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Abstract—This work addresses the problem of radio access con-
gestion control and resource allocation in scenarios where multiple
available radio access technologies (RATs) support a wide range of
services over a given coverage area. A key issue in these networks is
selecting the most appropriate RAT at a call/session establishment
according to some specified user/operator criteria. In this sense,
a wide range of high-level policies can be defined, providing the
most favorable resource allocation. Regardless of having efficient
RAT selection policies, which may ensure some initial quality
of service (QoS) requirements, intrinsic network dynamics (e.g.,
mobility, user activity, and interference rise) can cause potential
QoS failures, leading to a degraded network performance and,
hence, radio access congestion. This work is devoted to the study
of the impact of radio access congestion on a number of RAT-
selection policies. Consequently, a congestion probability (CP)
model is developed to capture the statistical behavior of radio
access congestion events. In addition, a general Markovian frame-
work is adopted to evaluate the allocation of multiple services into
multiple RATs by means of high-level policy definitions. Specific
RAT-selection policies are defined according to several crite-
ria, and their performances are evaluated in a time-division
multiple-access (TDMA)/wideband code-division multiple-access
(WCDMA) multi-RAT scenario supporting voice and data ser-
vices. Moreover, the use of CP information as a possible allocation
principle for RAT selection is also evaluated, which, in the assumed
scenario, results in the most favorable allocation policy.

Index Terms—Beyond 3G (B3G), mobile communication sys-
tems, radio access congestion control, radio resource management
(RRM).

I. INTRODUCTION

COEXISTENCE, coordination, and cooperation are key
features of actual wireless network deployments. Oper-

ators and manufacturers in the wireless arena are faced with the
challenge of managing, in the most efficient way, multiple radio
access technologies (RATs) supporting a wide range of services
in a specific coverage area. A typical example of these scenarios
comprises the coexistence of cellular-based systems such as the
Global System for Mobile communications (GSM)/Enhanced
Data Rates for GSM evolution (GSM/EDGE) and the Universal
Mobile Telecommunications System (UMTS). In addition, non-
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cellular systems such as wireless local area networks and wire-
less metropolitan area networks may extend communication
ranges to other domains, such as home or rural environments.

A coordinated use of the total amount of radio resources
offered by several RATs leads to improved performances, as
opposed to considering each RAT as a stand-alone system. This
potential gain is commonly referred to as trunking gain and was
evaluated in [1]. In addition, a flexible architecture that allows
interworking and cooperation across the considered RATs is
needed to enable such coordinated use of resources. The level
of interworking between network entities and the considered
deployment topologies will, in great measure, impact the over-
all performance, as revealed in, e.g., [2] and [3]. This concept
of integrated network comprising several RATs is commonly
referred in the literature as heterogeneous or Beyond 3G (B3G)
networks.

In this context, the notion of common radio resource man-
agement (CRRM)1 has been developed to provide architectures
and strategies to achieve the highest and most efficient utiliza-
tion of the scarce radio resources provided by B3G networks.
Here, the term common emphasizes the fact that resources
provided by the different RATs should be regarded as a whole.
Consequently, well-known radio resource management (RRM)
strategies [4] such as call admission control (CAC), congestion
control (CC), and packet scheduling (PS) should be redefined
in this new context, leading to common CAC, common CC
(CCC), common PS, etc. In addition to these redefined CRRM
functionalities, the problem of selecting the most appropriate
RAT according to some specified user/operator criterion is
nontrivial. As a consequence, a RAT-selection functionality
appears, which can be carried out at call/session initiation, in
which case, we will refer to it as initial RAT selection, and/or
during the call/session lifetime, which is usually denoted as
vertical handover (VHO). To a great extent, the objective of
initial RAT selection and VHO algorithms is to enable the
so-called Always-Best-Connected paradigm [5], which ensures
that a user is connected to the best RAT anytime and anywhere.

In this paper, a framework for the evaluation of CCC in B3G
scenarios is addressed, and the impact of initial RAT-selection
mechanisms is assessed.

A. Motivation and Problem Statement

Among the aforementioned well-known RRM strategies, CC
is the function devoted to overcoming potential quality of

1Also denoted as joint or multiple RRM in some works.

0018-9545/$26.00 © 2009 IEEE

Authorized licensed use limited to: UNIVERSITAT POLITÈCNICA DE CATALUNYA. Downloaded on October 7, 2009 at 18:29 from IEEE Xplore.  Restrictions apply. 



GELABERT et al.: RADIO ACCESS CONGESTION IN MULTIACCESS/MULTISERVICE WIRELESS NETWORKS 4463

service (QoS) failures at the radio interface layer due to the
intrinsic dynamics of the network (e.g., mobility, interference
rise, and traffic variability) [6]. Regardless of having a strict
CAC mechanism, which may ensure some QoS requirements at
call/session establishment, if the dynamics of certain network
parameters suffer from high random behavior, the network
may experience high-load/high-interference situations, which,
in turn, may degrade the QoS perceived by users. Consequently,
CC strategies are designed to minimize the negative impact of
radio access congestion on the network performance. Typically
[6], CC mechanisms involve three phases: 1) congestion de-
tection (CD); 2) congestion resolution (CR); and 3) congestion
recovery (CRV). CD is responsible for monitoring the network
status to correctly identify a congestion situation by means
of RAT-specific measurements. On the other hand, CR actu-
ates over a set of RAT-specific parameters to reduce the load
and, consequently, the congestion situation. Finally, CRV will
attempt to restore the transmission parameters that were set
before the congestion was triggered.

In a B3G scenario with multiple RATs and multiple services,
the congestion situations in each RAT can statistically be char-
acterized by means of a congestion probability (CP), given the
number of allocated users. Then, provided a set of initial RAT
selection policies, the evaluation of the congestion impact of
these policies is of special interest, especially because favorable
user allocations according to the CP in each of the existing
RATs can be found. Consequently, the adopted approach in
this paper is proactive in the sense that potential congestion
problems are anticipated by means of efficient initial RAT
selection, as opposed to reactive, i.e., acting after congestion
is detected, which would include CR mechanisms such as,
e.g., those in [7] and [8]. In addition, if the CP is known
a priori (through models, real measurement campaigns, etc.)
for a given user distribution, an initial RAT-selection policy can
be designed using such information so that the resulting CP is
kept as low as possible.

Under the aforementioned framework, this paper intends to
define and assess the impact of radio access congestion in RATs
with different underlying technologies, such as time-division
multiple access (TDMA) and wideband code-division multiple
access (WCDMA), which are subject to different traffic load
conditions. The main objective is to determine user alloca-
tion principles at call/session establishment, i.e., initial RAT-
selection policies, which are favorable in terms of potential
congestion eventualities. In addition to the valuable interest
of determining such initial RAT-selection policies, this will
provide a solid basis for prospective evaluations contemplating
the support of inter-RAT handovers (or VHOs, as defined
earlier), which has not been considered in this study for the sake
of model tractability. In addition, this work proposes a novel
initial RAT-selection policy, which allocates users to minimize
the resulting CP. Further detail on the contributions of this work
is presented in the next section.

B. Related Work and Main Contributions

The Third-Generation Partnership Project (3GPP) standard-
ization body identified some CRRM architectures and proce-

dures for integrated GSM/EDGE and UMTS network operation
in [9] and [10].

Despite the large amount of work devoted to CRRM algo-
rithms in recent years (especially in those that refer to RAT
selection, see, e.g., [11]–[15]), to the best of the author’s
knowledge, very few contributions have been made toward
radio access CCC strategies. The authors in [16] proposed
several schemes for controlling and distributing the network
traffic over two RATs. Cost metrics are assigned to each service
in each RAT, and load control is evaluated by means of initial
RAT selection and VHO. In [7] and [8], the authors presented
a framework for managing congestion situations in heteroge-
neous networks. In particular, practical methodologies for CD
in GSM/EDGE and UMTS networks are provided, along with
VHO and bit-rate reduction techniques to lessen the congestion
status of the network.

While the aforementioned approaches usually rely on ex-
tensive system-level simulations, a theoretical approach to the
problem is seemingly uncovered and thus constitutes the main
novelty of this paper. It could then be of great interest to
gain insight into the general problem and inspire the definition
of practical and efficient congestion control strategies. In this
sense, the main contributions of this work are given here.

1) To propose a general Markovian framework for the allo-
cation of multiple services into multiple RATs by means
of simple initial RAT-selection policies. This is covered
in Section II and, along with the inclusion of both uplink
(UL) and downlink (DL) procedures, extends previous
work done by the authors in [17] and [18].

2) To define a statistical model for the characterization
of radio access congestion in B3G scenarios, which is
provided in Section III. This model takes into account
the congestion that may eventually arise in both the UL
and DL, provided a particular distribution of services is
known. Such service distribution will be provided by the
Markov allocation framework given in Section II.

3) To describe several initial RAT-selection policies re-
sponding to different allocation principles within the
specified multiservice/multi-RAT framework. In particu-
lar, a novel initial RAT-selection policy that takes advan-
tage of congestion information is presented, which can be
found in Section IV.

4) For a particular multi-RAT scenario, considering TDMA
and WCDMA access networks, along with generic voice
and data services, this work presents RAT-specific ana-
lytical expressions for computing the CP in the afore-
mentioned RATs, which is detailed in Section V. These
congestion-related expressions are formulated, consider-
ing well-known (see, e.g., [19] and [20]) TDMA and
WCDMA expressions.

II. GENERAL FRAMEWORK FOR MULTISERVICE

ALLOCATION IN MULTIACCESS NETWORKS

The problem of resource allocation in multiaccess systems
may be approached by means of multidimensional Markov
models where each dimension corresponds to the allocation of
a particular service type into a given RAT. In particular, the
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allocation framework presented in the following is based on
previous work done by the authors in [17] and [18], to which
interested readers can refer for model validation and further
details. The model definition involves, in the first place, the
identification of the state space, followed by the definition of the
state transition rates, which will eventually lead to the steady-
state balance equations provided at the end of this section.
Given that the focus of this work is to evaluate and determine
the initial RAT-selection policy impact on the radio access con-
gestion, considering that the static case (i.e., no mobility) seems
to be adequate for such evaluation while maintaining the model
complexity at a tractable level. In addition, it will be assumed
that the served users will not suffer from call/session disrup-
tions due to the poor quality or link failures in the selected RAT.

A. Defining the Markov State Space

Let us consider a number of J different traffic classes. A
total of K co-sited RATs are deployed, with each one of them
supporting either all J traffic classes or a subset of them. To
account for RATs that do not uphold particular traffic classes,
a K × J compatibility matrix, which is denoted as B, may be
defined with elements bkj = 1 if RAT k supports traffic type j
and bkj = 0 otherwise.

Based on matrix B, the number of supported services Jk by
a given RAT k can be computed as Jk =

∑J
j=1 bkj . Therefore,

the Markov state dimension M that accounts for the allocation
of each supported service into each RAT may be computed as
M =

∑K
k=1 Jk.

We may now define the row vector

Nk = [Nk,1, Nk,2, . . . , Nk,l, . . . , Nk,Jk
] ∈ Z

Jk
+ (1)

with elements Nk,l denoting the number of allocated users in
RAT k with supported service l. Note that index l, with l =
1, 2, . . . , Jk, corresponds to the lth supported service in RAT
k, whereas j is the available service index. For convenience,
let us define a mapping function gk that returns the available
traffic class index j, given the lth supported traffic class in RAT
k, i.e., j = gk(l). Furthermore, the inverse mapping function is
also defined, i.e., l = g−1

k (j), providing the lth supported traffic
class in RAT k, given available traffic class index j. It is worth
noticing that, if a RAT k supports all service types, then l = j.

Taking into account the number of available RATs, the
number of users of each supported service in each RAT may
be defined as a row vector

N = [N1,N2, . . . ,Nk, . . . ,NK ] ∈ Z
M
+ (2)

where N may be used as the index to uniquely define each
state, which is hereinafter denoted as SN , in the Markov chain
model.

Assuming that the capacity of a particular RAT k, which is
defined as the maximum allowable number of users of each
service type it may handle, is upper bounded (i.e., hard capacity

is assumed), a finite number of states SN exists. This limit is
usually set by RAT-specific CAC procedures that determine if
a new user should be admitted or not in the system so that
the minimum QoS requirements of already-accepted users are
guaranteed. In terms of the number of states, we may define the
set Sk of feasible states in RAT k as

Sk =
{
SN : 0 ≤ fk

Nk
≤ 1

}
(3)

where fk
Nk

is defined as the feasibility condition, which ac-
counts for the CAC procedures in RAT k by defining a given
state SN as feasible in RAT k, provided 0 ≤ fk

Nk
≤ 1.

Finally, a given state SN is said to be feasible if it sat-
isfies SN ∈ S, with S =

⋂K
k=1 Sk, i.e., if it is feasible in

all RATs.

B. Defining State Transitions

Transitions between states SN ∈ S in the resulting
M -dimensional Markov chain happen due to service arrival
rates, i.e., λ = [λ1, λ2, . . . , λj , . . . , λJ ] or due to service depar-
ture rates μ = [μ1, μ2, . . . , μj , . . . , μJ ]. As widely assumed in
the literature (see, e.g., [21]–[25]), arrival rates λj are Poisson
distributed, and service times follow an exponential distribution
with mean service time 1/μj [26]. Since not all services may be
supported by all RATs, we define the supported arrival rates λk

into RAT k as

λk = [λk,1, λk,2, . . . , λk,l, . . . , λk,Jk
] ∈ R

Jk
+ (4)

with λk,l being the arrival rate of the lth supported service
type in RAT k. Note that λk is a subset of λ determined by
compatibility matrix B. Finally, the supported arrival rates of
each traffic class into each RAT is captured by row vector
λu = [λ1,λ2, . . . ,λk, . . . ,λK ] ∈ R

M
+ .

A particular traffic allocation policy, which is referred to as
πN , is then responsible for determining, in each state SN ∈ S,
the specific transition arrival rates of each service type into
each of the available RATs λπ , thus defining the following
function:

πN : R
J
+ −→ R

M
+

λ −→ λπ (5)

where vector λπ contains elements λ(π,k,l), which denotes the
transition arrival rate of supported service l into RAT k due to
policy πN in state SN .

A specific policy π can be implemented by means of a policy
decision function ΘN ∈ R

M , with elements Θ(N ,k,l) ∈ [0, 1]
(called policy actions) determining the fraction of supported
traffic l into RAT k in a state SN , i.e.,

λ(π,k,l) = Θ(N ,k,l)λk,l. (6)

C. Defining the Steady-State Balance Equations (SSBEs)

In equilibrium, the SSBE for state SN ∈ S results from
equaling the inflow rate to state SN to the outflow rate of state
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SN [26], i.e.,

PN

[
K∑

k=1

Jk∑
l=1

λk,lΘ(N ,k,l)δ(N+ak,l) + Nk,lμk,lδ(N−ak,l)

]

=
K∑

k=1

Jk∑
l=1

λk,lΘ(N−ak,l,k,l)P(N−ak,l)δ(N−ak,l)

+ (Nk,l + 1)μk,lP(N+ak,l)δ(N+ak,l) (7)

where PN is the probability of being in state SN , and ak,l ∈
Z

M
+ is a row vector containing all zeros, except for the lth

supported service in RAT k element, which is 1. In addition,
δN is an indicator function that will guarantee that nonfeasible
states, i.e., SN /∈ S, are not taken into account; thus, δ(N) = 1
if SN ∈ S and δ(N) = 0 otherwise.

Once the SSBEs are determined for all states SN ∈ S, nu-
merical methods may be applied to solve the resulting system of
equations given by the SSBEs plus the normalization constraint∑

SN∈S PN = 1.
See, e.g., [27] and [28] for further details on the numerical

solution of Markov chains.

III. CONGESTION PROBABILITY MODEL

The Markov model proposed in the previous section pro-
vides, given the total traffic arrival rates λ and a given RAT-
selection policy π, the probability PN of having a particular
number of admitted users denoted by vector N . Then, the CP
in each RAT k for a given RAT-selection policy π may be
formulated as follows:

P k,π
c =

∑
SN∈S

P k
c (Nk) · PN (8)

where P k
c (Nk) is the CP in RAT k, given Nk allocated

users, and is averaged over all state probabilities PN in state
space S. A detailed explanation on how P k

c (Nk) is computed
will be provided in Section V-B for the case of TDMA and
WCDMA technologies. At this point, it should be noted that
P k

c (Nk) highly depends on the underlying access scheme of
the considered RAT k, which may lead to different definitions
of radio access congestion and, thus, different definitions of CP.
In this sense, a TDMA-based scheme can undergo congestion
situations due to, e.g., excessive timeslot (TSL) reuse. On the
contrary, a RAT based on WCDMA may be congested if, e.g.,
excessive interference is detected, hence degrading the system
performance. Moreover, it can be foreseen that the higher the
number of allocated users Nk, the higher the CP; nevertheless,
users demanding different services may have different impacts
on the perceived congestion, as will be shown in Section V-B.

In general, the CP in RAT k P k
c (Nk), given Nk allocated

users, may arise independently due to congestion measured
in the UL and/or due to congestion measured in the DL.
Consequently, one can express this probability as

P k
c (Nk) = 1 −

[
1 − PUL,k

c (Nk)
] [

1 − PDL,k
c (Nk)

]
(9)

where PUL,k
c (Nk) and PDL,k

c (Nk) indicate UL and DL con-
gestion probabilities, respectively.

Provided the CP in RAT k, given policy π in (8), the overall
CP in the multi-RAT scenario, i.e., the probability that there
exists congestion in at least one RAT Pπ

c , can then be written as

Pπ
c = 1 −

K∏
k=1

(
1 − P k,π

c

)
(10)

where it is assumed that congestion probabilities arising in
each RAT are independent.

IV. DEFINING RAT-SELECTION POLICIES

With previous definitions, a number of RAT-selection poli-
cies can be characterized by means of appropriately defining
policy decision function ΘN through its elements Θ(N ,k,l).
The outcome of a particular RAT-selection policy π for the
allocation of a j-service-type user at a given state SN ∈ S can
be represented by the set Rπ

j containing the selected RAT(s).
Note that the elements in Rπ

j are those RAT(s) selected by the
policy, provided service class j is supported and the allocation
of such service is possible, i.e., admission control (AC) is
successful. Mathematically, it is required that Rπ

j ∈ Aj with

Aj =
{
k ∈ [1,K] : bkj �= 0, S(Nk+ek,l) ∈ S

}
(11)

where ek,l ∈ Z
Jk is a vector containing all zeros, except for the

lth component, which is 1. Moreover, referring to Section II-A,
bkj �= 0 indicates that service j is supported by RAT k.

Note that, if |Rπ
j | denotes the cardinality of Rπ

j (i.e., the
number of elements in Rπ

j ), then, in the singular case that set
Rπ

j contains more than one selected RAT, i.e., |Rπ
j | > 1, it is

assumed that a RAT is chosen among those according to some
preestablished prioritization scheme, which is particular to each
policy. In addition, it should be noticed that the RAT selection
policy definition given by (11) implicitly states that, if the
preferred RAT according to a given policy cannot admit further
service-class-j users, then alternative RATs are sequentially
selected according to a prioritized order determined by the
policy.

Subsequently, some specific RAT-selection policies are pre-
sented and defined in terms of Rπ

j . Such RAT-selection policies
are suggested and justified by the authors in [18], to which
interested readers are referred for further details.

A. Load-Balancing (LB) RAT Selection Policy

This policy allocates a given user demanding a particular
traffic class to the RAT that undergoes a lower load status.
Naturally, this implies defining appropriate load metrics for
each of the considered RATs. Let the load of a RAT k at a given
state SN ∈ S be denoted as Lk

Nk
, where it explicitly states that

the load value in RAT k will depend, among other RAT-specific
parameters, on the number of users of each service class in RAT
k, i.e., Nk.

At a specified state SN ∈ S, a service-class-j user will be
allocated to the RAT k that, including this new service-class-j
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user, exhibits a lower load. Accordingly, we may define

RLB
j = arg min

k∈Aj

{
Lk

(Nk+ek,l)

}
(12)

where the elements in RLB
j are those RAT(s) with the lowest

load, provided service class j is supported and the allocation of
supported service class l is possible.

Then, the LB policy decision toward supported traffic l into
RAT k in state SN can be defined in terms of RLB

j as

Θ(N ,k,l) =
{ 1

|RLB
j | , if k ∈ RLB

j with j = gk(l)

0, otherwise
(13)

where it is implicitly assumed that, in the singular case of
|RLB

j | > 1, i.e., the minimum load is achieved in more than
one RAT, selection is randomly done among those RATs, with
probability 1/|RLB

j |.

B. Service-Based (SB) RAT-Selection Policy

This policy selects a particular RAT k based on the de-
manding user service type j according to some predefined
preference scheme. Consider that, for each available service
type j, we may build a row vector sj = [s(1,j), s(2,j), . . . ,
s(k,j), . . . , s(K,j)] ∈ Z

K . Each element s(k,j) in this vector
takes a nonnegative integer value indicating the preference of
service j on RAT k. The higher the value of s(k,j), the higher
the priority.

At a specified state SN ∈ S, a service-class-j user will be
allocated to RAT k according to

RSB
j = arg max

k∈Aj

{
s(k,j)

}
(14)

where RSB
j contains the RAT with the highest priority value,

provided it is capable of supporting and admitting the new
service-class-j user. It is worthwhile mentioning that, for this
particular policy, we will always have |RSB

j | = 1, i.e., the
policy outcome is always one RAT.

In this case, the SB policy decision with respect to the
supported traffic l into RAT k at a given state SN can be defined
in terms of RSB

j as

Θ(N ,k,l) =
{

1, if k ∈ RSB
j with j = gk(l)

0, otherwise.
(15)

C. Congestion-Aware (CA) RAT-Selection Policy

The statistical model for CP presented in Section III can
be used as a valuable input for deciding the most appropriate
RAT for a specific service request. This way, a particular user
may be allocated to the RAT that will less likely fall in a high
congestion state. In this case, the set of selected RAT(s) is

RCA
j = arg min

k∈Aj

{
P k

c (Nk + ek,l)
}

(16)

where the RAT(s) with the lowest CP is selected, provided
service class j is supported and the allocation of supported
service class l is possible.

Similar to the LB case in (13), the CA policy decision with
respect to supported traffic l into RAT k at a given state SN can
be defined in terms of RCA

j as

Θ(N ,k,l) =
{ 1

|RCA
j | , if k ∈ RCA

j with j = gk(l)

0, otherwise
(17)

where it is also assumed that, in the particular case of |RCA
j | >

1, i.e., the minimum CP is achieved in more than one RAT,
the RAT is randomly selected among those with probability
1/|RCA

j |.
According to the aforementioned definitions, the policy deci-

sions in the SSBEs will be performed using (13), (15), and (17)
into (7) to account for the different user-allocation strategies.

V. CASE STUDY: VOICE AND DATA SERVICES IN A

TDMA/WCDMA SCENARIO

In this section, the state space and the congestion probabili-
ties assuming two generic service types, i.e., voice and data, and
two RATs, i.e., TDMA and WCDMA, are derived. Both RATs
are considered to support both services in a single-cell scenario;
thus, a 4-D (M = 4) Markov model arises. In the remainder, let
v and d represent voice and data indexes, along with t and w,
which represent TDMA and WCDMA indexes.

A. Markov State Space

A boundary on the number of states comprised by the
Markov chain is set by imposing appropriate CAC mechanisms
in each RAT.

1) TDMA Case: For TDMA-based systems, a total number
of C channels (or TSLs) are to be shared among voice and data
users within a time frame. It is further assumed that no service
has priority over any other. Typically, but not necessarily, voice
users occupy a whole TSL throughout the duration of a call,
which will be assumed in this work. As for data users, a given
TSL may be shared by up to nC data transmissions correspond-
ing to different users by efficient time scheduling. Moreover,
a given data user may be granted several TSLs to increase its
achievable bit rate. This feature is commonly referred to as
multislot capability. To capture this multislot capability, it is
assumed that the number of allocated TSLs to a particular data
user is q.

The CAC mechanism may then be expressed in mathematical
terms, considering the total amount of resources, i.e., C TSLs,
to be shared among the simultaneous voice and data users in the
system. This will define the set of feasible number of admitted
voice and data users in the UL and DL, i.e., SUL,t and SDL,t,
respectively, as

SUL,t =
{

N t : 0 ≤ Nt,v

C
+

Nt,dα
UL
d qUL

nUL
C C

≤ 1
}

SDL,t =
{

N t : 0 ≤ Nt,v

C
+

Nt,dα
DL
d qDL

nDL
C C

≤ 1
}

(18)

where Nt,v (Nt,d) is the number of admitted voice (data) users
in TDMA, and αUL

d (αDL
d ) is the UL (DL) activity factor of data
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Fig. 1. TDMA feasible region for C = 23, nUL
C = 3, nDL

C = 4, qUL = 3,
qDL = 8, and αUL

d = αDL
d = 0.5.

users. In addition, the number of allocated TSLs to a particular
data user in the UL (DL) is represented by qUL (qDL), and the
maximum number of users sharing the same TSL in the UL
(DL) is denoted by nUL

C (nDL
C ). The set of feasible number

of users satisfying both conditions in (18), i.e., St = SUL,t ∩
SDL,t, constitutes the so-called TDMA admission region. In
Fig. 1, the admission limits imposed by the UL and DL are
shown, along with the limits above which TSL reuse exists in
the UL and DL directions.

2) WCDMA Case: As for WCDMA-based systems, CAC
procedures also comprise both UL and DL mechanisms. In
WCDMA, the uplink load factor ηUL can be used to determine
if a new user should be admitted in the system by setting a
maximum value ηUL

max, which cannot be exceeded. Similar to
what was shown for TDMA, an UL WCDMA feasibility set
can be defined as

SUL,w =
{
Nw : 0 ≤ ηUL

Nw
≤ ηUL

max

}
(19)

where the UL load factor in WCDMA is defined as [20]

ηUL
Nw

=
Nw,v∑
i=1

αUL
v /AUL

v,i +
Nw,d∑
i=1

αUL
d /AUL

d,i (20)

with

AUL
v,i =

W/RUL
bv,i

θUL
v,i

+ 1 AUL
d,i =

W/RUL
bd,i

θUL
d,i

+ 1 (21)

where W is the chip rate, RUL
bv,i (RUL

bd,i) is the UL bit rate granted
to voice (data) users, and θUL

v,i (θUL
d,i ) is the UL target bit-energy-

to-noise-density ratio after despreading and decoding for voice
(data) users. Additionally, αUL

v is the UL activity factor for
voice users.

In the DL, a CAC algorithm based on the availability of
orthogonal variable spreading factor (OVSF) codes is assumed
as, e.g., in [20]. Then, assuming that the same OVSF code
can be shared among different data users due to inactivity

Fig. 2. WCDMA feasible region for W = 3.84 MHz, RUL
bv,i = 12.2 kb/s,

RUL
bd,i = 32 kb/s, θUL

v,i = 6 dB, θUL
d,i = 5 dB, αUL

v = αUL
d = αDL

d = 0.5,

ηUL
max = 0.9, Cmax = 63/64, SFDL

v,i = 128, and SFDL
d,i = 64.

periods, the number of dedicated channels will have to fulfill
the relationship [20]

CNw
=

Nw,v∑
i=1

1
SFDL

v,i

+
Nw,d∑
i=1

αDL
d

1
SFDL

d,i

≤ Cmax (22)

with SFDL
v,i (SFDL

d,i ) being the DL spreading factor for voice
(data) users, and 0 ≤ Cmax ≤ 1. Then, the feasible set of voice
and data users in WCDMA DL is expressed as

SDL,w = {Nw : 0 ≤ CNw
≤ Cmax}. (23)

The resulting WCDMA total feasible set Sw must satisfy
both the UL and DL feasibility conditions defined in (19) and
(23), i.e., Sw = SUL,w ∩ SDL,w, which results in the admission
region shown by the dotted area in Fig. 2.

Finally, the global Markov state feasibility space S can be
defined from the feasible sets in each RAT as

S = {N : N t ∈ St,Nw ∈ Sw}. (24)

B. CP Cases

In the following, the CP is derived for RAT WCDMA and
TDMA:

1) WCDMA CP: In WCDMA, radio congestion events may
arise in the UL and/or DL, thus enabling the CP in WCDMA to
be formulated as

Pw
c (Nw) = 1 −

[
1 − PUL,w

c (Nw)
] [

1 − PDL,w
c (Nw)

]
(25)

where the assumption that the CP in the UL and DL is indepen-
dent has been made.

UL case: It is well known (see, e.g., [20]) that user traffic
activity, which is characterized by activity factor α, may be
modeled by a binomial distribution to determine the probability
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of having n simultaneously transmitting users, given N admit-
ted users, i.e.,

Pα(n|N) =
(

N

n

)
αn(1 − α)N−n. (26)

Then, assuming independence between voice and data
call/session generation, the probability of nw,v voice users and
nw,d data users simultaneously transmitting in WCDMA when
Nw,v and Nw,d voice and data users are admitted in the system
PαUL(nw|Nw) can be formulated as

PαUL(nw|Nw)=PαUL
v

(nw,v|Nw,v)·PαUL
d

(nw,d|Nw,d) (27)

where vector αUL = (αUL
v , αUL

d ) denotes UL voice and data
activity factors, i.e.,

Pr
(
PDL

T (nw)>PDL
T,c

)
= Pr

{(nw,v∑
i=1

Lp,i

ADL
v,i +ρ

+
nw,d∑
i=1

Lp,i

ADL
d,i +ρ

)

>
PDL

T,c

(
1−ηDL

(nw)

)
−Pp

PN

⎫⎬
⎭

Δ= Pr
(
γnw

>γ∗
nw

)
. (28)

In WCDMA, congestion situations may be detected in the
UL by means of UL load factor ηUL whenever its value exceeds
a given threshold ηUL

c during a certain percentage of frames
within a period of time [7]. Thus, we may define the WCDMA
UL CP PUL,w

c (Nw) as

PUL,w
c (Nw)=

Nw,v∑
nw,v=0

Nw,d∑
nw,d=0

Pr
(
ηUL
(nw) >ηUL

c

)
·PUL

α (nw|Nw)

(29)

where we can express the UL load factor in a single-cell
scenario when nw,v simultaneous voice users and nw,d simul-
taneous data users are in the system, i.e., ηUL

(nw), as [20]

ηUL
(nw) =

nw,v∑
i=1

1/AUL
v,i +

nw,d∑
i=1

1/AUL
d,i (30)

with AUL
v,i and AUL

d,i defined in (21).
Consequently and assuming users of the same service type

to have equal allocated bit rates and bit-energy-to-noise-density
ratio requirements, i.e., AUL

v,i = AUL
v and AUL

d,i = AUL
d ∀i, it may

be written as

Pr
(
ηUL
(nw) > ηUL

c

)
=

{
0, if nw · (AUL)T ≤ ηc

1, if nw · (AUL)T > ηc
(31)

where it has been defined that AUL = (AUL
v

−1
, AUL

d
−1).

Given the WCDMA system parameters provided in Table I,
the CP in the UL with respect to the number of admitted
voice and data users defined in (29) is shown in Fig. 3, where
congestion probabilities are represented in grayscale form, with
the color bar indicating the probability values on the right of the
graph.

TABLE I
WCDMA SYSTEM PARAMETERS FOR NUMERICAL EVALUATION OF UL CP

Fig. 3. WCDMA UL CP.

DL case: In WCDMA systems, the total DL transmitted
power needed to satisfy all nw,v and nw,d simultaneous voice
and data users in a single-cell scenario is [20]

PDL
T (nw)=

Pp + PN

(nw,v∑
i=1

Lp,i

ADL
v,i

+ρ
+

nw,d∑
i=1

Lp,i

ADL
d,i

+ρ

)
1 − ηDL

(nw)

≤PDL
T,max

(32)

with

ADL
v,i =

W/RDL
bv,i

θDL
v,i

ADL
d,i =

W/RDL
bd,i

θDL
d,i

(33)

along with

ηDL
(nw) =

nw,v∑
i=1

ρ

ADL
v,i + ρ

+
nw,d∑
i=1

ρ

ADL
d,i + ρ

(34)

where Pp and PN are the pilot and thermal noise powers,
respectively; ρ is the DL orthogonality factor; and PDL

T,max is
the maximum total DL power available at the base station. W
is the WCDMA chip rate, and the user requirements are in the
form of requested bit rates for voice and data services RDL

bv,i and
RDL

bd,i, along with target bit-energy-to-noise-density ratios for
voice and data services θDL

v,i and θDL
d,i . The path loss experienced

by each user Lp,i may be characterized by considering macro-
or microcell environments with shadowing effects modeled by
means of lognormal variation [20].
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Fig. 4. WCDMA DL CP.

Consequently, for nw,v and nw,d simultaneous users, a con-
gestion situation may be detected whenever the total DL power
exceeds a given power threshold PDL

T,c < PDL
T,max. Then, we

may write the CP in the DL as shown in (28), which depends
on the path-loss distribution and, consequently, on the user’s
geographical location.

For a given number of admitted voice and data users, the DL
CP due to power constraints can be written as

PDL,w
c (Nw)=

Nw,v∑
nw,v=0

Nw,d∑
nw,d=0

Pr
(
γnw

>γ∗
nw

)
·PDL

α (nw|Nw).

(35)

The CP in the DL as a function of the number of active
voice and data users defined in (35) is shown in Fig. 4, where
the terms Pr(γnw

> γ∗
nw

) and PαDL(nw|Nw) are computed,
given the WCDMA system parameters provided in Table II. It
can be seen that the strain in the DL CP is set on the number of
data users in the system due to their higher demands in terms
of bit rates, which is translated into higher power demands and,
consequently, higher congestion chances.

The total CP in WCDMA, considering the UL and DL, i.e.,
the probability of being in congestion in either the UL or the
DL, can then be computed according to (25) and represented as
shown in Fig. 5.

2) TDMA CP: As suggested in [7] and [8], a possible indi-
cator of congestion in TDMA access technologies can be based
on the effect of TSL sharing among data users. Accordingly, the
CP in TDMA, given nt,v simultaneous voice users are assigned
τv TSLs and nt,d simultaneous data users are assigned τd data
TSL, can be expressed as

Pr
(
ξ(τv,τd) < ξc

)
=

{
1, if ξ(τv,τd) < ξc

0, if ξ(τv,τd) ≥ ξc
(36)

where, if C is the total number of available TSLs

ξ(τv,τd) =
{

1, if 0 ≤ τd ≤ C − τv

C − τv

τd
, if τd > C − τv

(37)

TABLE II
WCDMA SYSTEM PARAMETERS FOR NUMERICAL

EVALUATION OF DL CP

Fig. 5. WCDMA CP.

is the reduction factor [19] that accounts for the effect of
TSL sharing among data users in a TDMA system, e.g.,
GSM/EDGE. It follows from (37) that ξ takes values between
0 and 1, meaning a very saturated network for ξ close to 0
(high TSL sharing) and a low loaded network for ξ close to
1 (low TSL sharing). According to (36), congestion is detected
if reduction factor ξ falls below a given threshold ξc.

Then, given a number of Nt,v and Nt,d admitted users in
TDMA, we may compute the probability of nt,v voice users
and nt,d data users simultaneously transmitting in TDMA in
the same way as (27). The resulting simultaneous users will be
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TABLE III
TDMA SYSTEM PARAMETERS FOR NUMERICAL EVALUATION OF CP

assigned a number of TSLs in both the UL and DL, as given by
qUL and qDL, respectively, allowing the following expressions
for CP in each link to be defined:

PUL,t
c (N t) =

Nt,v∑
nt,v=0

Nt,d∑
nt,d=0

Pr
(
ξUL
(nt,v,nt,dqUL) < ξUL

c

)

·PαUL(nt|N t) (38)

along with

PDL,t
c (N t) =

Nt,v∑
nt,v=0

Nt,d∑
nt,d=0

Pr
(
ξ(nt,v,nt,dqDL)DL < ξDL

c

)
·PαDL(nt|N t) (39)

where it has been assumed that simultaneous voice users always
occupy a single TSL, i.e., τv = nt,v , and simultaneous data
users are assigned τd = nt,dq TSLs. Finally, it may further
be considered that voice users will occupy the entire TSL
throughout the duration of the call, which basically means that
the activity factor for voice users αv is equal to 1, thus yielding
nt,v = Nt,v . In this case, (38) and (39) become

PUL,t
c (N t) =

Nt,d∑
nt,d=0

Pr
(
ξUL
(Nt,v,nt,dqUL) < ξUL

c

)

·PαUL
d

(nt,d|Nt,d) (40)

along with

PDL,t
c (N t) =

Nt,d∑
nt,d=0

Pr
(
ξDL
(Nt,v,nt,dqDL) < ξDL

c

)

·PαDL
d

(nt,d|Nt,d). (41)

Finally, the total CP in TDMA due to UL and DL contributions
yields

P t
c (N t) = 1 −

[
1 − PUL,t

c (N t)
] [

1 − PDL,t
c (N t)

]
(42)

where the assumption that the congestion probabilities in UL
and DL are independent is made.

For illustrative purposes, considering the TDMA system
parameters provided in Table III, the total TDMA CP, as defined
in (42), is given in Fig. 6. It should be observed that, with the
chosen parameters in Table III, data users are granted with a
higher amount of TSL in the DL than the UL (eight, as opposed
to three). This asymmetry in channel allocation causes the CP to

Fig. 6. TDMA CP.

be higher in the DL case, where TSL reuse is potentially higher,
than in the UL case. As a consequence, the total CP in TDMA
shown in Fig. 6 will mainly be DL driven.

VI. MODEL EVALUATION

In this section, numerical evaluation of the proposed model
is carried out. See [17] and [18] for details concerning the val-
idation of the Markov allocation model. Numerical results for
the model evaluation of congestion probabilities are computed
in two steps: First, the evaluation of the allocation model (pre-
sented in Section II) determines the probability PN of having
a given number of users in each RAT according to a particular
RAT selection policy π. Once the statistical distribution of users
is known, i.e., PN , the congestion probabilities in each RAT
given by (8) and the overall CP given by (10) can be computed.
In addition, the PN obtained from the allocation model will be
used to compute the performance metrics, as defined later in
Section VI-B.

Several RAT selection policies are evaluated in the following
to assess the performance of the proposed model, considering
voice and data services to be allocated in TDMA and WCDMA
RATs. In particular, the LB and CA policies introduced in
Sections IV-A and C, respectively, are evaluated. In addition,
an illustrative example of an SB policy, which was introduced
in Section IV-B, is considered, aiming to prioritize voice users
to be allocated to TDMA and data users to be allocated to
WCDMA. It is worth mentioning that the performance eval-
uation in this work is carried out for a particular illustrative
case with specific parameter settings for the allocation and
congestion models.

In this paper and without loss of generality, it is assumed
that the load metrics used in the LB policy operation (see
Section IV-A) for TDMA and WCDMA systems are taken in
the UL direction as in [17]. Nevertheless, other configurations
are possible in the described model.

According to the preceding discussion, in TDMA-based
systems, such as, e.g., GSM/EDGE, the TSL utilization factor
[19] can be used to measure the load in a given state SN ∈ S.
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It is defined as the ratio of the number of occupied TSLs to the
number of available TSLs and is thus expressed as

Lt
Nt

= min
(
C,Nt,v + Nt,dα

UL
d qUL

)
/C. (43)

On the other hand, the load in a WCDMA-based system may
be calculated by means of the UL load factor previously defined
in (20); thus

Lw
Nw

= ηUL
Nw

. (44)

A. Parameter Settings

The parameter settings for TDMA/WCDMA are those given
in Tables I–III. In addition, it is considered that the transmission
bit rate of a single voice TSL is κv = 12.2 kb/s and that of
a single data TSL is κd = 29.6 kb/s. Numerical results are
obtained for a fixed total offered voice traffic of Tv = λv/μv =
10 Erlangs (E) and a total offered data traffic Td = λd/μd

varying between 0 and 100 E.

B. Performance Metrics

Once the probabilities PN for each state SN ∈ S are com-
puted, a number of relevant performance metrics can be de-
fined. In particular, as mentioned in Section III, it is of special
interest to measure the CP in each RAT for a specific RAT
selection policy as in (8), along with the overall CP, as in
(10). Other relevant performance metrics are detailed in the
succeeding sections.

1) Blocking Probability (BP): A given state SN ∈ S is said
to be a blocking state if the addition of any service-type user
into any RAT forces the system to move to a nonfeasible state
S ′

N , meaning S ′
N /∈ S. Let the set of all blocking states be

represented by Sb. Then, the total BP yields

Pb =
∑

SN∈Sb

PN . (45)

2) Throughput: Under congestion situations, users may un-
dergo different levels of QoS degradation over a range of
key performance indicators (e.g., delay, throughput, etc.). It
has been shown that, in TDMA, congestion arises due to
excessive TSL sharing, which, in turn, causes degradation of
the perceived throughput in data users. This degradation is
quantified by means of factor ξ introduced in (37), being the
throughput per data user in TDMA qκdξ. In WCDMA and for
the sake of comparison, it is assumed that the throughput per
user in WCDMA is also degraded due to congestion in such a
way that the perceived throughput for voice and data users is
Rb,v · [1 − Pw

c (Nw)] and Rb,d · [1 − Pw
c (Nw)], respectively,

thus reflecting that congestion in WCDMA turns into an excess
of interference so that power control cannot ensure the target
requirements. Then, the overall throughput per data user in a
given state SN ∈ S can be defined as

Γd,u(N)=
Nt,dqκdξ(Nt,v,Nt,dqαd)+Nw,dRb,d [1−Pw

c (Nw)]
Nt,d+Nw,d

(46)

Fig. 7. Overall CP for SB, LB, and CA.

with ξ(τv,τd) defined in (37) and where q, Rb,d, and Pw
c should

be particularized for the UL and DL accordingly. Then, the
average throughput per data user can be obtained as

Γd,u =
∑

SN∈S
Γd,u(N) · PN . (47)

Finally, it is also interesting to define the total aggregate
throughput contributed by all services and RATs. For a given
state SN ∈ S, the aggregate throughput may be expressed as

Γa(N) =Nt,vκv + Nt,dαdqκdξ(Nt,v,Nt,dαdq)

+ Nw,vαvRb,v [1 − Pw
c (Nw)]

+ Nw,dαdRb,d [1 − Pw
c (Nw)] (48)

where q, Rb,v , Rb,d, and Pw
c should be particularized for the

UL and DL accordingly. As a result, the average aggregate
throughput may be written as

Γa =
∑

SN∈S
Γa(N) · PN . (49)

C. Numerical Results

Fig. 7 shows the overall CP, as a result of applying (10),
when RAT-selection policies SB, LB, and CA are used. The
CA policy was designed to balance the congestion probabilities
in both RATs, which therefore translates into the lowest overall
CP in the considered scenario. Since LB provides a similar CP
in TDMA with respect to SB [see Fig. 8 (left)] and improved
CP in WCDMA [see Fig. 8 (right)], the overall CP is better for
the LB policy than the SB policy.

Fig. 8 shows the CP for the different considered policies
in each RAT, as formulated in (8). Accordingly, since the SB
policy mainly directs voice users to TDMA and congestion
in TDMA is exclusively caused by data TSL reuse, hardly
any congestion is detected in this RAT. Only for high offered
data traffic, when WCDMA is unable to handle all the data
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Fig. 8. CP in (left) TDMA and (right) WCDMA for SB, LB, and CA.

traffic load, does congestion in TDMA start to rise (see for
Td = 60 E). On the other hand, SB mainly directs data users
to WCDMA, which causes congestion in this RAT to rise
as the data traffic load is increased. It should be noted (see,
for instance, Fig. 5) that, although excessive voice users in
WCDMA may cause congestion, an excess of data users is
somewhat more problematic. The LB policy, on the other
hand, intends to distribute users so that the loads in each
RAT [conveniently defined in (43) and (44)] are balanced.
Accordingly, LB operates in such a way that data users are
not forced to share TSLs in TDMA unless no capacity is left
in WCDMA [17]. Then, for the case under study, LB prevents
TSL reuse in TDMA, thus exhibiting a low congestion profile
in this RAT. In WCDMA, LB will allocate both voice and data
users; therefore, congestion will rise whenever data traffic load
increases. Nevertheless, given that LB allocates voice and data
resources in WCDMA, as opposed to SB, which allocates only
data users, the CP in WCDMA is somewhat better for LB than
SB. Finally, as expected, it can be seen how CA policy balances
the CP in each RAT.

Fig. 9 shows the BP, as defined in (45), for the different
policies under study. It follows from (18) that the allocation of
a single voice user in TDMA implies a TSL consumption of 1
TSL over a total of C available TSLs, i.e., 1/C. For a single data
user in TDMA, this consumption is given by αdq/nCC. Based
on parameters given in Table III, the TSL consumption of both
voice and data users in TDMA is equal to 1/23. This means that,
from a resource consumption point of view, it is equally suitable
to allocate voice or data users to TDMA. Moreover, the resource
consumption in WCDMA may be quantified in both the UL and
DL: in the UL by means of the load factor definition given in
(20), with αUL

v /[AUL
v ηUL

max] and αUL
d /[AUL

d ηUL
max] being the load

fractions consumed by voice and data users, respectively, and
in the DL by means of the code condition provided in (22),
with 1/[SFDL

v Cmax] and αDL
d /[SFDL

d Cmax] being the code
consumption fractions for voice and data services, respectively.

Fig. 9. Total BP for SB, LB, and CA.

With the WCDMA parameters provided in Tables I and II, it
can be shown that, in WCDMA, a data user demands more
resources than a voice user. In this sense, it is much more
suitable, in the considered scenario, to allocate voice users
in WCDMA and data users in TDMA, thus explaining the
worse behavior in terms of the BP of SB, which allocates data
users to WCDMA and voice users to TDMA. This is in line
with conclusions raised in [11], where the allocation suitability
of two services onto two RATs with linear admission limits
depends on the slope of these limits, which are provided by
(18), (20), and (22) and shown in Figs. 1 and 2. On the other
hand, policies LB and CA are more flexible in allocating voice
and data users in TDMA and WCDMA than the SB policy, thus
achieving an improved BP with respect to SB.

Figs. 10 and 11 show the average DL data throughput per
user and the average DL throughput, as defined in (47) and (49),
respectively. For the SB policy, given that it mainly allocates

Authorized licensed use limited to: UNIVERSITAT POLITÈCNICA DE CATALUNYA. Downloaded on October 7, 2009 at 18:29 from IEEE Xplore.  Restrictions apply. 



GELABERT et al.: RADIO ACCESS CONGESTION IN MULTIACCESS/MULTISERVICE WIRELESS NETWORKS 4473

Fig. 10. DL data throughput per user for SB, LB, and CA.

Fig. 11. DL aggregate throughput for SB, LB, and CA.

data users to WCDMA, the throughput per data user will be
approximately 64 kb/s in the absence of congestion, which is
the considered allocated DL bit rate for data users in WCDMA
(see Table II). This happens for an offered data traffic load of
Td = 10 E. As the offered data traffic increases, so does the CP
in WCDMA (see Fig. 8 right); thus, the throughput per data
user is severely degraded up to Td = 55 E. This effect is also
noted in the average DL throughput in Fig. 11, where, for SB
and after an initial throughput rise, the impact of congestion
over data users in WCDMA causes severe throughput degra-
dation. From Td = 60 E and onward, data users start getting
allocated to TDMA since WCDMA is at full capacity. Then,
the throughput per user is slightly increased, given that the
throughput degradation in TDMA is less harsh than that in
WCDMA. This throughput increase is also noted in the average
DL throughput given in Fig. 11. On the contrary, both LB and
CA may eventually allocate data users to TDMA where the
achieved throughput per data user depends on the reuse of TSL.
If such reuse of TSL is low, with current parameter settings, the

TABLE IV
AC PARAMETERS IN TDMA AND WCDMA

achieved throughput per data user in TDMA can be improved
with respect to WCDMA. Nevertheless, as the number of data
users increases in TDMA, TSL sharing increases, and the data
throughput per user decreases. It is worth noticing that the
LB policy disregards the effect of throughput degradation in
WCDMA due to congestion while only capturing the effect of
TSL reuse in TDMA (since it prevents TSL reuse unless it is
strictly necessary). This explains the improved performance of
CA with respect to LB, given that CA captures both throughput
degradation impacts in TDMA and WCDMA. This effect can
be observed in both Figs. 10 and 11. As for the average DL
throughput (see Fig. 11), to achieve high throughput values,
a RAT-selection policy must achieve both low BP and high
throughput per user. Then, from Figs. 9 and 10, it can be
expected that policies CA and LB present an overall best
performance with respect to SB and that CA outperforms LB
for the case under study.

Despite having an efficient initial RAT selection policy that
minimizes the occurrence of congestion events, further actions
may be required in the case that such events happen. These
mechanisms, which are referred to as CR mechanisms, provide
the means to alleviate congestion situations by actuating over
some specific network parameters. One possible mechanism
for lessening the congestion status of a given RAT consists
of actuating over the AC such that fewer users are allowed
in the system [7], [8]. In practice, this implies a reduction in
the feasible limits, as shown in Figs. 1 and 2 for TDMA and
WCDMA, respectively. In WCDMA, this can be achieved by
conveniently setting the maximum load factor (ηUL

max) and the
maximum OVSF code condition limit (Cmax) for the UL and
DL, respectively. In the same way, the feasible limit in TDMA
can be managed by setting the maximum number of data users
per TSL nUL

C and nDL
C for the UL and DL, respectively.

To show the benefits of considering congestion information
when performing initial RAT selection procedures, some addi-
tional results are presented. In this respect, the numerical study
considers a range of values (see Table IV) for nUL

C and nDL
C ,

which determine the AC for TDMA, along with ηUL
max and Cmax,

which control the AC procedure in WCDMA. A decrease in the
value of these parameters indicates higher constraints in terms
of user admission. Consequently, Fig. 12 shows the CP and the
BP for policies SB and CA under the AC scenarios defined in
Table IV. The offered voice and data traffic values are Tv = 10
and Td = 40 E, respectively. It can be observed for both policies
that, by restricting the admission, i.e., moving from case (a) to
case (f), the CP is reduced. On the other hand, imposing tighter
admission conditions comes at the cost of increased blocking
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Fig. 12. BP and CP against several AC setups provided in Table IV.

probabilities, as also shown in Fig. 12, which also degrades the
users’ perceived QoS. Note also that, by considering the CP as
an input criterion for initial RAT selection, as in policy CA,
lower CP situations can be achieved at the cost of improved
blocking probabilities. On the other hand, for the SB policy,
to reduce the experienced CP, solely acting over the AC will
severely penalize users in terms of blocking. For example, the
CA policy achieves a CP of a little more than 0.2 when the AC
setup is (e), which, in turn, gives a BP of below 0.02. As for the
SB policy, to achieve a similar CP value, the AC needs to be
more stringent than the CA policy case, which, in turn, results
in a BP of more than 0.15. This suggests that, although CR
mechanisms can be applied to solve congestion situations, such
as actuating over the AC, an appropriate election of the initial
RAT selection policy is of great importance.

D. Computational Considerations

While the values of congestion probabilities P t
c (N t) and

Pw
c (Nw) are easily computed, determining probabilities PN

for all states SN ∈ S by solving the SSBEs may seem com-
putationally complex. In general, computational complexity for
solving the system of equations given by the SSBEs increases
with the state dimension M and, consequently, the number of
states in the state space N [28]. It was shown (see Section II-A)
that the higher the number of services J and/or RATs K, the
higher the dimensionality of our model M . Therefore, for large
values of K and J , computational cost may dramatically in-
crease. Nevertheless, operators may typically manage no more
than three or four RATs in a given area, and although offered
services are high in number, they may typically be grouped
into four different QoS traffic classes according to how delay
sensitive they are [29]: 1) conversational; 2) streaming; 3) in-
teractive; and 4) background. In addition, not all RATs support
all traffic classes, thus diminishing the impact on the state
dimensionality. Bearing this in mind, the solution of the SSBEs
may be carried out using well-known efficient numerical meth-
ods. In particular, a so-called iterative power procedure will
be utilized for such a task [27], [28]. Other methods, such as
Gauss–Seidel, have also proven to be effective (see, e.g., [30]).

The iterative power operation is based on iteratively perform-
ing the product of a probability vector (of dimension N × 1)
with the N × N transition probability matrix P . If i iterations
are needed for convergence, then a total number of i × N2

multiplications are needed. Fortunately, matrix P is usually
sparse, i.e., it contains a large amount of zero entries. Then, if
Nz is the total number of nonzero entries in matrix P , a total of
i × Nz multiplications are now required [28]. In addition, the
involved memory storage requirements of such procedure can
easily be handled by off-the-shelf computer equipment.

VII. CONCLUDING REMARKS

In this paper, a complete, detailed, and generalized frame-
work for the evaluation of multiservice allocation in multi-
access systems by means of policies has been provided. In
this sense, a generalized policy definition framework that is
capable of responding to different allocation principles has been
introduced. In addition, an analytical statistical characterization
for radio access congestion in multi-RAT environments has
also been presented. The evaluation of several RAT selection
policies has been carried out in a combined TDMA/WCDMA
scenario with voice and data services. In this case, specific
analytical expressions for the CP have been provided for both
TDMA and WCDMA.

In particular, three RAT selection policies have appropriately
been defined and evaluated: LB, SB, and CA. In the case under
study, results have revealed that SB prevents data-resource
reuse in TDMA by allocating voice users in this RAT but
at the cost of increased CP in WCDMA due to data users.
Furthermore, SB provides the worst BP behavior among the
considered policies. As for LB policy, it also prevents data
TSL reuse in TDMA but exhibits higher flexibility in allocating
voice and data users in TDMA and WCDMA. As a result, the
CP and throughput per user is improved with respect to SB.
However, LB disregards the impact of CP in the throughput
perceived in WCDMA. Then, using congestion information, as
with the CA policy, can lead to better performance in terms
of both CP and throughput. In addition, the use of congestion
information as a guiding principle for initial RAT selection
can also prevent high blocking situations, which result from
applying tighter AC mechanisms to reduce such congestion.

With the proposed framework, the impact of different RAT-
selection policies on the CP can be measured, and QoS degra-
dation is assessed. The presented framework enables extending
the current results in other scenarios with other technologies
and QoS requirements.
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