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Abstract We consider a wireless cellular network serv-
ing streaming traffic. We study in this context the effect of
the users mobility on their quality of service (QoS). If the
arrival of a new user violates the capacity constraint, then
his call is blocked. If the user is first admitted but the
capacity constraint is violated later when he attempts to
move, then his call is dropped. The blocking and dropping
probabilities are the main QoS indicators in this model
called forced termination (FT). We introduce an alternative
model, called transitions backtrack (TB), where a user
backtracks when his motion violates the capacity con-
straint. In this model, a relevant QoS indicator is the
number of times the user backtracks called number of
motion blocking per call. We propose some explicit
expressions for the above QoS indicators as functions of
the mean user speed. These expressions are validated by
simulations. In particular we observe that the dropping
probability in the FT model is well approximated by the
number of motion blocking per call in the TB model which
is expressed analytically.

Keywords Communication system performance -
Mobility - Dropping probability - Markov processes -
Counting measures - Point processes

1 Introduction

We consider a wireless cellular network serving streaming
(i.e., real-time; such as voice, video streaming, etc.) users
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who require a predefined transmission rate for some
duration. If a new call arrival violates the capacity con-
straint, then the call is blocked. If the user is first admitted
but the capacity constraint is violated later when he
attempts to move, then his call is dropped. The fractions of
blocked and dropped calls in the long run of the system,
called respectively, blocking and dropping probabilities,
are the main indicators of the quality of service (QoS)
perceived by the users. Analytical evaluation of these QoS
indicators is crucial for the network dimensioning; i.e.,
evaluating the minimal number of base stations assuring
some QoS (for some given traffic demand). This permits to
minimize the network cost.

In real-life networks, the blocking and dropping proba-
bilities should be maintained less than 107> and 107>
respectively. The dropping probability may sometimes be
the limiting factor when dimensioning the network. But the
lack of an efficient method to evaluate it led the engineers
to consider only the blocking probability which may lead to
an unsafe dimensioning (i.e., the dropping perceived by the
users may be much larger than 1077).

Unfortunately, the evaluation of such QoS parameter is
a hard task. Nevertheless it may be decomposed into three
subproblems. First information theory characterizes the
performance of each single link. We will suppose that such
a characterization is given. Secondly we should take into
account the interference between the different links which
depends on the relative geographic positions of the users.
This interaction between all the users should be taken into
account when resource (power and bandwidth) is allocated
to users. Some resource allocations are opportunistic; i.e.,
allocate the resource to the user having the most favorable
channel state. Finally, the users arrivals, mobility and
departures modify their mutual interference which impacts
the blocking and dropping probabilities in the long run of
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the network. This subproblem may be studied by using
tools from queueing theory.

In reassembling the solutions of the above subproblems,
we have to consider the separation of their time scales. A
reasonable approach is to assume that the above three
subproblems; i.e., information theory, resource allocation
and queueing theory; have respectively increasing time-
scales. In other words, information theory corresponds to
the fastest time-scale whereas queueing theory corresponds
to the slowest one.'

Indeed, users mobility has effects on the above three
subproblems. Its impact on the information theory sub-
problem and on the possibility of an opportunistic resource
allocation has already been investigated, at least qualita-
tively in previous studies (see for example [16, Chap. 9]
and [24, §6.2]).

This paper focuses on the users mobility effect on QoS for
the queueing theory subproblem. To do so, we assume a
given characterization of the single link performance by
information theory and a given resource allocation scheme
which do not vary with user’s speed. Moreover, we will
suppose that the users mobility does not modify the order of
the time-scales of the three above sub-problems. Despite
these simplifying assumptions, the problem at hand remains
practically important and difficult to solve. Its study will
give a useful comprehension of the effect of mobility on

QoS.

1.1 Brief description of our approach

We first consider a model without capacity constraint. This
free model may be seen as corresponding to a theoretical
network with infinite resources. In order to take into
account the limitation of the resources in real-life net-
works, the dynamics of the free model are modified each
time an arrival or displacement leads to a violation of the
capacity constraint. New arrivals in such situations are
blocked.

As far as displacement is concerned, we consider two
possible modifications of the free process, which lead to
two different loss models.

e The transitions backtrack model (TB), assumes that the
moving user in question immediately backtracks to his
previous location.

e The other one, called forced termination model (FT),
assumes that the moving call is dropped (i.e.; prema-
turely interrupted).

The models TB and FT are obviously equivalent when
there is no user mobility. The TB model is more natural if
users backtrack when the quality of their calls becomes

' The reader may refer to [8, §II.A] for more discussion.
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unacceptable. It will be mathematically analyzed. The FT
model (at a non-null speed) will be simulated only since it
is analytically less tractable. In both models we observe the
effect of user mobility on the QoS.

More precisely, in the TB model, we establish analytical
expressions for the (access) blocking probability that under
some quite natural assumptions does not depend on the
mean user speed. In this model we also analyze the mean
number of blocked motions per call (i.e., number of times
the user backtracks).

For the FT model, in which, besides call (access)
blocking, one observes call dropping, we show that the
dropping probability is well approximated by the mean
number of blocked motions per call evaluated for the
corresponding TB model. We validate this approximation
studying Orthogonal Frequency-Division Multiple Access
(OFDMA) networks. The main results of the present paper
are:

1. Analytic expressions of the mean number of blocked
motions per call in the TB model [see for example (5)].

2. Explicit approximations of the dropping probability in
the FT model [see for example (7)].

3. A simple bound for the blocking probability in the FT
model [see (8)].

1.2 Paper organization

The remaining part of this paper is organized as follows. In
the following subsection we briefly review the related
work. Section 2 introduces the basic model and tools. In
Sect. 3 we describe and analyze two loss models and
establish our explicit approximations of the QoS indicators.
In Sect. 4 we develop our main numerical example—
analysis of the streaming in OFDMA networks. In
“Appendix” we describe a particular model for mobility
called completely aimless mobility. “Appendix” contains
some more technical elements of our mathematical
analysis.

1.3 Related work

Many studies of QoS in cellular networks do not take into
account the users mobility ([1, 14, 25]). In such context the
dropping probability may not be defined. The papers [17,
26, 29] consider users mobility. In [26] and [17] the
dropping probability is evaluated considering a “phantom”
mobile moving in the network, which does not affect its
state. In [29], explicit expressions for the blocking and
dropping probabilities are given for two limiting regimes:
no mobility and infinite mobility. Approximations are also
given for intermediate mobility regimes. These approxi-
mations are based on the study of some special and rather
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simplistic network architectures (e.g. cells located on a ring
or on the line). In [26] Erlang fixed-point approximations
are proposed to calculate the blocking and dropping
probabilities.

In [9] upper bounds for the blocking and ‘outage’
probabilities are derived under a certain monotonicity
property. The paper [32] shows by simulations that
mobility has an important impact on the blocking and
dropping probabilities. It is observed in particular that
blocking probability decreases whereas dropping proba-
bility increases as mobility increases, but no analytical
expressions for these parameters are given.

More recently, the authors of [31] propose an analytical
model to calculate the blocking and ‘dropping’ probabili-
ties for an integrated cellular Ad hoc relaying system. But
the dropping there is not related to geographical mobility of
the users, but to the transfer of mobiles between the cellular
and the Ad hoc system. In [15] the effect of heterogeneous
mobile terminals on the blocking and dropping probabili-
ties is investigated by simulations.

The authors of [13] propose to approximate the FT
model (with simple capacity constraints) with the TB one.
Moreover, they establish an upper bound of the error
induced on the throughput by such approximation. Unfor-
tunately, the blocking and the dropping probabilities are
not studied there. This is fulfilled in the recent paper [10]
where it is proposed to approximate the FT model by the
so-called redial rate approximation which is different from
the TB model. Indeed, the TB model is interesting in it self
for the situations where (pedestrian) users backtrack when
the quality of their calls becomes unacceptable. Moreover,
comparing the blocking (and the dropping) probabilities of
the FT and TB models will give an interesting insight on
these parameters.

It is shown in [2, 3] that in some cases the network may
oscillate between some states with a significant sojourn
time in each state (a phenomenon called metastability). In
the present work we shall consider the average of the
blocking and dropping probabilities over time intervals
sufficiently large so that the ergodic averages over the
different states are obtained.

The present paper relies on and continues the work in
[6, 19] where we studied Code-Division Multiple Access
(CDMA) networks.> Recent cellular networks use
OFDMA.? For such networks, we will consider that the
capacity constraint is that the resource (power and band-
width) allocation is feasible as proposed in [7] (more

2 A typical example of CDMA system is the Universal Mobile
Telecommunications System (UMTS).

3 Typical examples of OFDMA systems are the 3GPP Long Term
Evolution (LTE) system and IEEE 802.16 WirelessMAN Air
Interface standard (WiMAX).

details will be given in Sect. 4.1). Since the capacity
constraints in OFDMA networks are different from those in
CDMA ones, our previous results has to be extended and
checked again for OFDMA. In doing so, we present in
more details the results of [6], discuss more deeply some
recent related works and give some interpretations of the
established relations.

The effect of mobility on elastic traffic (i.e., non-real-
time; such as web browsing, mail, etc.) is studied sepa-
rately in [21]. The two studies have some common basis, in
particular the completely aimless mobility model described
in “Appendix”. Note that for the queueing theory sub-
problem, it is shown in [21] that mobility ameliorates the
QoS (increases throughput) for elastic calls. We will
investigate in the present paper whether mobility amelio-
rates or degrades the QoS (blocking, dropping) for
streaming calls.

In [22] we study a network serving simultaneously
streaming and elastic traffic users who don’t move during
their calls. The following observation made in the previous
reference remains also true in the case of mobility. If
streaming traffic has preemptive priority over elastic traffic,
then the evolution of the streaming users is independent of
the elastic ones; in particular, the blocking and dropping
probabilities of streaming calls is the same as if there were
no elastic ones.

2 Basic model and tools
2.1 System state and its evolution

We will consider a wireless network composed of a finite
set of base stations (BS). We assume that each BS u serves
the users located in a given geographic region called cell.
We assume that the cells are bounded subsets of R?. With a
slight abuse of notation, we will use the same letter for the
BS and its cell. In particular, x € u means that the location
x is served by BS u.

Let D be the union of all the cells. Elements x € D
denote geographic locations of users in the system.
Configurations {x;} C D of users in the system are iden-
tified by corresponding counting measures v =Y ;&.;
where the Dirac measure ¢, is defined by ¢(A) = 1 if
x € A and 0 otherwise, consequently v(A) is the number of
users in the set A C D. We denote by M the set of all
finite configurations of users (i.e., finite counting mea-
sures) on D.

We will describe the temporal evolution of the config-
uration of users in D by a continuous-time jump Markov
process, which takes values in M. This process evolves
because of users arriving, moving or leaving the system,
with only one such event being possible at a time.
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2.2 Free (MPL) process

The process describing the evolution of the streaming users
in the absence of any capacity constraint is called free pro-
cess. A natural candidate in the context of wireless com-
munications is the Markov Poisson Location (MPL) process
where users arrive, move and leave the system independently
of each other. Here we describe its dynamics more precisely.
It will be used in our analysis of OFDMA in Sect. 4.

2.2.1 Arrivals, call durations and bit-rates

For a given subset A C ID inter-arrival times of users to A
are independent of everything else, exponential random
variables with mean 1/A(A), where A(-) is some given
intensity measure of arrivals to D per unit of time. In
homogeneous traffic conditions, we take A(dx) = 4 dx,
where 4 is the mean number of arrivals per unit of area and
per unit of time. We always assume A(D)<oo (thus, in
homogeneous case, D has a finite area).

We assume that each user has a call with exponentially
distributed duration of parameter 1 > 0.* (The exponential
assumption can be relaxed in the subsequent analysis of the
transitions backtrack in the MPL model due to the so-called
insensitivity property [4, p. 123].) Each user requires some
given transmission bit-rate.

2.2.2 Mobility

Assume that the users move independently of each other in ID.>
The sojourn duration of a given user at a location x € D is
assumed independent of everything else and exponentially
distributed (see [12]) with parameter A (x). Each user finish-
ing its sojourn at location x moves to a new region dy according
to some probability kernel p'(x,dy). The individual user
mobility may then be described by a Markov process on D
with the following generator A(x,dy) = A’ (x)p’(x, dy) called
mobility kernel. We assume that it admits a stationary distri-
bution which we denote by o(-) and call mobility stationary
distribution; it satisfies the following equations:

aD)=1
//I(x,]l)))o(dx) ://l(x,A)a(dx), A CD. M

A D
We give in “Appendix” the explicit expressions for the
mobility kernel for a particular example of mobility model:
the so-called completely aimless mobility. Note that in this
particular case the mobility kernel is proportional to the

* In the case of multi-class users, A(-), u can depend on the user
class.

> In the case of multi-class users we assume that the users do not
change their classes during the service.
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average speed of users denoted v. We will always assume
such proportionality. It follows in particular that the
mobility stationary distribution is independent of v.

2.2.3 Generator

We consider now the process describing the temporal
evolution of the configuration of users in ID due to arrivals,
mobility and departures. In order to get its generator we use
the following reasoning (which may be more formalized by
using [11, Ch. 9]). Assume that the system is in some state
v € M. An arrival of a user at position y brings the system
to state v + &, and this occurs with rate A(dy). A departure
of a user from position x brings the system to state v — &,,
and this occurs with rate uv(dx). Finally a transition of a
user from position x to position y brings the system to state
v — & + &, and this occurs with rate A(x, dy)v(dx). Thus
the generator g of the Markov Poisson Location (MPL)
process is: for v e M, I' C M

g(v,T) = /D I(v+8 € D)i(dy)
+ /D 1(v — & € T')uv(dx)
+ / 1(v — & + &, € T)A(x, dy)v(dx)
DxD

corresponding to arrivals, departures and mobility of users
respectively.

2.2.4 Stationary distribution

We introduce a “ virtual” location o ¢ D which represents
the initial location of calls arriving to or leaving the system.
We extend the kernel A(x, dy) to D = D U {o} by defining
the rates from o and to o as the arrival intensity A(-) and the
call duration parameter u respectively; i.e.

Mo,A) = MA), Alx,{o})=p, x€D,ACD.

We call this extended kernel the traffic kernel. We assume
that it admits an invariant measure p(-) satisfying the
following equations

plo) =1, /Al(x,ﬁ)p(dx) = /ﬁi()c,A)p(dx)7

ACD

(called traffic equations) and p(D) <oo. We call p(-) the
traffic intensity.

Note for future reference that the above equations are
equivalent to

AD) = pup(D)
[ D)0 + o) = [ 2w 4)p@ @)
A D
+2(A), ACD
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Under the above assumptions, the MPL process admits as
stationary distribution IT the distribution of a Poisson point
process on D of intensity p(-).° (This is a classical result in
queueing theory when D is discrete, for a detailed proof when
D is continuous see for example [19, Proposition 28]).

It is useful to know whether IT depends or not on the
average user speed v.

Proposition 1 If the arrival intensity A(-) is proportional
to the mobility stationary distribution o(-), then the traffic
intensity is equal to

p(-) = a(-)A(D)/n. (3)

Moreover, the stationary distribution 11 of the free process
does not depend on the average user speed v.

Proof If A(-) is proportional to o(-), then
() =A()/AD). Let p(-) = a(-)A(D)/u. It is easy to
check that the first equation in (2) holds true. On the other
hand, for all A C D,

/ 2, D)p(d) + p(A)

= /A z(x,D)a(dx)@+i(D)a(A)

://l(x,A)a(dx)@-F/l(D)(f(A)
D l'l'

- /D 26, A)p(dy) + A(A)

where for the second equation we use (1). Thus the second
equation in (2) holds also true. This proves that p(-) given
by (3) satisfies (2). Recall that ¢(-) is invariant with respect
to v, then p(+) is invariant too. Since IT is the distribution of
a Poisson point process on I of intensity p(-), IT does not
depend on v. U

2.3 Modeling losses

Consider a Markov process describing a free evolution of
the system, e.g. the MPL process described in the previous
section. Suppose that the “ true” evolution of the system is
subject to some constraints, which can be expressed as the
limitation of the original state space M of all configurations
of users, to a given fixed subset M C M of feasible con-
figurations. (We may consider Ml \ M as corresponding to
violation of the capacity constraint.) We will always
assume that M’ has the following monotonicity property: if
a configuration v is feasible (v € M) then any subset v/ C v
is also feasible, i.e.; v € M.

S In the case of multi-class users, who do not change class during
their calls, we assume that the same assumption holds true for each
class separately and Poisson point processes describing users of
different classes are independent.

Examples of M useful in modeling of wireless cellular
networks are presented in Sect. 4.1. We remark here only
that in general, the feasibility condition (i.e.; the condition
for v € M) depends on individual user locations. Note also
that the monotonicity property of M implies that all user
departures preserve the feasibility of configurations.

We assume that the “true” system with losses, started at an
initial state in MI' follows the same dynamic as the free process
as long as it stays in M' and is forced to modify its behavior
each time an attempt of a transition from MI' to M \ M occurs.
In the next section we will consider two possible modifications
applied at such epochs. They lead to two different models, one
of which is analytically tractable, the other one is more difficult
to analyze. Studying both of them we will be able to propose
some explicit formulae for QoS.

3 Two loss models

In this section we describe and analyze two different
modifications of the free process dynamics making it stay
in the set M of feasible configurations. For simplicity we
restrict ourselves to MPL process as the free process and
assume that the latter is reversible and ergodic. (Some
results may be extended to more general scenarios).

3.1 Transitions backtrack (TB) model

In this model the free process is modified to stay in M' by
applying transitions backtrack for the arrivals as well as for
displacements. More precisely, the following rules are applied
when an attempt of a transition from M’ to M \ M occurs.

(TB1) Any call arrival that would result in taking the
process to a state outside M' is not allowed to
enter to the system (blocked) and excluded from
its further evolution.

Any displacement of a user in the system that
would take the process to a state outside M’ is
ignored. This means that the user in question is
instantaneously taken back to his previous loca-
tion, and the system keeps on evolving with this
user according to the free dynamics until the next
attempt to leave M. (This model is suitable if a
user backtracks when the quality of his call
becomes unacceptable.)

(TB2)

The above modification of the free process evolution
corresponds to the so-called truncation of ¢ to M. This
means that the generator ¢ of the TB process is given by

ifveM, ' c M

s . q(v,FﬂMf)
"(V’r){ if ve M\M',T c M

q(»T)
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3.1.1 Stationary distribution

Let us denote by IT® the stationary distribution of the TB
process. We have the following result making the TB
model more tractable.

Claim The TB of the MPL model leads to a reversible
and ergodic process, whose stationary distribution TT® is
equal to the truncation of II to M ie.; for any
I c M, TI™(T) = (T’ N M") /TT(M").

Proof Since the MPL (free) process is reversible with
respect to its stationary distribution I, the result follows
from [28, Proposition 3.14]. O

3.1.2 Access and motion blocking probabilities

We define the (access) blocking probability in the TB
model by the following ergodic limit
PP _ i #{blocked arrivals in [0, t]}
= lim
t—oo  #£{all arrivals in [0,1]}

where # denotes the cardinality and [0, 7] designates a time
interval. One can also consider the blocking probability
related to mobility inside the system, i.e.; the ratio of the
number of blocked displacements with respect to the
number of all displacements of users in the system.
However another characteristic shall be more useful in
our analysis. It is the mean number of motion blocking per
call

= i #{blocked displacements in [0, t]}
= |l1im .
t—oo #{non-blocked arrivals in [0,7]}

Note that d®can be larger than 1.

Both 5™ and d" admit some more explicit expressions in
terms of the stationary distribution IT®. In particular, the
following formula can be seen as a spatial extension of the
well-known Erlang formula. It follows from Proposition B.4.

Proposition 2 The blocking probability is given by
b = [ p*0)2ta) /(D)

where
pP(y) =y +e, ¢ M'}
=T{ve M :v+e ¢ M}/TI(M")

The analogy to the Erlang formula consists in expressing
the intensity p (y) of blocking of users arriving at y € D
by the conditional probability that the stationary
configuration of users in the free (here Poisson) process
cannot admit a new user at 'y given the configuration is in
M. We will describe some practical methods to evaluate
the blocking probability in Sect. 4.2 below.

@ Springer

Remark 1 Note by the above proposition and Proposition
1 that if the arrival intensity is proportional to the mobility
stationary distribution, then the blocking probability b®
does not depend on the mean user speed v.

The following proposition gives the expression of the
mean number of motion blocking per call. It follows from
Proposition B.5.

Proposition 3 The mean number of motion blocking per
call is given by
o O%{v+ ¢, € M, v + ¢, & M'}A(x,dy)p(dx)

dtb
u Jp (1 = p(x))p(dx)

(4)

Proof We use Proposition B.5. Recall that in the case of
the MPL free process II is the distribution of the Poisson
point process with intensity p, and IT® is the truncation of
IT to Mf. Thus, the denominator in the formula for d®
given in Proposition B.5 is equal to

e (D)) = (110 | [ 100 € )|
= (H(Mf))fl,u/ En[l1(v + & € M")]p(dx)
D

= [ (1= (e,

where the last but one equality follows from the Campbell
formula [5]. Similarly one can show using Campbell formula
that

Epo[1(v — & + &, & M")v(dx)]
= H(Mf)_ll'[(v +& € M, v+ &, ¢ MY) p(dx).
Applying the above expression to the numerator in the

formula for 4 given in Proposition B.5 one concludes the
proof. O

Note that d™ depends on v even if II is invariant with
respect to v. In fact, d increases linearly in v as a conse-
quence of the linear dependence of A(x, dy) on v.

In order to calculate the value TT®{...} in (5), we
decompose it as follows

I°{v+e eM,v+e ¢ M}
={v+¢ € M (v + &, & M|y + ¢, € M'}
=PIy + &, ¢ M|y + &, € M'}
=pP(){v+e ¢ My e M' —¢,}
Note that the term TT{v + ¢, ¢ M'|v € M' — ¢,} in the above
equation may be viewed as an access blocking probability
with respect to the modified feasibility set M — ¢,. There-

fore it may be evaluated using the access blocking proba-
bility calculation methods (see Sect. 4.2 below).
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In some cases d® can be evaluated more explicitly as
shown in the following propositions.

Proposition 4 If
n°{v+eeM v+e, ¢ M}
=T"{v+& e MIT{v+¢ ¢M'}

(which is the case e.g. when M! is in the form (12) below)
then

o Jop P 0)(1 = P2 )l
i o (1= () pld)

Proof Immediate from Propositions 2 and 3. O

Proposition 5 Besides the assumption in Proposition 4,
assume that each location x € D plays the same role. Then
dtb _ )"(D> blb

u
where A(D) = A(x,D) (which is independent of x € D). In
the particular case of the mobility kernel (18)’

4% 20y

= =Vb (5)

nRu
where v is the user’s average speed and R is the cell radius.

Proof Since each location x € D plays the same role, (1)
the function p'™®(x)=b" is constant over D ; (2) the measure
p(+) is uniform; and (3) the measure A(x, -)=A(-) is inde-
pendent of x € D. We deduce from Proposition 4 that

o _ Jop Bd0(dx) _H(D) .,

¢ i Jp p(dx) It

In the particular case of the mobility kernel (18) we have
A(D) = 2v/(nR) which substituted in the above display
implies (6). O

We give now an interpretation of Eq. 5. Observe firstly
that the average sojourn duration of a user within a cell is «
R/(2v) [this may be deduced from (17)]. Since the mean
call duration is 1/u, we deduce that the mean number of
cells crossed by a call equals

i _ 2
nR/(2v)  mRu

Equation 5 reads as follows: the mean number of motion
blocking per call equals the number of cells crossed by a
call multiplied by the probability of access blocking. This
can be interpreted by saying that each time a user attempts
to move towards another cell, his movement is blocked
with a probability equal to the probability of blocking a
new call access.

7 Which corresponds to completely aimless intercell mobility.

3.2 Forced termination (FT) model

In this model the dynamics of the free process are modified
according to the following rules when an attempt of a
transition from M to M\ M occurs.

(FT1) Any call arrival that would result in taking the
process to a state outside M is not allowed to enter
to the system and excluded (blocked) from its
further evolution.

Any displacement of a user in the system that
would take the process to a state outside M leads
to the forced termination (dropping) of the call of
this user, i.e.; rejection of this user from the system
and from its further evolution.

(FT2)

Each time the rule (FT1) or (FT2) is applied we say that
the corresponding user (call) is lost.

3.2.1 Blocking and dropping probabilities

Assume that the FT process is ergodic and let TT" be its
stationary distribution. The main QoS indicators of the FT
model are blocking and dropping probabilities defined
respectively by the following ergodic limits

p— 1im #{blocked arrivals in [0, t|}
o0 #{all arrivals in [0,1]}

4 — Tim #{dropped calls in [0, t| }
=00 #{non-blocked arrivals in [0, ]}

Unfortunately neither IT' nor the FT blocking and
dropping probabilities can be expressed analytically.

3.3 Approximations

In this section we propose some approximation of the FT
dropping probability and some upper bound for the FT
blocking probability, which can be calculated using the TB
model. This approximation and bound are heuristic, but
will be validated by simulations in Sect. 4.

3.3.1 Dropping probability approximation

Note that for the limiting case of no mobility, the FT and
TB models are identical, and d" = d®° = 0. In the case of
mobility, we shall compare in Sect. 4 the value of d"
obtained by simulations of the FT model versus d". This
comparison shows that

dfl ~ d[b (6)

when d® < 0.02. The limit of validity of the above
approximation is enough for practical needs since in real-
life networks the dropping probability should be maintained
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less than 10>, In the particular case when Eq. 5 holds true,
the approximation (6) gives

dft ~ 20 btb

nRu

If moreover the arrival intensity is proportional to the
mobility stationary distribution, then we deduce from
Remark 1 that b = by (the blocking probability evaluated
for v = 0). Thus

e 2v .
nRu

(7)

where v is the user’s average speed, R is the cell radius and
by is the blocking probability of the no-mobility case.

3.3.2 Blocking probability bound

The following reasoning is heuristic. As the user speed
increases, we deduce from the approximation (7) that the
dropping probability increases and thus more calls are
interrupted leaving more resources free for new arriving
calls. Thus the (access) blocking probability would
decrease. In particular it is bounded above by by, that is

bt < by (8)

Remark 2 'We may use by as an approximation of the
blocking probability in the FT model, that is

b ~ by

This approximation leads to a safe dimensioning (i.e., the
blocking really perceived by the users would be smaller
than the target value used in dimensioning).

4 Streaming in OFDMA

In this section we will validate the approximations pro-
posed in the previous section by simulations of an OFDMA
cellular network.

4.1 Feasible configurations of users

It is natural to identify the feasible configurations of users
in the network studying the feasibility of the resource
(power and bandwidth) allocation problem.

In this approach, a given configuration of users with
predefined bit-rates is feasible if there exists a resource
allocation which respects the information theory constraint
as well as the maximal power and total bandwidth con-
straints (see [7] for more details). However, solving the
resource allocation problem for a large network is a very
complicated task.

@ Springer

It is shown in [7] that a sufficient condition for the feasi-
bility of resource allocation is that each base station u
respects the following inequality for the users of its own cell

[ oni@ = 3 o, <1 )
u xeviu

where ¢,(-) is some nonnegative function of the user x
location and bit-rate. The above approach suggests the
following conservative choice for the set of feasible
configurations M of users

Mf=yeM: /(pu(x)v(dx) <1,Veellu. (10)
Remark 3 We shall assume AWGN channels between the
BSs and users. In this case, the function ¢,(-) in (9) equals
(cf [7])

®u(x)

~ Wilog, (1 + 1/f(x))

where W is the system bandwidth, r, is the bit-rate of user
x, and
A 1 <NL,,_,)C

f(x)zl—e 7 —|—f(x)), XEu

where P is the BS maximal power, e is the fraction of the
this power used by common channels, N is the noise power,
L, is the propagation loss and

L
f(x):Zﬁ, XEu
vAu X

is the interference factor or f-factor. (For efficient methods
to calculate the f-factor cf [20].)

4.2 Discretization

In order to get a discrete model, we partition each cell into
several rings around the base station. Then we take as rep-
resentative value of the function ¢,(-) in each ring the
average of ¢,(x) where x is distributed according to p(dx)
within the considered ring. In this case the TB blocking
probability can be evaluated via the Kauffinan-Roberts
algorithm [27].

In the most simple case, when u is not partitioned at all,
we get a unique value, denoted ¢,, which equals

0= [ o@p(@0)/pla)
Thus we get the following Erlang-type approximation of
Mf
M’ = {v e M: v(u) <1/®,, Vcell u} (11)

In this case, the TB blocking probability may be calculated
by using the Erlang’s formula.
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We will distinguish two variants of the mobility model:

e In the intercell mobility model, only the mobility
between the cells is taken into account. This model is
suitable when the feasibility condition depends only on
the number of users in each cell as in (11).

e The complete mobility model comprises both mobility
within each cell and between the different cells. This model
is relevant when the feasibility condition depends on the
specific positions of the users within each cell as in (10).

The explicit expressions for the mobility kernel for the
two above variants of the completely aimless mobility are
given in “Appendix” by Egs. 18 and 19 respectively.

4.3 Model specification
4.3.1 Network architecture

We consider the radio part of the downlink in wireless
cellular OFDMA networks. In order to obtain numerical
values, we consider the most popular hexagonal model,
where the base stations (BS) are placed on a regular hex-
agonal grid. Let R be the radius of the disc whose area is
equal to that of the hexagonal cell and call R the cell
radius. We take R = 0.525, 3 or 5 km. In order to avoid
the boundary effects we consider the network that is
“wrapped around”; i.e., deployed on a torus comprising
4 x 4 =16 cells. Each cell is decomposed into three
equally thick rings around the BS.

The system bandwidth equals W = 5 MHz. The ambient
noise power equals N = —103 dBm. BS are equipped with
omnidirectional antennas. The BS maximal power equals
P =52 dBm. The common channel power P = eP where
e =0.12.

We assume a propagation loss L(r) = (Kr)", with
n = 3.38 and K = 8667 where r is the distance between
the transmitter and the receiver.

Remark 4 Note that we don’t account for shadowing in
our numerical application. A first simple way to account
for shadowing is to assume that it modifies the geometry of
the cells, but that this geometry remains fixed at the time
scale of the dynamics of call arrivals and mobility. In this
case, some results of the present paper such as (6) are
sufficiently general to hold true also in this case. Moreover,
there is no obvious reason so that an approximation such as
(7) is not accurate any more. Nevertheless, it is interesting
in future work to check (7) in the case of shadowing.

4.3.2 Arrivals and call durations

We consider streaming traffic with the required bit rate
180 Kbps. We take a mean call duration 1/ = 2min. We

assume the (spatially) uniform arrival stream A(dx) = A dx
with 4 varying such that the rraffic demand Jm R*/u varies
from O to 40 Erlangs per cell.

4.3.3 User mobility

We assume the completely aimless mobility model
described in “Appendix”. By Proposition A.3, the mobility
stationary distribution ¢ is uniform. In view of the above
arrival/call duration specification and of Proposition 3, the
traffic intensity is p(dx) = (A/u)dx. We will consider three
values of the mean user speed v = 0.1, 1, 3km per mean
call duration, which correspond, respectively, to v = 3, 30
and 90km/h for the considered mean call duration 1/
[ = 2min.

We consider both the intercell and complete mobility
models with the feasibility sets given by (11) and (10)
respectively.

4.4 Numerical results

We first give the results for the intercell mobility model,
then those for complete mobility.

4.4.1 Intercell mobility

Study of the TB model:  Note first that the arrival
intensity and the mobility stationary distribution are both
spatially uniform. Then we deduce from Remark 5, that the
blocking probability 5 does not depend on the user speed
v. That is b = by (the blocking probability of the no-
mobility case) which may be calculated by using the Er-
lang’s formula. The results of our simulations confirm
these theoretical results.

We also check that the simulations results for the mean
number of motion blocking per call d® fit well with our
analytical formula (5). We do not report the figures cor-
responding to this check to save space.

Study of the FT model:  Figure 1 shows the dropping
probability d" obtained by simulations of the FT model
versus the mean number of motion blocking per call d™ in
the TB model. We see that there is a good fit between d"
and d® as long as they remain less than 0.02. In real-life
networks the dropping probability should not exceed 107>
Thus the proposed approximation (6) is suitable for prac-
tical needs.

4.4.2 Complete mobility
Study of the TB model: As for the case of intercell

mobility, the blocking probability 5 does not depend on
the user speed v; that is o = by. But in the present case,
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FT versus TB, R=525m
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Fig. 1 Simulated dropping probability d versus its approximation

d™ for intercell mobility

the Kauffman-Roberts algorithm [27] (instead of Erlang’s
formula) permits to calculate by. The results of our simu-
lations confirm these theoretical results.®

8 Here also we don’t report the numerical results not to increase the
number of figures unnecessarily.
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Fig. 2 Simulated dropping probability d versus its approximation
d® for complete mobility

Study of the FT model:  Figure 2 shows the dropping
probability d" obtained by simulations of the FT model
versus the mean number of motion blocking per call d™ in
the TB model. We see that approximation (6) is also
suitable for the complete mobility model.
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We observe that, for a given traffic demand, the drop-
ping probability increases with the mean user speed. We
observe moreover that the dropping probability for com-
plete mobility is larger than that for intercell mobility. This

FT model, R=525m
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Fig. 3 Blocking probability 5™ for complete mobility

is intuitively related to the fact that dropping may occur
due to intracell mobility in the former model, while such
dropping does not occur in the latter one.

Figure 3 shows the blocking probability 4™ obtained by
simulations of the FT model. Observe that the blocking
probability decreases when the mean user speed increases.
This validates numerically the bound (8). (An analogous
result is also obtained for intercell mobility.)

Remark 5 The results reported in [6] for CDMA are less
detailed than the above ones for OFDMA. (In particular,
intercell and complete mobility models are not clearly
distinguished in [6]). Nevertheless, the results of the two
studies are coherent, and thus the proposed approach seems
to apply to a wide class of cellular networks.

5 Conclusion

We investigate the impact of mobility of streaming users
on their QoS in wireless cellular networks. To do so we
study two models called forced termination (FT) and
transitions backtrack (TB). When a user’s motion leads to
a violation of the capacity constraint, then his call is
dropped in the FT model whereas the user backtracks to his
previous location in the TB model. The study of the two
models gives an insight on the qualitative and quantitative
dependence of the QoS on the mean user speed.

In the TB model, we establish analytical expressions for
the (access) blocking probability that under some quite
natural assumptions does not depend on the mean user
speed. In this model we also analyze the mean number of
blocked motions per call (i.e., number of times the user
backtracks).

For the FT model, in which, besides call (access)
blocking, one observes call dropping, we show that the
dropping probability is well approximated by the mean
number of blocked motions per call evaluated for the
corresponding TB model. This gives in some particular
cases a simple expression of the dropping probability as
function of the user’s speed, the cell radius and the
blocking probability (of the motionless case). A simple
bound for the (access) blocking probability in the FT
model is also given. We validate this approximation and
this bound by simulating an OFDMA network.

These results are very useful for dimensioning wireless
cellular networks; i.e., evaluating the minimal number of
base stations assuring that the blocking and dropping
probabilities are less than a given threshold (for some given
traffic demand and mean user’s speed).

Acknowledgments The author thanks Prof. Bartlomiej Blaszczyszyn
at INRIA for his precious encouragements and help.
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Appendix A: Completely aimless mobility

We present in this appendix a mobility model based on the
following assumptions (see [30]):

e The speeds of the users are considered as random
vectors in R?* and are assumed independent and
identically distributed.

e The speed direction of a typical user is a random
variable which is uniformly distributed in [0, 27).

Following the authors of [18] we call this model com-
pletely aimless mobility and assume that the user’s sojourn
duration in a given zone has an exponential distribution.’
We now express its average.

Proposition A.1 Consider the completely aimless
mobility model and denote by v the average user speed.
Consider a given geographic zone of area A and perimeter
L. The average number of users crossing the zone border
per time-unit is given by

_op
=L 12
l = (12)

The average user’s sojourn duration in the zone is given by
mA
=—— (13)

T =
vL

Proof (See [30].) We are interested in the users crossing
an infinitesimal element d/ of the border (for example from
outside to inside) within an infinitesimal duration df. Such
users are located in a rectangle of sides dl and Vcosadt, as
illustrated in Fig. 4, where: V is the user’s speed magnitude
and « is the angle formed by the user’s speed vector and the
perpendicular to dl. Integrating over V and o, we obtain
the average number of users crossing an element dl of the
border of the zone, from outside to inside, during dt

/2 p4oo d
/ / VF(dV) cos aes pdids = 2 didr
—n/2J0 2n Y

where p is the density of users per surface unit, F is the
cumulative distribution function of the user’s speed
magnitude and v = E[ V]. This proves (12). Let M = pA
be the average number of users in the zone. By Little’s
formula [5], we have

M =nt
which together with (12) gives (13). ]

Intracell mobility

The cell is modeled by a disc of radius R which is divided
into J rings. Each ring denoted by somej € J = {1,...,J}

° This assumption is justified in [12].
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Vcos(a)dt £

zone

@

Fig. 4 Rectangle containing customers crossing an element d/ of the
border during dt

dl 0;7
‘_/"

is delimited by discs with radii 7;.; and r; where ry = 0 and
rj=R. LetA; = n(rj2 - rj{l) be the surface of ring j. Of
course J should be large enough to capture correctly the
geometry of the problem.

Consider the case where mobility is within a given cell.

Denote A; the inverse of the average sojourn duration of
users at ring j. Applying Eq. 13 gives

1ol ri4ri-1 .
/'{J—n—/“l,—zl)#, ]—1,7.]—1
Y _M_ rj—1

fp = wa; = AV

A user finishing its sojourn at ring j is routed: - either to
ring j — 1 or to ring j + 1 with respective probabilities

Pl =r-1/(rp+ro1) and pj =n/(n+rm), if
P T P

— toring 2 with probability 1, if j = 1;
— toring J — 1 with probability 1, if j = J.

Define the mobility kernel (2;) on J by
Ak = i;p;k, j, ke J.

We deduce from the above results that

Jiiog = 205t ji=2,...,J
o ” . (14)
ij.j+1:20A_jj, j=1,...,J—1.

Proposition A.2 The mobility kernel ()ij, jkeJd )
defined by (14) admits

_ J .
0 = —op jeJg

(15)

as stationary distribution, i.e. (oj,j € J) is solution of the
following equations

szij,k = Zak/lk.ja jeJ.
% %

Equation 16 may be written as follows

(16)

0j(4jj=1 + Ajje1) = Gjm1djm1j + G A
forj=2,...,J—1
Al — 1
O1A12 = 02421
017»1,171 =0j-14J-1J

For the rates (14) we get
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ritri-n -1 7 P Ao = Gt | =
jr/A; —rUjflzt—f—(TjJrl[ril fO]‘]—Z,...,J—] /;uj,u(j—l) —20?/.7 ]—277‘]
()’]A—'] = O_2A_|2 Agju(j+1) = Zl)Af/j, j=1..,J—-1 (19)

r—1 ry_
o f4.l = o-JflAflfll

which clearly admits ¢ given by (15) as solution.

Intracell mobility

Let / be the inverse of the average sojourn duration of
users within cell u. Applying Eq. 13 we get
o oL 2v

== 17
“ nA 7R (17)

where the perimeter equals L = 2nR and the area equals
A = 1 R If each base station has 6 neighbors as in the
toric hexagonal model, then a user finishing its sojourn in
cell u is routed to a neighboring cell v with probability

Puy = é
Define the mobility kernel 4,, on the set of cells by
Ay = Py
v (18)
6" 3nR

for each pair of neighboring cells u, v.
Complete mobility

Consider now a network of hexagonal cells such that each
one has exactly 6 neighbors. Each cell is approximated by a
disc and divided into J rings. The cells are indexed by
ueld={1,...,U}, and the rings by j € J ={1,...,J}.
The ring j of the cell u is indexed by uj € U x J.

Denote i;i the inverse of the average sojourn duration of
users in the fing uj. Applying Eq. 13 gives

oL _ 2p 1Tl i

i :
v TCAj Aj

uel,je J.

A user finishing its sojourn in ring uj is routed:

— to either ring u(j — 1) or ring u(j + 1) with respective
probabilities PujuG-1) = rj_l/(rj + 1"1‘_]) andpuj,u(jﬂ) = rj/
ri+r),ifj=2...,J-1;

— to ring u2 with probability 1, if j = 1;

— toeitherring u(J — 1) or ring vJ, where v is a neighbor of
u, with respective probabilities p/, Juli-1) = ry—1/(r+
ry-1) andp’uj‘u(Hl) =r;/(ry+ri21),ifj = J.

Define the mobility kernel (4,j,x) on U x J by
Jujok = Iy UV €Uk E T

We deduce from the above results that

Jud s =% i vis a neighbor ofu.

The result of Proposition A.2 may be easily extended to
the complete mobility case as follows.

Proposition A3 The mobility
(/l,,jﬁvk; uj,u,v €U, jk € J) given by (19) admits

kernel

O'ujz

4 i
Jj_nRz’ ueld,jeJ
as stationary distribution, i.e. (auj, ueld,jeJ ) is
solution of the following equations

Oyj Z )“uj,vk = Z O-vk/lvk,up ue u?] eJ.

vel ke T vel keJ

Proof Besides the proof of Proposition A.2, it remains to
show that

ay |‘j-u‘/vu(.ll) + Z j~14],va| = GJ—I;L’M(J*I).MJ + 0y Z /ALVJA,uJ

which is equivalent to
O-.liu./,u(Jf 1) = 0‘/,1/1[,(], 1),ul

which holds true. O

Appendix B: Mathematical background

In this section we prove some mathematical results which
are used in the paper. More on the mathematical back-
ground can be found in [19, Ch. §].

Free process

Let D be a bounded subset of R? designating the ser of
users locations. We introduce a “virtual” location o ¢ D
which can be seen as a location outside the space D, from
which users arrive to the system and which represents the
destination of the users leaving the system. Denote
D =DuU{o}.

Configurations {x;} C I of users in the system are iden-
tified by corresponding counting measures v = > &, ; ;
where the Dirac measure ¢, is defined by ¢,(A) = 1 ifx e A
and 0 otherwise. We denote by M the set of all finite con-
figurations of users (i.e., finite counting measures) on D.

The temporal evolution of the configuration of users in
D is described by a continuous-timejump Markov process,
which takes values in M. This process evolves because of
users arriving, moving or leaving the system, with only one
such event being possible at a time. Assume given the
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generator g of such process (i.e., we assume given g(v,I")
for each state v € M and each measurable I"' C M, but we
do not assume any particular expression for them) which
we call free process.

It will be helpful to introduce the following operator T
on the space M: for ve M,x € v,y € D: T,,v =v + ¢,
T.w=v—¢, and T,v=1v— ¢ +¢ corresponding
respectively to arrivals, departures and mobility. It is cus-
tomary to define also

Tapy = {Txyv:x €Aye€ B,x#y}

for A,BCD,v € M.

Consider a fixed (measurable) subset M ¢ M. We call
M’ the set of feasible states. We assume that if v/ € M then
forany v C v/ one has v € M (monotonicity property of MI).

Transitions backtrack process

We associate to the free process a transitions backtrack
(TB) process defined by its generator ¢ being the trun-
cation of ¢ to M; that is

(y _ q(v,rﬂMf)
¢ 1) {q<v,r>

Suppose that g is ergodic and denote its stationary
distribution by I1. In what follows we assume that ¢ is also
ergodic and has a particular form of the stationary distribution
1 (-) = (- n M) /TI(M") being the truncation of TT to M.
This truncation property does not always hold, and one simple
sufficient condition for this to hold is when the original free
process given by ¢ is reversible (see [28, Proposition 3.14]).

ifveM ' cM
ifve M\M T cM

Blocking

Consider the TB process {N;} with generator q‘b. In order to
formalize the notion of the blocking probability and blocked
displacements one models the time-epochs and departure-
arrival locations of these blocked transitions by a double
stochastic Poisson point process. More specifically, let

0=y

where t;, x;, y; denote, respectively, the time-epochs,
departure and arrival locations of blocked transitions of
{N,}. Given a realization {N.} of the TB process, @ is
a Poisson point process with intensity measure Ay on
(0,00) x (D)*, given by

Ay (D x A x B) = / q(N;, TagN; \ M.
D

Denote also by ®; the point process on (0,00) x (D)?
associated to (““ true”) transitions of NV, i.e.,

@ Springer

(D xAxB)=> 1(s€D,N,=TyN, ,x €A,y
s>0

€ B).

Let ® = ®y+ @, be the superposition of ®;,i=0,1.
Finally define the blocking probability for the transitions
v—Tup(v) for some A,BeD and v e Ml (we will call
them transitions from A to B for short) as the following
limiting ratio of blocked transitions to all transitions

. ©y((0,7] x A x B)
tb 0 )

= lim

Pap = 1% ®((0,7] x A X B)

(20)

The above limit exists by the following result.

Lemma B.1 Suppose that (J is a positive recurrent state
for ¢ (which is true in particular if ¢ is ergodic) with the
limiting distribution TI®. If

Eqo[q(N,M)] <00 (21)

then

1
Jim —®o((0,1] x A x B) = Epo[g(N, TapN \ M)
and

1
lim ~®((0,1] x A x B) = Eu[q(N, TasN 1 M)
—00
a.s. for any initial value Ny = v of the TB process, for
which the return time to J is a.s. finite.

Proof Consider a probability space on which the TB
process {N;}; and both point processes ®@; (i =0, 1) are
(time) stationary. Denote by Epe the expectation corre-
sponding to the stationary distribution of {N; }, = o.

Condition (B.10) implies that the point process ®@; has
finite intensity. Indeed,

Ep [®,((0,1] x D x D)] = Eyp [Cltb(No)]
< Eo[q(No, M)] <00

where the equality follows from the Lévy’s formula [23,
p-232]. Similarly, the intensity of @y that is a doubly
stochastic Poisson point process is finite

Eqo[®@o((0,1] x D x D)] = /0 Eppo[q(N;, M\ M)]dt
< Erw[g(No, M)] < o0.

(]

For given A,B C D the processes X! = @;((0,7] x A x

B) (i = 1, 2) are cumulative with the imbedded renewal

process being the epochs of successive visits of N, at .
Thus
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lim l(I)l((O, ] x A X B) = Eqo[®((0,1] X A X B)]

t—oo f

= Epw[q(No, TagNo N MP)],

where the second equality follows from Lévy’s formula.
Similarly, by the fact that @y is a doubly stochastic Poisson
point process

lim © @0((0,1] x A x B) = Eypo[®0([0, 1] x A x B)]

t—oo f
= Ew[An.((0,1] x A x B)]
= Eyp[q(No, TasNo \ M")].
This completes the proof.

The following result immediately follows from Lemma
B.1.

Proposition B.4 If the conditions of Lemma B.1 are
satisfied, then

o _ ERla(N, TN \ M)

A Explg(N, TapN))]

Define the number of blocked displacements per user as
follows

¢® = tim 20ll0:1] x D < D)
T ox®((0,1 x D x {0})

The following result follows also from Lemma B.1.

Proposition B.5 If the conditions of Lemma B.l1 are
satisfied then
_ Ef[q(N, TppN \ M")]

EH(b [q(N, T]D)oNH

dtb

References

1. Altman, E. (2002). Capacity of multi-service CDMA cellular
networks with best-effort applications. In Proceedings of
Mobicom.

2. Antunes, N., Fricker, C., Robert, Ph., & Tibi, D. (2006) Meta-
stability of CDMA cellular systems. In Proceedings of Mobicom.

3. Antunes, N., Fricker, C., Robert, Ph., & Tibi, D. (2008).
Stochastic networks with multiple stable points. Annals of
Probability, 36(1).

4. Asmussen, S. (1987). Applied probability and queues. New York:
Springer.

5. Baceelli, F., & Brémaud, P. (2003). Elements of queueing theory.
Palm martingale calculus and stochastic recurrences. Springer.

6. Btaszczyszyn, B., & Karray, M. K. (2008). Impact of mean user
speed on blocking and cuts of streaming traffic in cellular net-
works. In Proceedings of European Wireless.

7. Blaszczyszyn, B., & Karray, M. K. (2009). Dimensioning of the
downlink in OFDMA cellular networks via an Erlang’s loss
model. In Proceedings of European Wireless.

8. Blaszczyszyn, B., & Karray M. K. (2009). Fading effect on the
dynamic performance evaluation of OFDMA cellular networks.
In Proceedings of ComNet.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

. Bonald, T., & Proutiére, A. (2005). Conservative estimates of

blocking and outage probabilities in CDMA networks. In Pro-
ceedings of Performance.

Boucherie, R. J., & Van Dijk, N. M. (2009). Monotonicity and
error bounds for networks of Erlang loss queues. Queueing sys-
tems, 62(1-2).

Brémaud, P. (1999). Markov chains. Gibbs fields, Monte Carlo
simulation, and queues. Springer.

Chlebus, E., & Lidwin, W. (1995). Is handoff traffic really
poissonian?. In Proceedings of ICUP, pp. 348-353.
Decreusefond, L., Korezlioglu, H., & van Dijk, N. M. (1993). An
error bound for infinite approximations of queueing networks
with large finite stations under RSRD protocol. Performance
Evaluation, 17(3), 177-187.

Evans, J. S., & Everitt, D. (1999). On the teletraffic capacity of
CDMA cellular networks. [EEE Transactions on Vehicular
Technology, 4S8.

Falowo, O. E., Ventura, N., & Chan. H. A. (2009). Effect of
mobile terminal heterogeneity on connection-level QOS in next
generation wireless networks. In Proceedings of Canadian Con-
ference on Electrical and Computer Engineering.

Gallager, R. G. (2008). Principles of digital communication.
Massachusetts Institute of Technology.

Hong, D., & Rappaport, S. S. (1986). Traffic model and perfor-
mance analysis for cellular mobile radio telephone systems with
prioritized and nonprioritized handoff procedures. IEEE Trans-
actions on Vehicular Technology, 35.

Jugl, E., & Boche, H. (1999). Dwell time models for wireless
communication systems. In Proceedings of VTC, pp. 2984-2988.
Karray, M. K. (2007). Analytic evaluation of wireless cellular
networks performance by a spatial Markov process accounting
for their geometry, dynamics and control schemes. PhD thesis,
Ecole Nationale Supérieure des Télécommunications.

Karray, M. K. (2009). Study of a key factor for performance
evaluation of wireless cellular networks: The f-factor. In Pro-
ceedings of IFIP Wireless Days.

Karray, M. K. (2009). User’s mobility effect on the performance
of wireless cellular networks serving elastic traffic (submitted to
Springer Wireless Networks).

Karray, M. K. (2010). Analytical evaluation of QoS in the
downlink of OFDMA wireless cellular networks serving
streaming and elastic traffic. IEEE Transactions on Wireless
Communications (in press).

Last, G., & Brandt, A. (1995). Marked point processes on the real
line The dynamic approach. New York: Springer.

Liu, H., & Li, G. (2005). OFDM-based broadband wireless
networks Design and optimization. Wiley: Interscience.

Liu, Z., & El Zarki, M. (1994). SIR-based call admission control
for DS-CDMA cellular systems. IEEE Journal of Selected Areas
in Communications, 12.

Mitchell, K. & Sohraby, K. (2001). An analysis of the effects of
mobility on bandwidth allocation strategies in multi-class cellular
wireless networks. In Proceedings of IEEE Infocom.

Roberts, J. W. (1981). A service system with heterogeneous user
requirements. In Performance of Data Communications Systems
and their Applications (edited by G. Pujolle).

Serfozo, R. (1999). Introduction to stochastic networks. New York:
Springer.

Sidi, M., Starobinski, D. (1997). New call blocking versus
handoff blocking in cellular networks. Wireless Networks, 3.
Thomas, R., Gilbert, H., & Mazziotto, G. (1988). Influence of the
moving Of the mobile stations on the performance of a radio
mobile cellular network, 12-15 September 1988.

Xu, Z., Hu, N., & He, Z. (2008). Call dropping and blocking
probability of the integrated cellular ad hoc relaying system. In
Proceedings of IEEE GLOBECOM.

@ Springer



2296

Wireless Netw (2010) 16:2281-2296

32. Zhang, Y., Li, L. & Li, B. (2006). Mobility influences on the
capacity of wireless cellular networks. ETRI Journal, 28(6).

Author Biography

Mohamed Kadhem Karray
received his diploma in engi-
neering from Ecole Polytech-
nique and Ecole Nationale
Supérieure des Télécommunica-
tions (ENST) in 1991 and 1993,
respectively. He prepared a PhD
thesis at ENST under the guid-
ance of Eric Moulines and Bartek
Blaszczyszyn  within ~ 2004—
2007. Since 1993 he works at
France Telecom R&D (Orange
Labs) in France. He co-authered
together with Francois Baccelli
and Bartek Blaszczyszyn publi-
cations in scientific journals and international conferences, and together
with them he hold two patents on the load control in cellular networks.

@ Springer

His research activities aim to evaluate the performance of communi-
cation networks. His principle tools are probability and stochastic
processes, and more specifically information and queueing theories. In
his recent research, he shows how to articulate the tools of these two
theories to build global analytical performance evaluation methods for
wireless cellular networks. The methods and tools he develops are used
by Orange Operator for dimensioning its networks and for several
practical studies such as the effect of a reduction of the transmitted
power.



	Analytical expressions for blocking and dropping probabilities for mobile streaming users in wireless cellular networks
	Abstract
	Introduction
	Brief description of our approach
	Paper organization
	Related work

	Basic model and tools
	System state and its evolution
	Free (MPL) process
	Arrivals, call durations and bit-rates
	Mobility
	Generator
	Stationary distribution

	Modeling losses

	Two loss models
	Transitions backtrack (TB) model
	Stationary distribution
	Access and motion blocking probabilities

	Forced termination (FT) model
	Blocking and dropping probabilities

	Approximations
	Dropping probability approximation
	Blocking probability bound


	Streaming in OFDMA
	Feasible configurations of users
	Discretization
	Model specification
	Network architecture
	Arrivals and call durations
	User mobility

	Numerical results
	Intercell mobility
	Complete mobility


	Conclusion
	Acknowledgments
	Appendix A: Completely aimless mobility
	Intracell mobility
	Intracell mobility
	Complete mobility

	Appendix B: Mathematical background
	Free process
	Transitions backtrack process
	Blocking

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


