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Abstract—Due to the connection-oriented nature of the asyn- be capable of transferring the connection from the old cell (the

chronous transfer mode (ATM), one of the challenges in mobile source BS) to the new one (the destination BS). This operation

wireless ATM (WATM) systems is the management of terminal is normally referred to as caiandoveror handoff
handovers. When ATM connections are reestablished to follow Upgrading the service offer to mobile users to include

terminals moving between areas covered by distinct base stations, B -
seamless handover protocols are necessary to guarantee thafligh-speed data communication services poses several tech-
ATM cells are delivered to terminals in the correct order, with cell  nical challenges. A natural approach for the introduction of
loss rate and delay that satisfy the contracted quality of service high-speed data communication services for mobile users is to
(QoS). A promising approach to meet QoS requirements is based 54 nt the asynchronous transfer mode (ATM) in the wireless

on the use of handover buffers at the (destination) base station, . L .
where transmitted cells are stored while the connection is being €NVironment, resulting in the so-called wireless ATM (WATM)

reestablished. Up to date, only simulation and experimental results Networks [1]—{[3].

are available to determine the performance of such protocols and  One of the critical design issues that arise in WATM networks
buffering schemes. This paper presents the first attempt to develop s mobility management [4]—[6]. In particular, when a user's MT
an analytical modeling approach to estimate the performance of 1,65 from one cell to another, all ATM connections originating
handover protocols making use of handover buffers at the base -

station. By incorporating several approximations, the proposed ortermmatmg atthe MT musf[ be fef?ﬁited from the source BS to
models allow designers to simultaneously take into account the destination BS. During this transition the end user may expe-
numerous system parameters, including handover buffer size, rience: 1) cell losses and delay variations due to the temporary
sustainable and peak cell rates of the ATM connection, terminal interruption of the wireless link and 2) out-of-order cell delivery
offered load, and time needed to reestablish the ATM connection. due to the rerouting of the connection through the network. The

Analytical performance predictions are shown to closely match f bl . \vin hard hand h the latt
results of detailed simulation experiments, thus demonstrating the ormer problém arises only In hard hanaovers, whereas the latier

suitability of the proposed modeling framework for the selection arises in both hard and soft handove. Handover protocols
of the most adequate solution to handle handover and provide the must be designed so as to guarantee virtually loss-free and in-se-

QoS required by end users. guence delivery of ATM cells to end users with minimal delay
Index Terms—Handover procedures, Petri nets, wireless asyn- increases, while the ATM connections are being rerouted.
chronous transfer mode (WATM) networks. A straightforward solution to this problem consists of a hand-

shake protocol between the connection end users, that suspends
the traffic flow while the connection is being rerouted. How-
ever, if the roundtrip time of the connection is relatively long,
VER the last few years, one of the major commerciahe traffic interruption due to the handshake may not be accept-
successes in the telecommunications world has been Hige for applications such as voice and video that have stringent
widespread diffusion of cellular mobile telephone serviceguality of service (QoS) requirements. Moreover, the user at the
whose provision relies on sophisticated algorithms impl@ther end of the connection must be notified of the occurring
mented by state-of-the-art dedicated computer equipment. handover, thus requiring a global upgrade of the protocols at all
The cellular nature of mobile telephony stems from the suhedes of the wired network.
division of the serviced area intells that are covered by the A solution that circumvents these drawbacks is represented
electromagnetic signal emitted by the antennas of foask sta- by the so-calledeamleskandover protocols [8]-[12]. A seam-
tions(BSs). The mobility of users implies that it is possible foless handover protocol is loss free, guarantees minimal impact
a mobile terminal (MT) tdoamfrom one cell to another, while on cell delay, and grants in-sequence cells delivery to the desti-
information transfer over the network is in progress. In order feration by performing cell buffering at some network node while
the communication to continue, it is necessary that the netwahe connection is being rerouted, thus avoiding the need for the
handshake between terminals. Some of the proposed seamless
handover protocols require cell buffering at both the destination
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cell buffering only at the destination BS with the aim to minATM switches to GSM networks (see for example [16]-[32]).
imize the necessary upgrades of the ATM switches in existiigney thus seem to be suitable candidates for the development of
networks [8], [10], [12]. the stochastic models required by the complex scenarios arising
Performance evaluation of seamless handover protocolsnsNATM.
an essential step to compare multiple approaches to designingVith the proposed modeling approach, it is possible to
and controlling the WATM system. In particular, the minimunestimate the minimum handover buffer size required by the
buffer size required by the protocol to meet the expected Qb&ndover protocol to satisfy the cell loss probability and
is a key factor in determining the solution with optimal costelay bounds required by the application. In addition, the
This evaluation is not trivial, as the metrics of interest, nametpodeling frameworlquantitativelydetermines the best system
the cell-loss probability due to overflow of the handover buffesonfiguration for guaranteeing the minimum delay variance
depends on rare events. In spite of this situation, performarae the ATM connection performing handover. Intuitively, the
results reported in the literature are mostly obtained via simeninimum delay variance is achieved under two conditions: 1)
lation [6], [12] or experimental prototyping [2], [3], [11], be-the handover buffer is emptied within the shortest possible time
cause analytical models that estimate the performance of hand 2) a new handover occurs only when the handover buffer of
dover protocols and buffering schemes in WATM networks athe previous handover has been emptied. The latter condition
not available or they are based on quite simplistic approxima- necessary to prevent a cumulative effect of consecutive
tions that lead to partial results [8], [9]. For example, a detelrandovers on the ATM cell delay. These two conditions are
ministic approach is used in [9] to estimate the performance ofrget only if the maximum burst size (MBS) of the connection
number of handover protocols, assuming that the temporal chiarsufficiently large to allow the handover buffer to be rapidly
acteristics of the system dynamics can be captured by constamiptied and the handover rate of the mobile terminal is below
values, whereas in real systems many of the system timings tire inverse of the time required to empty the handover buffer.
random in nature (for example the reestablishment delay of tNemerical values for these parameters can be derived with the
ATM connection). A system design based on estimates obtairdposed model and may help the designer choose the handover
under deterministic worst-case assumptions often leads to pmetocol and the buffering policy that minimize the cost of the
necessary additional system costs. base station, as well as the worst-case MBS and maximum
The lack of more comprehensive analytical models can Bpeed of the mobile terminal to be negotiated with the user.
explained by considering the inherent complexity of the systemFor demonstration purposes, the proposed modeling frame-
under consideration, in which work is used to quantitatively compare the performance of two
1) traffic over the connection may be bursty; well-known policies to control the handover buffer. According
2) during the handover, the wireless link and the path & the first policy—dedicated buffer (DB)—a connection re-
the ATM connection through the fixed network may béluiring handover is assigned a dedicated handover buffer at
reestablished at different time instants; the destination BS for the entire duration of the handover. Ac-
3) MT may have to store its generated data while movirgprding to the second policy—buffer sharing at the base station
from one wireless access point to another (if hard hafB*S*)—connections concurrently requesting handover toward
dover is used); the same destination BS share a common handover buffer al-
4) transient originated in the system by the handover m#ays available at the BS. As known from a number of different
last for a relatively long time past the reestablishment @pplication contexts, solutions based on buffer sharing lead to
the wireless link and the ATM connection. cost-effective and efficient implementations thanks to the mul-
This paper presents the first comprehensive analytical mod@iglexing of different requests upon the same pool of resources
to obtain approximate but accurate estimates of the performa@8l, [34]. In this way, the total buffer capacity necessary to sat-
of hard handover protocols and buffering policies at the desi#fy the required QoS is minimized.
nation BS. The novelty of the proposed model relies on both thelt must be noted, however, that the main contribution of this
representation of the distinct phases that characterize the @lper is in the model development and validation. The presented
handover and the consideration of a large number of system patformance results are obtained only for some values of the
rameters. The latter includes the bursty nature of data and #ystem parameters, and should not be viewed as an attempt to
traffic load generated by the application running at the terming@mpletely characterize the effectiveness of the handover pro-
the average random time necessary to reestablish the ATM ct#¢ols and buffering schemes. The presented models can quite
nection path through the network, the average random time neasily accommodate the parameter values used in any design
essary to establish the new wireless link, the sustainable cell fafgject and provide an accurate quantitative characterization of
(SCR) and the peak cell rate (PCR) of the ATM connection. Ttige system performance, thus helping the designer choose the
formalism used to develop the models is based on two classe§@fst performing and cost-effective solutions under a large va-
timed Petri nets [13]: generalized stochastic Petri nets (GSPN§}y of cases.
[14] and colored GSPNs (CGSPNSs) [15]. These formalisms pro-
vide a high-level graphical formalism for the development of
complex Markovian models, that would be otherwise difficult
to generate directly. GSPNs and CGSPNs have established theifhe WATM architecture under consideration is described in
effectiveness as a mode"ng paradigm for the investigation '6'9 1. Thl’ee typeS Of nOdeS CharaCterize the net\NOI’k as fOIIOWS:
complex communication systems in a number of contexts, from ¢ BSs that represent the access points to the fixed network;

Il. SYSTEM DESCRIPTION
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Fig. 1. The WATM architecture.

* MTs that freely roam in the geographical area coveramnnection(s) associated with the MT. According to this tech-
by the cellular network (a terminal that moves from onaique, when the MT moves from one BS, say,;B® another
BS to another must request a call handover for each of BS, say B3, an ATM switch is chosen to be tlceossover switch
established ATM connections); (CS)between the old path (solid line) and the new connection
» ATM switches, that are part of the wired network [thespath (solid line and dashed line). Only the portion of the new
switches have mobility functionalities that allow an exeonnection path between the crossover switch angd(B&shed
isting connection to be rerouted over a different (input dine) is established anew, while the portion of the old path over-
output) port if necessary]. lapping with the new path of the connection is left unchanged.
Each BS is wired to one ATM switch and transmission béFhe same procedure is used when the MT moves fromtBS
tween the two occurs according to standard ATM transfer cafaSs; the final connection path is shown as a solid and dotted
bilities [35], [36]. Since this paper focuses on high-speed ddtae. Typically, the crossover switch is selected such that either
services, several transfer capabilities could be considered; tive total number of hops of the new connection or the number
essentially refer to the case of ATM connections exploiting nonf hops of the portion of the path that must be established anew
real-time variable bit rate (nrt-VBR), but the proposed approaghminimized.
can be modified to cope with other service classes. Transmissio® hard handover procedure is assumed in the system. Accord-
between the MT and the BS is achieved by means of a wirelésgly, during handover, connections are handled usibgeak
interface capable of transmitting ATM cells [37]. The advantagend makeapproach.
of this approach is the resulting transparent connection between
thg wireless link and thg wired ATM network that does no'.[ T€- |l SEAMLESS HANDOVER PROTOCOL WITH BUFFERING AT
quire any ATM adaptation layer (AAL) at the BS. According
; o ; THE BASE STATION
to this transmission scheme, cells generated by the MT are first
transmitted over the wireless link, then forwarded overthe  The scope of the seamless handover protocol is to guarantee
streamATM connection. Similarly, cells transmitted by the terloss-free and in-sequence cell delivery to the end users during
minal at the other end of the connection arrive at the BS via thandover.
downstreanATM connection and are then forwarded to the MT The sequence of events in the seamless handover protocol
via the wireless link. considered in this work is shown in Fig. 3. These events include
Contrary to conventional fixed ATM networks in which usersictions taken by the MT, the designated CS, and the destination
require connections whose path is established at setup time 8®{indicated as BS. The MT sends Aandover request (HOR)
remains unchanged during the lifetime of the connection, thethe current BS (indicated as BShotifying the intention to
WATM network requires that the path of a connection is moathange BS. While waiting for the network reply, the MT con-
ified as the MT roams through distinct BSs. Fig. 2 shows th@ues to transmit and receive cells using the current connection
case of a MT that moves from BSo BS; and, subsequently, path. During time intervalr,, 73], an ATM switch is chosen to
from BS; to BS;. The figure depicts thencremental reestab- be the CS and informed of the handover request. After verifying
lishmenttechnique [11], which is used to update the path of thbat the necessary network resources are available attB&
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Fig. 2. The incremental path reestablishment technique.

CS natifies the MT that the handover is in progress by sendidgtermine how quickly the handover buffer will be emptied and
ahandover confirm (HOC)Soon after, the crossover switch isconsequently the minimum value to be contracted for the max-
ready to initiate the traffic rerouting over the incremental patimum burst size (MBS) of the ATM connection.

Notice that the rerouting is performed on both the downstreamTwo alternative policies are considered to control the han-
traffic and the upstream traffic, not necessarily at the same tingaver buffer.

Specifically, downstream cells are immediately transmitted over 1) Dedicated buffer (DB)for each (unidirectional) ATM

the incremental path, whereas the path for the upstream traffic  connection of a MT performing handover, data cells are
will be rerouted only after the last upstream cell transmitted via  stored in a dedicated handover buffer.

BS, has reached the CS. 2) Buffer sharing at the base stationi8): connections of

Upon reception of the handover confirm, the MT has  MTs concurrently requesting handover toward the same
received all the downstream cells transmitted via; B80]. destination BS share a common handover buffer that is
Consequently, it disconnects from B®y sending theend always available at the BS.

upstream data flow (EDHnessage and attempts to establish a

new wireless link with Bg. Clearly, _untll the new wireless link IV. THE GSPN APPROACH TOHANDOVER BUFFERMODELING

is created, cells cannot be transmitted between the MT and the _

BSs. During this time interval, indicated #s, 4], it may be A significant cost of the BS is represented by the handover
necessary to store data cells at both MT (upstream traffic) apidffers. Optimization of the buffer size is a necessary step for
BS, (downstream traffic). More precisely, referring to Fig. 3designing a cost-effective solution based on the proposed seam-
downstream cells are buffered § < &, i.e., downstream €ss handover protocol. This section presents four GSPN ana-
cells arrive at BS before the new wireless link is establishedytical models that can be used to determine both the packet
Similarly, if 8, < &4, i.e., thestart data flow (SDF)message 0ss probability due to buffer overflow and the time required to

reaches B& earlier than thmpstream ready (USR’)]essage, empty the handover buffer as a function of the buffer size. The
upstream cells are buffered at B&intil the new upstream four models are derived for the upstream and downstream han-

connection is established via the CS. dover buffers in the DB and5° cases, respectively.

To contain the BS buffering requirement originated by each The steps followed to derive the models are:
connection handover, the cell arrival rate at the BS buffer is kept2) definition of the handover phases that have significant im-
below the cell departure rate as described next. Atthe terminal,a  pact on the handover buffer occupancy;
traffic shaping device based on the GCRA algorithm [35] main- 3) choice of the simplifying assumptions that allow the
tains the terminal transmission rate below the sustainable cell GSPN models to be built;
rate (SCR). Cells stored in the BS buffer are transmitted at the4) construction of the GSPN models and message level anal-
connection peak cell rate (PCR). By controlling the gap between  ysis;
the PCR and the SCR, with SCRPCR it is thus possible to  5) ATM cell level analysis.
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Fig. 3. Temporal diagram of the seamless handover protocol. (T ) indicates that MT is connected to BES.).

A key simplifying assumptions of the proposed approach is the
message level analysis, as opposed to the more conventional cell
level analysis. The message level analysis considerably reduces
the modeling complexity when compared to a cell level analysis.

It thus allows the investigation of much more complex systems.
Once the message level analysis is completed it is possible to
obtain performance metrics at the ATM cell level with appro-

priate postprocessing of the message level results.

The following sections describe these steps with reference to

the considered seamless handover protocol.

A. The Handover Phases

In order to study the occupancy of the handover buffers, it
is first necessary to identify the different phases (or states) of a

handover procedure. In the following we illustrate teadover

cycle defined as the sequence of phases in a single handover
procedure starting with the handover request from the MT, and

ending when the handover buffer is completely emptied.

As shown in Fig. 4, five phases are identified in one handover

cycle.

1) Beginning of the handover, when MT and BSill

exchange cells—both the upstream and downstreahm
handover buffers at BSare bypassed by the cell flows
(they are not necessary after the completion of the p
vious handover that brought the MT in the B&ell).

2) No wireless link is available, neither between M
and BS, nor between MT and BS—newly generated

upstream cells are stored in the MT transmission buffer
and the downstream ATM connection downstream vir-
tual circuit (VC down) is being rerouted at the CS to-
ward BS.

3) MT is disconnected from BSand not yet con-
nected to BS, the rerouted downstream ATM connec-
tion is available—upstream cells are stored in the MT
transmission buffer; downstream cells are stored in the
downstream handover buffer of BS

4) MT and BS exchange cells via the newly estab-
lished wireless link and the upstream ATM connection
is being rerouted at the CS—upstream cells are stored
in the upstream handover buffer of BRlownstream
cells are delivered to MT.

5) MT and BS exchange cells via the newly estab-
lished wireless link and the rerouted ATM connection
is available—the Bghandover buffers are being emp-
tied.

6) MT transmits (receives) to (from) BSand han-
dover buffering is not any longer necessary, since the
handover is completed (all buffers have been emptied).
Two alternative phase sequences are possible during a
andover cycle, depending on whether the rerouting of the
ATM connection is completed before or after the new wireless
link between the MT and BSis established. If the connection
.Irerouting is completed first, the phase sequenca is, c, e,

&', and buffering is required for downstream cells only, during
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Fig. 4. Sequence of phases of the handover buffers during the execution of one handover.

phase ande. If the wireless link with BS is established first,
the phase sequenceasb, d, e, &, and buffering is required
for upstream cells only, during phasg&nde. It is important

to notice that during phaseg the handover buffer is filled at the

Transitionsthat describe events that modify the system
state. They can be immediate (black bars) or timed (white
rectangles): the former represent instantaneous events (i.e.,
logic actions) that have null activation time; the latter repre-

remote terminal transmission rate (that on the average equals senttime consuming actions with associated exponentially
SCR) and emptied at PCR. During this phase, the handover distributed random firing times.
buffer is therefore emptied at the differential rate PEBCR. Arcsthat define the relation between states and events by

Under the DB policy, one distinct upstream (downstream) means of input and output functions represented by arrow-
buffer is reserved at the BS for every upstream (downstream) headed arcs; omhibitor functions identified by circle-
connection requesting handover from phlagethe end of phase headed arcs.

e. The buffer is released at the end of phasg&nder the BS? Tokens—that identify the state of the system; they are rep-
policy there is only one upstream (downstream) buffer always resented as markers in places and move from one place to
available at the BS that is shared by the upstream (downstream) another via the firing of some transitions. Tokens can be
connections concurrently requesting handover toward the same colored i.e., have an identity that allows their individual
destination BS. Notice that each handover is characterized by its behavior to be distinguished; in this case we refer to the
own phase sequence and phases of different handovers are notformalism as colored GSPN (CGSPN).

necessarily synchronized. The exponential distribution of firing delays associated with the

No head-of-the-line blocking is assumed for cells of differenimed transitions implies that the stochastic process described
connections: the available handover buffer space is sharedggya GSPN is Markovian.
all connections, but each connection has its own logical queueas already mentioned, GSPN and CGSPN models have been
(if a cell of connectionX arrives at the buffer before a cell ofsuccessfully used in a number of studies of complex telecom-
connectiort”, and the rerouting of connecticn is not yet com- munication systems, providing a simple but powerful paradigm
pleted while connectiol” has already been rerouted, the cell ofor the construction of stochastic models of several different net-
connectiont” needs not wait). working scenarios.

In constructing the four GSPN models some assumptions are
introduced.

The distinct phases of the handover procedure are modeledy) All delays in the system must be taken to be exponen-
using the GSPN formalism [14], a tool that allows a concise tjally distributed random variables, as required by GSPN
representation of the system to be modeled at the desired level models. While this assumption entails an approximation,
of abstraction. The formalism consists of the following basic since de|ays often are far from being exponentia”y dis-
components. tributed, the comparison of the performance estimates

Placesthat represent the state of the system; they are indi-  generated by the GSPN models and the results obtained
cated by circles. by detailed simulations indicate that the shape of the dis-

B. Modeling Assumptions
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2)

3)

4)

5)

tribution is not critical for the accurate prediction of the In spite of these simplifying assumptions, as shown in Sec-
system performance. On the other hand, some statistitiah V, the proposed GSPN models are as accurate as detailed
analyses of field measurement data indicate that somesihulation experiments, which require much longer CPU times
the delays that we consider in the model are actually cloaad cannot provide satisfactory results when the observed events
to being exponentially distributed; for example, the harare rare.
dover traffic is Poissonian in a nonblocking environment
[38], [39].
The time between two handover requests from the safie The GSPN Models
MT is assumed to be longer than the time required to Com_The models developed for the dedicated and shared buffer
plete the handover cycle. Thus, when the MT requests a.. . : : :
. . olicies are described next. Since the behaviors of the upstream
new handover, the handover buffers utilized in the prée- o
. and downstream cell transmissions are decoupled, for each
vious handover of the same MT are empty. In other words, . I : o -
policy two distinct, but in principle similar GSPN models are
two handover cycles of the same MT cannot overlap. Thi
. S i eveloped, one for the upstream buffer and the other for the
assumption should be realistic in most cases, since the

cellular network should be designed to avoid an exceggwnstream buffer.

) . e Each model comprises two interacting components (or sub-
sive handover frequency in order to limit the amount of : o

. . . nets) that respectively describe: 1) the phases of the handover
signaling and control. The few handover instances whic

do actually violate this assumption should thus only ha cycle and 2) the impact of each phase on the flow of cells in the

a marginal impact on the overall system performance.S handqver buffer. .
1) Dedicated Buffering (DB):

Note that the resuits produced by the GSPN model can a) Upstream Handover BufferThe model focuses on the

be instrumental in the selection of the network parame-
. . . ow of messages generated by the MT and sent over the con-
ters (minimum cell size, maximum MT speed, etc.) tha

indeed do avoid an excessive handover frequency by pg)gsgfn via B3 before the handover, and via Baiter the han-

viding estimates of the time necessary to complete the i ) .
handover procedure. The first GSPN model component is shown in the left part

The propagation delay in the WATM network is negligiblé?f Fig. 5. The handover cycle begins when transitimT_t_HO
with respect to the time necessary to the rerouting of tlfl'éeS removing the token from plaG®NNECTED. The firing of

ATM connection. The latter time is arandom variablethe{pis .transition, with ratg:pc, indicatg; that the handover is
depends on the congestion level at the CS. moving from phase to phaseb. The firing of start. HOgen-

The MT average offered load is denoted by Mbrs, a erates a token in two place$0_vC andNO_RADIO_LINK. The

varying system parameter. Bursty traffic is modeled geltparking of placeNO_RADIO_LINK indicates that MT is discon-

erating messages whose length is a random number§¢ted from Bg and not yet connected to BSthe marking
cells. The number of cells in each messagds taken of placeN0_VC indicates that the (upstream) ATM connection

to be geometrically distributed with given mean. This i£7oUting has not yet been completed. The marking of these
a fairly realistic assumption, specially if referred to comiwo places enables the two concurrent and timed transitions
et radio_linkandget_ VG respectively. The former transition

munication services exploiting the internet protocol (I N .
protocol, whose message size can vary from very f s rateunc, and its firing represents the establishment of the

cells to tens and even hundreds of cells. Notice, howev@fi,releSS link between MT_ and BSThe latter has_ ratgur,
that if a message length distribution other than the gefd represents the rerouting of the ATM connection from BS

metric distribution is considered, the GSPN model neelf

to be modified and its complexity may significantly in- If transition GET_RADIO_LINKfires first, a token is gen-
crease. For instance, in the case of Erlang or hyperexr%ated in plac&ADIO_LINK, to indicate the availability of the
nential distributions, the message transmission time froyjreless link from MT to BS (this marking is equivalent to

MT to the BS has to be approximated by using severghased, when the upstream cells are stored into the upstream
transitions with exponentially distributed firing times. Ahandover buffer). When transitigdET_VCthen fires, the token
similar consideration holds for the transmission time df PlaceN0_VCis moved into plac¥C, to indicate the availability
messages stored in the upstream handover buffer at #éhe ATM connection toward BS

BS. We also highlight that the accuracy of the GSPN Alternatively, if transitionget_VCfires first, a token is gener-
model has been tested for geometrically distributed megted in plac&/C, before the marking of pladeADI0_LINK, and
sage lengths only. no message is buffered in the upstream handover buffer because
A representation at the message level (instead of ctle ATM connection is already open when MT establishes the
level) is used to limit the growth of the number of statewireless link to BS.

in the underlying Markovian process. This approach hasWhen a token is present in both placesDI0O_LINK and

the advantage of generating a state space whose siz&dstransitiongot_bothfires, and a token is generated in place
not a function of the number of cells in the messageRECONNECTED (phasee€). The token is removed from place
Cell-level performance parameters can nevertheless RECONNECTED through the firing of transitiorend_HO after
derived from the message-level description, as explainttht the upstream handover buffer has been emptied and the
later. handover cycle has thus been completed.
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Fig. 5. The GSPN model for the design of the dedicated upstream handover buffer.
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Fig. 6. The GSPN model for the design of the dedicated downstream handover buffer.

The second GSPN model component is shown in the rightThe firing of transitiontx_msg_to_B#dicates that all cells
side of Fig. 5. Transitiomenerate_msgepresents the genera-belonging to the same message have been transmitted by the
tion of user messages according to a Poisson process with Mie For each transmitted message, a token is deposited into
ttgen. Each token generated into place_BUF represents one placeBS_IN. When atoken reaches plag® IN and placeio_ve
message stored in the MT transmission buffer. The capacityisfempty (i.e., the ATM connection is available), transitfor
this buffer is limited, and overflow messages are discarded tmardfires and removes the token from the place (the message’s
the firing of transitionlocal_loss(the arc weights in Fig. 5 in- cells need not be stored in the upstream handover buffer.) When
dicate that the buffer can hold at most 254 messages; whea token reaches pla@s_IN and place0_vC is marked (i.e.,
255th token enters plaaex_BUF, transitionlocal_lossfires, de- the ATM connection is not available), transitistorefires and
stroying it). Ratg:s., is computed from the MT average offerednoves the token into pla@dSs_BUF that represents the upstream
load (L, Mb/s) and the mean number of cells per messagle ( handover buffer where the message is stored. The capacity of
using the relationiigen, = (L, /4241%). this buffer is assumed finite and overflow messages are dis-

Transitiontx_msg_to_B$nodels the transmission of mes-carded through the firing of transitid®S_lossin this case, the
sages from MT to the BS to which it is connected (either BSarc weights in Fig. 5 indicate that the buffer capacity is 30 mes-
or BS,); this transmission is interrupted in the periods whesages (the maximum marking of both plaB8sBUF andTX_BUF
no connection is available between the MT and the BS (aftiera parameter of the model, defined with a trade off between
disconnecting from BSand before connecting to BB For message loss avoidance and state—space reduction).
this reason an inhibitor arc from plag#® _RADIOQ _LINK to Transmission of messages stored in the upstream handover
transitiontx_msg_to_B$s used. The firing rate of transition buffer is represented by two mutually exclusive transitions
tx_msg_to_BSthat represents the MT transmitting on thelelta_rate_on_wire and full_rate_on_wire enabled when
wireless link at rate SCR, ig. = (SCR/42415). place RECONNECTED is marked (phase). If place TX_BUF is
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Fig. 7. The CGSPN model for the shared upstream handover buffer.

empty (the MT transmission buffer contains no messages),The initial marking of the GSPN model consists of just one
transition full_rate_on_wireis enabled, indicating that thetoken in placeCONNECTED.

number of messages in the handover buffer decreases at the b) Downstream Handover BuffefThe model focuses
message transmission rate determined by the connection PGiRthe flow of messages generated by the remote terminal and
The firing rate of transitionfull_rate_on_wireis therefore reaching the MT via BS before the handover, and via BS

e = (PCR/4241; ), wherey is the average number of ATM after the handover.

cells comprising a message stored in the handover Buffer. The GSPN modelis shown in Fig. 6. The left side of the model
Alternatively, if placeTX_BUF is marked (the MT transmissionis identical to the model in Fig. 5. The right side of the model is
buffer contains messages), transitiotelta_rate_on_wire different because in this case messages arrive from the remote
is enabled, indicating that the number of messages in tteminal:

handover buffer decreases at thelative message trans- 1) transitiontx_msg_to_B® now disabled by the presence
mission rate determined by the difference between the cell  of 3 token in placeio_vc since cells cannot reach the BS
departure rate, i.e., PCR, and the cell arrival rate, i.e., SCR.  \hjle the ATM connection is being rerouted;

The firing rate of transitiordelta_rate_on_wirds therefore 2) mutually exclusive transitionf@rward andstore depend

ps = (PCR—SCR/4241). Notice thatin the latter case tokens  * now on the marking of placB0_RADIO_LINK since cell
flowing to placeBs_IN and modeling the messages transmitted  pyffering at BS occurs while the new wireless link is not

over the wireless link are discarded through transifmward yet established;

to guarantee conservation of flow. _ 3) transitionrecall fires if the ATM connection rerouting
When placess_BUF is eventually emptied the handover ter-  takes placdeforethe establishment of the wireless link

minates and transitioend_HOfires. between BS and MT.

Due to the message level nature of the GSPN, three transi

tions ¢ecall, none movg and one placeRADIO_LINK FIRST) shared, all concurrent connections requesting handover toward

are added to the model. If the MT connects to;Eifore the the same BS must be modeled simultaneously to take into ac-

ATM connection is rerouted, it may happen that at the time t . . :
L - X h h ff lIs. Although th
ATM connection is rerouted (firing oget VQ a portion of a i?:%untt e interaction between the buffered cells. Although this

A . ) i ible with the GSPN model introduced for the DB ap-
message (subset of cells) is still at the MT while the rest |sstorgﬂfOSSI. ew © modet introcuiced Tor the ap

in the handover buffer. This is modeled in the GSPN using tV\fgw connections. This is due to the fact that the DB model must

distinct tokens, one representing the message portion tranSfegg%uplicated for each concurrent handover
to the handover buffer (in plads _BUF), the other representing To overcome this problem, the CGSPN formalism is used to

the portion left in the MT buffer (in placeX_BUF). [The split model the BS? approach. With CGSPN, the complexity of the
ting of the (message) token into two is possible due to the mem- . .
) o model layout remains substantially the same of the GSPN model
oryless property of the exponentially distributed length of the : .
. : ... proposed for the DB case, with the difference that each handover
message.] PlaceADIO_LINK_FIRST and immediate transition

recall keep track of whether the wireless link to BB estab is associated with a distinct token color. In addition to the com-
. P . . ._pact representation of the model, the CGSPN approach allows
lished before the rerouting of the ATM connection. Immediate . - . . .
i X 0 automatically fold statistical equivalent states into a single

transitionsnoneandmovegenerate the (second) token in place S ) -

. S ) ‘State, thus significantly reducing the number of state probabili-
BS_BUF if the MT transmission buffer is not empty when transi:. :
. ) . . . " ties that must be solved numerically to compute the performance
tion get_VCfires. (Notice that immediate transitionsoveand

. - " - estimates.
nonehave hlghgr priority t_han_ transmoend_HO as indicated The models of the upstream and downstream shared buffers
by labelsr2, which set their priority to two, higher than the de- - . :
. d : " are similar to the nets built to represent the dedicated buffer
fault value of 1 given to the other immediate transitions.) . :
case. Fig. 7 shows the net representing the upstream shared
2The value ofv is derived in Section IV-D. buffer. (Due to space limitation, the model of the downstream

2) Shared Buffering (B*): When the handover buffer is
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shared buffer is not shown as its construction is straightfasne cell]. ThenE;(¢) defined as the probability that tokens
ward.) PlaceBS_IN represents the entire buffer capabilityall together representcells is
available at the BS that is shared among the MTs performin

concurrent handover procedures. In order to decrease t 0)=1 1)
number of states generated by the CGSPN model, a slightl¥:1(¢) = e() Yi>0 @3]
different representation of the MT transmission buffer is usedg; (i) =0 V4, k:i < k (3)

in this case. In the CGSPN model the marking of plaXeBUF
can never be greater than one, and transitiormsg_to BS
is replaced by transitionsx_buf_full and tx_buf_empty By
firing, either transitions move one token from platk BUF
to placeBs_IN, the former replacing the token FK_BUF, the Using the above expressions, once the GSPN model is numer-
latter emptying the input place. The firing rate of transitiofcally solved, and the steady-state probabilities of the markings
tx_buf_fullis equal to the firing rate of transitidn_msg_to_BS are obtained, the cell performance metrics of interest can be de-
in the GSPN model conditioned to the markings that haveved. We limit our analysis to one handover cycle since the ob-
a number of tokens in plac&X BUF greater than one. Thetained results can be easily extended to the case of concurrent
firing rate of transitiontx_buf_emptys equal to the firing rate handovers.

of transitiontx_msg_to_BSn the GSPN model conditioned The probability that during phasesande of the handover

to the markings with one token in pla@®X_BUF. Transition cycle the number of tokens in pla®S_BUF is equal tok is
generate_msgds enabled only when plac&X_BUF becomes defined as the probability that the number of tokens in place

i—k+1
Ex(i)= Y Exa(i—HE() Vk>Lizk (4)
j=1

empty. BS_BUF is equal tok, given that either the number of tokens
Besides the aforementioned changes, each set of colorednoplaceRADIO_LINK is equal to one or the number of tokens
kens flows in the net as illustrated in the GSPN model. in place RECONNECTED is equal to one:P{#BS_BUF = k

|# RADIO_LINK = 1 or #RECONNECTED = 1}. This prob-

ability is simply the sum of the steady-state probabilities of

all the markings of the GSPN that satisfy this condition and
The results provided by the solution of GSPN and CGSP#n be analytically derived. The probability that the upstream

models (i.e., the steady-state probabilities of the individughndover buffer contains ATM cells is then

markings) refer to messages. This section describes how to "

derive cell-related performance parameters from these resumn) - Z P{# BS_BUF = k|# RADIO_LINK = 1

D. Cell Level Analysis

For the sake of brevity, we only present the analysis for the =0
GSPN model of Fig. 5. The same approach can be applied to Or # RECONNECTED = 1} Ey(n) Yn > 0.
the dedicated downstream handover buffer, the shared upstream )

and downstream handover buffers.

Any token in placeTX_BUF represents a message (or the tai\n upper bound to the cell loss probability due to buffer over-
portion of a message) generated by MT. The average numbefiofy is
cells associated with each token is thiys Any token in place
BS_BUF represents a message (or the head portion of a mes- Plows(m) = Z B(k) (6)
sage) that has been transmitted over the wireless link while the
ATM connection is not yet reestablished. The average size of
this message is thus conditioned to the fact that the messageh®rem is the buffer capacity.
transmitted over a time span that is bounded from above by theThe average time spent by a cell in the handover buffer de-
rerouting time of the ATM connection. In the GSPN model thipends on the phase in which the cell reaches the buffer. A cell
situation is represented by the concurrent enabling of transitithrat reaches the handover buffer during priisaves the buffer
tx_msg_to B@nd transitionget VC The average number of only after the upstream connection has been rerouted and all
cells associated with a token in plag® BUF is therefore the cells already in the buffer have been transmitted. A cell that

reaches the buffer during phaseemains in the buffer only for
the time necessary to transmit the cells already present in the
SCR buffer. Therefore, distinct computations are required for the two
vy, = W phasesd ande. The probabilities that a cell reaching the han-
r T RUT dover buffer finds cells in it are, respectively,

where SCR is the cell transmission rate over the wireless link. n

As all timed transitions in the GSPN model have exponen- Qu(n) = Z P{# BS_BUF = k|#RADIO_LINK = 1
tially distributed firing times, irrespective of the average mes- k=0
sage length, any token associated with a message or a portion # TX_BUF > 0} Ex(n) @)
of a message represents a geometrically distributed number of ”
cells. Qc(n) = > P{#BSBUF = k|# RECONNECTED = 1

Let e(é), Vi > 0, denote the probability that a token repre- k=0

sentsi cells [with ¢(0) = 0, i.e., any token represents at least # TX_BUF > 0} Ex(n). (8)
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Fig. 8. Probability density function of the number of cells stored in the upstream handover buffer with mean reroutjagitime4 ms, SCR= 1.9 Mb/s,
average offered load= 1.5 Mb/s, and for different values of mean message lengitidells]). Simulation results are obtained for an upstream rerouting time
geometrically §) and uniformly ¢) distributed. (a), = 20. (b)», = 100.

Then, the average delay encountered by a cell stored in the h&A* as P{radio interruption time > RD} < ¢ and
dover buffer is P{upstream rerouting time > RT} < e. Then, we have

1 1
1 =min| —, ——— . 12
My = [uﬁ + <Z nQd(n)> TPCR] hup(e) = min <RD’ RT + MBch> (12)
- P{#RADIO LINK = 1, # TX BUF > 0}/Pp The possibility ofdenvmg accurate (as we shall se_e) (_:eII Ie_vel
performance metrics from a message level analysis is quite a

I Z”Q (n) | relevant result since it yields a significant reduction of the sto-
— ¢ PCR chastic model state—space size, hence, of the complexity of the
- P{#+ RECONNECTED = 1, # TX_BUF > 0}/Pr model solution.
Vnz0 ©) V. NUMERICAL RESULTS
beingrpcr the cell transmission time at rate PCR and To validate the accuracy of the GSPN models, this section
presents first a comparison of the performance estimates ob-
Pr = P{#RADIO_LINK = 1, # TX_BUF > 0} tained by both numerically solving the GSPN models and run-

+ P{# RECONNECTED = 1, # TX_BUF > 0}. (10) ning simulation experiments. The numerical analysis of GSPN

models exploits the GreatSPN software [40], a standard tool

To compute the worst case MBS we consider the maximuigy performance evaluation with GSPN and CGSPN. Simula-
acceptable value of cell loss probability and using (6), we derivien runs are based on the CLASS software tool (cell level ATM
m; thatis also the maximum number of cells stored in the buffefervices simulator) [41], that allows the simulation of ATM net-

Then, we have works at the time scale of individual cells and groups of cells.
494m, Observe that while GSPN models operate at the message level,
MBS, = PCR_SCR (11) CLASS operates at the cell level. The two descriptions of the

system dynamics are thus quite different. CLASS adopts rather

Finally, we denote ashyp(e) the maximum frequency sophisticated statistical techniques for the estimation of the con-

for the upstream connection to request handover. This fifidence level and accuracy of its performance estimates [41]. A

guency is chosen so as to avoid that consecutive handogeod match between simulation and GSPN performance pre-

requests for the same connection overlap with probdictions thus constitutes a reasonable validation of the proposed
bility higher thane. We define the two intervaldzD and modeling approach.
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The network setup used in the validation process consists of TABLE |
two BSs connected to the crossover switch. The propagation AVERAGE CE\EL DELAYV'N THE UP?_TR@(“:";ANDOVER BUFFER FOR
delay between either BS and the CS is set equal to 0.2 ms. ARYING VALUES OF Lo, SERAND pru
The time needed to establish the radio link between MT and

-1
BS, is taken as a uniformly distributed random variable with Lo (Mbps)  SCR (Mbps) - jun(ms™) AnalyMSd (m;)mul
mean value equal to 5Q6s. All simulation results presented in ’ '
this section have 5% accuracy and 99% confidence level. On ¢ ?2 }'g ggg g'gg ‘3"82
Pentium Pro Il PC, simulation runs last approximately 5 h, as 1:8 1:9 0:25 4:03 4'09
opposed to the few seconds required to numerically solve the 15 20 0.25 308 406
GSPN model. 05 19 0.1 969 992

In this validation study, some system parameters are fixed
to reduce the number of validation experiments. The numer-
ical values used for the validation are selected aiming at typicgt thus obtained assuming a geometrically distributed upstream
cases, rather than providing an exhaustive evaluation of all pgrouting time.
tential system scenarios. Since our main objective in this papemaple | shows values obtained fdd,, the average delay
is the illustration and validation of the modeling approach, Wexperienced by the cells in the upstream handover buffer for
do not delve very deep in the investigation of the impact of thﬁarying values of |, SCR, anduyr. The GSPN estimates
various parameter values on the system performance. always fall within the confidence interval of the simulator

Fixed values are used for the PCR, set equal to 2.0 Mb/s—pgint estimates.
traffic rate currently considered for WATM systems—the av- with respect to the dedicated downstream handover buffer,
erage burst length, set tg, = 20 ATM cells (unless a dif- Fig. 9 showsB(n) values obtained for SCR 1.9 Mb/s, L, =
ferent value is explicitly declared)—approximately 1 Kb, a sizg 5 Mb/s and L, = 1.8 Mb/s, respectively. The GSPN results
comparable to Ethernet packets—and the average time ne¢gg-obtained assuming that transitiget_VCin Fig. 6 is im-
sary to establish the wireless link between MT and B& & = mediate, hence, supposing that the rerouting of the downstream
500 ps. In the case of dedicated buffer, we assymieé = 1 ATM connection always takes place before the establishment
s, i.e., the MT generates a new handover request on averageitie wireless link between MT and BSas normally happens
after the completion of the previous handover. The interval bgith reasonable system parameters. The match between simu-
tween two successive handover requests is set artificially smation results and GSPN performance predictions is not as accu-
to generate a large number of handover requests in the modeige as in the previous model. However, it should be noted that
In the case of shared buffering, we assume ffit is a varying  the number of cells stored in the downstream handover buffer
parameter that controls the average number of concurrent hgnquite small, thus the problem of correctly dimensioning this
dovers. The other varying system parameters ar&SCR, and puffer is less critical when compared to the correct sizing of the
HuT- upstream handover buffer.

Note that we always take.Lto be less than SCR. If this is | jkewise, the validation of the CGSPN model of the shared
not the case, the GSPN model still produces meaningful resukandover buffers is done considerifgn ), i.e., the probability
but the probability of overflow of the MT buffer becomes nomjensity function of the number of cells stored in either han-
negligible as the average input rate exceeds the average ou§ig¥ler buffers. Two scenarios are considered: one with an av-
rate. We consider this situation of significant loss probability @rage number of concurrent handovers equaNtp, = 1.5
the MT not to be of interest. and the other with an average number of concurrent handovers

First, the GSPN model defined for the dedicated upstre&gaum toNuo = 3. In either cases, no more than five concur-
handover buffer is validated through comparison with simulgent handovers are allowed. The values for the other parameters
tion results. In particular, the probability density function ofre SCR= 1.9 Mb/s, andtﬁ% = 4 ms. Fig. 10 shows the good
the number of cells stored in the dedicated upstream handoygfeement between the distributions of the number of cells in
buffer, i.e., the probabilityB(n) that the upstream handoverthe shared upstream handover buffer resulting from the analyt-
buffer contains» cells, is used to carry out the comparison.ical and simulation studies when, = 1.0 Mb/s and 1.5 Mb/s.

In Fig. 8, B(n) is plotted for L, equal to 1.5 Mb/s, SCR- 1.9 | jkewise, Fig. 11 illustrates the comparison between the numer-

Mb/s, andu;n = 4 ms [42]. Two possible average messagial and simulation results obtained for the shared downstream

lengths are considered, i.e., 20 and 100 cells. Simulation reswgdover buffer when L= 1.5 Mb/s.

are obtained considering two possible distributions of the up-As shown in the figures, with symmetrical traffic, the required
stream rerouting time: geometric and uniform. In either case, tsge of the downstream buffer is always smaller than the required
mean value equals 4 ms. Results obtained by the GSPN moglgé of the upstream buffer in both the dedicated and shared
are accurate in all shown cases. In particular, we notice that eYgfifer approaches. We therefore limit the rest of this analysis
when the rerouting time is assumed to be uniformly distributeg the latter buffer.

the model is able to capture the behavior of the buffer occupancyresults obtained using the GSPN models allow us to opti-
fairly well. Simulation results presented in the rest of the papgfally determine the size of the dedicated and shared buffers as
, . _ , . afunction of several system parameters, even when the occur-
3To estimate the probability density function of the number of cells in the . .
upstream handover buffer, the buffer size is chosen to be sufficiently large/oC€ O_f.the measured ?Vems IS rare'.F'g' 12 shows the cell loss
avoid cell losses. probability versus the size of the dedicated upstream handover
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Fig. 12. Cell loss probability versus dedicated upstream handover buffer size, fo=SICRMb/s, mean rerouting time;+ = 4 ms, and variable values of
average offered load (L[Mb/s]).
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Fig. 16. Cell loss probability versus shared upstream handover buffer size for average offereg lsadl.& Mb/s, mean rerouting timg ;. = 4 ms, and
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buffer for SCR=1.9 Mb/s,;@% = 4 ms, and varying values are shown for |, = 1.5 Mb/s,/Jg% = 4 ms, varying values of

of L,. Fig. 13 shows the same performance parameter wh8@R, andVyo approximately equal to 3.5.

L, = 1.5 Mb/s, ug% = 4 ms, and SCR varies. Fig. 14 shows Finally, Fig. 17 presents the cell loss probability versus the

similar curves for SCR= 1.9 Mb/s, L, = 1.5 Mb/s, and varying size of the shared upstream buffer for varying valueg.@f,

values ofuyr. These curves quantify the heavy dependency oéing L, = 1.5 Mb/s, SCR= 1.9 Mb/s, with Ngo = 3.5.

the loss probability on the value pf;r, i.e., the time necessaryNotice that in order to guarantee the required cell loss proba-

to reroute the ATM connection. bility using the dedicated buffer technique, we have to multiply
Notice that once the maximum number of cells stored in th®yy Nyo = 3.5 the corresponding size of the dedicated buffer

buffer is determined, MBS. andhyr(€) can be easily derived shown in Fig. 14. From this comparison, we see that a cell loss

using (11) and (12). probability in the10~¢ range can be achieved by the shared
Fig. 15 shows the cell loss probability versus the size of thmiffer approach using less than half the size of the buffer re-

shared upstream buffer when SGR1.9 Mb/s, and/@% = 4 quired in the dedicated buffer approach.

ms. Varying values of L are used to derive the curves. The Finally, we point out that the model allows to quantitatively

value for Nyo is approximately 3.5. In Fig. 16 similar resultscharacterize the dependency of the cell loss probability on the
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Fig. 17. Cellloss probability versus shared upstream handover buffer size for average offered4eddilMb/s, SCR= 1.9 Mb/s, and variable values of mean

rerouting time {51 [ms]).

connection reestablishment tipg .. With the chosen system
configuration and requested cell loss rate, the buffer size neces-
sary at the BS can be significantly reducedﬂ*ﬁ is kept below (6]
4 ms.
[71
VI. SUMMARY

This paper described an approximate and accurate analyticaﬁg]
modeling approach to evaluating the performance of hard han-
dover procedures based on cell buffering at the destination basEa]
station in WATM networks.

In order to demonstrate the versatility and accuracy of the
modeling approach, the performance of two buffering policieé
were evaluated and results were compared with those produced
by detailed simulation experiments.

The accuracy of the analytical models and the considerabl@™!
number of system parameters taken into account, make the prag)
posed models a practical and flexible framework for estimating:

1) the minimum buffer requirement necessary to satisfy the COMy5)
tracted QoS in WATM networks; 2) the worst-case MBS for the
ATM connection; and 3) the maximum handover rate allowed14]
by the system to prevent the cumulative effect of consecutive
handovers on the connection delay. [15]

With minor modifications, the proposed models can be
adapted to investigate soft handover protocols. [16]
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