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Abstract—This paper addresses the problem of Radio Access Technology (RAT) selection in heterogeneous multiaccess/multiservice
scenarios. For such purpose, a Markov model is proposed to compare the performance of various RAT selection policies within these
scenarios. The novelty of the approach resides in the embedded definition of the aforementioned RAT selection policies within the
Markov chain. In addition, the model also considers the constraints imposed by those users with terminals that only support a subset of
all the available RATSs (i.e., multimode terminal capabilities). Furthermore, several performance metrics may be measured to evaluate
the behavior of the proposed RAT selection policies under varying offered traffic conditions. In order to illustrate the validation and
suitability of the proposed model, some examples of operative radio access networks are provided, including the GSM/EDGE Radio
Access Network (GERAN) and the UMTS Radio Access Network (UTRAN), as well as several service-based, load-balancing, and
terminal-driven RAT selection strategies. The flexibility exhibited by the presented model enables to extend these RAT selection
policies to others responding to diverse criteria. The model is successfully validated by means of comparing the Markov model results
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with those of system-level simulations.

Index Terms—Algorithm design and analysis, Markov processes, mobile communication systems, radio resource management.

1 INTRODUCTION

TODAY’S wireless communications can be driven by a wide
range of Radio Access Technology (RAT) standards. The
success of second-generation (2G) cellular systems, e.g.,
Global System for Mobile Communications (GSM),
cdmaOne, and Pacific Digital Cellular (PDC), along with
the IP data support provided by 2.5G technologies, such as
the General Packet Radio System (GPRS), paved the way
toward evolved systems with higher data rate capabilities.
In this sense, technologies like the Enhanced Data rates for
GSM Evolution (EDGE) offer high data rates using inherited
2G network infrastructure and frequency spectrum. In order
to supply even higher data rates, third-generation (3G)
systems arose with new assigned frequency bands along
with the deployment of new network elements, especially in
the radio access part. 3G systems comprise several
standards such as the Universal Mobile Telecommunica-
tions System (UMTS), the Freedom of Mobile Multimedia
Access (FOMA), CDMA2000, and the Time Division-
Synchronous Code Division Multiple Access (TD-SCDMA)
among others. Moreover, in parallel with the evolution of
cellular systems, a number of Wireless Local Area Networks
(WLAN:S) like, e.g., the IEEE 802.11 standard families, have
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emerged and become profusely used in home environ-
ments. In addition, Wireless Metropolitan Area Networks
(WMAN:Ss) like the Worldwide Interoperability for Micro-
wave Access (WiMax/IEEE 802.16) standard will extend
communication ranges beyond those covered by WLANS.

In this framework, the heterogeneous network notion
arises in order to propose a flexible architecture capable of
managing this large variety of wireless access technologies
along with applications and services comprising different
quality-of-service (QoS) demands and protocol stacks. The
deployment of such heterogeneous network topologies
requires, however, a degree of interworking between the
different network entities which may lead to open, loose,
tight, and very tight couplings [1]. In this way, hetero-
geneous networks may provide a larger set of available
resources than individual networks, allowing users to
seamlessly connect, at any time and any place, to the access
technology that is most suitable according to some user/
operator-specified criteria. This notion has been coined as
the Always Best Connected concept [2].

In order to manage, in the most efficient way, the pool of
existing resources provided by a heterogeneous network
comprising several RATs, Common Radio Resource Man-
agement (CRRM) architectures and strategies are devised
[3]. In this sense, CRRM has been identified as an important
issue by the Third Generation Partnership Project (3GPP),
which defines some recommendations and architectures for
CRRM operation [4], [5]. Efficient CRRM will then exploit
the trunking gain that results from the common manage-
ment of all the available radio resources of all networks
rather than managing those radio resources considering
stand-alone networks [6]. Then, the tighter the coupling
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between these networks, the better the resources are being
utilized leading to an improved performance. Conse-
quently, efforts in the definition and implementation of
required interfaces must be developed in this direction.

Inherent to heterogeneous networks, to select an appro-
priate RAT for an incoming user requesting a given service
becomes a key CRRM issue. This RAT selection can be carried
out considering different criteria (such as, e.g., service type
and load conditions) with the final purpose of enhancing
overall capacity, resource utilization, and service quality.

Although the RAT selection problem has been covered in
a number of papers, see, for example, [7], [8], and [9], the
proposed methodology usually relies on system-level
simulations in order to extract some relevant performance
metrics to compare different strategies. The analytical
approach to the RAT selection problem, however, has been
less addressed in the literature. To the authors” knowledge,
only a few analytical proposals have been developed up to
date, e.g., [10], [11], and [12]. In [10], Lincke-Salecker and
Hood propose an analytical approach to the problem of
traffic overflowing between several RATs using a multi-
dimensional Markov model. However, in order to derive a
closed form solution by means of applying independence
between service types, Markov states in this model indicate
the number of sessions of each service that are being
allocated in whole composite network, but not on which
RAT each session is being served. In [11], a near-optimum
service allocation is proposed in order to maximize the
combined multiservice capacity. The authors assumed an a
priori knowledge of the services that need to be allocated,
rather than modeling user arrival process. In [12], Koo et al.
assess the separate and common Erlang capacity of a
multiaccess/multiservice system. For this purpose, an
Erlang Loss queuing approach is assumed and a closed
product form expression for the equilibrium probability is
provided. Nevertheless, this assumption implies that the
fractional traffic loads of each service offered to each system
are known, so the approach is only valid to evaluate some
basic RAT selection policies.

In this paper, the proposed analytical model entails a
more flexible framework by assuming that only the total
offered traffic to the multi-RAT system for each service is
known. Thus, fractional traffic arriving to each RAT will be
dependent on the chosen RAT selection scheme which is
fully embedded in the model. This feature constitutes the
main innovative contribution of this article and differenti-
ates it from previous approaches to the problem. In
particular, the model describes the allocation of two service
types onto two RATs, which allows the definition of a wide
range of RAT selection policies taking into account several
criteria such as service type, network conditions, and
terminal types. Finally, the proposed model also captures
the availability of multimode terminals, i.e., those that can
operate on both RATs, so as to reflect a more realistic
medium-term scenario considering the flexibility con-
straints of those terminals supporting one single RAT (i.e.,
single-mode terminals).

Multidimensional Markov models have been widely
used in the field of networking to model the behavior of
communication networks under variable traffic load condi-
tions [13]. In the analysis of this paper, the focus is on two
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RATs with different underlying access methodologies: the
Time-Division Multiple Access (TDMA) and the Wideband
Code Division Multiple Access (WCDMA). These two
access schemes may, e.g., represent 3GPP standardized
technologies GSM/EDGE and UMTS, respectively [14], [15],
although the model could be adapted to other standards by
a proper change in the parameter values.

The article is organized as follows: Section 2 deals with
the problem statement and the considered approach to solve
it. Section 3 presents the analytical model and the notation
that will be used throughout this paper. In Section 4, various
RAT selection policies are described by means of the
proposed model. Section 5 presents the performance metrics
that will be used to evaluate the behavior of initial RAT
selection policies in Section 6. Finally, Section 7 deals with
the conclusions and future work.

2 PROBLEM STATEMENT

For the evaluation of the forthcoming RAT selection
strategies, a scenario is assumed where a TDMA-based
and a WCDMA-based technology coexist and provide
coverage over a same area. Generically, one can characterize
this scenario by means of a Markov chain represented by a
(N + M)-dimensional state, denoted as S, 1, .ty wiws,...0n0)r
where ¢, (1 <n < N) and w,, (1 <m < M) relate to the N
and M dimensions corresponding to TDMA and WCDMA
RATs, respectively. Each of these dimensions can represent
a single or a combination of communication characteristics,
such as service type (e.g., voice or data), user communica-
tion status (e.g., active or queued users), transmission rate,
and amount of allocated resources.

In this paper, a 4D Markov chain is considered
accounting for two service types, generically voice and
data, being served over the aforementioned RATs, TDMA
and WCDMA, in order to model the system behavior.
Therefore, let S(; ;1 represent the state in which ¢ voice
users and j data users are being served through TDMA; and
k voice users and ! data users are being served through
WCDMA. These indices represent the number of active
simultaneous voice calls and data sessions being carried out
at a given time.

Transitions between states within the Markov chain will
occur due to call/session arrivals or due to call/session
departures. Regarding traffic patterns, it is supposed that
voice calls and data sessions are generated according to
Poisson processes with rates A\, and \;, respectively. As for
voice-call holding time and data session time, they follow
exponential distributions with means 1/, and 1/p, corre-
spondingly. It is assumed that only transitions between
neighboring states (those that only differ in a single
increment/decrement in a sole state dimension) are allowed.
This prevents situations where more than one call/session
arrives or departs from a given state at the same time.

Within the set of CRRM functions devoted to efficiently
manage the available resources in a heterogeneous network,
the RAT selection plays a key role in deciding the most
appropriate RAT for a given service at a given time. In that
sense, the algorithm operation might then respond to
specific policies taking into account both technical and/or
economical aspects (e.g., operator or user preferences). In
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Fig. 1. Mapping of total-to-fractional arrival rates given by initial RAT
selection.

the context of the proposed Markov framework, it is
important to notice that, given the total voice call and data
session arrival rates, A, and )\;, respectively, the adopted
RAT selection policy will determine the arrival rates into
each RAT (see Fig. 1). Consequently, the RAT selection
policy will modulate the transition rates between the states
Sijky in the Markov chain according to a predefined RAT
selection policy. Mathematically, given a generic RAT
selection policy denoted as 7(; ), we may introduce the
following function:
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where AT, AT, AV AV represent the fractional arrival rates of
each service into to each of the available RATs given by
policy 7(; - In this way, by an appropriate definition of
the RAT selection policies, it is possible to embed those into
the Markov chain and evaluate the performance of the
system by considering that only the total voice and data
offered traffic, i.e., A, and )4, are known parameters. This
approach differentiates our work from previous mentioned
studies [10], [11], [12] and constitutes the main innovative
contribution of this work which will be fully developed in
the next sections.

. i 1
ooy, W

3 THE 4D MARKoV MODEL STATE SPACE

In the following, the Markov model state space containing
the total set of feasible states is presented. Clearly, if the
capacity in terms of number of supported users in each RAT
is assumed to be fixed, a finite number of states S; ;.
(called feasible states) limited by the number of allowable
users of each service in each RAT must exist.

This limit is usually set by the RAT-specific Call
Admission Control (CAC) procedures, that determine if a
given user should be admitted or not, so as to guarantee
some minimum QoS requirements to users already ad-
mitted in the system. Because CAC is dependant on the
underlying technology, the set of feasible states in TDMA,
ST, and WCDMA, S", can be individually defined as

o {S(,;‘j,kﬁl)\o <l < 1,Vk,l}, 2)

s = {Sw,j,k.o\o < fiiy < 1>Vl}j}; (3)

where f({,j) and [/}, are defined as the feasibility conditions
which account for the CAC procedures in TDMA and
WCDMA correspondingly.
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Consequently, we can define the set of feasible states, .5,
which include all states S(;;;; that satisfy the CAC
procedures in each of the systems. Then, a given state
S(i gk is said to be feasible, if it satisfies that S ., € S
with § = ST N SY, i.e, a state is only feasible if it is feasible
in both TDMA and WCDMA systems.

In the following sections, the state feasibilities for TDMA
and WCDMA are presented. In this paper, CAC procedures
are based on the reverse link (uplink, UL) in order to
determine the number of allowable users in each RAT,
which it is assumed to be the most restricting case.

3.1 TDMA State Feasibility

The resource allocation for voice and data services in a
TDMA-based technology, such as, e.g., GSM/EDGE, relies
on the capacity on demand principle [16]. Briefly, a data user
can transmit data over a number of simultaneous channels or
timeslots (TSLs). Moreover, several data users can be multi-
plexed over the same TSL for coordinated data transmission
by means of an efficient scheduling mechanism. Given that
voice and data users can demand different amounts of
resources and that these resources are shared between them,
mechanisms to referee the sharing among voice and data
traffic are needed [17]. In this paper, and for the sake of
simplicity, it is assumed that the total available capacity is
shared between voice and data traffic on a first-come-first-
served basis with no service priority.

If C is the total number of available channels (TSLs)
available for voice and data services in the cell, the
maximum number of voice users being served through
TDMA, i, is upper-bounded by i < C. Considering the UL
direction, assuming voice and data users are granted with a
single channel for each connection,' and that a maximum
number of nc data users are allowed to share the same TSL,
the maximum number of simultaneous data users being
served through TDMA must satisfy j < ncC. Since voice
and data services share the total amount of resources, the
previous conditions may be expressed jointly as

0<i/C+j/ncC<1, (4)

which implicitly defines the state feasibility condition for
the TDMA system, i.e., f(j';j) =1i/C + j/ncC.

3.2 WCDMA State Feasibility

In WCDMA-based systems, the UL load factor (L{},)
condition must hold in order to ensure that users are
granted the desired capacity for their demanding services.
Considering k voice users and [ data users being served in
WCDMA, the UL load factor condition for a single cell may

be expressed as [15]

0 < Lty < Nnazs (5)
where
W /Ry, - W/Ryq -
Il :k{7=+1} +1{7’+1 , (6
& = ¥\ /N, /M)y ©

1. Although the consideration of multislot capabilities in the model
would be feasible, this would complicate the algebra and the model while
not bringing substantial added value on the methodology and approach of
this paper. Thus, a single TSL is allocated to data users.
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with W as the chip rate; R, and R,, are the bit rates
granted to voice and data services; (E;/Ny), along with
(Ey/Ny), are the target bit-energy-to-noise-density ratio
after de-spreading and decoding for voice and data users;
and 7, is the admission threshold. By choosing an
appropriate value for 7,,,, quality requirements of ad-
mitted users (e.g., in terms of bit error rate) depending on
the coverage conditions can be ensured [15]. From (5), the
state fea51b111ty condltlon of WCDMA system, f/7 i l), is easily
identified as f u) LWI) [ Mimaz-

3.3 Call Admission Control and Blocking States
Once the state space has been defined by means of the
feasibility conditions in each RAT, let us define, for the sake
of convenience, the set of states in which the acceptance of a
new user would force a transition to an unfeasible state
S(ijky € S. Under these circumstances, the RAT in question
is said to be in a blocking state. Let S, denote the set of
feasible states where the acceptance of a service type o user
in RAT p forces the state to move to an unfeasible state.
Then, the fractional per-service/per-RAT blocking states for
voice and data services, i.e, o= {v,d}, in TDMA and
WCDMA RATs, p = {T, W}, are defined as

Spo = 186jnn) € SISk & S},
Spa =1{Strs) € SIS jera £ S}
Sy ={Stjkn) € SIS jksre) € S},
Stia = { Stk € SISGijkirn) & S}
If S/ denotes the set of feasible states where the

acceptance of any service type user in RAT p forces the
state to move to an unfeasible state, we have

(7)

SI/)) = S{)),’U n Sl,;)d (8)

Assuming that a given service type user can be allocated
in either of the existing RATs provided the one selected by
the RAT selection policy is blocked, we can define service
blocking states where the acceptance of a given service type
user o= {v,d} forces the current state to move to an
unfeasible state in each of the considered RATs p = {T, W}.
Bearing in mind (7), the per-service blocking set Sy, can be
defined as

Sho = Sy N Sy (9)

Finally, if S, defines the set of states where the
acceptance of any service type user in any of the available
RATs forces the state to move to an unfeasible state, then
the total blocking states are defined as

Sy=25, NS =8, NSNS NS, (10)

4 RADIO ACCESS TECHNOLOGY SELECTION
POLICIES AND STATE TRANSITIONS

Based on the relation provided by (1), we can conveniently
define the RAT selection policies as functions that map the
total arrival rates A\, and )\; into fractional arrival rates of
each service into each system (i.e, AT, A7, A and A})
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depending on the current state information. Then, in a
given state S(; ), relation (1) can be rewritten as

R? — R!

)\' T
(/\d> -

where, given RAT selection policy m(;;ry, ok, and
ajry = (1 —ag k) are the functions determining the
fraction of voice users into TDMA and WCDMA, respec-
tively, and ; ;) along with 3(; ;. = (1 — B,jk) are the
functions governing the fractional data arrival rates into
TDMA and WCDMA, respectively. Furthermore, function
8(ijk0 is an indicator function which will guarantee that
nonfeasible states, i.e., S(i,j‘k‘l)géS, are not taken into account
in the transitions, thus

T(i,4,k,0) *
i) MO (41, k)
B jibed) MaO(i,j4+1,k0) (11)
Qe ) MO j k+10)

Bii j iy Aab(i ki)

if S(i,j,k,l) es,

1
Oijkd) = {0 otherwise. (12)

The proposed model also allows us to take into
consideration scenarios in which not all terminals have
multimode capabilities. In that respect, assume that the
availability of terminals that support both RATs (multi-
mode) is given by p which is defined as the fraction of
terminals with multimode capabilities. Accordingly, the
ratio of terminals that only support TDMA (single-mode) is
given by p =1 — p. The rationale behind this assignment
resides in the fact that terminals supporting more recent
technologies, such as WCDMA, will most probably support
preceding technologies like TDMA. The converse, however,
will be less usual. Then, the fractional traffic derived into
each RAT stated in (11) may be rewritten as

W(i,j,k,l): IRQ — IR4

f; ey A1,k

()\'H) ! Bﬁ:’j?kql) Adé(i"'ﬂ»l’k‘l)
— _ ’
Ay ab. . k) )\1,(5(Z',j‘k+l 0

(i-js

(13)

B‘E)i,jk[) )‘dé(ih]’,k,l-%—l)

where of, ;, and 3], ;, ) relate to the RAT selection policy
assignment considering the presence of both multimode
and single-mode terminals. In particular, voice and data
traffic offered to TDMA will consist of not only the traffic
allocated by means of the applied RAT selection policy but
also by the traffic that does not support WCDMA. This can
be expressed as

(Ukl [a7jkl 1_()‘(1]1»/))(1_ )]/\117
= (P + i jnnp) Ao, (14)
1]l<l [ﬁzlkl 1_ﬁ(uk1)(1_p)])‘dv

= (P + Biijrnp) \s

where o; ;1) and §; ;) relate to the policy decision (note
that if p=1, i.e., all terminals are multimode, thus
expression (13) becomes expression (11)).

Authorized licensed use limited to: IEEE Xplore Customer. Downloaded on November 10, 2008 at 06:16 from IEEE Xplore. Restrictions apply.



GELABERT ET AL.: A MARKOVIAN APPROACH TO RADIO ACCESS TECHNOLOGY SELECTION IN HETEROGENEOUS MULTIACCESS/...

j P
JHy a(ifl’j’k’,)ﬂ.v

»
ﬁ(i, j—l,k,l)ﬂ’d

~P
&G jianh
Iy
d
P
&G i

BL s (+Dp, Pisenta

Fig. 2. State transition diagram for a general state.

Given the fractional arrival rates provided in (13), the
state transition diagram at a particular nonboundary state
S(i.j,ky) May be built (Fig. 2). By inspection of Fig. 2, we may
deduce the Steady-State Balance Equation (SSBE) for a
given state S(; ;. as

P O‘I()i‘jﬁk’[))\v(s('HL,j,k,l) + i 0(i—1,5,k1)

+ &z({%h” Ab(i k1) + kil jr-11)
+ B0k AabGij1d) F IHadG,j-1,10)

+ Bﬁvjﬁkyl)kdé(i.j,kﬁHl) + Lpabi g i-1)

= iy NP1k Oi-1,3.k0)

+ (@ + D) po P15 O +1.5k0)
+ 00 A Pgk-1086 5810
+ (k + 1) po Py j 1,006, k41,0)
+ B0 1wy M- 100 O -1 1)
+ (7 + Dpal i1k O j+ 1,40
+ Bzajﬁkﬂl,l))\dP(i,j,k,Z—l)6(i,j,k,l—1)
+ (U4 D paP jrir1)d ki),

where P, ;1) is the steady-state probability of being in state
Sigikl)-

Once the SSBEs are obtained for all states S(; ;) € 5,
numerical methods may be used to solve the system of
equations given by the SSBEs plus the normalization
constraint

Z Pijry =1

Sijkt) €S

(16)

The proposed analytical approach allows us to define a
wide range of RAT selection policies taking into account
several allocation criteria, such as service type, load, and
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network conditions. In particular, some of the policies
presented in [7] and [18] will be adapted to our Markov
model in the following sections.

4.1 Random (RND) RAT Selection Policy

For illustrative purposes, this policy randomly selects the
RAT on which the call/session will be carried out. Assume
TDMA is selected randomly for voice and data users with a
probability of a and 3, respectively. In the same way,
WCDMA is selected with a probability (1 — «) and (1 — §)
for voice and data users correspondingly.

If the system is in a voice blocking state, i.e., S; ;) €
SE, or Sy €Sy, or in a data blocking state, i.e.,
Siijnn € SEyor Sijky € SV, then the arrival rates of voice
and data users to nonblocked states happen with prob-
ability equal to the unity. This ensures that a call/session
will not be dropped due to the random allocation policy if
resources exist in the opposite RAT to the one chosen by
the policy. Then, the values of ;) and Bk, in (11)
may be written as

a if Suny ¢ (S5, USH),
aGgry =9 1 if Sujnn € Sihs
0 'if St € Sty 7 a7
B if Sk & (SpaUSh),
Bijren =% 1 if Sijny € Sphs
0 if Sijky € Sia

4.2 Service-Based #1 (SB#1) RAT Selection Policy
This policy intends to allocate voice users to TDMA and
data users to WCDMA. If the assignment is not possible,
i.e., the chosen RATs are at full capacity, the voice users are
directed to WCDMA and data users to TDMA.

Bearing this in mind, a voice arrival is not allowed in
WCDMA, i.e., the transition Sy iy — Sijr1y 18 not
allowed, unless we are in a TDMA voice blocking state
(Sijkp € S,)Tm). Moreover, a data session arrival will not be
accommodated in TDMA, i.e., the transition S ;) —
S(i,j+1.1) is not allowed, unless we are in a WCDMA data
blocking state, i.e., S( iy € Sjy. In order to take these
restrictions into account in the global balance equations, the
functions o jry and Bjry in (11) which define the
feasibility of a voice arrival in WCDMA and the feasibility
of a data arrival in TDMA can be defined as

1
QG 5k1) = 0

1
Blijky) = 0

4.3 Service-Based #2 (SB#2) RAT Selection Policy
This policy, acting as opposite to the SB#1 policy, intends to
allocate voice users to WCDMA and data users to TDMA. If
the assignment is not possible, i.e., the chosen RATs are at
full capacity, the voice users are directed to TDMA and data
users to WCDMA.

Keep in mind that a voice call will be not admitted in
TDMA, i.e., the transition S(; ;) — Sgit1,5k) Will be not

if Sy & Sty
if S(ijks) € St
if S ki) € Spops
if S(i gy & Shy-

(18)
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allowed, unless no capacity is left for voice users in
WCDMA, that is S(; ., € S} Similarly, data users will be
admitted in WCDMA, i.e., the transition S; j 1.1y — S jki+1),
only if no capacity is left in TDMA to accommodate the data
session, i.e., Sk € S{d. In order to account for these
limitations in the arrival rates, functions ay; ;) and 3 ; 1) in
(11) denoting the feasibility of data arrival rates in TDMA
and of voice arrival rates in WCDMA can be expressed as

1
Q5 k1) = 0
1
Bljkl) = 0

4.4 Load Balancing (LB) RAT Selection Policy

The LB policy intends to allocate users to the RAT that
undergoes a lower load situation at a given time. In
particular, transitions between a source state and possible
destination states will depend on the measured load at each
destination state.

Before expressing this notion in terms of transition rates
in our Markov model, it is convenient to define the load
metrics in both RATs.

In TDMA-based GSM/EDGE, the TSL utilization factor,
initially defined in [14], may be used to measure the load in
a given state S(; j;) € S as

if S i) € Spos
if Sk ¢ Sbm
if Siijks) & Shas
if S(ijxs) € Sha-

(19)

L(L i = TL(1 ])/C (20)

where C is the total number of available channels (TSLs) in
the cell devoted to voice and data traffic services, and n, ;
is the number of occupied channels (TSLs) when ¢ voice
users and j data users are currently being served in TDMA.
For the case of data users requiring a single slot for their UL
connection, n; ; = min(C, i + j). Note that this definition of
load will not account for multiple users sharing a same TSL
nor users using multiple TSLs.

On the other hand, the load in a WCDMA-based system
may be calculated by means of the UL load factor Ly,
defined in (6), scaled by 7.

In order to determine whether the incoming user
demanding a given service should be allocated to TDMA
or to WCDMA, functions oy j ;) and 5 ;1) in (11) will take
the following values:

1 (L (i+1,5) < L‘/Z;Lll /nmax) or
(SU/\] %Sbb/\s'ljk] eSbL)
Qi jkl) = 0 ( (i+1,9) > L (k+1,0) /nmax) or

if (S(ijnd) € Sho A Stiikn) & S
0.5 otherwise,
! lf( (ig+1) < UXIH /"Mmax) Or
1f( (i,§. k1) ¢ deASmkw € de)
if (L ( (ij+1) = L(k 111/ Thnax) OF
if (S € Sb,d NS ki) & SZT;L

0.5 otherwise,

(21)

Bagry =4 0
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which account for the load levels in each of the correspond-
ing RATs given voice call and data session arrivals.

4.5 Multimode Terminal-Driven (MMTD) RAT
Selection Policy
With the purpose of taking advantage of terminal avail-
ability characteristics, we may use this information to
decide the most appropriate RAT for an incoming call/
session. In this sense, we may attempt to allocate single-
mode users to TDMA and multimode users to WCDMA.
Multimode users would eventually be allocated to TDMA if
no capacity was left in WCDMA. With this policy, we try to
minimize the impact of single-mode terminals being served
in TDMA given the higher allocation flexibility of multi-
mode terminals. To account for the situations where no
voice or data capacity is available in WCDMA and
consequently multimode users are allocated, if possible, in
TDMA, we define the following indicator functions, «

(i.5.k0)
and f; k) in (14), for each feasible state S; ; .):
1 if S(z“j,k,l) ¢ Slzvziv’
Qi jk]l) = /
! 0 if S(i_lj,k,l) € S[I]’?U’
, (22)
1 if Sgjkn ¢ SI?d’
Bl =

0 if Sijny € SV

5 PERFORMANCE METRICS

In order to compute the steady-state probabilities F; ),
we must solve the global SSBEs given by the application of
the aforementioned RAT selection policies for all feasible
states S(; ;11 € S. This may be carried out using numerical
methods; in particular, an iterative power procedure will be
utilized for such task [19]. In general, the dimensionality of
the Markov chain, M, can be computed as the product of
K available RATs and J supported services (assuming all
services are supported on all RATs). Obviously, the higher
the number of services and/or RANs, the higher the
dimensionality of our model. As a result, the computational
complexity to numerically solve these systems is a well-
known fact and increases with the state dimension. Never-
theless, typically up to 3 or 4 RANs are available and,
although services are high in number, not all RATs support
all services, which may lower the impact on the Markov
dimensionality. In addition, the higher the number of states
in the Markov model, N, the more computation resources
are needed as explained in the following. For the particular
case of two services, voice and data, along with two RATS,
ie., TDMA and WCDMA, the resulting number of states
can be computed as

N, = NT- NV (23)
with the number of states in TDMA, N7, being
1 2
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and the number of states in WCDMA, NV, yielding
N~

W /Ry, W/Rpa
(nmax . [m =+ 1i| + 1) (nmax . |:(E1)/Nn)4 + 1:| + 1)
2 )

(25)

where |z| denotes the integer value of z.

In our case, the iterative power method is used to solve
the system of equations provided in (15). Its operation is
based on iteratively performing the product of a probability
vector p (of dimension N x 1) with the N, x Ny transition
probability matrix (P). If k iterations are needed for
convergence, then a total number of k x N? multiplications
are needed. The number of k iterations needed to satisfy
convergence is based on the following relative measure [19]:

k k—1
A=)

®

max
i pi

<eg, (26)

where pgk) are elements of vector p®), which denotes the

probability distribution after the kth iteration, and ¢ is the
required solution accuracy which is in our case set to 107

Fortunately, matrix P is usually sparse, i.e., it contains a
large amount of zero entries. Then, if IV, is the total number
of nonzero entries in matrix P, a total of k x N, multi-
plications are now required. In this sense, the limiting factor
would be in terms of memory storage requirements rather
than in terms of computational complexity of operation and
solution convergence time. Nevertheless, state-of-the-art
computers are able to support these high memory storage
requirements.

Then, performance metrics may be directly derived from
the steady-state probabilities, P, as described in the
following.

5.1 Blocking Probabilities

Making use of the blocking state sets defined previously in
Section 3.3, the generalized form of the blocking probability
of a service type o in a given RAT p may be expressed as

Z P

Skt €Sy

bo

Plfa = (27)

with o = {v,d} and p = {T, W}.

If we are interested in the blocking probability of a
particular service type o over all the possible RATs, this can
be computed as

Pb‘J:

> Piju

S(i.jik) ESbo

(28)

Finally, the total blocking probability may be com-
puted as

P, = Z P jr-

Slijk) €Sb

(29)

5.2 Carried Traffic

The average carried traffic, or average number of users,
may also be computed from the steady-state probabilities
P 1) The fractional average number of users demanding
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a given service o in a given RAT p can be derived
numerically from

i ifp=T,0=n,
o . ) j itp=T,0=d,
N/ = E[z] witha = koifp=W.o—u0, (30)
I ifp=W,o=d,
and E[z] the expectation of = defined as

Slijk)) €S

Similarly, the average number of users in each RAT p is
computed as

N” = N* + N?. (32)

The per-service average number of users in the system is
defined by

N, = NI+ NV (33)

Finally, the total average number of users in the system
yields

N=N'4+N'+ NV + NV (34)

5.3 System Load
Load metrics are also key performance indicators which can
be obtained from the steady-state probabilities. Bearing in
mind the load definitions given in (20) and (6), the average
TSL utilization factor in TDMA yields
T _ T

1" = B[Lf,), (35)
and the average UL load factor in WCDMA may be
computed as

LV =E [L}?; Z)] (36)

5.4 Peak Throughput

Throughput definitions are also intrinsic to the underlying
access scheme and will be, consequently, defined individu-
ally for TDMA and WCDMA systems.

5.4.1 TDMA Throughput

The throughput in TDMA at a given state S(;;;; can be
expressed as the sum of voice and data throughput
contributions as

F%’;Aﬁ =i ky + min(C — 1, j) - Ky, (37)

where k, and kg4 are the voice and data TSL bit rates,
respectively, and the term min(C — 4, j) accounts for the
number of data users transmitting at x4 bits per second. If
i voice users are being served in GSM/EDGE Radio
Access Network (GERAN), and they require a whole TSL,
then at most (C' — i) data users will be able to transmit at
kq bits per second. If j< (C —i), then j data users
transmit at x4 bits per second.

It is important to note that although the throughput per
voice user will be k,, for data users, the effect of TSL
sharing will contribute to a decrease in throughput per
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TABLE 1
System Parameters for Numerical Evaluation

Parameter Symbol Value
Number of channels in GERAN C 8
Maximum number of simultaneous nc 3

users sharing a same TSL in GERAN

Bit rate for voice users in GERAN Ko 12.2 kbps
Bit rate for data users in GERAN Kd 44.8 kbps
Chip-rate in UTRAN w 3.84 Mcps
Required bit-energy-to-noise-density ~ (Ep/No)y 6 dB
ratio for voice traffic in UTRAN

Required bit energy-to-noise-density ~ (E,/Ng)gq 5 dB
ratio for data traffic in UTRAN

Bit rate for voice users in UTRAN Ry, 12.2 kbps
Bit rate for data users in UTRAN Ry g 44.8 kbps
Maximum UL load factor Nmax 1
Multi-mode terminal availability P 1

(unless otherwise stated)

data user as the number of multiplexed data TSLs
increases. Actually, the throughput per data user will be
equal to kg - min(C — i, j)/j.

Then, the total average throughput in TDMA becomes

7= E[rf,]. (38)

5.4.2 WCDMA Throughput

Throughput delivered in WCDMA-based systems at a
given state S(; ;) can be calculated as

F}KZ) =k Ry, +1- Ry, (39)

where R, is the granted bit rate of a ¢ service type user.
Then, the average throughput in WCDMA is obtained as

™ = B[y, ] (40)

5.4.3 Total Aggregate Throughput

Considering the combined throughput carried by both
RATs, TDMA, and WCDMA, the total aggregate through-
put, I'4, becomes

ry=T"41". (41)

6 RESuLTS

In order to illustrate the performance of the presented RAT
selection policies, the GERAN and the UMTS Radio Access
Network (UTRAN) will be used as representatives of
TDMA and WCDMA technologies, respectively.

The performance of the system is evaluated under
different offered voice and data traffic loads, T, and T,
where T, = \,/p, and Ty = Ay/pq. The considered system
parameters for numerical evaluation are represented in
Table 1.

Under these assumptions, and as will be shown in the
following numerical results, UTRAN exhibits a higher
capacity in terms of maximum number of allowable
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Fig. 3. Average load in each RAT under varying traffic.

voice and data users as compared to GERAN. Indeed,
the C =8 channels in GERAN correspond to a 200-kHz
bandwidth single-carrier configuration, while for UTRAN
a total bandwidth of 5 MHz is available [15].

6.1 Markov Model Validation

In order to validate the results provided by the Markov
model, a system-level simulator has been developed. This
simulator assumes a more realistic behavior than the model
by considering that data users intend to transmit a
particular amount of data (bits), which follows a Pareto
distribution [20]. In this case, the data holding time will
depend on the bit rate allocated to the user in the selected
RAT rather than being modeled by an exponential
distribution. RAT selection is performed and CAC proce-
dures follow the same principles as the state feasibility
conditions imposed for the Markov model. Once users are
allocated in the appropriate RAT, statistics are measured on
a discrete-time basis. In addition, another simulator
considering the same assumptions as in the Markov model
has been used to validate the correctness of the algebra, but
not shown here due to lack of space.

In the following, we compare the results obtained via the
Markov model with the results obtained through simulation
using the LB criterion for the RAT selection policy. Fig. 3
shows the loads in GERAN and UTRAN considering an
offered traffic load of 16 and 8.33 Erlangs and a range of
voice traffic for the LB case. Loads in both RATs tend to
follow each other as the total offered traffic increases. Note
how the simulated values (represented as bullets) follow the
same trend to those obtained via the Markov model and a
good matching exists. Fig. 4 shows the number of served
users of each service in UTRAN and GERAN. Bearing in
mind that, with the current parameter setting (see Table 1),
GERAN offers a much lower capacity than UTRAN (i.e., one
single carrier of 200 kHz for GERAN as opposed to 5 MHz
for UTRAN); many more users are needed in UTRAN in
order to balance the loads. The number of data users in each
RAT is kept constant while offered voice traffic varies
between 1.2 and 36 Erlangs. For 84 Erlangs, data users are
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Fig. 4. Average number of served users in each RAT.

forced to share TSLs in GERAN, explaining the increase/
decrease of data users in GERAN and UTRAN, respectively.
Fig. 5 shows the total voice blocking probability in the
combined GERAN/UTRAN system as defined in (28).
Clearly, the higher the offered traffic the higher the blocking
probability gets. Again, the simulated results (marked with
bullets) match the Markov model behavior. Finally, Fig. 6
shows the throughput performance in each of the RATs for
both the model and the simulated approaches under varying
traffic conditions. At this point, the proposed Markov model
has been validated, as shown in Figs. 3, 4, 5, and 6, and its
suitability for testing different RAT selection policies
confirmed. The comparison of such RAT selection policies
is provided in the forthcoming sections.

6.2 RAT Selection Policies Comparison

This section provides illustrative results depicting the
behavior of the presented RAT selection policies (except
for policy MMTD, given that p = 1 and, thus, does not apply
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Aggregate Throughput per RAT
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Fig. 6. Total throughput per RAT under varying traffic.

in this case). The focus is set on how the different policies
allocate different services over the existing RATs by means
of representing the probability, P;;;, of having a given
number of voice and data users in each RAT for several
traffic mix conditions. In the following, statistical user
distribution is represented with 2D discrete graphs with
axis indicating the number of voice and data users, and
probabilities depicted by gray-scaled shaded regions, where
dark regions indicate high probability values and light
regions low probability values. Stepwise admission limits
are plotted for both systems (denoted as feasibility region)
and, for the case of GERAN, the limit upper-bounding the
region where data users are not sharing resources is also
plotted (which is denoted as data non-reuse region).

In this sense, Fig. 7 shows the user distribution
provided by policy SB#1. For a traffic mix of T, = 3.6
and T; = 16 Erlangs, GERAN is able to handle its share of

GERAN (Tv[ErIangs]=3.6 B Td[ErIangs]=16) UTRAN (Tv[ErIangs]=3.6 H Td[ErIangs]=16)
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Fig. 7. Statistical user distributions in GERAN and UTRAN with policy
SB#1 for two different service mixes.
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Fig. 8. Statistical user distributions in GERAN and UTRAN with policy
SB#2 for two different service mixes.

voice users, while UTRAN manages the offered data
traffic. This causes users in GERAN being exclusively
distributed over the voice user axis with no data users at
all (Fig. 7a). Accordingly, in UTRAN, users are spanned
over the data user axis with no voice user component
(Fig. 7b). If voice traffic is increased so that GERAN is not
able to handle all the requests, SB#1 policy will redirect
voice traffic to UTRAN. Consequently, user distribution in
GERAN is concentrated on the maximum number of
allowed voice users (Fig. 7c). In UTRAN, users are now
distributed over both axes due to overflowed voice traffic
from GERAN (Fig. 7d). For the case of SB#2 policy, see
Fig. 8, an analogous study may be made on the statistical
user distributions. When both GERAN and UTRAN are
able to manage their shares of data and voice users,
respectively (Figs. 8a and 8b), data and voice user
distributions lay on the corresponding axis in GERAN
and UTRAN, respectively. If data traffic is increased so
that GERAN is unable to handle all data trafficc UTRAN
will have to manage with its share of voice users plus
data users that could not be allocated in GERAN. This
behavior can be observed in Figs. 8c and 8d. It is worth
noting how SB#2 provides high reuse of data resources in
GERAN. The rationale behind LB policy is to maintain
both loads in GERAN and UTRAN at the same level. By
doing so, and according to the load definitions presented
earlier on, data users in GERAN will not be forced to
share resources until UTRAN is fully loaded. This may be
observed in Fig. 9. For offered traffic values of 7, = 36 and
Ty =8.33 Erlangs, UTRAN remains in a half-loaded
situation given that user distribution remains far from
the admission limit (see Fig. 9b). Consequently, in GERAN
(Fig. 9a) data users do not share resources since user
distribution lies below the data non-reuse region indicated
by the dotted line. If traffic is increased such that UTRAN
achieves fully loaded situations (Fig. 9d), data users in
GERAN will then start to share resources which is
indicated by user distribution falling above the data
non-reuse region as observed in Fig. 9c. Finally, Fig. 10
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Fig. 9. Statistical user distributions in GERAN and UTRAN with policy LB
for two different service mixes.

shows the statistical user distribution when applying
policy RND. As compared to LB policy, RND policy
forces data users to share resources in GERAN even if
they could be more efficiently managed by UTRAN
system. Moreover, higher blocking situations in GERAN
are achieved indicated by the proximity of user distribu-
tion to the admission limit.

6.3 Throughput Comparison

In the following, a comparison between the different RAT
selection policies by evaluating a number of different
performance measures is provided. Fig. 11 shows the
performance in terms of aggregate throughput for the
different presented RAT selection policies, i.e., SB#1, SB#2,
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Fig. 10. Statistical user distributions in GERAN and UTRAN with policy
RND for two different service mixes.
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Fig. 11. Aggregate throughput values for policies SB#1, SB#2, and LB
under varying traffic conditions.

and LB (where RND policy is not shown given its poor
performance and the lack of space). For medium data traffic
loads (i.e., T\, = 16 and T; = 32 Erlangs), we can clearly see
how LB outperforms all other policies, with the worst overall
behavior corresponding to SB#2. As it will be shown in the
following, a major cause of throughput degradation is due to
excessive TSL sharing in GERAN. In this sense, SB#1l
allocates data users to UTRAN, so this problem is partially
avoided. However, when voice load is increased, data users
may be also allocated in GERAN causing throughput to
exhibit similar performances than for other policies. In
contrast, SB#2 allocates data users to GERAN causing high
TSL reuse even for low voice loads thus negatively impacting
on the total aggregate throughput. Notice that for the case of
LB policy, load definitions provided in (20) and (6) prevent
data users in GERAN to share TSL with other users unless
UTRAN is fully loaded. Finally, an overall throughput
degradation is noted when the offered voice traffic increases,
in particular, when the offered data traffic is 7;; = 32 Erlangs
(Fig. 11a). This is caused by a major number of admitted
voice users which contribute with lower throughput values
(12.2 Kbps for a single voice user) than those offered by data
users (a maximum of 44.8 Kbps for a single data user). As
previously mentioned, a cause for aggregate throughput
degradation may be found in the excessive reuse of data TSLs
in GERAN. Fig. 12 shows, for several offered traffic
configurations, the total throughput per data user when
each of the considered RAT selection policies is applied. As it
can be observed, SB#2 policy provides an excessive reuse of
TSLs and thus throughput per data user is lower than that of
SB#1 and LB policies. On the other hand, SB#1 policy will
direct data users to UTRAN which exhibits a better
throughput performance, and therefore, data users are less
penalized by TSL reuse. Finally, LB policy will prevent data
sharing in GERAN as long as UTRAN may handle offered
traffic. In these cases, throughput per data user provided by
LB policy is maximum, i.e., 44.8 Kbps (see Figs. 12a and 12b).
However, if traffic increases, UTRAN will no longer be able
to manage all traffic, and thus, LB will force data users in
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Fig. 12. Throughput per data user for different RAT selection policies
and traffic mixes.

o

GERAN to share TSL which will consequently cause
throughput per data user to decrease. Another important
issue to take into account when designing RAT selection
policies, is to provide a high ratio of admitted users in the
system or, equivalently, to provide low blocking probabil-
ities. Fig. 13 illustrates the blocking probability obtained by
the presented policies when offered data traffic is T, = 16
and T; = 32 Erlangs. Clearly, SB#2 provides a lower blocking
probability as compared to SB#1 and LB policies. In GERAN,
the allocation of a voice user implies a TSL consumption of
1/C while as for a data user this consumption is 1/ncC.
Therefore, it is more resource-consuming (n¢ times more) to
allocate voice users in GERAN than data users. On the other
hand, the resource consumption in UTRAN may be
quantified by means of the load factor definition, given in
(6), with [W /Ry, ,(Ey/No), + 1] and [W/Rya(Ey/No)y + 1]
the fractions of loads consumed by voice and data users,

T d[Eriangs]=32 T d[Erlangs]=1 6
-o- SB#1 —-©- SB#1
—— SB#2 —- SB#2
- LB = LB
0.3 : : : : 1 0.3
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Fig. 13. Total blocking probabilities for policies SB#1, SB#2, and LB.
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Fig. 14. Combined admission regions for policies SB#1, SB#2, and LB in
a blocking probability limited scenario.

respectively. Bearing in mind the simulation parameters
given in Table 1, it can be shown that a data user in UTRAN
demands more resources than a voice user. In this sense, it is
much more suitable in the considered scenario to allocate
voice users in UTRAN and data users in GERAN, thus
explaining the better behavior of SB#2 as opposed to SB#1.
LB, on the other side, will provide a performance in-between
SB#2 and SB#1.

As previously stated, to choose the most suitable RAT
selection policy may depend on a number of quality
requirements. In particular, it has been studied that both
the data throughput per user and the blocking probability
can decide the appropriateness of one RAT selection policy
with respect to another. Therefore, in the following, the
achievable capacity in terms of the maximum number of
allowable voice and data users (admission regions) satisfy-
ing some blocking probability and data throughput per user
requirements will be studied. Based on these measure-
ments, the most appropriate RAT selection policy may be
decided.

Fig. 14 shows the admission regions achieved by the
different policies under equal traffic conditions. In this first
case, a blocking probability limited scenario is considered
where it is required a maximum blocking probability of
P, =0.01 and a minimum data throughput per user of
Tnin = 28 Kbps (recall that the maximum achievable
throughput per data user is 44.8 Kbps). Results in Fig. 14
indicate that although SB#2 policy provides a larger
admission region than SB#1, given by a better response in
terms of blocking probability, the SB#2 policy is severely
limited by the data throughput per user requirements for
high data loads. This causes policy LB to better trade off
both blocking probability and throughput requirements.

Fig. 15 considers a data throughput per user limited
scenario, where the target blocking probability is set to
5 percent and the minimum required data throughput per
user is I',;, = 44 Kbps. In this case, SB#2 no longer provides
a larger admission region than SB#1 due to the throughput
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Fig. 15. Combined admission regions for policies SB#1, SB#2, and LB in
a throughput limited scenario.

requirements. As expected, SB#1 provides lower data
resource utilization in GERAN thus being capable of
allocating somewhat more users than policy LB.

Finally, if the system is limited by both blocking and
throughput requirements, via setting P, =0.01 and
I'yin = 44 Kbps, the performance shown in Fig. 16 is
obtained. Once again, throughput requirements are too
severe for SB#2 and, thus, provide a smaller admission
region than SB#1 and LB. LB, on the other hand, exhibits a
better performance in terms of throughput and blocking
probability than SB#1, therefore providing the largest
admission region.

6.4 Multimode Terminal Availability Impact on Initial

RAT Selection

Fig. 17 reflects the impact of multimode terminal avail-
ability over the performance in terms of total aggregate

Combined Admission Region for Pb=0A01 and l“min=44000 bps
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Fig. 16. Combined admission regions for policies SB#1, SB#2, and LB in
a blocking probability and throughput limited scenario.
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Fig. 17. Impact of multimode terminal probability (p) when applying
(a) SB#1 and (b) LB policies.

throughput when using policies SB#1 (Fig. 17a) and LB
(Fig. 17b). Specifically, we plot the normalized throughput
degradation measured as the relative difference in aggre-
gate throughput when single-mode terminals are present
with respect to the case of all terminals being multimode,
mathematically expressed as

DP = (T}, —T%) /T, (42)

where I'Y. is the total aggregate throughput for a multimode
terminal probability equal to p. The overall behavior of
having low number of multimode terminals is translated
into a higher throughput degradation which is represented
in Fig. 17.

Fig. 18 compares, in terms of aggregate throughput,
policies MMTD, SB#1, and LB in a scenario with 50 percent
of terminals with multimode capabilities. With SB#1,
GERAN handles voice users plus single-mode users, thus
showing a poorer performance than MMTD which allocates
voice multimode users to UTRAN. On the other hand, LB
policy shows higher flexibility in allocating multimode
users as compared to SB#1. As a result, similar performance
is observed between LB and MMTD.

7 CONCLUDING REMARKS

It is widely established that RAT selection procedures in
multiservice/multiaccess scenarios play a key role in the
provision of CRRM functionalities. In this paper, a
Markovian framework for the allocation of multiple
services in multiple RATs is presented. It allows the
evaluation of several RAT selection policies considering
different allocation criteria which are fully embedded in the
model. In addition, the model captures the availability of
multimode terminals so as to consider the flexibility
constraints of single-mode terminals. In particular, two
different underlying radio access schemes are studied:
TDMA and WCDMA. In this context, generic voice and
data sessions are to be allocated to the aforementioned
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Fig. 18. Total aggregate throughput provided by SB#1, LB, and MMTD
policies.

RATs given particular RAT selection policies which
comprise: two service-based schemes, namely SB#1 and
SB#2, along with a LB and a terminal-driven (MMTD)
schemes, and finally, a random policy (RND). Results have
confirmed the validity and suitability of the model which
has been evaluated for the aforementioned RAT selection
policies. Results indicate that a tradeoff between the
average data throughput per user and the total blocking
probability arises when comparing SB#1 and SB#2. As
revealed, this tradeoff may be suitably managed by the
appliance of the LB policy. Finally, RAT selection is also
performed taking into account the multimode terminal
availability information, indicating that this input must not
be avoided to achieve a higher utilization of the offered
resources. At this point, the authors believe that the
proposed framework provides an appropriate platform for
the development and evaluation of CRRM functions within
the scope of multiservice/multiaccess networks.
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