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ABSTRACT

A scheme is proposed for cellular communication systems in which voice and data co-exist.
Each traffic class is managed using a session-oriented strategy. During a session a mobile user has access
to network resources, although this access may be shared with others. A session is typified as a either a
voice session or a data session. Preemptive priority is used to guarantee transparency for voice sessions.
For data sessions, the scheme attempts to maintain a connection to the network. Data sessions, which are
preempted or which are disconnected doing the hand-off process, are allowed a fixed number of
reconnection attempts. Only after the given number of such attempts to reconnect have failed, is the data
session deemed to have failed. The strategy attempts to maintain connectivity for mobile data users in a
way that is transparent to them. This allows for example, mobile computing users to continue
functioning autonomously (though not indefinitely) in an off-line mode. We develop a tractable
analytical model for traffic performance based on multidimensional birth-death processes. This approach
allows consideration of mixed traffic types as well as mixed platform types, (such as pedestrians,
automobiles, and buses), which may have very different mobility characteristics. Theoretical traffic
performance characteristics are calculated. These include carried traffic, blocking probability, forced

termination probability, average time per suspension, and the average number of suspensions per session.
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INTRODUCTION

Originally developed to provide voice service, cellular communication technology now
seeks to accommodate additional services. With the rapid development of computer industry and
the explosively increasing demand for computer communication, the need to accommodate data
services is of continually increasing importance. The limited availability of wireless resources and
the hostile environment of wireless channel, necessitate special consideration of problems that do

not arise in fixed wired networks.

Hand-off is the process of changing the access point of a mobile for the purpose of
maintaining quality of radio link as the mobile moves. Unsuccessful hand-off causes premature
termination of a call. Because of the potential for premature termination, the wireless segment can
be a bottle-neck for ATM or other data services that are accommodated on the backbone [1], [2].
The following issues arise: 1) How to minimize the likelihood of premature termination when
diverse traffic types coexist in a system? 2) How to guarantee transparency for time sensitive calls
even if a variety calls share limited wireless resources? 3) What strategy should be used for
managing heterogeneous call traffic types in order to guarantee Quality of Service (QoS) for all

traffic classes?

The characterization of hand-off performance as an important system metric was
considered in [3], which also treated prioritized schemes for hand-off calls. More general user
mobility and mixed platform types were considered in [4]. Mixed call types and mixed platform

types were considered in [5].

A scheme to send data traffic on cellular networks is considered in [6]. In that scheme,
data type calls use channels only during idle times, which are defined as the time intervals between
consecutive voice calls. In this scheme, transparency of data traffic is guaranteed for voice call
users. Also, in [7], some strategies for management of data calls in this “background service” are
considered. The analysis of traffic performance of this system is studied in [8], where more
complicated issues which arise from the existence of different mobility classes are studied.

Prioritized hand-off procedures were also considered.



Considering the time insensitive nature of many data traffic types, some delay during
communication is not critical factor for acceptable QoS. However, a lost connection which results
in the termination of a session is significant, since it waste valuable wireless resources. Therefore,
the question of “how to maintain connectivity of a mobile user to the network?” is an important
issue. Systems that attempt to maintain mobile user connectivity to the network by automatically
and transparently attempting to reconnect disrupted links are considered in [9]. A disconnection
need not necessarily result in a failed session with discarded information and wasted resource

usage. Only a single traffic class, namely time insensitive data, was treated.

In the present paper, a system that uses widely disparate call traffic types is considered. A
session-oriented approach is used. A session is typified as either a voice session or a data session.
Preemptive priority is used to guarantee transparency for voice sessions. For data sessions, the
scheme attempts to maintain a connection to the network. Data calls, which are preempted or which
are disconnected doing the hand-off process, are allowed a fixed number of reconnection attempts.
Only after the given number of such attempts to reconnect have failed, is the data session deemed to
have failed. The strategy attempts to maintain connectivity for mobile data users in a way that is
transparent to them. This allows for example, mobile computing users to continue functioning
autonomously (though not indefinitely) in an off-line mode. We examine the combined effect of
mixed call traffic types in the same system and quantify the performances of each type. We
consider mixed platform types. That is platforms with different mobility characteristics are present
in the system. In addition, cut-off priority is used to reserve some resources for voice sessions,

since they are especially susceptible to hand-off failures.

The model for traffic performance can be cast in the analytic framework that has been
developing in recent years [3], [4], [8], [9]. The approach, which uses multidimensional birth-death
processes, allows numerical computation of relevant state probabilities [4]. These probabilities are

used to compute important traffic performance measures for the proposed system.



SESSION MANAGEMENT STRATEGY

A voice session characterized by real time conversation typically needs a continuous
uninterrupted session. A data session is generated by a source that carries and processes data
type information. Often data transfers are time insensitive. Voice mail does not need real time
transmission, on the other hand is transmitted by a data service and. We consider this to be a

data session.

When the physical link between a mobile terminal that has an active data session and
network fails, the data session is suspended and mobile terminal will attempt to reconnect by
successive reconnection requests made at random time intervals. These are called reconnection
attempts. A maximum number of reconnection attempts, N, is allowed for each suspended
session. If a reconnection has not been secured after this maximum is reached, the session is
considered to have failed and is cleared from the system. The number of reconnection attempts

for suspended sessions is counted and updated in a counter in the mobile terminal.

It is assumed that there is a maximum number, H, of suspended sessions that the system
will allow in each cell. It is possible that a platform with a suspended session on board leaves its
current cell at this epoch a reconnection attempt is made to establish a link in the new call. This
hand-off attempt counts towards the limit, N. If, in the target cell, there are no available channels

“to accommodate the arriving data session, and if there are also already H suspended sessions in
the target cell, the arriving data session cannot be admitted in the target cell. So, even if a
suspended session has not exhausted the allowable number of reconnection attempts, it will be
forced into termination if it fails its hand-off attempts and the system already has H suspended

session in the target cell. A detailed description of mobile terminal’s reconnection counter is

given in the APPENDIX A.

Since voice sessions must be transmitted or received on a real time basis, reconnection
attempts are not allowed. Instead, voice sessions have preemptive priority over data sessions for
using channel resources. When a voice session arrives and finds all channels occupied, an active

data session (if any are present) will be either suspended or terminated to accommodate it. The



choice of which data session to be suspended or be terminated is assumed to be random. If there
are no active data sessions that can be preempted to service the incoming voice session the voice
arrival will not be accommodated. That is, it will be blocked if it is a new call, or terminated if it

is a hand-off.

There are two possible reasons that cause an active data session to be suspended. One is
failure of a hand-off attempt of the data session. Specifically, if a data session attempts a hand-
off when the channels in the target cell are fully occupied but, in the target cell, there are fewer
than H data sessions suspended, the hand-off attempt will be fail but the session will wait for
another connection opportunity as a suspended session. The other reason for suspension arises
when an active data session is preempted by an arriving voice session. When a voice session
arrives in a cell in which all channels are occupied and fewer than H sessions are in suspension,
and, at least, one active session is of data type, an arriving voice session will obtain a connection

but an active data session will be suspended.

In the following we let g be an index that defines the platform type and mobility.
Consider a suspended session that has already failed k- reconnection attempts. The next attempt
is called the “k-reconnection attempt” where 1<k < N . It is important to emphasize that there
are two driving processes that generate reconnection attempts. One is the retry process, which
consists of successive statistically independent realizations of a random variable, T (k,g), to
generate epochs for retry attempt times for a suspended session. The other is the hand-off
departure process -- because hand-off attempts always try to establish a link and therefore count
as reconnection attempts. The random variable, T (k,g), gives the time from the previous
reconnection event (either hand-off or retry) to the next anticipated retry attempt. The random
variable, T, (k, g), can in general depend on k. Thus, the minimum rate of reconnection attempts
depends on the number of attempts that have already been made. Of course, if the supporting
platform leaves its current cell before the anticipated retry epoch, a hand-off attempt (to establish
a link) will be made at that time and the value of k will be adjusted. If the session is in a
suspended state after this attempt, a new random variable (for a retry epoch) will be generated.

The random variable, T (k,g), generated after the k-/ reconnection attempt, represents the

— |



maximum time to the next anticipated retry attempt. This is called the “k-trial time”. The next
reconnection attempt will be made either at this time, or at the time that the supporting platform
leaves the cell, whichever is the shortest. A suspended session that has not reestablished a link
after k-1 reconnection trials and is waiting for the next (k™) reconnection attempt, is called a “k-

suspended session”.

There are three possible reasons that cause a data session to be prematurely terminated.
One is failure of a hand-off attempt for the data session. If a hand-off for a data session is
attempted to a cell in which all channels are fully occupied and H suspended sessions exist, it
will fail and the session, whether it is active or suspended, must be terminated. The second
reason is that an active data session is preempted by an incoming voice session. When a voice
session arrives in a cell in which all channels are fully occupied, H suspended sessions exist, and,
at least, one session is of data type, the arriving voice type session will obtain a connection but an
active data session will be terminated. The third reason that the allowable number of
reconnection attempts for the suspended data session has been exhausted. A suspended data
session is allowed up to N reconnection attempts. N consecutive failures of reconnection

attempts will cause termination of the data session.

MODEL DESCRIPTION

In the following description, we freely borrow concepts and phraseology put forth in [3]

and [4]. It is suggested that readers review those papers.

We consider a large cellular system with many mobile platforms of several types. Each
mobile can potentially generate a voice session or a data session. However, each platform can
support at most one connection at any give time and each connection needs one channel
(resource) to communicate. The platform types differ primarily in there mobility characteristics.

The maximum number of simultaneous connections that each base station can support is C .



When a platform with either an active or suspended session moves to another cell, a hand-
off is needed. We assume hand-off detection and initiation are perfect. For a voice session, a
hand-off attempt will succeed to gain a connection in the target cell if there are fewer than C voice
sessions in that cell. A voice session that fails to gain a connection will lose its wireless link and
cleared from system. For a data session, a hand-off attempt will gain access to a connection in the
target cell if there are less than C sessions, either of voice type or data type, in progress in that
cell. When a hand-off of a data session fails to acquire a connection, a session will be suspended
if the reconnection counter in the terminal indicates less than N attempts and no more than H

suspended sessions are in the same cell.

Platform mobility is characterized using the concept of dwell time [4], (8] - a random
variable which is defined as the duration of time that a two-way communication link of
satisfactory quality can be maintained between a platform and its current base, for whatever
reason. The dwell time of platform in a cell depends on many factors including; mobility, signal
power, propagation conditions, fading, etc. [4]. The amount of time that a session must use a
channel for satisfying communication is modeled using the concept of unencumbered session
duration. The unencumbered session duration is a random variable, which is the amount of time
that the call would spend in service if there were no suspensions or forced termination. The
unencumbered data session duration depends on the amount of data and speed of modem.
Similarly, the k-trial time is a random variable. A k-suspended session will execute a retry
attempt after the epoch of the k-trial time unless it moves to another cell. If a k-suspended
session moves to another cell before the epoch of the k-trial time, a hand-off attempt will be

made.

We emphasize here that the term reconnection attempt applies to any attempt of a
suspended session to reestablish a link to the network. Reconnection attempts are initiated by

attempted hand-off of suspended session as well as by the retry process of suspended session.

EXAMPLE PROBLEM STATEMENT



The system can support G type mobile platforms, indexed by {g =1, 2, 3......., G}. No
more than one session can be supported by a platform at any given time. The voice session

origination rate from a noncommunicating g-type platform is denoted A,(g). We define
a(g)=A,(g)/ A,(1). The data session generation rate from a noncommunicating g-type
platform is denoted A ,(g). It s, also, defined B(g)=A,(g)/ A, (g). Potentially, a platform

can generate two types of sessions, voice and data. The number of noncommunicating g-type

platforms in any cell is denoted by v(g,0). Therefore, the total voice session generation rate for
g-type platforms in any cell can be denoted A, (g)=A,(g) X v(g,0) and the total data session
generation rate for g-type platforms in a cell can be denoted A,,(g) = A,(g)xv(g,0). Itis

assumed that the number of noncommunicating platforms is much larger than the number of
connections that a cell can support so that the session origination rate does not depend on the

number of calls being served (This is called an infinite population model) [4].

Generally the bandwidth and other resources that needed for connection of a data session
may vary each session. A model that considers resource use based on connection type is
developed in [5]. It is assumed that each active connection, either for a data session or a voice
session, requires the same amount of resources. Each cell or gateway can support maximum of C
connections. There are no quotas for either specific mobility platform type or specific type of
session. Cut-off priority for hand-off activity (either of voice sessions or data sessions) and

reconnection attempts for data sessions are included in the present discussion. Thus, C,

connections in each cell are reserved for hand-off attempts (for either voice sessions or data
sessions) and for reconnection attempts (only for suspended data sessions) in the cell. A

connection will be established for an arriving voice session only if there are less than C-C,

active voice sessions in the cell. For an arriving data session, a connection will be made if there
are fewer than C sessions, either of voice type or data type, in the cell. Hand-off attempt of a
voice session will fail if there are C active voice sessions in the cell. The voice session that fails
its hand-off attempt will be terminated and cleared from the system. A hand-off attempt of a data
type session will fail if there are C sessions, either of voice type or data type, in the cell. The
data session that fail its hand-off attempt will be suspended if its reconnection counter indicates

less than N+1 and less than H suspended sessions are in the cell.



The platform is considered to “leave” the cell at the expiration of its current (random)
dwell time. A communicating platform that leaves a cell generates a hand-off arrival to some
other cell. The dwell time in a cell for a g-type platform is a ned random variable, T,(g),
having a mean T,(g)=1/u,(g). This dwell time distribution can be generalized [10], [11],
[12]. The unencumbered voice session duration on a g-type platform is a ned random variable,
T,(g), having a mean T(g)= 1/u,(g). The unencumbered data session duration on a g-type
platform is a ned random variable, T, (g), having a mean T.(g)= 1/1,(g). The k-trial time of a
suspended session on g-type platform is ned random variable, 7, (g), having a mean
]_",(k,g) = l/u,(k,g), where 1< k<N, and u . (k,g) (k=1,2,...,N;g=1,.....,G) is the parameter

that determines the reconnection attempt rate for a k-suspended session on a g-type platform.

STATE DESCRIPTION

Considering a single cell, we define the cell state by a sequence of non-negative integers.
When a maximum of N reconnection attempts are permitted for a suspended data session, the

state of the cell can be written as G n-tuples as follows

Vi Wi hy ha N N

Vo Wy Iy rz:,z T3 o 1)

V¢ W Fei1 T2 T3 ° TIgw
where v, {g=12,...... ,G} is the number of active voice sessions on g-type platforms,
w,{g=12,....... ,G} is the number of active data sessions on g-type platforms, and

roo18=1.2,.....Gk=1,2,.....,N} is the number of k-suspended sessions on g-type platforms. For
convenience, we order the states using an index s =0, 1,...... »Smax - Thereafter, v, w,,and r,,
can be written explicitly dependent on the state. That is v . = v(s,8), W, = w(s, g), and ok =

r(s,g,k).

When the cell is in state s, the following characteristics can be determined. The number

of voice sessions is



G
v(s)= D v(s, g). )

g=l
The number of active data sessions is
G
w(s)= 3 w(s, g). 3)
g=l

The number of suspended sessions on g-type platforms is

N
r(s,g)= 2. r(s,g.k). (4)

The number of suspended sessions, regardless of platform type, is
G
r(s) = z r(s, g). (5)
g=l
The total number of data sessions on g-type platforms in a cell, either active or suspended, is
a(s,g)=w(s,g)+r(s, g). (6)

The total number of data sessions, regardless of platform type, either active or suspended, is

G
a(s)= Za(s,g). @)
g=l
The number of active sessions, regardless of type of session, is
J(s,8)=v(s,8)+w(s, g). (8

And, the total number of sessions in progress in a cell is

J(8) = v(s) + w(s). | 9)

There are constraints on permissible cell states. These includes the total number of active

sessions in a cell must be fewer than or equal to maximum supportable connections, J(s)< C;

and the total number of suspended sessions in a cell must be fewer than or equal to the maximum

number of suspended sessions allowed in acell, r(s)< H.

Given that the system is in state s, the conditional probability, Q (s, g), that an active

data session held on a g-type platform will be suspended when an voice session arrives is given

by

1)



w(s, g)/w(s) if w(s)#0, r(s)<H

0 otherwise.

Q,(s, 8) ={ (10)

The conditional probability, Q,(s, g), that an active data session held on a g-type platform will

be chosen for termination when an voice session arrives is given by

0.(5.8)= {w(s, g)/w(s) if w(s)=0, r(s)=H an

0 otherwise.

DRIVING PROCESSES
There are nine possible driving processes. We use Markovian assumptions for driving
processes to allow solution within the multidimensional birth-death process framework [3], [4],
[9], [11]. Each process is listed below
e {nv} : generation of voice sessions
e {nw} : generation of data sessions
e {cv} : completion of voice sessions
e {cw} : completion of data sessions
e {hv} : hand-off arrival of voice sessions
e {hw} : hand-off arrival of data sessions

{ hw, } : active data session hand-off arrivals

{ hw,} : 1-suspended session hand-off arrivals

{ hwy } : N-suspended session hand-off arrival

e {dv} : hand-off departures of voice sessions
¢ {dw} : hand-off departures of data sessions

{dw, } : active data session hand-off departures

{dw,} : 1-suspended session hand-off departures

{dw, } : N-suspended session hand-off departures

e {r} : retry attempt

11



The dimensions of session generation or session completion processes, either of voice
type or data type, are G, respectively, since there are G different types of mobility platforms.
Similarly, the dimensions of the hand-off arrival and departure processes, either of voice type or
data type, are GX (N+1), since N- times of reconnection attempts are permitted for a suspended
session besides of existence of active sessions. The dimension of the retry process is GX N,

since N types of suspended data sessions can be arise from G different types of platforms.

Compete discussion of each driving process is given in [13].

FLOW BALANCE EQUATIONS

The total transition flow into state s from any permissible predecessor state x can be

written as

q(s,x) =Y, (5, x)+7,,(8x)+7.,(5x)+7,(sx)

+ Y (5X)+ Y, (8, X))+ Y, (5, x)+7,,(5,x)+7,.(s,x), (12)
where
Vi (85 X) = Vipyo (8, X) + ¥y (8, X)+ Y0 (5, X)), (13)
Yaw($:X) = Vo (5, X) + ¥ gt (8, X ) +Y yn (8, X) (14)
and
Y,(5,%) =7,(s, %) +7,(5,x,2)++y,(s, x,N). ' (15)

In equations (12)-(15) flow into a state has been taken as positive and we require s# x. The

total flow out of state s is denoted g(s,s) and is given by

San
q(s,s) =~ Y, q(k,s). (16)
k=0

k=s
The statistical equilibrium can be found using the flow balance equations that are set of §_, +1

simultaneous equations for the unknown state probabilities,

St

S a6, Hx p(i) =0, i=0L.....5 ~1 a7
=0

smxx

d.pH=1, (18)
j=0



in which, for, i # j, q(i, j) is the net transition flow into state i from state j, and g(i,i) is the total

transition flow out of state i.

HAND-OFF ARRIVAL PARAMETERS
The average arrival rate of hand-off voice sessions, A ,,, the average hand-off arrival rate
of active sessions, A,,, the average hand-off arrival rate of k-suspended sessions, A, (k), the

fraction of hand-off arrivals of voice sessions that are on g-type platform, F,, the fraction of

hand-off arrivals of active data sessions that are from g-type platform, F,_, and the fraction of

wg ?
hand-off arrivals of k-suspended sessions that are on g-type platform, F, (k), can be determined

from the dynamics of the process itself. An iterative method can be used [4]. The average hand-

off departure rate of voice sessions on g-type platforms, A, (g), can be expressed as

S
A, (8)= 2oty (8)-v(s,8)- pls). (19)

s=0

Thereafter, the overall average hand-off departure rate of voice sessions, A, , can be written as

Ahv = iAhv(g) (20)
g=1

The average hand-off departure rate of active data sessions on g-type platforms, A, (g).

can be expressed as

$
A,.(8)= guo(g)-W(s,g)-p(S) 2

Thereafter, the overall hand-off departure rate of active data sessions, A, , can be written as

Ay = iA,,w<g>. (22)

The average hand-off departure rates of k-suspended sessions on g-type platforms,

A,(g,k), can be expressed as

Ay
A (g.k)= guo(g)-r(s,g,kyp(s) (23)



Also, the overall average hand-off departure rates of k-suspended sessions, A, (k), can be written

as

A,(k)=iA,(g,k). (24)
g=1

From these equations, we find that the fraction of hand-off departures of voice sessions
that are on g-type platforms, F, , is

F,=A,(8)/A,, (25)
the fraction of hand-off departures of active data sessions that are on g-type platform, F, , is

F&;g = Ahw(g)/Ahv’ (26)

and, the fraction of hand-off departures of k-suspended sessions on g-type platforms, F, (k), is

F, (k)=A,(g.k)/ A, (k). @7

Since the maximum allowable reconnection attempts is N, there are N average hand-off
departure rates and fractions, each corresponding to a value of k. Any hand-off departure of a g-
type platform from a cell corresponds to a hand-off arrival to another cell. Therefore, the hand-
off arrival and departure rates per cell for a homogeneous system in statistical equilibrium must

“be equal. That is we must have

F,=F,

F wg T F wg

F (k)=F, (k) (28)

Ahv = Ahv

Ahw = Ahw

A (k)= A, (k)

where 1<k < N.
PERFORMANCE MEASURES

After the statistical equilibrium state probabilities and transition flows are found, the

required performance measures can be calculated.
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Carried Traffic of Voice Sessions

An important performance measure from a system point of view is the carried traffic [4].
Since the traffic of data sessions is transparent to user of voice session, the carried traffic of voice
sessions is same regardless of the amount of data sessions in the system. The carried traffic of
voice sessions for g-type platforms, A, (g), is

M

AL(g)= Y (s g) p(s), 29)

5=0
and the total carried traffic of voice sessions, A, is

G
Acv = 2 Acv ( g) (30)

&=l

Carried Traffic of Data Sessions
Clearly, the traffic of data sessions strongly depends on the traffic of voice sessions in the
system. The carried traffic of data sessions for g-type platform, A_(g), is
Snay
Ao (8)= 2 w(s.8)- p(s) (31)

and the total carried traffic of data sessions, A_ , is

cw?

Acw = Z Acw(g)‘ (32)

&=l

Average Number of k-Suspended Sessions

The average number of k-suspended sessions for g-type platforms, A ,(g,k), is

S,

Acr(g’k)-_—fr(s’g’k)'p(s)’ (33)

5=0

the average number of k-suspended sessions, A_(k), is
G
A, (=2 A, (8.k), (34)
g=I1

and, the average number of suspended sessions in acell, A, is

[N



N
A, =2 A (K) 35)

k=1

Blocking Probability of Voice Sessions

The blocking probability for voice sessions is the average fraction of newly generated
voice sessions that are denied access to a channel. Since there is no quotas for specific type of
mobility platform, the blocking probability is same for all type of platform. Blocking of newly

generated voice sessions happens when the cell is on one of state of following disjoint subsets of

states
Ly, ={ssJ(5)2C~-C,}. (36)
And, the blocking probability of voice session, P,, , is expressed as
P, = X, p(s). 37)
s€Lp,

Blocking Probability of Data Sessions

The blocking probability for data sessions is the average fraction of newly generated data
sessions that are denied access to a channel. A newly generated data session will not be blocked
unless all channels are occupied either by voice or data sessions. Blocking of newly generated

data sessions happens when the cell is on one of state of following disjoint subsets of states

L, ={s:J(s)=C}. (38)
And, the blocking probability of data session, Py, , is expressed as
P, = 3 p(s). (39)
se€Lg,

Hand-Off Failure Probability of Voice Sessions

The hand-off failure probability of voice sessions, P, , is the average fraction of hand-off

attempts for voice sessions that are denied in the target cell because all channels are occupied by
voice sessions in a cell. A failure of hand-off of a voice session happens when the cell is on onc

of state of following disjoint subsets of states

L, ={sv(s)=C}. (40)
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The hand-off failure probability of voice sessions is expressed as

P, = 2, p(s). (41)

s€ly

Hand-Off Failure Probability of Data Sessions

The hand-off failure probability of data session, P, , is the average fraction of hand-off

attempts for data sessions that are denied in target cell because all channels are occupied and N
suspended sessions are in the cell. A data session, either active or suspended, that are denied in
the target cell due to the lack of system capacity will be forced into termination and cleared from
the system. We define following disjoint set of states, in which hand-off attempts of data

sessions will fail

L,, ={sv(s)=C,r(s)= H}. (42)
Then, the hand-off failure probability of data sessions is expressed as
Py, = 2 p(s). (43)
s€lyy

Forced Termination Probability of Voice Session

A voice session that fails its hand-off will be forced into termination. The forced
termination probability of voice sessions on g-type platform, P, (g), is defined as the
probability that a g-type voice session that is not blocked is interrupted due to hand-off failure
during its life time as in [4], [8]. It can be shown that the forced termination probability of voice
type session is given by

,U,D(g)XPHV
H,(g)+ iy (8) X Py, .

P (g)= (44)

Forced Termination Probability of Data Session

The forced termination probability of data session on g-type platform, P, (g), is defined
as the probability that a data session that is not blocked is forced into termination during its
lifetime. The prematurely terminated data session will be cleared from system. It should be
reminded that there are three possible scenarios that a data session is forced into termination

during its lifetime. Firstly, a data session, whether active or suspended, attempts its hand-off into



a cell in which the system already supports maximum number of connections (either for voice
sessions or data sessions) and maximum number of suspended sessions. In this case, a data
session will forced to termination even if it hasn’t finished its maximum allowable reconnection

attempts. A premature termination of a data session, either active or suspended, that has not
finished its maximum allowable reconnection attempts is called a non-maximum termination.
Secondly, a suspended data session is forced terminated due to the failures of maximum number
of reconnection attempts. It should be recalled that a suspended session attempts a hand-off
when it moves to another cell even though the radio link between mobile unit and base was
disconnected. The hand-off attempt generated by a suspended session will be counted as one
reconnection attempt in the sense that the reconnection counter will be incremented. Therefore,
the last attempt before termination can be either a retry attempt or a hand-off attempt. The
termination of an N-suspended session due to the maximum number of allowable reconnection
attempts being met is called a maximum termination. Thirdly, If a voice session arrives when
all channels are occupied and there are N suspended sessions and more than one active data
session in the cell, an active data session must be terminated to accommodate the arriving voice
session. The termination of an active data session due to an arrival of a voice session is called a
pushed out termination. Since the termination occurs while the mobile counter indicates less

than N, this kind of termination is a non-maximum termination.

A hand-off attempt of data session will succeed or fail according to the state of target cell.
We define following disjoint and mutually exclusive set of states such that, in the set, a hand-off

attempt of the data session will have same outcome.

L, ={s:v(s)< C}. (45)

L, ={sv(s)=C,r(s)# H}. 46)
and Ly, , that was defined in equation (42). When the target cell is inL, , a hand-off attempt of

the data session will succeed and, simply, a session will be active. When the cell is one of the
state in L, , the cell already supports maximum number of sessions (either of data or voice) but
the number of suspended sessions in the cell is fewer than H. If a data session, either active or
suspended, arrives due to a hand-off attempt when the target cell is one of these state, it will stay

as a suspended session and wait for its reconnection opportunity unless the reconnection counter
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indicates maximum allowable reconnection attempts, (N+7). When the reconnection counter
indicates (N+1), a session will be forced into termination. When the cell is one of the state in

L, , the all channels in target cell is occupied and H suspended sessions are in the cell. In this

case, hand-off attempt of the data session will be failed and an arriving session will be

prematurely terminated. The corresponding system probabilities is expressed as

P, = p(s). (47)
P, =2 p(s). (48)

Figure 1 is a flow graph depicting in the lifetime of a data session. As shown in the
figure, there are two scenarios that an active data session to become a 1-suspended session.

Firstly, an active data session tfy a hand-off attempt into a cell in which the state is in L, (This is
called “type 1 suspension”). The probability that an active data session on a g-type platform
attempts a hand-off as a upcoming event before its session completes can be shown as
Uy ( g)/ [/,Lw( g)+ iy ( g)] and the probability that the target cell is in L, is simply P,. Therefore,
the probability, 7,(g), that an active data session on a g-type platform becomes a suspended
session through a type 1 suspension can be expressed as

uy(g)- Py,
1,(g)+ Hy(g)

7,(8)= (49)

Secondly, an active data session is suspended due to an arrival of a voice session when a
cell state is in L, (This is called “type 2 suspension”). There are nine possible state dependent
driving processes when a cell state is s. Those are listed in section “DRIVING PROCESSES”.
In these driving processes, only a generation of voice session and a hand-off arrivals of voice
session can cause a type 2 suspension of active data session. We define following disjoint set of

states for explanation of these driving processes.
L={sJ(s)=C0<sv(s)<C,,r(s)# H}, (50)
L ={ssJ(s)=C,C, £v(s)<C,r(s)# H}. &30

19



When the cell is in L, all processes can potentially occur as a upcoming event. However,
a generation of voice session and hand-off arrival of voice session can cause a type 2 suspension.
The probability, P,, that either a generation of voice session or a hand-off arrival of voice
session will be the next upcoming event, when the cell is in state s, can be expressed as
& A,(g)+A,, -F,
R=Y L, sel, (52)

g=l I

where

D, =A, (g)+ A, (8)+(1,(g)xv(s, 8))+(u,(g)xw(s, g))
+(Ay, XF, )+ (A, XF, )+ (A, ()X F ) +(Up(8)X v(s, 8)) (53)

N
+(Hp(8)XW(s, g +(t1p ()X r(s, g))+ X (1, (k, 8) X r(x, 8,k)).
k=1

When the cell is one of the state in L,, all possible processes except generation of voice
sessions can occur as a next upcoming event. However, only a hand-off arrival of voice session
cause a type 2 suspension. Therefore, the probability, P,, that a hand-off arrival of voice session
will be the next upcoming event, when the cell is in state s, can be expressed as

P, = i ﬁ%zfﬁ sel, (54)
where

D, =A,,(8)+(1,(8)xv(s, g)+(1,(g)Xw(s, g))

(A XF )+ (A XF )+ (A (KX F,)+ (1, (8)XV(s, 8)) (53

+(1p (8)X W(s, @)+ (kp ()X r(s, @)+ D, (i, (k, 8) X r(x, g, k)).
k=1

Thereafter, the conditional probability, 7,(g), that an active data session on a g-type
platform becomes a suspended session through a type 2 suspension can be expressed as

Q:(s,g)XPl, lf SEL1
1,(8)={L(8XP, i sel, (56)

0 otherwise.
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Consequently, the probability, P;(g), that an active data session on a g-type platform

becomes a 1-suspended session due to either type 1 suspension or type 2 suspension can be

expressed as

P(g)=1,(8)+7,(8). (57)

A suspended data session will attempt to reconnect to base station. This reconnection
process can succeed or fail according to the cell state. For a suspended session, there are two
possible upcoming events. When the dwell time of suspended session is less than the next trial
time, the session will attempt hand-off. Otherwise, the session will attempt retry. The

probability that a g-type k-suspended session attempts hand-off as a next upcoming event can be

written as i, ( g)/ [/.t,(k, g)+ up( g)]. Also, the probability that a g-type k-suspended session

attempts a retry as the next upcoming event can be written as u, (k, g)/ [u, (k,g)+ Uy (g)].

A hand-off event of a suspended session, can result in resumption of an active session, a
forced termination, or continued suspension (with an incremented reconnection attempt counter).

These events occur with respective P,, P, ,and P,.

A retry attempt generated by a suspended session can result in: 1) the suspended session
becoming active. (This event occurs with probability, P,. See equation (47 ). ) ; or, 2) the
suspension of the session being continued (with an incremented reconnection counter if the
maximum number of allowed reconnection attempts has not been reached (This event occurs
with probability P, +FP,. See equation (43) and (48).) ; or, 3) termination of the suspended

session. (This event occurs if the retry attempt fails and the maximum number of reconnection

attempts is exhausted).

A g-type suspended data session will become active if a reconnection attempt (retry or

hand-off) is successful. The probability of this event is simply P,
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There are two possible scenarios in which a k-suspended session can become a (k+1)-
suspended session. One is to attempt a hand-off and be continued suspension. The other is to try
a retry attempt and be continued suspension. Therefore, the probability, 6,(g), that a k-
suspended session on a g-type platform becomes a (k+/)-suspended session through either a retry

of a hand-off attempt can be written as

(k. 8) (Py, +Fp) 1 (8)- Py
0 =
(8) U, (k, )+, (g) ¥ u(k, 8)+ up(g)

(58)

_ Mk 8)-(Py, + Bp)+ By (8)- P,
u.(k,g)+ up(g)

(59)

where 1< k< N.

Consider an active data session. An active session may be suspended. This occurs if it
undergoes an unsuccessful hand-off when there is still room for suspended calls, or if the active
session is preempted by a voice call while there is still waiting room for suspended calls. A
suspended 'session undergoes reconnection attempts each of which can result in: 1), the
suspended session being continued in suspension; 2) the suspended session becoming active; or,
3) the suspended session being terminated. A suspended session will become active again if it
undergoes either a successful hand-off or a successful reconnection attempt. Let n(g), be the
probability, that an active data session on a g-type platform either rémains active or becomes

active again (after undergoing either a hand-off attempt or a preemption by an arriving voice

session). Then, if we define 6,(g)=1, we find

Up(g)- P, )
= P -P P. -P, -6
n(g) (#w(g)+#D(g) +(P,(g) - P,)+(P:(g) P,-6,(8)
+(P¢(g)'PA’61(8)'92(8))+ --------- +(Pg(g)'PA'91(8)"'0N—1(8))- (60)
:uD(g)PA S
= +P.(g)-P,- 0, 61
1, (8)+ Hp(g) :(8) gl—! (8) ©D
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The first term of the RHS on (61) is the probability that an active session undergoes a successful

hand-off attempt. The second term is the probability that an active session is suspended, remains

suspended through (k-1) reconnection attempts, and succeeds (becomes active) on its k"

attemnpt.

NON-MAXIMUM TERMINATION PROBABILITY

In previous discussion, we defined the premature termination of a data session, either
active or suspended, as one which has not exhausted its maximum allowable number of
reconnection attempts as a non-maximum termination. Therefore, if the reconnection counter
indicates less than (N+1) when a session is forced to terminate, the termination is a non-
maximum termination. We define the following disjoint set of states to explain this process in
more detail. Let

L ={s: J(s)=C0<v(s)<C,,r(s)=H}, (62)

L, ={s:J(s)=C,C, <v(s)<C,r(s)=H}. (63)

When the cell is in a state belonging to L,, any processes can potentially generate the next event.
However, the arrival of a new voice session or the hand-off arrival of voice session can cause a
pushed out termination. In this region, the probability, P,, that either a generation of voice
session or a hand-off arrival of voice session will be the next upcoming event, when the cell is in
state s, can be expressed as

& AL(8)+A,, CF,
R=2 = sel (64)
1

where D, is given by equation (53).

When the cell is in a state belonging to L,, any process except generation of new voice

sessions can cause the next state transition. However, only the hand-off arrival of a voice session

can cause a pushed out termination. The probability, P,, that a hand-off arrival of a voice

session will be the next upcoming event, when the cell is in state s, can be expressed as
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G .
P4=2—VD—38—, sel, (65)
2

where D, is expressed in equation (55).

Thereafter, the conditional probability, £(g), that an active data session on a g-type

platform is terminated due to pushed out termination can be expressed as

Q,(s,8)xX P, if sel,
E(g)= Q,(s,g)xP,, if sel, (66)

0 otherwise.

The non-maximum termination probability, P,;(g), is defined as the probability that a

data session on g-type platform, either active or suspended, is forced into termination during its
lifetime even if it has not finished its maximum allowable reconnection attempts. It should be
noted that a data session can be terminated (non-maximum termination) as an active session, a 1-

suspended session, a 2-suspended session, ...... , or N-1 suspended session.

The probability, ¢.(g), that an active g-type data session is pushed out into termination

due to an arrival of voice session during its lifetime can be written as

0:(8)=&(g)+n(g)-&(g)+n’(g)-E(g)+ (67)
=&g)- 3, (n(®) (68)
i=0

The probability, ¢,(g),that a g-type suspended data session is forced into termination

(while the session is in progress) due to a failure of hand-off can be written as

Hp(8)- Py, +/“D(g)'PHw'n(g)+ﬂp(g)'PHw'rlz(g)+

0,(8)=
(@) F 1, (8)  Mp(@)+ i (8)  Mp(8)+ i (g)

...... (69)

i=0

Hp(g)+u,(8)

o (8) Py, - 2. (n(8))

(70)
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A failure of hand-off attempt will cause a termination of 1-suspended session if the state

of target cell isL, or L,. It should be noted that a failure of retry attempt will not cause
termination of k-suspended data session, unless k = N. The probability, ¢,(g),that a g-type

suspended data session is forced into termination while it is a 1-suspended session due to a

failure of hand-off can be written as

1,(8)- Py, ] an

(8)=Py(8): ()’3( :
2@ =R L) | iy
With the same fashion, the probability, @,(g), that a data session on a g-type platform is

forced into termination while it is a k-suspended session, where 0<k<N, due to a failure of hand-

off can be written as

N i Hp(8): Py, M
=P.(g): . 116 . 72
0.(8)= Py(8)- 2, ((g)) (uu(g>+u,(1,g>j [16.® (72)

Then, the overall non-maximum probability, P,,(g), can be written as

P (8)=0:(8)+9(8)+ @ (g)+ -+, (8) (73)
S i) . M@ R@ $H ] (74)
= . P. . . 0
2,8) [5(g)+ v {%(g)ww(g)*np(g>+u,<k,g) 211e@
1 1y (8) 1y (8) P(g) et }
1-n(g) [‘5(3) o [uo(g)+uw(g>+uu<g)+u,(k 2) ;11 ~(8)

MAXIMUM TERMINATION PROBABILTITY

The maximum termination probability, P, (g), is defined as the probability that a data
session on a g-type platform is forced into termination during its lifetime because the maximum
allowable number of reconnection attempts has been reached. The last attempt before
termination can be either a hand-off or retry. The maximum termination probability, P,,(g),

can be written as



oo N-1
Pr(2)=21(8)P(8) (By, +B) []0.(8) (76)
i=0 i=1

1 N-1
o) &) (P >1'[ (8)

Thereafter, the total forced termination probability of data session, P, (g), can be

written as

P, (8)= Py (8)+ Py (8). (78)

Average Time Per Suspension

The average time per suspension, W(g), is the expected amount of time that
reconnection process will carry on after a data session to be suspended. Therefore, it is the
average time frame from the point that an active data session is suspended to the point that a

suspended session is active or is forced into termination.

To calculate the average time per suspension, determine the average rate of suspension
and the average number of suspended sessions using state probabilities. Little’s law will then be

applied to find the average time per suspension [9].

As we discussed before, there are two types of suspension: type 1 suspension and type 2

suspension. The average rate of suspension of sessions on g-type platform, H(g), is given by

H(g)= the rate of type 1 suspension + the rate of type 2 suspension.

3 S (79)
H(@)=| X p(s) A - Fyy [+{] 2 p() DAL () + Ay F 1|+ Do) DAy Fy
sely sel g=l sel, g=l
G
=(P, A, -Fvg)+(P, 1A, (&) +A,, F, 1]+(Pz Ay). (80)
. el

We can determine the average number of suspended sessions from g-type platforms, A, (g).

from equation (33) as follows
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N
A,(8)=D A, (g.k). (81)
k=1

Thereafter, we can find the average time per suspension from g-type data session, W(g). Using

Little’s law, this is

W(g)=A,(g)/ H(g). (82)

Average Number of Suspensions Per Data Session
When data session arrives, it may be accommodated or blocked according to the state of a
cell. So, we can expressed the average accommodation rate of data sessions on g-type platform

in acell, E(g), as follows

E(g)=A,,(8)-(1-F,). (83)
Thereafter, the average number of suspensions per session, S(g), can be written as
S(g)=H(g)/ E(g). (84)

Average Time in Suspension Per Data Session
The average time in suspension per data session on g-type platform, M _(g), is the

expected amount of time that a data session is suspended during its lifetime. Using Little’s law,

this can be written as

H(g) A,(8) _A,(g)

M, (2)=5() W(g)="pr > H(g) E(g) "

(85)

Average Total Lifetime of a Data Session

The average total lifetime of a data session, regardless how it ends (successfully complete
or be prematurely terminated) on a g-type platform, M,(g), is the expected time that a data
session spends in the system. Using Little’s law, this can be written as

A (g)+A.,(g)
E(g) '

M (g)= (86)

Suspension Time of Data Session
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The fraction of a data session’s lifetime remaining to be suspended is an important

performance metric. For a data session on a g-type platform, this is denoted as L(g). It can be

written as
M A
L(g)=2L8) «(8) 87)
M(g) A,(g)+A,(g)
DISCUSSION OF RESULTS

Numerical results were generated using the approach described in this paper. For Figure
3-11, an unencumbered voice session duration of 100s was assumed and an unencumbered data
session duration of 20s was assumed. Two platform types, low mobility and high mobility, were
considered. The mean dwell time of 500s was assumed for a low mobility platform and that of
100s was assumed for a high mobility platform. A homogeneous system was assumed. The
mean k-trial time of a g-type k-suspended session was chosen to be 10s for 1<k <N (That is,

T,(k,g)=10s).

The number of possible states depends on the number of platform types (G), the number
of channels (C), the number of allowable suspended sessions in a cell (H), and the number of
allowable reconnection attempts (N). For example, the number of possible states with parameters
used to generate Figure 6 (G=2, C=15, H=3, N=3) is 325,584. All calculations were made using
Sun Ultra-2 and Sun Ultra-1 workstations. For the parameters of Figure 6, the cpu time needed

to obtain the solution is about 92 min. using Sun Ultra-2 workstation.

The abscissas for Figures 3-11 reflect call demands with the assumptions stated above. In
each of these, the abscissa is the new voice session origination rate for platform type 1

(denoted A, (1)). The ratio of new voice session generation rates from other platform types to
that of type 1 platforms were held fixed with parametersa(g). Also, the new data session

generation rate for platform type g is determined with respect to new voice session origination

rate using parameters, (g). For all calculations in this paper, we used ot(g)=p(g)=1.
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Figure 3-5 shows voice traffic performances. Since the traffic of data sessions is
transparent to users of voice session, the traffic performance of voice sessions with data traffic is
identical to that without data traffic. Figure 3 shows the blocking probability of voice session.

As the number of reserved channels, C,, is increased, obviously more newly generated voice

session can not be accommodated. For an abscissa value of 13x10™* calls/sec, blocking

probability increases by one and half orders of magnitude as C, changes from O to 4.

Figure 4 shows the forced termination probability of voice session. As the number C,
increase, fewer voice sessions are forced into termination with the cost of blocking of more
newly generated voice sessions. Over the whole traffic range, forced termination probability of a
voice session decreases by an order of magnitude each time C, is increased by 2 channels.
Voice sessions on fast mobile platforms have higher forced termination probability than that on
slow mobile platform. This is because voice sessions on fast mobile platforms are more likely to
experience more hand-offs during lifetime of a session. It is also seen that the decease in forced
termination probability (as C, increases) is much greater than the corresponding increase in

blocking probability. This allows a very favorable exchange.

Figure 5 shows the carried traffics of voice sessions. As expected, it is seen that if more
channels are reserved for hand-off attempts, there is less carried traffic. This is because more
channels are reserved for hand-off attempts, the more newly generated voice sessions will be

blocked. In the traffic range shown, it is seen that increasing C, from 2 to 4 has a more

pronounced effect on performance than increasing C, from O to 2. For example, for an abscissa

value of 1.6x10™ calls/sec, increasing C, from O to 2 decreases carried traffic of voice sessions

from 8.6 erlangs to 8.4 erlangs (about 2.3 %), but that from 2 to 4 decreases carried traffic of

voice sessions from 8.4 erlangs to 7.9 erlangs (about 6%).
Figure 6 shows the average number of data sessions per cell, either active or suspended.

Figure 7 shows the blocking probability of data sessions. It is seen that if more channels are

reserved for hand-off attempts of voice sessions, more data sessions can be accommodated. This
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is because the more channels are reserved for hand-off attempts, the more newly generated voice
sessions will be blocked. Consequently, the opportunity for data session to be accommodated is

increased. In this traffic range, it is seen that increasing C, from 2 to 4 cause more change of
performance than increasing C, from O to 2. For an abscissa value of 16X 107 calls/sec,
increasing C, from O to 2 increases carried traffic of data sessions from 1.83 erlangs to 1.84

erlangs (about 0.5 %), but that from 2 to 4 increases carried traffic of data sessions from 1.84

erlangs to 1.88 erlangs (about 2.1%).

Figure 8 shows the forced termination probability of data sessions for various values of
C, used for cut-off priority. When we increase C,, clearly, forced termination probability of
data sessions decreased. Over the whole traffic range, forced termination probability of data
session decreases by an order of magnitude each time C, is increased by 2 channels. It is also
seen that data sessions on slow mobiles have smaller forced termination probability. This is

because a data session on a slow mobile is more likely to finish its session with fewer hand-offs

during its lifetime.

Figure 9 shows the dependence of forced termination probability of data sessions on the
number of maximum allowable reconnection attempts, N. As we can see, increasing N results in
fewer data sessions being forced to terminate during their lifetime. For an abscissa value of
1.6x10™ calls/sec, forced termination probability of data session decreases by two orders of

magnitude as N increases from 1 to 3.

Figure 10 shows the dependence of forced termination probability of data sessions on the
number of maximum supportable suspended sessions, H. With increasing H, clearly, the less the
forced termination probability of data session is expected. For the same abscissa value with last
paragraph, (1.6x 107 calls/sec), forced termination probability of data session decreases by an

order of magnitude as H increases from 2 to 3.

Figure 11 shows the dependence of average number of suspensions per data session, S(g),

on traffic demands. Consider suspended data sessions on fast mobiles in comparison with those

30



on slow platforms. It is seen that data sessions on slow mobile have smaller number of

suspension during a session. For example, for an abscissa value of 1.6x107* calls/sec, the
expected number of suspensions for a data session on a slow mobile is 0.08, however, for fast
mobile it is 0.09. This is because a data session on slow mobile is more likely to finish its
session with fewer hand-offs during its lifetime, and, therefore, fewer suspensions are expected.
It is also seen that with increasing N, the average number of suspensions per data session
increases. This is not because data session will experience more suspensions given time but

because the lifetime of a session is increased with increasing N.

CONCLUSIONS

With rapidly growing interest in the area of multimedia and mobile computing, the issue
“how to accommodate diverse traffic types in wireless network” must be solved. In this paper,
we propose a scheme in which each type of media is managed with different strategy according
to the characteristics. For time insensitive data sessions, the system allows users to continue in a
temporary off-line mode while awaiting an active network connection in the background. For
time sensitive voice session, the system give preemptive priority over data traffic so that the
transparency of data traffic is guaranteed to voice users. We develop the framework, using a
suitable state description and multidimensional birth-death process representation, to compute
traffic performance characteristics of proposed system. Consideration of mixed platform
mobilities is accommodated in the model. Traffic performance depends strongly on the amount
of priority given for hand-off attempt of voice sessions and the limit on the number of allowable
reconnection attempts for data sessions. Relevant traffic performance measures can be calculated

for given system parameters.
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APPENDIX A: Operation of the Reconnection Counter at Mobile Terminal.

Figure 2 shows the detailed operation of the reconnection counter and reconnection
process. When a mobile platform with an active data session moves to a target cell that has no
channels available, the session will be suspended and the mobile’s reconnection counter will be
set to 1 if there are fewer than H suspended sessions already in the target cell (type 1 suspension).
In addition, an active data type session will ‘be suspended due to an arrival of preemptive voice
session when a cell state is in L, (type 2 suspension). In the target cell, additional reconnection
attempts may be made. The mobile’s counter will be incremented for each unsuccessful attempt.
It may happen that the supporting platform moves to yet another cell. At that time a hand-off
attempt will be made. This hand-off attempt will count as an attempted reconnection. Specially,
if the hand-off attempt succeeds in getting a channel, the session will be counted and
reconnection counter will be set to 0. If there are no channels in the target cell but there are
fewer than H suspended sessions the reconnection effort will continue (this is, the counter will be
incremented to 2 in this example case). If there are no channels available and there are H
suspended sessions in the new target cell, the data session will be terminated. For non-
terminated data sessions, the process will continue in this way as long as there has not been N
consecutive failed reconnection (hand-off or retry) attempts. When this limit is reached the
session will be forced to terminate. The mobile terminal may confirm this termination to the

network via the control channel (A timeout in the network can also be used as a backstop).
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APPRNDIX B: Driving Processes and State Transition Rates.

For convenience, dummy variable i and j are used as follow: i=1,2,3, ... ... ,G;

Generation of Voice Sessions

Because of cut-off priority, C,connections are held for arrivals of hand-off attempts

(either of voice session or date session) or reconnection attempts (of suspended data session).
Therefore, when the number of active sessions, either of voice or data, is fewer then C and the
number of voice sessions is less than C, in the cell, an arriving voice session will cause the state
variable v(x,,, g) to be incremented by 1. Thus a permissible state x,, is a predecessor state of s
for a new voice session arrives on a g-type platform, if J(x,, )< C, v(x,,)<C,, and the state
variables are related by

v(x,, 8)=v(s,g)-1

vix,, ,)=v(si), i#g

(88)
w(x,, ,i)=w(s,i)

r(x,,,i, j)=r(s,i, j).

When a cell has C active sessions (either of voice or data), fewer than C, connections are
occupied by voice sessions, and fewer than H suspended data sessions exist in the cell, an
arriving voice session make an active data session be suspended. Suppose a data session on a m-

type platform is suspended due to an arrival of a voice session on a g-type platform, then state

variables are related by
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v(x,, g)=v(s,g)—1
v(x,,,D)=v(s,i), i#g

w(x,, ,m)=w(s,m)+1
w(x,,,i)=w(si), i#m (89)
r(x,, ,ml)y=r(s,ml)—1

r(x,,,m j)=r(s,m,j), j#l

r(x,,,i, )=r(sij), i#m,

ifJ(x,,)=C, v(x,,)<C,,and r(x, )< H.

If a voice session arrives when a cell has C active sessions (either of voice or data), fewer

than C, connections are for voice sessions, and fewer than H suspended data sessions are in the

cell, an arriving voice session make an active data session be terminated. Suppose an active data
session on a m-type platform is terminated due to an arrival of a voice session on a g-type
platform, then state variables are related by

v(x,, 8)=v(s.g)~-1

vix,,,D)=v(si), i#g
wom=w(s,m)+1 (90)

w(x,,,i)=w(s,i), i#m

w(x

r(X,, 6 )= r(s,1, ),
if J(x,,)=C, v(x,,)<C,,and r(x, )=H.

Let A, (g) denote the average arrival rate per cell of new voice session from g-type
platforms. Then, the corresponding transition flow is given by

Anv(g)9 J(x,w)<C
Yor (5. %,,,8)=30,(x,,,8)XA,,(8) J(x,,)=Cv(x,,)<C,,r(x,, )< H 91
Q,(x,,.8)xA,(8), J(x,)=C,v(x,)<C,,r(x,,)=H.

Generation of Data Sessions
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When there are fewer than C active sessions in a cell, an arriving data session can obtain

a connection. Thus a permissible state x,, is a predecessor state of s for an arrival of data
session on a g-type platform, if J(x,,) < C, and the state variables are related by
v(x,,,i)=v(s,i)
w(x,,.g)=w(s g)—1 92)
w(x,, ,)=w(s,i), i#g
r(x,,, 6 j)=r(s,i, J)
Let A,,(g) denote the average arrival rate per a cell of new data session from g-type platforms.

Then, the corresponding transition flow is given by

an(s’xnw’g)zAnw(g)‘ (93)

Completion of Voice Sessions
A transition into state s, due to successful completion of a voice session on a g-type

platform when the cell is in state x_, , will cause the state variable v(x,,, g) to be decreased by 1.
Thus a permissible state x_, is a predecessor state of s for completion of a voice session on a g-
type platform if the state variables are related by

v(ix, g)=v(s,g)+1

vx,,,D)=v(s,i), i#g

. . (94)
w(x,,,i)=w(s,i)
r(x, i, j)=r(s,i, j).

The transition flow into state s from x_, due to a completion of a voice session is given by

Y. (8x,,8)=H1,(8)xv(x,, &) 95)

Completion of Data Sessions
A transition into state s, due to successful completion of a data session on a g-type

platform when the cell is in state x_, , will cause the state variable w(x,,, g) to be decreased by |

ww?

Thus a permissible state x_, is a predecessor state of s for completion of a data session on a v

type platform if the state variables are related by
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v(x,,, )= v(s,i)

w(x,,,g)=w(s g)+1 (96)
w(x,,,)=w(s,i), i#g

r(xcw,i, _]) = r(S, i, J)'

The transition flow into state s from x_, due to a completion of a data session is given by

YCW(S’xcw’g)=#w(g)xw(xcw7g)' (97)

Hand-Off Arrival of Voice Sessions
When a cell has fewer than C voice sessions and there are, at least, one available empty
channel in a cell, an arriving voice session due to a hand-off can obtain a connection without

making an active data session be suspended or be terminated. Thus a permissible state x,, is a
predecessor state of s for a hand-off arrival of a voice session on a g-type platform, if J(x,,) < C,
and the state variables are related by

v(x,, g)=v(s,g)~1
v(x,,,i)=v(s, l) i#g (98)
w(x,,,i)=w(s,i)

r(x,,,i, j)=r(s,i, j).

When a cell support C connections (either for voice or data sessions) dnd fewer than H
suspended data sessions exist in a cell, an arriving voice session due to a hand-off attempt make
an active data session be suspended. Suppose a data session on a m-type platform is suspended
due to a hand-off arrival of a voice session on a g-type platform, then state variables are related
by

vix, g)=v(s,g)-1

vix,, ,D)=v(s1), i#g

w(x,, ,m)=w(s,m)+1

w(x,, ,i)=w(s,i), i#m (99)

r(x,,,ml)=r(s,ml)—1

r(x,,,m, j)=r(s,m,j), j#l

r(‘xhv’i’j)zr(s’isj)s l;tm
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if J(x,,)=C, r(x,)<H.

If a voice session arrives due to a hand-off when a cell has C active sessions (either of
voice or data) and H data sessions are in suspension, an arriving voice session make an active
data session be terminated. Suppose an active data session on a m-type platform is terminated
due to an arrival of a voice session on a g-type platform, then state variables are related by

v(x,, g)=v(s,g)—1

v(x,, ,)=v(s1), Ii#g

w(x,, ,m)=w(s,m)+1 (100)

wix,,,)=w(s,i), i(#m

r(xy,,6 ))=r(s1, j)

if J(x,)=C, r(x,)=H.

We let A,, be the average rate at which hand-off arrivals of voice session impinge on the

cell and F,, denote the fraction of hand-off arrivals of voice session that are from g-type
platforms. Initially we guess A, and F, but these values are determined by the dynamics of

process itself using an iterative method [4], [10]. Then the transition flow into state s from x,,
due to hand-off arrival of a voice session is given by
A, XF, J(x,,)<C

Vio (8:%,,,8) =10,(x,,, ) XA, XF, J(x,,)=C,r(x,,)<H (101)
Q,(x,w,g)XA,wavg J(x,,)=C,r(x,,)=H.

Hand-Off Arrival of Data Sessions
ACTIVE DATA SESSION HAND-OFF ARRIVALS
When the number of sessions, either of voice or data, is less than C in target cell, an

arriving hand-off data session can obtain a connection. Thus a permissible state x,,, is a

predecessor state of s for a hand-off arrival of an active data session on a g-type platform when

J(x,,,) < C and the state variables are related by
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V(X905 1) = V(s 1)
W(X 0, 8) = W(s,8)— 1 (102)
w(x,,wo,i)=W(S, i), i+ 8

F(X g b J) = 18,1, J).

When an active data session attempts a hand-off, it will become a 1-suspended session if
the target cell has C active sessions (either of voice or data) but the total number of suspended
sessions in that cell is less than H. A transition into state s, due to a hand-off arrival of active
data session on a g-type platform when the cell is in statex,, ., will cause the state variable
r(x,,,, g.1) to increase by 1. Thus a permissible state x,,, is a predecessor state of s for a hand-
off arrival of an active data session on a g-type platforms when J(x,,,)=C and r(x,,)< H,if
the state variables are related by

V(X,,0,1) = V(s, 1)

W(X,,001) = wW(Ss, i)

(X0, &)= r(s, g, =1 (103)

M(Xpi0, 8 ) =1(5,8, ), Jj#1

r(x,.o.0j)=r(sij), i#g.

We let A,, be the average rate at which hand-off arrivals of active data session impinge
on the cell and F, denote the fraction of hand-off arrival of active data session that are from g-
type platforms. Also, we initially guess A, and F,, but these values are determined by the

dynamics of process. The corresponding transition flow for active data session hand-off attempts
is given by

thO(s’thO’g)zAhwawg' (104)

K-SUSPENDED SESSION HAND-OFF ARRIVALS

When the number of sessions, either of voice or data, is less than C in target cell, a hand-

off attempt of k-suspended session will be succeed. Thus a permissible state x,,, is a
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predecessor state of s for hand-off arrival of a k-suspended session on a g-type platform when

J(x,,) < C and the state variables are related by

V(xhwk s l) = V(S, l)
W(X 5 8)=W(s, 8) 1 (105)
wix, D) =w(si), i%g

r(X,. 00 J)=r(s, i, J).

If, 1) there is no channel available in the target cell; but, 2) the total number of suspended
sessions in the cell is less than the maximum number of supportable suspended sessions, H; and, 3)
the counter of the mobile is less than N+1; then a hand-off attempt will fail and a k-suspended
session will become a (k+I)-suspended session in the target cell. Thus a permissible state x,,, is a
predecessor state of s for a hand-off arrival of a k-suspended session on a g-type platform when
J(x,,)=C and r(x, ) < H, if the state variables are related by

V(X0 =Vv(s,i)

W(x,,, i) =w(s, i)

r(x,..8k+0)=r(sgk+1)-1 (106)

r(X -8 N=r(s,8,j) j#(k+1)

r(Xp,Lj)=r(sij), i#g

It should be recalled that when the counter of the terminal indicates N+1, then the
terminal has attempted the maximum allowable number of reconnection attempts. This data
session will be forced into termination. So, a failure of a hand-off attempt of a data session when

the counter of the terminal is NV causes the session to be forced into termination.

Let A (k) be the average rate at which hand-off arrivals of k-suspended session impinge

on the cell and let F, (k) denote the fraction of hand-off arrivals of k-suspended session that are
from g-type platforms. We initially guess A, (k) and F, (k) but those values are, also,

determined by the dynamics of process. Then the corresponding transition flow is given by

thk(s’xhwk’g):Ar(k)x Frg(k) (107)
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Hand-Off Departure of Voice Sessions
A transition into state s, due to a hand-off departure of a voice session on a g-type

platform when the cell is in state x,,, will cause the state variable v(x,,, g) to be decreased by 1.
Thus a permissible state x,, is a predecessor state of s for completion of a voice session on a g-
type platform if the state variables are related by
v(x, g)=v(s, g)+1
v(x,,)=v(si), i#g (108)
w(x,,,i)=w(s,i)
r(x, i, j)=r(s,i, j).
The transition flow into state s from x, due to a hand-off departure of a voice session is given

by
Yier (5: X4, 8) = Up(8) X V(xy,, 8). (109)

Hand-off Departure of Data Sessions
ACTIVE DATA SESSION HAND-OFF DEPARTURES

A transition into state s, due to a hand-off departure of an active data session on a g-type

platform when the cell is in state x,,, , will cause the state variable w(x,,,, g) to be decreased by
1. Thus a permissible state x,,, is a predecessor state of s for a hand-off departure of an active
data session on a g-type platform, if the state variables are related by

V(X 400 8) = V(s, i)

W(Xx .0, 8)=W(s,8)+1

WX, o, 0) = w(s,i), i#g (110)
r(Xx 0,8 J)=r(s,i, j).
The corresponding transition flow is given by
Yawo (S Xuu0, 8) = Hp () X W(X 4005 8)- (n

K-SUSPENDED SESSION HAND-OFF DEPARTURES
A transition into state s, due to a hand-off departure of a k-suspended session on a g-type

platform when the cell is state x,, , will cause the state variable r(x,,,,g,k) to be deceased h-
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1. Thus a permissible state x,, is a predecessor state of s for a hand-off departure of a k-
suspended session on a g-type platform, if the state variables are related by
V(X 5 8) = v(S$,10)
w(x 1) = w(s,1)
r(x,..8k)=r(s gk)+1 (112)
r(X 4,8 )=1(s,8:J) J#k
(X0 )=r(s,i,j), i#g.
The corresponding transition flow is given by

Y awk (85 X 8) = Up (&) X r(X i » 8- ). (113)

Retry Attempt

If the cell has fewer than C active sessions when a terminal makes a reconnection attempt
(either of hand-off or of retry) for a k-suspended session, it will simply succeed and the session
will be active again. A transition into state s, due to a retry for k-suspended session on a g-type

platform, when J(x,)<C and the cell statex,, will cause the state variable v(x,,g) to be
increased by 1 and r(x,, g,k) to be decreased by 1. Thus, a permissible state x, is a predecessor
state of s for a retry attempt of a k-suspended session on a g-type platform, if J(x,)< C and the
state variables are related by

v(x,,i)=v(s,i)

w(x,,g)zw(s,g)—l

wix,, D) =w(s,i), i#g

(114)

r(x,,g,k)=r(s,g,k)+1

r(x,,g,D=r(sgl), 1#k

r(x,,i,j)=r(s,i,j), i#g.

If there are C sessions, either of voice or data, in a cell when the terminal makes a retry
attempt for a k-suspended session, it will fail. When the counter in terminal indicates less than
N, the terminal will wait for the next reconnection attempt. A transition into state s, due to
failure of a retry attempt for a k-suspended session on a g-type platform, if the counter of the

mobile indicates less than the maximum allowable number of reconnection attempts (k<N), and



the cell is in statex,, will cause the state variable r(x,,g,k) to be decreased by 1 and
r(x,, g,k +1)to be increased by 1. Thus a permissible state x, is a predecessor state of s for a
failure of a k-repeated trial on a g-type platform when J(x,)=C and k# N, if the state

variables are related by
v(x,,i)=v(s,i)
w(x,,i)=w(s,i)
r(x,,g,k)=r(s, g, k)+1
r(x,,g.k+D)=r(s, g k+1)-1 (115)
r(x,.g )=r(s,8.J), Jjzkvk+l

r(x,,i, j)=r(s,i, j), i#g.

When the counter of terminal indicates N+/ after failure of a retry attempt, then the
terminal has attempted maximum allowable reconnection attempts. This session will be forced
into termination. Thus a permissible state x, is a predecessor state of s for the failure of N-
reconnection attempt on a g-type platform when J(x,) = C, if the state variables are related by

v(x,,i)=v(s,i)

w(x,,i)=w(s,i)

r(x,,8N)=r(s,g,N)+1 : (116)

rx,.8 j)=r(s8.Jj), Jj#N

r(x,,i, j)=r(s,i,j), Ii#g.

The corresponding transition flow is given by

}/r(s’xr’g’k)-——ur(k’g)xr(xr’g’k)‘ (117)
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Figure 3: Blocking probability of voice type sessions: C=15,G =2, v(1,0) = v(2,0)
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1E-1

1E-2
1E-3
1E-4

1E-5

T nm'll llllm1 lllll'l'l" ITTIm
®)
oyl
]
N

Cp=4

1E-6
1E-7

fast mobile

— -slow mobile

A i | L L L | L L L |

0.6 0.8 1 1.2 1.4 1.6 1.8
call origination rate for platform type g=1,(calls/sec)*0.0001

1E-8

Figure 4: Forced termination probability of voice type sessions: C=15,G =2, v(1,0)
=v(2,0) =300, a(2)=A,, 2)/ A, (D=10, B(LH=A,,(D/A,(1)=10,
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TD(Z) =100s were assumed.
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Figure 9: Forced termination probability of data type sessions: C=15,G =2, v(1,0)
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Figure 10: Forced termination probability of data type sessions: C=15,G =2, v(1,0)
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