtheconnectiorpath. A pos-
sibleformatof MES cells,compliantwith standardRM cells,is
reportedn [23], [28].

The rationalebehindthe use of in-bandsignalingfor han-
dover proceduresn WirelessATM is threefold.

First of all, MES cellstransparentlcrossthe ATM switches
of thefixednetwork thatarenotupgradedo handledynamicvVC
re-establishmenthis allows a gradualintroductionin thefixed
network of ATM switchescapableof interpretingMES cellsand
thusparticipatingin the VC re-establishmergrocedure.

Secondthe signalingflow relatedto handwer proceduress
limited to a small numberof network entities,andit is strictly
relatedto theinformationflow. All entitiesinvolvedin the han-
dover mustinterpretthe signalingmessagesanddo it in real-
time while managingheinformationflow; asituationfairly dif-
ferentfrom Call Managemenbr IntelligentNetwork Signaling
in PSTN and ISDN. Sincethe handwer procedureoperations
mustbe synchronizedetweerMT, BSCsandnodesn orderto
granta seamleshiandwer, the useof RM cells providesa nat-
ural framawork for protocol synchronizatiorwithout the need

for global network or connectionsynchronization. Moreover,
in-bandsignalingensureghatall andonly the entitiesinvolved
in thehandwerreceve the signalingmessages conditionthat
is hardto reproducevith commonchannekignaling.

Third, given the poor propagationcharacteristicsthe band-
width allocatedover the radio channelshould be somavhat
larger thanthe SustainableCell Rate (SCR) of the VC, in or-
der to leave capacityfor retransmissions.In-band signaling
andretransmissionsan be statisticallymultiplexed on the ex-
tra bandwidth,thus sparingsomeresources.The wired part of
the VC mustbe suitably dimensionedy the network to avoid
mismatchedetweertheair interfaceandotherinterfaceswithin
thenetwork. Thisis howeveraminor problem,evenin thecase
of synchronou€BR flows: RM cellsarenot consideredy the
AAL (ATM AdaptationLayer) that re-constructgiming infor-
mation.

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

B. Interactionwith OtherMobility RelatedProcedues

Althoughthis papemiscussesnly handwersvia in-bandsig-
naling, we do not claim thatin-bandsignalingis a panacedor
wirelessATM, nor we disregardthe presencef other equally
importantmobility relatedproceduredjk e registration,authen-
tication, localization and paging, or call managemenproce-
dures ik e connectiorsetupandrelease.

First of all, somefunctions,lik e registrationand paging,are
performedwithoutanactive userchannelhencein-bandsignal-
ing cannotbeused.We keptthenetwork architectureasgeneral
aspossiblefrom the mobility point of view, without specifying,
for example wherethemobility data-basearelocated or which
entitiesmanagemobility relatedinformationat the application
level. Thisis doneon purposeto shav thathandwersbasedon
in-bandsignalingcanbeappliedin avery generakcenarioNo-
tice thatregistration,authenticatiorandsimilar proceduresare
logically separatedrom handwer managemenandthe update
of locationdata-baseis bestdonewith commonchannekignal-
ing. For instancethe new EMAS-E cando the updateassoon
asthehandweris successfullycompleted.

I1l. PROTOCOLS FOR TWO HANDOVER PROCEDURES

In the following, two hard handwer protocolsbasedon in-
bandsignalingarepresentedA backward handwer anda for-
wardhandawer. All otherprotocolsfor theadmissiblehandwer
proceduregdentifiedin Fig. 1 canbefoundin [28]; they arenot
reportedherefor the sale of brevity.

A backwardhandawer protocolis the standargrocedureper
formed by MT when ary “normal” reasoncauseghe mobile
userto changeBSC. A forward handwer protocolis run when
a suddenradiolink failure occursand MT attemptsto recover
the connectiorwith anotheBSC. For theformer, we considera
network-initiatedprocedurewhile for the latterwe assumehat
thehandweris startecby MT.

In the presentegbrotocols,in orderto guarantedoss-freeand
in-sequenceell delivery we proposeto temporarilybuffer data
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Fig. 2. Messagdlow of a hardbackward network-initiatedhandwer.

atthe BSCs. This approacthasthe significantadvantageto re-
quire the leastamountof changesat the ATM nodes,andthus
reducethe cost of the mobility featuresimplementation. The
sameprotocolscan be re-designedwith little modificationfor
bufferingat COSor EMAS-Es. Somedatamustbe storedatthe
MT aryway, but thisis aminor concern.

In thehandwerdescriptionthe sourceanddestinatiorBSCs
aredenotedby BSC, andBSG,, respectiely, while MT is de-
notedby MT; whileit is connectedo BSC, andby MT» whenit
isconnectedo BSG,. Sincein localhandwersonly oneEMAS-
E isinvolvedin the procedureandthe sameEMAS-E behaes
as COS,all the protocolswill be illustratedonly for the more
generakaseof globalhandwers.

COSdiscovery is not discussecherebut can be performed
by usingary of the algorithmsdescribedn the literature]17],
[30], [31], [32]; moreaver, COS discovery can be performed
off-line and the resultsstoredin a table, so that the time for
COSdiscovery duringthe handweris minimized.

The describedorotocolsassumehatthe MT is alreadyreg-
isteredwith the network; in fact, asdiscussedn Secll-B, this
taskcannot be performedwith in-bandsignaling. For the sake
of simplicity, we alsodo not considercall managemenproce-
duresthatcanbe handledvia standardor enhancedATM sig-
naling.

A. Badkward, Network-InitiatedHandover

The protocolmessagédlow diagramof a backward network-
initiated handwer s illustratedin Fig. 2. Let usconsidera mo-
bile terminalthatmovesfrom thedomaincontrolledby BSG, to
the domaincontrolledby BSG,. WhenBSGC; decideshatMT
hasto performahandwer, it sendsa HOR (HandOer Request)
messag®en boththe downstreamandupstreantonnections.

Upon receving the HOR messageEMAS-E; identifiesthe
COS(timeinterval [1, 72]), andforwardsthe handwerrequest
to it. The COSverifieswhethera new connectionpathcanbe
openedthroughBSG,. In the successfutase,the COS sends
the HOC (HandOer Confirm) messageo MT throughBSGC;;
otherwisethehandwerrequests refusedandthe COSsendsa
HOD (HandOer Denied)message.
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Fig. 3. Messagdlow of a hardforwardmobile-initiatedhandwer.

As soonastheHOC MEScellis transmittedthe COSupdates
thedownstreanroutingtable,andstartssendinghedownstream
dataflow, precededy the messag&DF, oww (StartDataFlow
on the DOWNstreamconnection),toward BSG,. Thesecells
are storedin the downstreamhandwer buffer at BSG,, until
they canbe deliveredto MT over the radio link (time interval
[01, d3]). Thetransmissiomf HOC andSDF;,wx Mmessagesan
be donealmostat the sametime andthey might be memgedin
the sameMES cell, becausehe transmissiorof HOC canbe
delayeduntil the downstreanrouting tablesarereadyto be up-
dated.

While waiting for the HOC messageMT continuessending
(receving) datacells over the original upstream(downstream)
connection After receving the HOC messageMT endsits up-
streamtransmissiornthroughBSC; by sendingthe EDF (End
DataFlow) messageanddisconnectérom BSGC,. Theupstream
transmissions resumedat time instantt, whenthe radio link
is establishetbetweenMT and BSG;; in the meanwhile,MT
buffersthe generatedraffic in its transmissiorbuffer (time in-
tenal [t3,%4]). Oncethe EDF messageeacheshe COS,the
upstreamrouting table at the switch is updated(time interval
[T3,T4)), andtheULR (Upstreaniink Ready)messagés trans-
mittedto BSG,, to notify thatthe upstreantonnectiorpathhas
beenre-routed.

After theradiolink is recovered,MT sendshe SDF;; (Start
DataFlow on the UPstreantonnection)nessagandbeginsto
transmitthe upstreandatacellsto BSG,, whereaBSG, starts
sendingcellsto MT onthedownstreanradiolink. Cellsarriving
at BSG, from MT are storedin the upsteamhandover buffer
until ULR reacheBSG, (timeinterval [d2,d5]). The handwer
protocolendswhenthe SDF,, messagés forwardedby BSGC,
to the COSonthenew wired connectiorpath.



Thehandwer couldbeterminatedn a slightly differentway,
buffering upstreanctellsatMT only andresumingtransmission
on the uplink whenthe ULR messagédforwardedalsoto MT)
arrives. This is perfectly viable and a protocol providing for
bothsolutionscanbeeasilyervisaged We choosehe buffering
attheBSChbecausét slightly reduceghehandwerlateng, and
we deemthatbuffering alsoupstreantellsbesideslonvnstream
onesis notamajorburdenfor the BSC.

B. Forward, Mobile-InitiatedHandover

Theneedfor thishandwerconfigurationstemsfrom the pos-
sibility of suddenfailure of the radio connectionbetweenMT
andBSG, apossibility thatwith large bandwidthandhigh fre-
gueng channelss muchmorerealisticthanin narrovbandcel-
lular networks. As illustratedin Fig. 3, the MT connectionto
BSC is not consideredat all; it hasno influenceon the han-
doverproceduresincewe assumehattheconnectioris resumed
througha differentBSC.MT triesto re-connecto the network,
andaBSCdifferentfrom thepreviousoneis contactedtinstant
t1. For the sale of clarity, in the performancenalysiswe will
assumeahatthe connectionwasinterruptedattime d.

Sinceno connectionis active betweenMT andthe network,
theuseof in-bandsignalingto startthehandwerprocedurenust
be precededy a signalingphase(not consideredn this paper)
necessanfor MT registration. This phasecan be performed
with ary signaling proceduresavailable for suchtasksas dis-
cussedn Secll-B.

Thetime neededo performthesetasksis highlightedby the
shadedareaboundedy ty, t2, 01, 02 in Fig. 3; in thistimeinter
val, MT hasto notify BSG, thattheconnectiorrequestioesnot
referto a new connectionbut it is for handwer purposesand
thatit waspreviously connectedo BSG, .

¢Frominstantts on, in-bandsignalingcanbe resumedand
MT sendshe HOR messagé¢o the destinatiorBSCit just con-
nectedto. As an acknavledgmentof the resumedoperation,
EMAS-E; sendgheWEL (WELcome)messagéo MT, while it
sendgheHRE (HandoverREsumemessagéo the COS,requir
ing the handwer procedurdo be performed.Thetime interval
[03, 84] is usedto identify the COS.Sincein thiscaseBSGC, does
notknow the pathof the connectiorbeforethe connectionwith
MT is resumedthis taskmay requirea non-negligible amount
of time.

If the COScannot be foundin time, or if the new connec-
tion cannotbeestablishedthe network (eitherEMAS-E; or the
COS)transmitsaHOD messageptherwisejt acknavledgeghe
requestedhandwer by sendingthe HOC messageAfterwards,
MT ., startstransmittingthe upstreaminformationto BSG,, that
buffers the datauntil the upstreanconnectionthroughthe net-
work is ready

Duringthetimeinterval [T, T5], COScontactBSC; andre-
coversthedownstreamandupstreantdatabufferedatBSC, after
the radio link failure. WhenBSGC; startsemptyingthe down-
streambuffer relatedto the MT thatis performingthehandwer,
it sendsthe BSTyown (DOWNSstreamBuffer STatus)message
to the COS. This informationcomingfrom BSC, is forwarded
by COSto MT. The BSTy» (UPstreanBuffer STatus)message
endsthedataflow to bedeliveredto MT, andstartstheupstream
dataflow that COS hasto forward to the remoteterminal. We

pointoutthatsinceBSC, cankeepforwardingcellsto the COS
after the disconnectiorof MT, usually the upstreambuffer at
BSC, is empty:in this casethe BST, andthe EDF messages
coincideandcanbe sentwithin the sameMES cell. Thethree
messageBSTyown, BSTur andEDF, arekeptlogically sepa-
ratein the protocolfor the sake of completenesandgenerality
althoughthe upstreambuffer shouldalwaysbe empty It is an
implementationchoice whetherto merge someof thesemes-
sager not; noticehoweverthatin somesituationthe availabil-
ity of anupstreambuffer canbe useful,if not necessary For
instanceijf theupstreamanddownstreanradiochannelsareob-
tainedby FDD (Frequeng Division Duplex), it mayhapperthat
the downstreanthannels disruptedwhile the upstreanoneis
goodandMT cankeeptransmittingcellswhile trying to contact
anew BST.

After the flow from BSC, ends,COS updateghe upstream
routingtablesandsendshe ULR messagéo BSG,. By sending
the SDR; messagédo the COS,BSGC, completeghe handwer
procedureandstartsemptyingthe upstreamhandwer buffer.

With referenceo Fig. 3, startingfrom time 7%, thecellscom-
ing from the connectionremoteendpointshouldbe forwarded
to BSG,, aswell asthe cells retrieved from BSC,. Sinceour
choiceis to buffer only at BSG,, not at the COS, an auxiliary
VC mustbeusedto transfercellsfrom BSC, to BSG,.

In forwardhandwer procedureshe simplebufferingscheme
providedby BSG, in backwardhandwersis notsufficientto en-
surealossleshandwerwith in-sequenceell delivery. In order
to deliver the downstreancells with the properordering,those
retrieved from BSC;, mustbe storedin a queuelogically dif-
ferentfrom the downstreambuffer usedto collectthe dataflow
from the connectionremoteendpoint. Forwardingthe BST;
messageao BSG; indicatesthat all cells have beenretrieved
from BSGC;, andthe two downstreambuffers can be concate-
natedto transmitall cellsin the properorderto MT.

IV. PROTOCOL VERIFICATION

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

Fig.4 reportsa PN descriptionof thehandwer protocolillus-
tratedin Fig.2. For the sale of brevity, the PN descriptionof
the otherprotocolis omitted,howeverits PN validationyielded
the samepositive resultasfor the protocolwe discuss.The PN
descriptionof the protocolandtheanalysisof the PN properties
arebasedn GreatSPN34], asoftwaretool for thedevelopment
andthe analysisof PN models.

The nameof placesandtransitionsin the PN descriptionof
the handwer protocol should be, in general,self explaining,
basedon the protocoldescriptionprovidedin Seclll-A. Here,
we justbriefly commenton somespecificaspect®f the PN pro-
tocol representatiothatmight not be standard.

In Fig.4 the PN is depictedwith the marking(distribution of
tokensin places)relative to the phasebetweenwo handwers.
The only enabledransitionin this markingis the onethatcor
respondso thebeginningof anew handwerin the PN. Thefact
thatnotemporalspecificationareincludedin thePN modelim-
pliesthatthe protocoldescriptionis valid for all possibleorder
ingsof events thusfor all combination®f delays(deterministic
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Fig.5. Referencenetwork configurationradoptedor performancevaluation.

or stochasticphetweendifferentprotocolactions.

The resultsof the GreatSPNanalysisof the PN modelshowv
that the protocol has 78 possiblestates(markingsof the PN),
noneof which is a deadlock.Similarly, the protocolcanbe ob-
sened to alwaysterminatein a finite humberof actions,and
alwaysreturnto theinitial stateafterafinite andlimited number
of messagexchanges.

All placesof the PN arecoveredby P-invariants,andall tran-
sitionsin the PN arecoveredby only oneT-invariant. This im-
pliesthatthepropertiegshatareobsernedonthe PN reachability
graphcanalso be provenwith the linear algebraictechniques
typical of PN theory(seefor instancg35], [36] for the proof of
propertiesof PN modelswith structuraltechniques).

In summary we canconcludethat the handawer protocolis
correctlydefined.

V. CONFIGURATION FOR PERFORMANCE EVALUATION

Fig. 5 shaws the network setupthat we considerfor perfor
manceevaluationof handwer proceduresboththroughthe an-
alytical methodpresentedn Sec.VI andvia simulation.

We considerglobal network handwers,with two BSCscon-
nectedo their correspondindEMAS-Es,andoneCOSconnect-

ing the two EMAS-Es. The times requiredfor COS search-
ing, routingproceduresandsimilar tasksaredescribedstochas-
tically. We assumehomogeneousalls consistingof a single
VBR (VariableBit Rate)connection:the extensionto non ho-

mogeneousnultimedia(multiple VCs) callsis cumbersoméut

straightforvard,sinceit justconsistsn keepingrackof themul-

tiple VCs with their differentloadsand (if per VC queuingis

provided)of the multiple buffersduring handawer.

Without ary lossof generality simulationsand analysisare
carried out under the assumptionghat a TDMA radio inter
faceis usedandthatthe VC rate at the BSCsis controlledby
a GCRA (GenericCell RateAlgorithm) shapingdevice imple-
mentedasVSA (Virtual SchedulingAlgorithm) [29], while the
auxiliary VC usedin forward handwersis a DBR (Determin-
istic Bit Rate)VC, with rate AVCR (Auxiliary Virtual Circuit
Rate).

Simulationresultswere obtainedby implementingthe pro-
posechandwerprotocolsin CLASS® [37] andobservingseveral
thousand$iandwer proceduresWe point out thatthecell-level
detail provided by CLASS allows for an effective implementa-
tion of the in-bandsignalingprocedurewith the explicit trans-
missionof signalingmessagesothattherisk of over-simplified
simulationmodelingis avoided. Tablel reportsthe definition of
theparametersisedin theanalysis.

Giventhe kind of analysisthat we perform, eitheron a sin-
gle handwer procedureor basedon the numberof handwer
performedper BSC, the mobility modelandthe channelradio
propagatiorcharacteristichave no influenceon theresults.

5CLASS:Is acell-level simulatorof ATM networks developedatthe Electron-
icsDepartmenof Politecnicadi Torinoin cooperatiomwith CSELT (theresearch
centerof Telecomltalia) and the TechnicalUniversity of Budapest;,CLASS
standsfor Cell Level ATM network ServicesSimulator;it is entirely writtenin
C languageandportableon mostcomputingplatforms.Informationon CLASS
is availableatthe URL http: //wwi.tlc.polito.it/class. htnl,
anddetailsaboutthe simulationscanbe obtainedvia e-mailfrom theauthors.



TABLE |
PARAMETERS USED IN THE HANDOVER ANALYSIS.

PCR,SCR | PeakandSustainableCell Ratesof VBR connectionstheformeris setequalto theradiolink capacity
AVCR Cell rateof theauxiliary DBR VC.
L, Averageofferedload perconnection.
Tp Cell propagatiordelayovertheradiolink.
Treo Reagistrationphaseduration([6; — 61] in Fig. 3).
Tueo Time requiredto updatethe routingtablesof the ATM switchandbuild theincrementapath
of theongoingconnection.
Teos Timerequiredto identify the COS([#4 — 03] in Fig. 3).

Tscrr Tecry Tavcr

Time interval betweertwo consecutie cell transmissionst PCR SCR,andAVCR rate,respectiely.

Ycos: Yescy Ymr

MES cell processinglelayatthe COS,atBSC,andatMT.

Evess Emes Time betweera MES cell generatior(arrival) atthe MT (BSC)andits transmissiorover theradiolink;
it assumesaluesuniformly distributedover [0, Tscq]-
D;, D, Cell propagatiordelaybetweerBSC; andEMAS-E;, andEMAS-E; andthe COS,respectiely.

VI. ANALYSISOF TIME DELAY AND BUFFER
REQUIREMENTS

In this sectionwe presentananalyticalmethodfor the evalu-
ation of the maximumadditionaldelayintroducedby handwer
proceduregakey performancgarametefor realtime services),
aswell asbuffer requirementdor a singlehandwer procedure
attheBSCs.As shown in thefollowing, thetwo parameterare
tightly coupled.Hints onthepossibility of analyticallycompute
someperformancearameter®f handwer proceduresvereal-
readygivenin [24], andsomeresultsappearedh [38] thatmake
useof a similar methodology The latter, however, allow only
for a worst caseanalysisof delays,thatin mostcasesare far
from real values; moreover, no evidenceis given (e.g., mea-
suressimulationexperiments}hatthe derivedworstcasevalue
is consistentvith ary implementation.

Theanalysids presentedor the caseof theforward, mobile-
initiated handwerproceduredefinedin Sec.lll-B (i.e.,themost
comple procedurave presented)ut it is quitegenerabndcan
beappliedto any handwer procedureregardlesof theadopted
signalingtechnique The only simplifying assumptiorwe make
is thatthe upstreambuffer at BSG is emptywhenMT recon-
nectsto the network: this is a reasonableassumptiorand, as
discussedn Seclll-B, is confirmedby simulationresults.

Therationaleof theanalysiss the computationfor eachcon-
sideredbuffer, of thetime interval, denotedby I, duringwhich
eachbuffer involvedin theproceduras filled andemptied.The
maximum buffer occupanyg 7 is inferred basedon the differ-
ential flow of cells enteringthe buffer underexamination. The
subscriptsp, 7, 4 referto DownstreamUpstreamandAuxiliary
buffers, respectiely; the superscript!:2) refersto BSC 1 and
2, respectiely. All quantitiesarerandomprocesseandarede-
finedin Tablel.

Referringto Fig. 3, thetime instantd, at BSC, identifiesthe
suddeninterruptionof theradio channel.Fromd, onwardsthe
dataflow transmittedby the remoteuserto BSGC, cannot be
deliveredto MT andcells have to be storedin the downstream
bufferatBSC, . Cellsarebuffereduntil thetimeinstantd,, when
thebuffer startsto empty Thus,cellsarebufferedatBSG, dur-

ing thetime interval

I(l)

[do,dz] Trec+ Tp + &uor + D1 + Dy + Dy + D

+Yesc + 27EMAS-E + Yeos + Topp + Teos - (1)

By assuminghatycos, Yewas.er Yesc arenegligible, we obtain

I[(,li)o,dg] = TREG+TIJ+§HOR+D1 +DI1 + Dy +Dé + Thpo+ Ttos -

(2)
Thereforethemaximumnumberof cellsthatarebufferedin the
downstreanmbuffer atBSG is

@ .
O _ I[do,dz] Lo

where 424 are the bits in one ATM cell. ¢ Fromthe time in-
stantdz, BSG startstransmittingthe bufferedcellsto BSG; at
AVCR,; then,thetime necessaryo emptythedownstreanbuffer
is

I[(tli)z,ds] =05 Tavce - (4)

The whole time occupanyg of the downstreambuffer at BSG
canbewrittenas

I = T3y a1+ Tdy a4 (5)
in accordancevith the assumptiorof negligible cell processing
times.

As describedn Sec.lll-B, thecellsfrom BSC, aredelivered
to MT by BSG, overtheradiolink at PCR If AVCR > PCR
cellsarestoredin theauxiliary downstreanbuffer at BSG;; oth-
erwisecells just passthroughthis buffer. The time neededo
deliverall cellscomingfrom BSC, to MT is

Iﬁ(\Z) = (778) + 1) Tocr (6)

where one additionalcell representinghe SDF,owx Mmessage
mustbe addedto 7‘3. The maximumnumberof cells buffered
in the auxiliary downstreambuffer is

o_ Mo+l
* ~ AVCR

(AVCR — PCR) . ©)



Cells coming from the remoteuserand sentby the COSto
BSG, cannot be transmittedto MT until the cells flow from
BSC, ends.By takinginto accountthetransmissiorof BSTp,
andneglectingprocessindimes,theinterval duringwhich cells
mustaccumulatén thedownstreanbuffer atBSG; is derivedas

(2) —

[95 0] Dy +Dj — Dy — Dy + D1 + D} + D2 + D

+2%sc + 2Vemase + Yeos + Iﬁ(\2) + Taver

= 2Dy + D)+ I + Touer - 8)
For the downstreambuffer occupang at BSG;, we obtain
() i
@ _ w ©)
° 424

Sincefrom time instantdg the cells storedin the downstream
buffer at BSG, are forwardedto MT at PCR while the data
flow from the remoteuserarrivesat BSG, atrate L, the total

time during which the downstreambuffer is usedby the MT

connections

2.
ny

=1? SRS
(PCR— L,)

i [55,68] T (10)
By referringagainto Fig. 3 andneglectingthe processindime,
the time period during which cells are storedin the upstream

buffer at BSG, andcannot beforwardedtowardthe COSis

I[(?es,&lo] = I+ D+ Dll + D> + Dé + Tueo + 2Tavcr
—2Tp - gSDFUP - §HOC . (11)

The maximumnumberof cellsthatarebufferedin the upstream

buffer is computedby consideringhat during the time interval

[06, 0s] thebuffer is filled by MT at SCR
(2)

@ _ 1[667510]

= 424 (12)

After instantd,o, BSG, startsemptyingthe upstreamhandwer
buffer at PCR thus,this bufferis usedby theMT connectiorfor
atotaltime equalto

@
Y

— I(Z) .
(PCR—- SCR)

(2
17 = [56,510]+

(13)
We noticethatthe rateat which the upstreantuffer is filled is
considerecequalto SCRsincewe claim thata greatamountof
cells arestoredin the MT transmissiorbuffer dueto the radio
channelinterruption(we are consideringhard handwers). Fi-
nally, undertheassumptiorthatthe MES cell processingime is
negligible, we derive the delaydueto the whole handwer pro-
cedureas

AHO = TREG + £HOR + Tp + Tcos+ 2TUPD + 2(D2 + DIQ) +

I[(;’s’dd + 27yer +3(D1 + DY) . (14)
VIl. NUMERICAL RESULTS

We presenheresomeselectedesults,highlightingthe main
characteristicof the handwer proceduregiefinedin Sec.lll.

The network scenariois the one definedin Sec.V. First, in
Sec.VII-A, resultsobtainedthroughthe analysissketchedin
Sec.VI arediscusseéndcomparedvith thoseobtainedby sim-
ulation; then,in Sec.VII-B, additionalinsightis provided by
comparingthe buffering requirement®f the two differentpro-
ceduresn the presencef concurrenthandwers. Theseresults
cannot be obtainedanalyticallybecauseoncurrenthandwers
introducecomplex correlationsn buffer dynamics.

Eq. (14) clearly statesthat the overall delay introducedby
the handwer dependsonly on the sum of transmissiordelays
betweenthe BSCsandthe COS; (2)—(12), showv that also the
buffer occupang dependson the sum of transmissiondelays
only, not on their difference.Thus,we presentresultsonly for
the specialcaseD; = D5 (from now on denotedby D; ») and
D} = D45,

Unlessotherwisestated,the valuesof the parametersised
to obtainthe numericalresultspresentedn this sectionarethe
following: PCR=2.0 Mbit/s, SCR=1.9Mbit/s, L,=1.8Mbit/s,
D' =D}=0.25ms, T,,=8.5us (this valuecorrespondso roughly
2.4km radius,probablytoo large for a micro-cellularerviron-
ment; however, when smaller delaysare considered perfor
manceimproves); Trs is a uniform randomvariablewith sup-
port [0.2,0.8] ms (thus with meanvalue 0.5ms), and T iS
uniformly distributed with meanvalue equalto 5.5D; ms, the
supportbeing[D1, 10Dl ms. T, is assumedo be exponen-
tially distributedover the rangeof values[2,10]ms, with aver
ageequalto 4ms’; whereasAVCR andD, » aretakenasvari-
ableparameters.

A. AnalyticalResults

Eq.s(3), (7), (9) and(12) give a stochastiaescriptionof the
buffer neededo guarantealossleshandwerprocedurewhile
(14) describeghe overall durationof the handweritself. If the
handwer mustnot be percevedby the user regardlesghetype
of servicethe useris receving from the network, its duration
mustbe keptwithin a few tensof milliseconds.Oneinteresting
factis that both buffer occupang andhandwer durationgrow
linearlywith thepropagatiordelaybetweerBSCsandthe COS:
Handwerscanbesafelyhandledevenif there-routingpointlies
hundredof kilometersaway from the BSCs.

Let us now concentraten the handwer duration. Retracing
the analysisof SecVI onthe backward, network-initiated pro-
tocol (seeSeclll-A) yields

Azo gHOR + gHoc + §EDF + 3Tp + 2TUPD

+3(D1 + D}) + 2(D2 + D5) (15)
wherethe superscrip? is to differentiateit from the delay ex-
pressedy (14) thatrefersto the forwardhandwer. In orderto
comparethe two procedureghe Probability Density Function
(PDF)of A, andAb, mustbe computedwe obtainedthemby
numericalcorvolution startingfrom the PDFsof the termson
theright handside of (14) and(15). A closelook to thesetwo

8The analysiscarriedout on the backward, network-initiated procedure(not
reportecherefor the sale of brevity) shavedthattheupstreanbuffer occupang
is still a function of the sumof the propagatiordelays;while, the downstream
buffer occupang is lesscritical anddependsn the difference(D; + D}) —
(D2 =+ D’2)

7We took thesevaluesfrom measureseportedn [39].
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Fig. 6. Comparisonof the handwer durationfor the backward and forward
procedureAVCR=8Mbit/s), for increasingvaluesof Tipp: Average(Av)
and295 (Pc).

equationsshaws that the average,aswell asary constantper
centilevalue,arelinearfunctionsof D” = Dy + D} = D2+ D},

ONA =aD” + K

where 8N is the N-th percentileof the delay distribution,
950, beingthe meanvalue. For the backward handwer we
have a = 5, while for the forward handwer the value of o de-
pendson AVCR.

Fig. 6 reportssomesamplesf the averagevalueof A,,, and
A% aswell astheir 95-th percentilesasfunctionsof D”. Plots
reportthe resultsof the analysiswhenT,,; is a shifted, trun-
catedexponentialdistributionwith minimumandmaximumval-
uesequalto 0.5and2.5timesthemeanvalue,respectiely. The
forward procedurds studiedfor AVCR=8Mbit/s. The average
valuesconsideredor T, are2, 4, and8 ms; the curveswith
higherdelayareclearlythosewith higherT,.

Fig. 7 shows the behaior of the forward handaer duration
(9954 only) asa functionof the auxiliary link rate AVCR. The
assumptionsisedto derive theseresultsarethe sameashbefore.
Differentcurvesfamilies(indicatedby usingdifferentlines)re-
ferto differentdelaysD”, while differentcurveswithin thesame
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Fig. 7. Forward handwer durationasa function of AVCR for differentvalues
of D” andTupD.

family referto differentvaluesof T .., againwith higherdelays
correspondingo higherT,,, values. The plots shav that the
optimal choicefor AVCR is 3—4 timesthe connectionPCR;a
furtherbandwidthincreaseon theauxiliary VC resultsonly in a
mauginalreductionof thehandwerduration.Similar resultscan
be obtainedfor ary delayinterval or buffer occupang value;
however, we deenthattheoverall durationgivesenoughnsight
into the protocolbehavior.

In orderto gain confidencein the accurag of the analyti-
cal results,we comparesomevalueswith simulationresults.
It was not possibleto comparethe whole set of curves with
similar onesobtainedby simulationsincesimulationsarequite
long. Evenassumingvery high handwer ratesresultingin sev-
eralhandwerspersecondoerconnectiof, collectingresultson
just a few thousanchandwersrequirethe simulationof several
minutesof network operationswith thetransferof hundredof
millions of cells.

TableslI-IlI reportthevaluesobtainedwith bothanalysisand
simulationfor severalperformancdiguresin thecaseof forward
handwer: Ti,», assumeshedefaultdistributionand.D; » varies.
Averagevaluesare comparedor all variables;andin the case
of thehandwerdurationalsothe percentilesarepresented.

The agreemenbf the analysisand simulationresultsis re-
markable andin any caseanalyticalresultsarewell within the
simulationconfidencantervals, that, given the limited number
of samplesavailable,areno betterthan £10% with 90% con-
fidencelevel. The samesatisactory agreementvasfound for
thesimplerbackwardhandwerandfor cellsstoredin thedown-
streambuffers.

B. Additional SimulationResults

Simulationstudiesarealso carriedout to assesswith quan-
titative performanceesults the feasibility of the proposechan-

8\We useda very large handwer ratein orderto reducethe simulationtime.
This is equivalent,thoughsimpler to disregardwhat happensetweensucces-
sive handwers. Notice that this is alsoa proof of robustnesgor the handwer
procedurethatcaneasilyscaleto very high handwer rateswithoutaffectingtoo
muchthe connectiorguality of service.



TABLE Il
AVERAGE VALUE OF THE MAXIMUM NUMBER OF CELLS STORED IN THE
UPSTREAM BUFFER AT BSC» FOR AVCR=2, 4, 8, 16 MBIT/sS.

D, » [ms] | AVCR=2Mbit/s || AVCR=4 Mbit/s
ny 7762’
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
ng gy
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/s

D1,2 [ms] AHo [ms] (_)95A [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/s
D; 5 [ms] Ay [Ms] 995, [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/s
D; 5 [ms] Ao [Ms] 995, [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=16 Mbit/s
D; 5 [ms] Ao 995, [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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dover protocols.

While theanalysigyivesdetailedinsightinto thebehavior of a
singlehandwerprocedureit failsto describehebuffer require-
mentsof several parallelhandwers. Our referencescenarical-
lows only for handwersthat, giventhe destinationBSC, have
all the samesourceBSC, but the resultsare still valid alsoif
sourceBSCsaredifferent. We chooseto fix the maximumal-
lowed numberof handwersperdestinatiorBSCto 8. Simula-
tionswererun for a periodof time covering several thousands
handwers,thusgiving goodconfidencen the results. The net-
work loadandhandwerratearetunedto give ahandwerblock-
ing probability equalto 2%: A fairly high value,meaningthat
destination8SCsareunderstress.All resultsshav the buffer
occupang resultingfrom all the active handwersat ary given
time, thusrepresentinghebuffer requirementst BSCto handle
upto 8 handwersatthe sametime.

Fig.s8 and9 shav thePDFsof theupstreamanddownstream
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handwer buffers occupang at BS; in the caseof backward
and forward handwers, respectiely. Resultsare derived for
D, »=5ms, and, in the caseof forward handwer, for several
valuesof AVCR. As expectedthe buffer occupany is lesscrit-
ical in backward thanin forward handwers; for the upstream
buffer the differenceis striking. Indeed,in forward procedures
the channeldisruptiontime is muchlonger, asreflectedby the
downstreambuffer occupang. However, the upstreambuffer
occupany is threeordersof magnituddarger: A proportionthat
is not dueto differentoverall durations but to the factthatthe
canneltransitionwasnot preparedn advance. We notice that
usinga large capacityauxiliary VC (AVCR=16Mbit/s) helpsin
keepingthe upstreanbuffer occupanyg 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 independenfrom AVCR be-
causeits maximumoccupang is reachedbeforethe auxiliary
VC startsdraining cells from it, while the latter is empty for
AVCR=2 Mbit/s but its occupang grows as AVCR increases.
Looking atthe presentedesults we canconcludethatanauxil-
iary VC 4-5timesfasterthantheconnectiorPCRyieldsthebest
tradeof betweerhandwer performanceandnetwork resources
usage.Indeed thelargerthe bandwidthof the auxiliary VC the
shorterits life; therefore alargerbandwidthauxiliary VC is not
arealwasteof resources.

VIIl. CONCLUSIONS

This paperpresentedan in-bandsignalingsolution for han-
dover managemenin integrated networks supportingmobile
services. The network core infrastructureis supposedo be
ATM, andthe ATM VC is extendedall the way to the mobile
terminal,thusmakingthe scenaricanintegratedWirelessATM
network.

In-bandsignalingis anovel signalingtechniquefor handwer
proceduredirst proposedby the authors,and its adwvantages
and disadantagedor the supportof ATM network handwers
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was briefly discussedpointing out that it must be integrated
with otherprocedureso supportmobility relatedfunctionalities
whenuserconnectiongrenotactive.

Two handwer proceduresvere presentedonefor a network
initiatedbackwardhandwer, theotheronefor amobileinitiated
forwardhandwer. The handwer protocolswerealsocompared
with the ATM Forum Draft Standardandwith otherproposals
appearedh theliterature showving that,besideghein-bandsig-
nalingapproachthe proceduresireoriginal andinnovative.

Performancef the handwer proceduresvas evaluatedboth
in termsof channeldisruptiontime, resultingin additionalde-
lay addedto the VC cells, andin termsof buffering require-
mentsposedto the network to ensurea losslesprocedurewith
in-sequencesell delivery. This featureis extremelyimportant
for dataandmultimediaserviceshut sofarit waslittle consid-
ered.

Performanceevaluation was carried out both analytically
with a simplemethodintroducedin the paper andthroughde-
tailed discrete-gent simulations. Simulationshad the purpose
of i) validatingthe approximateanalysis andii) shawving thevi-
ability of in-bandsignalingwith animplementatiorof the pro-
tocols.

The contribution of this paperiesin two separatareasFirst
of allit presentedjiscusse@ndshovedthefeasibilityandgood
performancef handwerproceduredasednin-bandsignaling
insteadof commonchannelsignaling. Theseprocedurehave
significantadvantagesomparedvith commonchannelsignal-
ing ones,speciallywhen losslesshandwerswith in-sequence
cell delivery arerequired.The possibility of combiningin-band
signalinghandwerswith commonchannelsignalingnecessary
for otherproceduresvasalsodiscussed.The secondcontribu-
tion is relatedto performanceanalysis. The paperpresented
a simple analytical approachto evaluatethe handwer dura-
tion andotherinterestingperformanceneasuresthe analytical
methodwasvalidatedagainstesultsobtainedhroughanevent-
drivencell level ATM simulator The approachwvasappliedto
the proposedhandwer protocols,but can be usedto evaluate
ary otherproceduresswell.
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