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Preface

This thesis captures the work started back in September 2004, when I joined the

Mobile Communication Research Group1 (GRCM) as a PhD student, until the end

of 2009. After an initial stage of PhD courses and preliminary assessment of radio

resource management notions in wireless networks, the targeted scenario was set

on heterogeneous wireless networks. A hot-topic then, and still of major relevance

today as revealed by the large amount of research activity devoted to this mat-

ter. A first approach addressing the problems involved in this scenario was carried

out using a simulation approach. After some time, in order to differentiate our

work from existing and similar approaches, it was agreed that an analytical course

(as opposed to simulation studies) would indeed bring substantial value to the re-

search community. Accordingly, the use of Markov chains and stochastic modeling

was adopted as a steering element throughout the research activity leading to the

outcome of this dissertation. In addition, the increasing relevance of spectrum man-

agement strategies, through the growing adoption of cognitive radio concepts and

methodologies, motivated to drive efforts towards this direction, again, by means

of a Markovian analysis.
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Summary

Current wireless networks exhibit heterogeneous multi-access features by means

of the coexisting and cooperative deployment of several Radio Access Technolo-

gies (RATs). In this scenario, the provision of multimedia services with ensured

Quality of Service (QoS) is mandatory. The overall goal of heterogeneous wireless

access networks is to enable the realization of the Always Best Connected concept

in which a user is seamlessly connected to the RAT best suiting its service re-

quirements anytime, anywhere, anyhow. In this sense, Common Radio Resource

Management (CRRM) strategies are devoted to provide an efficient utilization of

radio resources within the heterogeneous network offering improved performances

as opposed to performing stand-alone RRM in each RAT. In addition, allocated

spectrum resources to each RAT must be efficiently utilized since it is a scarce and

expensive resource. In this respect, cognitive radio concepts and methodologies

have been applied to spectrum management by enabling dynamic/opportunistic

spectrum sharing. In these scenarios, licensed spectrum is opened towards unli-

censed access provided a non-harmful operation is guaranteed. This dissertation

discusses both radio resource and spectrum management strategies to provide an

utmost and efficient use of scarce radio/spectrum resources with the overall goal

of maximizing user capacity while guaranteeing QoS constraints.

Specifically, the thesis is first focused on how to select an appropriate RAT upon

call/session initiation (henceforth, initial RAT selection) in a heterogeneous access

network. A Markovian framework is developed to such extent supporting the alloca-

tion of multiple service-type users (multi-service) on multiple RATs (multi-access).

Under this framework, several RAT selection policies are proposed and evaluated,

broadly categorized into service-based (SB) and load-balancing (LB). In addition,

the performance of RAT selection policies in access-limited scenarios due to poor

radio coverage, non multi-mode terminal availability and RAT-service incompati-

bility is also evaluated. Specific guiding principles for the allocation of services on

several RATs are provided in the abovementioned scenarios with the overall goal of

xiii



Summary

increasing user capacity while guaranteeing minimum QoS requirements. Finally,

radio access congestion is also addressed in this multi-access/multi-service scenario

and the impact RAT selection assessed. Suitable allocation principles avoiding

congestion are also provided.

Secondly, this dissertation investigates on how to efficiently maximize the use of

licensed spectrum by means of dynamic/opportunistic unlicensed spectrum access.

Hereof, a Markovian framework is also devised to capture the problem of licensed

spectrum sharing towards unlicensed users. A sensing-based spectrum awareness

model is proposed in order to detect unused spectrum (so-called white spaces)

which may be accessed by unlicensed users while remaining unused. Under this

framework, the benefits of spectrum sharing are investigated and the involved gains

assessed. Specifically, the sensing-throughput tradeoff and the adjustment of the

sensing mechanism’s operating point, which tradeoffs missed-detection and false-

alarm errors, is evaluated. Moreover, fixed vs. adaptive spectrum channelization

schemes are proposed and analyzed under two different service disciplines consid-

ering time-based and volume-based content delivery.

xiv



Resumen

Las redes inalámbricas actuales exhiben caracteŕısticas heterogéneas de acceso

múltiple mediante el despliegue, la coexistencia y la cooperación de varias Tec-

noloǵıas de Acceso Radio (RAT2). En este escenario, la prestación de servicios

multimedia garantizando una cierta calidad de servicio (QoS3) es obligatoria. El

objetivo global de las redes heterogéneas de acceso inalámbrico consiste en sus-

tentar la realización del concepto ABC (del inglés Always Best Connected), en el

que un usuario está siempre conectado a la RAT que mejor satisface sus necesi-

dades de servicio en cualquier momento, en cualquier lugar, de cualquier modo.

En este sentido, las estratégias de gestión de recursos radio comunes [del inglés,

Common Radio Resource Management (CRRM)] se diseñan para proporcionar una

utilización eficiente de los recursos radio y de espectro radioeléctrico dentro de la

red heterogénea, ofreciendo un mejor rendimiento en comparación con la realización

independiente de RRM en cada RAT. Además, los recursos de espectro asignados

a cada una de las RATs deben ser utilizado de manera eficiente, ya que se trata

de un recurso escaso y costoso. En este sentido, conceptos y metodoloǵıas de radio

cognitiva (del inglés Cognitive Radio o CR) se han aplicado a la gestión del es-

pectro, permitiendo una compartición dinamico-oportunista del mismo. En estos

casos, el espectro sujeto a licencia se abre hacia el acceso de usuarios sin licencia

siempre que no perjudiquen y que el funcionamiento libre de interferencias esté

garantizado. Esta tesis analiza estrategias de gestión de recursos radio y de espec-

tro para ofrecer un uso mayor y eficiente de los escasos recursos radio y de espectro

con el objetivo final de aumentar al máximo la capacidad de usuario, garantizando

los requerimientos de QoS.

En concreto, estas tesis se centra primero en como seleccionar una RAT al ini-

cio de una llamada/sesión (en adelante, selección inicial de RAT) en una red de

acceso heterogénea. Un modelo de Markov ha sido desarrollado para definir la

asignación de múltiples servicios (multi-servicio) en múltiples RATs (multi-acceso).

2Del inglés, Radio Access Technology.
3Del inglés, Quality of Service.
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En este marco, varias poĺıticas de selección de RAT son propuestas y evaluadas,

genéricamente clasificándose en poĺıticas basadas en servicio (SB4) y basadas en

balanceo de carga (LB5). Además, el rendimiento de las poĺıticas de selección de

RATs en escenarios de acceso limitado debido a la deficiente cobertura radio, la

falta de disponibilidad de terminales multi-modo y la incompatibilidad entre RAT

y servicios también es evaluada. Principios espećıficos para la asignación de ser-

vicios a RATs serán provistos en los escenarios antes mencionados con el objetivo

general de aumentar la capacidad de usuarios, garantizando los requisitos mı́nimos

de calidad de servicio. Finalmente, la congestión en el acceso radio también se

trata en este escenario multi-acceso/multi-servicio y el impacto de la selección de

RAT evaluado. Los principios para la asignación inicial de RAT con tal de evitar

la congestión radio serán también proporcionados.

En segundo lugar, esta tesis investiga sobre la forma de maximizar el uso efi-

ciente del espectro sujeto a licencia (o licenciado) por medio del acceso dinámico-

oportunista de espectro a usuarios sin licencia. En este sentido, se concibe un

modelo de Markov para captar el problema del uso compartido de espectro entre

usuarios con y sin licencia. Un modelo basado en sensado de espectro se propone

con el fin de detectar porciones de espectro no utilizados (en inglés white spaces)

que pueden ser usados por los usuarios sin licencia mientras este siga libre. En este

marco, los beneficios obtenidos de la compartición del espectro son investigados y

las ventajas que implican evaluadas. En concreto, se evalúa el rendimiento obtenido

al ajustar el punto de funcionamiento (en inglés operating point) del mecanismo

de sensado, el cual determina los errores de no-detección y falsa-alarma. Por otra

parte, sistemas de canalización de espectro fijos versus adaptativos serán propuestos

y analizados bajo dos disciplinas de servicio diferentes, cuya duración (o tiempo de

permanencia en el sistema) esta basada en tiempo y en contenido respectivamente.

4Del inglés, Service-Based
5Del inglés, Load Balancing
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Chapter 1

Introduction

1.1 Next Generation Wireless Access Networks

It is widely acknowledged, and well-assessed today, that current and next gener-

ation wireless networks encompass, among other features, the notion of network

heterogeneity. That is, a plethora of different radio access technologies (RATs),

each of them with distinctive and complementary characteristics, offering ubiqui-

tous availability of multimedia services and seamless experience to QoS1-demanding

users. Legacy RATs will co-exist and cooperate with new emerging technologies

enabling the so-called Always Best Connected (ABC) paradigm [1]. The realization

of the ABC concept implies that a user is seamlessly served through the RAT that

”best” suits its service demands, according to some predefined criteria, throughout

the whole duration of the service request. In this sense, Fig. 1.1 illustrates the ABC

concept with a simple example. In Fig. 1.1(a) the user initiates a data-session in a

home environment and WLAN is initially selected as opposed to 3G. As the user

moves from the home environment towards the office environment WLAN can no

longer sustain the data-session and at point (i) it is seamlessly transferred to the

3G network. In (b), the mobile user benefits from improved mobility management

by the 3G network. Finally in (c), when the user is in the range of the corporate

WLAN at point (ii), the data-session is transferred to the corporate WLAN.

Heterogeneous wireless network systems may consist of Wireless Local Area Net-

works (WLANs), Wireless Metropolitan Access Networks (WMANs) along with

Wireless Wide Area Networks (WWANs). As for WLANs, they are primarily rep-

resented by the IEEE2 802.11 standard family offering high rates (up to 54Mbps)

at low cost within a limited area [2]. The Worldwide Interoperability for Microwave

Access (WiMAX) is an example of a WMAN based on the IEEE 802.16 standard

which is able to provide enhanced data rates to those of WLANs while covering

1Quality of Service
2Institute of Electrical and Electronics Engineers.
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Home WLAN 

coverage Corporate WLAN 

coverage

Cellular 3G 

coverage

(a)

(b)
(c)

(i)

(ii)

Figure 1.1: Mobility example illustrating the ABC concept.

larger areas [3]. Finally, WWANs comprise ubiquitous cellular mobile access tech-

nologies such as, for example, the Second Generation (2G) Global System for Mo-

bile communications (GSM) [4], the 2.5G General Packet Radio Service (GPRS) [5]

and the 3G Universal Mobile Telecommunications System (UMTS) [6]. In addition,

enhancements to these systems have been developed such as the 2.75G Enhanced

Data rates for GSM Evolution (EDGE) [7] and the 3.5G High Speed Packet Access

(HSPA) [8]. Long-Term Evolution (LTE) [9–11] of these systems is expected to

evolve into a 4G system providing up to 100 Mbit/s on the uplink and up to 1

Gbit/s on the downlink. These cellular systems provide wide coverage areas, full

mobility and roaming, but traditionally offer low bandwidth connectivity and lim-

ited support for data traffic as compared to WLANs and WMANs (e.g. WiMAX).

As a result, a heterogeneous network comprised of WLANs, WMANs and WWANs

will provide complementary characteristics thus exhibiting higher flexibility, scala-

bility, configurability, and interoperability, leading to an improvement with respect

to traditional stand-alone communication systems.

The heterogeneous network concept becomes attractive for the network operator

(NO) which can own several components of the network infrastructure (i.e., can own

licenses for deploying and operating different RATs), and can also cooperate with

affiliated NOs. Nonetheless, an NO can rely on several alternate radio networks and

technologies for achieving the required capacity and QoS levels in a cost-efficient

manner [12]. Then, the various RATs are thus used in a complementary manner

rather than competing each other.

The deployment of wireless networks in general, and heterogeneous wireless net-

works in particular, has been traditionally facilitated and enhanced by means of

concepts and solutions such as Radio Resource Management (RRM) and Spectrum

Management (SM) in order to ensure efficient radio resource and spectrum uti-

lization along with end-user service delivery with QoS constraints. Recently, the

interest in RRM strategies has shifted towards SM methodologies propelled by the

appearance of the Cognitive Radio (CR) concept [13].

2



1.2. Managing Radio and Spectrum Resources in Wireless Access Networks: An
Overview

In this scenario with multiplicity of RATs and new emerging technologies several

challenging problems arise. Among others, the complexity involved in managing

different radio resources corresponding to several RATs increases with the number

of RATs. Thus, efficient RRM algorithms should be implemented in order to max-

imize and efficiently use the available resources offered by each RAT. The benefits

of jointly considering all radio resources provided by all RATs, instead of managing

each RAT as a stand-alone entity, is of particular interest as we will see next, and

may lead to an improved system performance. There is also the concern that fixed

(or licensed) spectrum allocation to each RAT results in a poor and ineffective

utilization of scarce (and expensive) spectrum resources [14]. This spectrum un-

derutilization and scarcity will be more evident as the number of RATs forming the

heterogeneous network increases. In this case, SM algorithms and methodologies

are required in order to improve the spectrum efficiency further. Among the SM

techniques, CR methodologies have received much attention lately as a key technol-

ogy enabling dynamic/flexible/opportunistic spectrum access between licensed and

non-licensed users. Finally, the heterogeneous network scenario has motivated the

need for multi-band/multi-standard devices so as to efficiently exploit the network

heterogeneity by allowing connectivity to each of the available RATs. However,

multi-standard devices offer only a short-term solution unable to cope with scala-

bility issues and terminal re-design involved in these networks. In this sense, the

notion of reconfigurability [15], which is an evolution of the Software-Defined Radio

(SDR) concept [16], enables terminals and network elements to dynamically select

and adapt to the most appropriate RAT for handling conditions rising in both time

and space domains.

1.2 Managing Radio and Spectrum Resources in

Wireless Access Networks: An Overview

As stated in the previous section, radio resource and spectrum management are key

elements for the correct and efficient implementation and development of wireless

access networks, in general, and heterogeneous wireless networks in particular.

Next, some preliminary notions of both RRM and SM will be addressed.

1.2.1 Radio Resource Management

Radio Resource Management (RRM) involves strategies, algorithms and mech-

anisms for controlling radio transmission parameters in wireless communication

3
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systems in order to utilize the limited allocated radio spectrum resources and radio

network infrastructure as efficiently as possible [17].

1.2.1.1 RRM in the Context of a Single RAT

An RRM framework is required for a wireless network to achieve the desired net-

work and/or service requirements under the constraint on available radio resources.

These radio resources may be in the form of frequency bands (or channels), time

slots, spreading codes, transmission power, sub-carriers, etc. Some of the major

functions of an RRM framework that arise in the context of a single RAT are [17],

[18, §1.7]:

• Admission Control (AC): Decides whether a new connection should be ac-

cepted in order to guarantee minimum QoS requirements to both the new

and ongoing connections. For a comprehensive survey on admission control

schemes refer to [19, 20].

• Queue Management (QM): Refers to the actions taken over buffered packets

prior to their transmission over the air interface. It is aimed at preventing

packet dropping due to congestion situations which can be solved using active

queueing management techniques [21, 22].

• Traffic Scheduling (TS): Responsible for selecting packets from the trans-

mission queue for subsequent air interface delivery based on a pre-defined

scheduling policy considering QoS and channel condition information [23].

• Medium Access Control (MAC): MAC protocols arbitrate the access of users

to the shared radio channel. They target at detecting and avoiding packet

collisions among users contending for channel access [24].

• Radio Resource Allocation (RRA): Aims at the efficient assignment of Ra-

dio Resource Units (RRUs), in the form of time-slots, frequency channels,

spreading codes, modulation and coding schemes, power levels, etc., to a par-

ticular user so that some objective QoS constraint is met. Radio resource

allocation principles are dependent on the underlying radio access scheme

and may involve a broad number of physical parameters [25–28].

• Congestion/Traffic Control (CC): Manages situations in which the system

has reached an overload status and therefore the QoS guarantees are at risk

due to the evolution of system dynamics. Counter measures have to be taken

to get the system back to a feasible load [29, 30].
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• Handover Control (HOC): Handles the process of transferring an ongoing call

or data session from one cell to another, that is, a horizontal handover (HHO)

[31].

The above-listed RRM functionalities must not be regarded as individual and inde-

pendent functions but, on the contrary, provide joint and overlapping functionali-

ties. For example, HOC involves the AC functionality when a user moves from one

cell to another; moreover, CC may imply resource re-allocation in order to lessen

congestion.

1.2.1.2 RRM in the Context of a Heterogeneous Network: Common

Radio Resource Management (CRRM)

The realization of the ABC concept in a heterogeneous network scenario where sev-

eral RATs coexist calls for the introduction of new RRM strategies, operating from

a common perspective, and taking into account the overall amount of resources in

the available RATs. We refer to these as CRRM (Common3 Radio Resource Man-

agement) algorithms and strategies [32]. In this scenario, the provision of radio

resources can be seen as a problem with multiple dimensions, since every RAT is

based on specific multiple access mechanisms exploiting in turn different orthog-

onal dimensions, such as, for example, frequency, time and code. Then, ”local”

RRM mechanisms (as those bulleted in 1.2.1.1) are needed, see Fig. 1.2(a), in or-

der to efficiently utilize the offered resources in each considered RAT. In addition

to that, CRRM is based on the picture of a pool of radio resources, belonging to

different RATs, but being managed in a coordinated way, see Fig. 1.2(b). The

additional dimensions introduced by RAT multiplicity provides further flexibility

in the way radio resources can be managed, leading to overall improvements pro-

vided by the resulting trunking gain [33]. In this case, we will foresee CRRM

strategies, algorithms and mechanisms operating from a joint perspective on avail-

able resources. Notice that CRRM envisions the heterogeneous spatial distribution

of radio resources yielding from different RAT spatial deployments. For example,

GSM/EDGE tends to be the most widespread RAT, whereas HSPA or WiMAX

may not be yet fully-deployed. In turn, WLAN hotspots provide a multiplicity of

reduced coverage areas around specific locations.

As described in 1.2.1.1, the main RRM functions arising in the context of a sin-

gle RAT are: admission control, congestion control, traffic scheduling, horizontal

3Sometimes referred to as Joint or Multiple.
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Figure 1.2: Management of radio resources. (a) stand-alone RRM for each RAT. (b) Common

RRM (CRRM) over a pool of resources.

(intra-system) handover, etc. When these functionalities are coordinated between

different RATs in a heterogeneous network scenario, they can be labeled as ”com-

mon” as long as algorithms take into account information about several RATs to

make decisions. Then, we may have a Common Admission Control (CAC), Com-

mon Congestion Control (CCC), Common Traffic Scheduling (CTS), etc.

Additionally, when a heterogeneous scenario is considered, a specific functionality

arises: the RAT selection4 procedure. This functionality is devoted to decide the

most appropriate RAT for a given demanding service at session initiation, known

as initial RAT selection, or during an ongoing call/session, known as inter-system,

inter-RAT or Vertical HandOver (VHO). Back to the simple example in Fig. 1.1,

initial RAT selection at stage (a) will, for example, choose the home WLAN as

opposed to 3G provided the enhanced data rates achieved by the former. When

the user moves-out of the WLAN coverage region, at point (i) in Fig. 1.1, VHO

mechanisms are triggered so that the call is transferred to 3G without service

disruption. Once the user is in the range of the corporate WLAN, see Fig. 1.1 at

point (ii), the network may decide to initiate another VHO in order to associate

the call/session with the corporate WLAN.

4This term also appears in the literature, with the same meaning, as network selection, e.g.

in [34–36], and access selection, e.g. in [37–39], among other term combinations.
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Figure 1.3: Factors influencing the RAT and cell selection.

It must be noted that RAT selection becomes a key CRRM element in order to

exploit the flexibility offered by the available RATs in the heterogeneous network.

The RAT selection procedure can be carried out considering different criteria (such

as, service type, load conditions, etc.) with the final purpose of enhancing overall

capacity, resource utilization and QoS. The heterogeneity scenario is also present

in the customer side, where users with different multi-mode terminal capabilities

co-exist providing connectivity to all or a subset of available RATs. In addition,

different market segments can be identified, e.g. business vs consumer users, with

their corresponding and distinctive QoS levels. Different RATs may co-exist in a

given area, thus potentially exhibiting different overlapping coverage conditions and

capabilities to support particular services. Then, selecting the proper RAT (and

cell) is a complex problem due to the number of variables involved in the decision-

making process, as reflected in Fig. 1.3 with some possible inputs. Furthermore,

some of these variables may vary dynamically, which makes the process even more

difficult to handle.

1.2.1.3 Architecture Supporting CRRM

A flexible architecture that allows interworking and cooperation across the con-

sidered RATs is needed to enable such coordinated use of resources. In this case,

the level of interworking between network entities and the considered deployment

topologies will, in great measure, impact the overall performance, as revealed in,

e.g., [32, 40]. Depending on how data and signaling traffic is handled, if billing is

commonly managed, and if radio resources are shared at the access layer, loosely

or tightly coupled architectures arise. A range of characterizations of this kind

have been proposed by 3GPP [41] and the European Telecommunications Stan-

dards Institute (ETSI) [42] among others. In general, the tighter the coupling, the
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more flexible the possibilities of jointly exploiting the complementary features of

composing RATs are. In [43, 44], the 3GPP considers two types of entities for the

management of common radio resource pools, namely: the RRM entity and the

CRRM entity. The RRM entity, which carries out the management of the resources

in one radio resource pool of a certain RAT, usually resides in the Radio Network

Controller (RNC) or the Base Station Controller (BSC). On the other hand, the

CRRM entity executes the coordinated management of the resource pools con-

trolled by different RRM entities, ensuring that the decisions of these RRM entities

also take into account the resource availability in other RRM entities. The degree

of interactions between the RRM and CRRM entities will determine the functional-

ity split between them. Accordingly, Fig. 1.4 illustrates two possible functionality

split cases between RRM and CRRM entities. In Fig. 1.4(a), so-called long-term

functionalities reside at the CRRM entity, such as the initial RAT selection and

the VHO functions. They are considered long-term given that, comparatively, they

operate on a larger time-scale basis since initial RAT selection is carried out upon

call/session establishment, and VHO is triggered on a RAN-boundary transit ba-

sis. Other RRM functions operating on a a shorter time-scale remain at the RRM

entity. Alternatively, Fig. 1.4(b) reflects the case where short-term functionalities

are implemented in the CRRM entity thus being re-defined as common admis-

sion control (CAC), common congestion control (CCC), common traffic scheduling

(CTS), etc. In this case, very-short-term functionalities, such as power control

(PC) still reside on the RRM entity. These interactions between RRM and CRRM

entities mainly involve two types of functions: information reporting functions and

RRM decision support functions, see Fig. 1.5. The interested reader is referred to

[32, 45, 46] for a deeper explanation on the architectural procedures and practical

implementations of CRRM.
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1.2.2 Spectrum Management

In addition to RRM, Spectrum Management (SM) methodologies and techniques

have been profusely investigated in the last years with Cognitive Radio (CR) re-

ceiving a huge attention. CR refers to a context-aware intelligent radio, built on

a software radio platform, potentially capable of autonomous reconfiguration by

learning from, and adapting to, the communication environment [47]. CR repre-

sents a broad paradigm stating that many aspects of communication systems can

be improved via cognition. Among the many implementations of CR, Dynamic

Spectrum Access (DSA) advocates for mechanisms and implementations providing

a flexible access to spectrum resources leading to an improved efficiency as opposed

to traditional Fixed Spectrum Access (FSA) [48]. DSA has also broad connotations

that encompass various approaches to spectrum reform which can be generally cat-

egorized, see Fig. 1.6, under three different models [48, 49]: Exclusive Use Model,

Open Sharing Model (also referred to as Shared Commons) and Hierarchical Access

Model.

In the exclusive use model for spectrum access, the radio spectrum is licensed to

a user/service to be exclusively used under a certain policy. In this model, the
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licenser (e.g. the government) allocates the spectrum to a licensee. If the licensee

may not fully utilize the allocated spectrum in all times and in all locations it

may grant spectrum access rights to cognitive radio users (i.e. unlicensed users).

Constrained by the rules defined by the licensee, a cognitive radio user can optimize

the spectrum usage to achieve the best performance. According to the time-scale

granularity for spectrum trading, [48] identifies a Long-term Exclusive Use and a

Dynamic Exclusive Use. In the former, radio spectrum is allocated exclusively to

a licensed user/service provider for some period of time (e.g. a few weeks). In the

dynamic exclusive use model, a spectrum owner can trade its owned spectrum to

a cognitive radio user in a profitable way and on a finer time-scale. In addition,

according to how this spectrum trading is carried out in the so-called Secondary

Market, different sub-models appear for the dynamic exclusive use as described in

[48].

In the Open Sharing Model [50], peer unlicensed users share the available spec-

trum in equal-access conditions. There are three variants of this model, namely,

uncontrolled, managed, and private-commons sub-models [18].

Finally, the Hierarchical Access Model adopts a structure with Primary and Sec-

ondary (or unlicensed) users (i.e. PUs and SUs) where the licensed spectrum

(owned by the primary network) is opened to SUs while limiting the interference

perceived by PUs (or licensees). Secondary users operate within the secondary

network, sometimes refereed to as the cognitive radio network. Two approaches to

spectrum sharing between PUs and SUs are mainly considered [48, 49]: Spectrum

underlay and spectrum overlay. For the spectrum underlay case, a SU can trans-

mit concurrently with PUs provided the SU transmit power is limited so that the

interference caused to the PUs remains below the interference temperature limit

[51, 52]. Spectrum underlay can be used for cognitive radio systems using CDMA5

or UWB6 technology, see e.g. [53, 54]. As for spectrum overlay, it does not neces-

sarily impose severe restrictions on the transmission power of SUs, but rather on

when and where they may transmit. It directly targets at spatial and temporal

spectrum white spaces by allowing SUs to identify and exploit local and instan-

taneous spectrum availability in a non-intrusive manner, see e.g. [55, 56] among

others.

1.2.2.1 Dynamic Spectrum Access Architecture

The architecture of a cognitive radio network supporting DSA can be either infras-

tructure-based or infrastructure-less [14]. In the former case, each unlicensed user

5Code Division Multiple Access
6Utra Wide Band
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transmits to a base-station (BS), if single-hop, or between multiple relaying BSs if

multi-hop communication is required [see Fig. 1.7(a) and Fig. 1.7(b)]. In the case

of infrastructure-less, or ad-hoc, architecture, communication among unlicensed

users is on a direct peer-to-peer basis or, alternatively, through other unlicensed

users acting as relays, see Fig. 1.7(c).

According to the entity which is responsible to manage spectrum access decisions,

cognitive radio networks can be either centralized or distributed [14, 18]. In a

centralized architecture, see e.g. [55, 57, 58], the decision of spectrum access is

made by a central controller, while in a distributed architecture, [51, 59–61], this

decision is made locally by each of the unlicensed users. In general, a centralized

DSA requires an infrastructure-based architecture whereas the distributed DSA

could be both implemented using infrastructure and ad-hoc architectures [18].

1.2.2.2 Spectrum Awareness

In order to access the radio spectrum in an opportunistic manner, it must be

ensured that such spectrum is not being occupied by any licensed user. That

is, the secondary system must obtain the current spectrum use pattern showing

which frequencies are occupied and which frequencies are available for use in a

band of interest at a particular geographic location and a particular time. Several

approaches are proposed to identify spectrum opportunities, mainly categorized

into passive awareness and active awareness methods [61].

With passive awareness, primary spectrum use is received outside from one’s own

secondary communication system. Secondary systems may be informed in real-

time, during operation, or in advance. Several passive-awareness alternatives exist.
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Secondary users (i.e. unlicensed users) may negotiate spectrum resources with

primary users [62] in the secondary market-place [63, 64]. Moreover, the spectrum

use pattern can be obtained also from a centralized server (a.k.a. broker server)

[57, 65] or, alternatively, by maintaining an up-to-date database [66]. In addition,

in a policy-based approach, the primary system use is defined a priori [67].

As for active awareness, secondary users ”actively” sense the surrounding radio

environment and adapt their transmission based on the measurements. This can

be done in a non-cooperative manner, where nodes decide independently based on

their own spectrum observations; or cooperatively, [68], where local measurements

are combined before decisions about spectrum use are made. In either way, several

spectrum sensing techniques are devised, [69], mainly categorized into two main

types, primary transmitter detection and interference temperature concept [14].

Among the primary transmitter detection methods, energy detection, matched filter

detection, and cyclostationary feature detection are the ones that have received most

attention (see [69] for further details on these methods).

1.3 Problem Formulation, Motivation and Scope

The goal of this dissertation can be summarized as obtaining the utmost and ef-

ficient utilization of radio and spectrum resources in a multi-access/multi-service

heterogeneous wireless network scenario. By utmost and efficient radio resource

and spectrum usage we specifically target at algorithms and mechanisms in order

to maximize the overall user capacity, defined as the number of users that can be
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handled in the network while guaranteeing minimum QoS constraints7. It is then

in the interest of a network operator to maximize the number of users it may handle

with satisfactory QoS in order to maximize revenue.

Several methods to improve user capacity exist, ranging from physical to applica-

tion layer improvements, along with network planning and deployment enhance-

ments. This dissertation focuses on user capacity improvements resulting from the

allocation of radio and spectrum resources to different service/user-types. Specifi-

cally, each service-type (e.g. voice call, web-browsing session, etc) or user-type (e.g.

licensed vs. unlicensed) is assumed to occupy an amount of radio resources. These

radio resources depend on the considered underlying access technology, e.g., time-

slots in a TDMA8-based access, spreading-codes in a CDMA-based access, etc.

Additionally, scenarios where spectrum bands (or channels) are shared between

licensed and unlicensed users also require efficient spectrum resource management

in order to guarantee the licensed user an interference-free operation.

Among the different and various problems arising in the depicted scenario, this

thesis is concerned with two problems, namely P1 and P2, along with corresponding

sub-problems, as detailed in the following.

With this focus, the first dissertation problem may be formulated as:

P1) How to select the appropriate RAT for a specific service in a multi-access

network such that QoS requirements are met and the overall user capacity is

maximized.

Specifically, this thesis addresses the problem of RAT selection (recall from Section

1.2.1.2) upon call/session establishment, that is, initial RAT selection. In order to

assess the performance of this procedure, the scope of this dissertation is limited

to this initial RAT selection procedure solely, thus neglecting the operation of an

inter-RAT (or vertical) handover. Although considering VHO capabilities would

be certainly interesting in order to capture the whole dynamics of the system, it

would however obscure the purpose of our study by hiding the effect of initial RAT

selection. This interest is motivated by the importance of efficiently designing the

initial RAT selection procedure as a first step in the realization of the ABC concept.

In addition, this dissertation considers the heterogeneous multi-access network is

managed by a single network operator, thus disregarding inter-operator resource

7In this thesis, the term capacity will be referred in this sense, despite other meanings adopted

in the literature.
8Time Division Multiple Access
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management situations. The heterogeneous network scenarios comprised in this

thesis are conformed by wide-spread deployed and ubiquitous GSM/EDGE along

with UMTS and WLAN technologies. Nonetheless, proposed methods, algorithms

and approaches can be easily extended to include other emerging technologies in-

cluding, e.g., HSPA, WiMAX, and LTE.

Problem P1 may in turn be split into several sub-problems of interest which will

be also treated in this thesis, as listed hereafter:

P1.1) How do access selection impairments affect the initial RAT selection proce-

dure.

P1.2) How does initial RAT selection influence the radio access congestion of a

heterogeneous wireless network.

Sub-problem P1.1 relates to accessibility constraints within the initial RAT se-

lection procedure. These constraints may be in the form of coverage availability,

mobile terminal capabilities and RAT-service support, among others, thus limiting

the options when selecting a RAT. This thesis provides specific rules for access-

constrained initial RAT selection. As for sub-problem P1.2, it relates to the impact

of the RAT selection procedure on potential overload, or congestion, situations that

may be reached due to the inherent dynamics of the system. Congestion poses at

risk the QoS guarantees in a particular RAT and, more generally, in the whole het-

erogeneous network. It is therefore important to be able to identify these conges-

tion situations and implement RAT selection procedures such that the occurrence

of congestion is minimized.

The second problem addressed in this dissertation can be expressed as:

P2) How can licensed spectrum utilization be efficiently maximized by means of

opportunistic and non-interfering unlicensed use.

Problem P2 relates to the Hierarchical Access Model, presented in Section 1.2.2,

as a way to accomplish Dynamic Spectrum Access (DSA). This thesis is concerned

with the scenario of a primary (i.e. licensed) system which opens its spectrum for

secondary (i.e. unlicensed) and non-disruptive use. It is further considered that

spectrum awareness on the secondary system is implemented via spectrum sensing

mechanisms. Spectrum resources are commonly characterized by a partition of

bandwidth units dividing the whole spectrum licensed to the primary system.

Problem P2 may also be divided into several sub-problems of concern in this thesis:
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P2.1) How do spectrum sensing mechanisms affect the operation of primary and

secondary systems such that minimum QoS is met.

P2.2) How can the secondary user adapt its spectrum requirements according to

the demanding service type and spectrum availability.

Sub-problem P2.1 is concerned with the way spectrum sensing errors affect the

operation of primary users. These spectrum errors, mainly characterized by false-

alarm and missed-detection probabilities, have an opposite behavior. Whereas

false-alarm prevents secondary spectrum usage, missed-detection causes spectrum

collisions, and thus interference, between primary and secondary users. Unfortu-

nately, both low false-alarm and missed-detection cannot be achieved simultane-

ously, therefore a trade-off appears in the design of the spectrum sensing mecha-

nism. In this thesis, the energy detector (recall from Section 1.2.2.2) will be adopted

for spectrum sensing tasks in a non-cooperative fashion.

On the other hand, sub-problem P2.2 addresses the case where secondary users may

flexibly decide the amount of spectrum they wish to access as long as interference

with primary users is avoided. The larger the spectrum available for a secondary

user the higher the bit-rates this user may achieve. According to the demanding

service-type, whether its duration is sensitive or insensitive to the achieved bit-rate

(i.e. elastic or inelastic), spectrum flexibility will impact the performance of the

system. It is therefore desirable to identify flexible spectrum access mechanisms in

order to maximize and efficiently utilize the available spectrum on a non-interfering

basis.

The overall motivation of this dissertation through the study of the aforementioned

problems resides in the fact that network heterogeneity, provided by multi-access

and multi-service characteristics, is a common feature of current wireless networks

and will be of future wireless networks too. In this scenario, the need for optimizing

the use of radio resources within a pre-defined and fixed spectrum range will still

be a concern. Nonetheless, spectrum scarcity and underutilization will have to be

addressed by implementing efficient spectrum management techniques achieving a

higher and more profitable spectrum use. The increase of user capacity as a final

goal to be reached by the proposed methods further motivates the focus of this

dissertation.
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1.4 Adopted Approach

In this dissertation, the common approach for tackling problems P1 and P2 will

rely on Markov modeling. Markov chains have been a profusely used tool in mod-

eling problems related with resource allocation in the scope of telecommunications

in general, and wireless networks in particular. It presents a mature and well-

developed theory, well-recognized and used by the research community. It has also

its limitations, as any other mathematical model, which will be discussed in the

context of each contribution in this thesis. The reader who is unfamiliar with the

theory of Markov chains may find in [70] a good starting point for further under-

standing on this topic. Additionally, several references addressing the theory of

Markov chains in the context of communication networks are provided in [71–73],

among others, and references therein.

This thesis will be concerned with so-called Erlang Loss Systems, in which a user

request not finding a resource will abandon the system without further allocation

attempts, that is, a blocked call is cleared. This model is known to fit the nature

of voice-call (or circuit-switched) requests and, for the sake of simplicity, it will be

further applied to data sessions as well. In addition, the widely-adopted Marko-

vian assumption will hold by considering that arrival process follows a Poisson

distribution and that the holding times are exponentially distributed.

Specifically, for the evaluation of initial RAT selection (i.e. problem P1 ), the

allocation of resources in the selected RAT is made upon service arrival. Then,

we are mostly concerned with the observation of arrival processes. In this case,

we adopt the Continuous Time Markov Chain (CTMC) model, which by definition

observes the system-state upon arrivals and departures, and evoke the splitting

property [70] of a Poisson process when selecting the appropriate RAT.

As for the spectrum sharing problem (i.e. problem P2 ), periodical spectrum sensing

implementation calls for the adoption of a Discrete Time Markov Chain (DTMC)

approach. In this case, the state of the system is observed periodically, which suits

the nature of the problem under study.

In either CTMC and/or DTMC approaches, solving Markov chains can be reduced

to numerically solve a linear system of equations. In this dissertation, numerical

method solutions will be applied to solve these systems. Specifically, iterative

methods will be considered. The reader is referred to [74, 75] for a throughout

overview and deep explanation of numerical methods for the resolution of Markov

chains.
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1.5 Dissertation Contributions

With the focus discussed in the previous sections, the aim of this thesis is to pro-

vide solutions to the aforementioned problems and sub-problems with the adopted

Markovian approach.

With respect to problem P1, and related sub-problems, the following contributions

are made in this dissertation:

P1.C1) Development of a Markovian framework for the evaluation of RAT selec-

tion policies in multi-access/multi-service scenarios.

P1.C2) Characterization of the service-RAT compatibility indicating RATs that

do not uphold particular services.

P1.C3) Definition of a probabilistic coverage model enabling the characterization

of any overlapping coverage situation among the considered RATs.

P1.C4) Definition of a probabilistic model capturing the availability of multi-

mode terminals which support all or a subset of available RATs.

P1.C5) Description of several heuristic RAT selection policies, being categorized

into: service-based selection and load balancing selection. Specifically, the

service-based policies are defined in a two-service case, with generic voice

and data services, in multi-access scenarios comprising 2 and 3 RATs.

P1.C6) Identification the main parameters that influence the performance of the

proposed RAT selection policies, mainly: the ratio of offered service traffic (or

service-mix), the constrained access for each service request, and the effect

of resource-contention between different services in a prticular RAT.

P1.C7) Provisioning of guiding principles and rules for the suitable allocation of

voice and data services in constrained multi-access networks.

P1.C8) Definition of a probabilistic model for the characterization of both up-

link and downlink radio access congestion situations in heterogeneous net-

works. The model is evaluated for a particular multi-RAT scenario, consid-

ering TDMA and WCDMA9 access networks, along with generic voice and

data services.

9Wideband CDMA
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P1.C9) Description of a novel initial RAT-selection policy that takes advantage

of congestion information provided by the probabilistic model mentioned in

P1.C8.

Turning to problem P2, and related sub-problems, the following contributions are

provided in this dissertation:

P2.C1) Development of an analytical framework based on a Discrete Time Markov

Chain (DTMC) model for the evaluation of sensing-based secondary oppor-

tunistic spectrum access scenarios.

P2.C2) Definition of a probabilistic spectrum sensing model accounting for po-

tential sensing errors in the form of false-alarm and missed-detection. This

model allows to use well-known expressions in the literature concerned with

such error probabilities under several channel propagation conditions.

P2.C3) Model validation and evaluation studies considering several parameter de-

pendency issues and tradeoffs in order to justify the usefulness of the proposed

model for cognitive radio networks system design, realization and operation.

P2.C4) Identification of key parameters influencing the performance of the spec-

trum sharing model. In particular, sensing periodicity (how often do we

sense?) and sensing accuracy (how well do we sense?). In addition, con-

tribution towards the importance of time-sharing between spectrum sensing

(for how long do we sense?) and data transmission (for how long do we

transmit?) is also provided.

P2.C5) Definition of several alternatives for the partition, or channelization, of

the available spectrum in order to provide an efficient access and spectrum

utilization for both primary and secondary users. Specifically, a Fixed Chan-

nelization Scheme (FCS) and an Adaptive Channelization Scheme (ACS) are

proposed as two possible secondary spectrum access mechanisms.

P2.C6) Characterization of secondary service requests. Firstly, Time-Based Ser-

vices (TBSs) aim for the use of a particular amount of bandwidth for a given

time. Secondly, Volume-Based Services (VBSs) aim at transmitting a given

amount of data so that the service duration depends on the achievable bit-

rate, i.e. on the amount of spectrum bandwidth assigned to each user.

P2.C7) Assessment of the potential gains that can be achieved by correctly se-

lecting the sensing operating point which determines a particular value of the

false-alarm and missed-detection probabilities. The suitability of the sensing

operation points is determined using the Grade-of-Service (GoS) concept con-

veniently adopted from ”traditional” telephone networks.

18



1.5. Dissertation Contributions

1.5.1 Related Publications

Bearing in mind the above-listed contributions, this section lists the publications

by the author which this dissertation is largely based on. Each publication will be

linked to one or various contributions listed in the previous section.

This thesis is based on the following journal articles (JAs) and conference articles

(CAs), listed hereafter in the order that they will appear in the manuscript.

Regarding problem P1, the included publications are:

[JA1] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”A Markovian Ap-

proach to Radio Access Technology Selection in Heterogeneous Multiaccess/

Multiservice Wireless Networks,” IEEE Transactions on Mobile Computing,

Oct. 2008 [76]. Partially includes contribution P1.C1 by presenting the defi-

nition of the Markovian framework for the specific case of two services (voice

and data) along with two RATs, GSM/EDGE and UMTS. It also includes

contribution P1.C5 for the specific case of two services and two RATs along

with contribution P1.C6. Multi-mode terminal availability is also partially

covered in this scenario, thus also adhering to contribution P1.C7.

[CA1] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”A 4-Dimensional

Markov Model for the Evaluation of Radio Access Technology Selection Strate-

gies in Multiservice Scenarios”, IEEE Vehicular Technology Conference Fall

2006 (VTC-Fall’06) [77]. Contains initial results and model formulation for

the RAT selection problem in a voice/data GSM-EDGE/UMTS heteroge-

neous network. Journal [JA1] is an extended version of this article.

[JA2] X. Gelabert, O. Sallent, J. Pérez-Romero, and R. Agust́ı, ”Performance

Evaluation of Radio Access Technology Selection Strategies in Constrained

Multi-Access/Multi-Service Wireless Networks”, Submitted for possible jour-

nal publication, Dec. 2009 [78]. Includes contribution P1.C1 by presenting a

generalized Markov framework accounting for any number of services, RATs

and RAT-service support issues (a differentiating aspect from [JA1]). Pub-

lication [JA2] also contains contributions ranging from P1.C2 to P1.C7. It

assumes three RATs as opposed to only two in [JA1].

[CA2] X. Gelabert, O. Sallent, J. Pérez-Romero, R. Agust́ı, ”Erlang Capacity

Degradation in Multi-Access/Multi-service Wireless Networks due to Termi-

nal/Coverage Restrictions”, in Int. Symposium on Wireless Personal Multi-

media Communications 2008 (WPMC’08) [79]. Contains initial contributions

towards the work presented in [JA2] related to access limitations in the RAT

selection procedure.
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[JA3] X. Gelabert, O. Sallent, J. Pérez-Romero, and R. Agust́ı, ”Radio Access

Congestion in Multiaccess/Multiservice Wireless Networks,” IEEE Transac-

tions on Vehicular Technology, May 2009 [80]. Contains contribution P1.C1

as in [JA2]. As in [JA1], it considers two services (voice and data) along with

two RATs (generically, TDMA and WCDMA). Contribution P1.C5 is also

addressed. Nonetheless, publication [JA3] mainly focuses on contributions

P1.C8 and P1.C9 concerning radio access congestion.

[CA3] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”Evaluation of Radio

Access Congestion in Heterogeneous Wireless Access Networks”, IEEE Global

Communications Conference 2008 (GLOBECOM’08) [81]. Contains initial

evaluation of radio access congestion in TDMA/WCDMA scenarios as in

[JA3].

Regarding problem P2, the related publications by the author are:

[JA4] X. Gelabert, O. Sallent, J. Pérez-Romero, and R. Agust́ı, ”Spectrum Shar-

ing in Cognitive Radio Networks with Imperfect Sensing: A Discrete-Time

Markov Model”, Elsevier Computer Networks, Apr. 2010 [82]. Includes con-

tributions P2.C1 to P2.C4 with special emphasis on model validation and

evaluation (i.e. P2.C3 ). Focus of [JA4] is on analytical proof of the proposed

contributions in P2.C1 and P2.C2. Furthermore, relevant performance eval-

uation as described by contribution P2.C4 is also provided.

[CA4] J. Pérez-Romero, X. Gelabert, O. Sallent, R. Agust́ı, ”A Novel Framework

for the Characterization of Dynamic Spectrum Access Scenarios (Invited Pa-

per)”, in IEEE International Symposium on Personal, Indoor and Mobile Ra-

dio Communications 2008 (PIMRC’08) [83]. Introduces the Markov model

further extended in [JA4].

[JA5] X. Gelabert, O. Sallent, J. Pérez-Romero, and R. Agust́ı, ”Flexible Spec-

trum Access for Opportunistic Secondary Operation in Cognitive Radio Net-

works”, Submitted for possible journal publication, Dec. 2009 [84]. Relays

on contributions P2.C1 and P2.C2 from [JA4] in order to provide a flexi-

ble spectrum assignment framework as stated by contributions P2.C5 and

P2.C6.

[JA6] X. Gelabert, I. F. Akyildiz, O. Sallent, and R. Agust́ı, ”Operating Point

Selection for Primary and Secondary Users in Cognitive Radio Networks,”

Elsevier Computer Networks, Feb. 2009 [85]. This publication is mainly

devoted to contribution P2.C7 concerned with the suitable selection of the
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operating point in a sensing-based mechanism for secondary opportunistic

access. In addition, it also provides some insights in contributions P2.C1

and P2.C2 regarding the model definition.

[CA5] X. Gelabert, O. Sallent, J. Pérez-Romero, and R. Agust́ı ”Exploiting the

Operating Point in Sensing-Based Opportunistic Spectrum Access Scenarios”,

in IEEE International Conference on Communications 2009 (ICC’09) [86].

Contains derivative work from [JA6] regarding the appropriate selection of the

operating point value in sensing-based secondary spectrum access scenarios.

1.5.1.1 Other Supporting Contributions

Besides the aforementioned publications, which constitute the focus of this thesis,

several additional contributions by the author have helped in the overall process of

developing concepts, ideas and strategies towards the completion of this disserta-

tion. In this sense, the following supporting conference articles (SCAs) have been

produced (in chronological order):

[SCA1] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, F. Casadevall, ”Ra-

dio resource management in heterogeneous networks”, in Proceedings of the

International Working Conference on Performance Modelling and Evaluation

of Heterogeneous Networks (HET-NETs’05) [46]. Presents concepts, func-

tionalities and architectures supporting CRRM strategies in heterogeneous

wireless access networks.

[SCA2] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”On the Impact

of Multimode Terminals in Heterogeneous Wireless Access Networks”, in

Second International Symposium of Wireless Communication Systems 2005

(ISWCS’05) [87]. Contains initial assessment on the performance degrada-

tion introduced by single-mode terminals.

[SCA3] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”On the Suitability

of Load Balancing Principles in Heterogeneous Wireless Access Networks”

in Proc. Int. Symposium on Wireless Personal Multimedia Communica-

tions 2005 (WPMC’05) [88]. Presents the Load Balancing (LB) policy in a

GSM/EDGE plus UMTS heterogeneous network scenario, where evaluation

is performed using a simulation platform.
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[SCA4] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”Congestion Con-

trol Strategies in Multi-Access Networks”, 3rd International Symposium of

Wireless Communication Systems 2006 (ISWCS 06) [89]. Congestion events

in a GSM/EDGE plus UMTS heterogeneous network is addressed using a

simulation platform. Several congestion resolution strategies are proposed

and evaluated in the case of a congested GSM/EDGE RAT.

[SCA5] X. Gelabert, J. Pérez-Romero, O. Sallent, R. Agust́ı, ”On Managing Mul-

tiple Radio Access Congestion Events in B3G Scenarios”, in Proc. 65th Semi-

annual IEEE Vehicular Technology Conference Spring (VTC-Spring’07) [90].

Extends the work in [SCA4] by evaluating congestion resolution mechanisms

when both GSM/EDGE and UMTS networks undergo radio access conges-

tion.

[SCA6] O. Sallent, J. Pérez-Romero, X. Gelabert, J. Nasreddine, R. Agust́ı, F.

Casadevall, A. Umbert, J. Olmos, ”Gestión Integrada de Redes de Acceso

Radio Celulares 2G, 2.5G y 3G”, XXII Simpósium Nacional de la Unión

Cient́ıfica Internacional de Radio de 2007 (URSI2007) [91]. Provides an

overview of CRRM strategies, with special emphasis on the evaluation of

several RAT selection policies.

In addition, the work in this thesis has been also reflected in the contribution

towards the following book chapter (BC):

[BC1] J. Pérez-Romero, X. Gelabert, O Sallent, ”Radio Resource Management

for Heterogeneous Wireless Access Networks”, Springer, 2008 [92]. Provides

a description of interworking and coupling scenarios between several RATs.

RRM and CRRM functionalities and models are presented along with the

description of several RAT selection alternatives in 3GPP-based technologies

scenarios.

Finally, many of concepts related to RRM and CRRM in this dissertation were

delivered by the author in the context of a tutorial session at the ISWCS’0610.

The interested reader may refer to [93] for an electronic version of the presented

slides.

10International Symposium of Wireless Communication Systems 2006.
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1.5.2 Project Involvement

The work carried-out during the doctoral research period has been inevitably linked

to research projects being funded by both Spanish (ES) and European Union (EU)

entities. This offered the author the opportunity to present the work to project

partners, from both industry and academia, obtaining fruitful feedback and com-

ments leading to an overall improvement and assessment on the quality of the

work submitted towards this dissertation. In particular, contributions towards

EU-funded projects EVEREST [94] and AROMA [95] dealt with RRM and CRRM

strategies in heterogeneous wireless networks. In addition, work for EU-project E3

[96] was devoted to opportunistic spectrum access in spectrum sharing scenarios.

Alongside, ES-funded projects COSMOS [97] and, subsequently, COGNOS [98]

followed similar paths to those of the abovementioned EU-projects.

While a description of each project is provided in Appendix A, in the following, an

overview of the contributions by the author towards each project is summarized:

• EVEREST/COSMOS: After some initial work addressing RRM strategies in

GPRS-EDGE, the author contributed with several studies concerning RAT

selection and multi-mode terminal availability in the context of a heteroge-

neous wireless network composed by GSM/EDGE and UMTS RATs. The

adopted approach consisted in evaluating such scenarios by utilizing a system-

level simulator platform based on commercial software OPNET R©.

• AROMA/COSMOS: Contributions towards a Markovian formulation of the

RAT selection problem along with the characterization of radio access con-

gestion. In addition, a simulation-based approach to congestion control was

also addressed.

• E3/COGNOS: The scope of this project required to formulate a Markovian

framework for the evaluation of opportunistic spectrum access scenarios for

licensed/unlicensed spectrum sharing. In addition, spectrum sensing tech-

niques were also modeled using a probabilistic approach.

The outcome of this project involvement can be measured, not only regarding the

aforementioned journal and conference publications, but also in the number of

contributions towards project deliverables (PD), chronologically listed hereafter:

[PD1] O. Sallent (Editor) ”EVEREST D11: First report on the evaluation of

RRM/CRRM algorithms”, Nov. 2004 [99].

23



Chapter 1. Introduction

[PD2] O. Sallent (Editor) ”EVEREST D20: Final report on the evaluation of

RRM/CRRM algorithms”, Oct. 2005 [100]

[PD3] O. Sallent (Editor) ”AROMA D09 - First report on AROMA algorithms

and simulation results”, Nov. 2006 [101]

[PD4] O. Sallent (Editor) ”AROMA D12 - Intermediate report on AROMA algo-

rithms and simulation results”, Apr. 2007 [102]

[PD5] J. Pérez-Romero (Editor) ”AROMA D18 - Final report on AROMA algo-

rithms and simulation results”, Dec. 2007 [103].

[PD6] S. Chantaraskul, K. Moessner (Editors) ”E3 D5.3 - First Report on Cog-

nition Enablers Schemes”, Apr. 2009 [104]

[PD7] P. Demestichas, et al. (Editors) ”E3 D5.5 - Final Report on Selected Cog-

nitive Enablers Schemes”, Dec. 2009 [105]

In addition, contributions towards the following white paper (WP) in the context

of E3 project was also carried out:

[WP1] E3 ”White Paper on Spectrum Sensing”, Nov. 2009 [106]. The author

contributed with a framework for the operating point selection in sensing-

based opportunistic spectrum access scenarios.

For the sake of representation, Fig. 1.9 presents the time-line of produced articles

in the context of project participation.

1.6 Dissertation Outline

The dissertation outline is intended to match the problem definition discussed in

Section 1.5. In particular, we divide the dissertation in two parts, each part ad-

dressing problems P1 and P2 respectively. Then, Part I, entitled Radio Resource

Management (RRM) in Multi-Access/Multi-Service Wireless Networks, will be de-

voted to problem P1 and related contributions. This part is composed by three

chapters where, Chapter 2 comprises the definition of the Markovian framework

for the evaluation of RAT selection strategies, Chapter 3 deals with the problem of

RAT selection in constrained-access environments and, finally, Chapter 4 analyzes
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the impact of RAT selection on radio access congestion. In addition, Part II, en-

titled Spectrum Management (SM) in Cognitive Radio Networks, will be devoted

to problem P2 and related contributions. In this part, Chapter 5 will provide a

discrete-time Markovian framework supporting spectrum sharing between licensed

and unlicensed users with imperfect sensing. Chapter 6 will extend the previous

framework to include higher flexibility in the spectrum channelization access along

with several alternatives for unlicensed access services. In Chapter 7 the focus will

be on how to adjust the sensing mechanism parameters such that some quality of

service is ensured for both the licensed and unlicensed users. Finally, Chapter 8

summarizes the dissertation results providing some final remarks and future work.

In this dissertation, and bearing in mind the background provided in this intro-

ductory chapter, each following chapter is self-contained in terms of mathematical

notation and provided references. In addition, each chapter will provide a conclud-

ing summary with the main contributions and remarks.
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heterogéneas,” http://www.cosmos.upc.edu/, [URL accessed March 1, 2010].

[98] “COGNOS: Gestión cognitiva de recursos radio y espectro radioeléctrico en redes móviles
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Chapter 2

A Markovian Approach to

Radio Access Technology

Selection in Heterogeneous

Multi-Access/ Multi-Service

Wireless Networks

This chapter addresses the problem of Radio Access Technology (RAT) selection

in heterogeneous multi-access/multi-service 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 def-

inition 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 RATs (i.e. multi-mode

terminal capabilities). Furthermore, several performance metrics may be measured

to evaluate the behaviour of the proposed RAT selection policies under varying of-

fered 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 Ra-

dio Access Network (UTRAN), as well as several service-based, load-balancing

and terminal-driven RAT selection strategies. The flexibility exhibited by the pre-

sented 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 with those of system-level simulations.
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2.1 Initial RAT Selection

Inherent to heterogeneous networks, to select an appropriate 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, load

conditions, etc.) with the final purpose of enhancing overall capacity, resource

utilisation and service quality.

Although the RAT selection problem has been covered in a number of papers, see

for example [1–3], the proposed methodology usually relies on system level simu-

lations 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 analyti-

cal proposals have been developed, e.g. [4], [5] and [6]. In [4], Lincke et al. 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 [5], a near-optimum service allocation is proposed in order to maximize

the combined multi-service capacity. The authors assumed an a priori knowledge of

the services that need to be allocated, rather than modelling user arrival process.

In [6], Koo et al. assess the separate and common Erlang capacity of a multi-

access/multi-service 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 chapter, 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 dependant

on the chosen RAT selection scheme which is fully embedded in the model. This

feature constitutes the main innovative contribution of this work and differentiates

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, terminal types, etc. Finally, the proposed model

also captures the availability of multi-mode terminals, i.e. those that can operate

on both RATs, so as to reflect a more realistic medium term scenario considering
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the flexibility constraints of those terminals supporting one single RAT (i.e. single-

mode terminals).

Multi-dimensional Markov models have been widely used in the field of network-

ing to model the behaviour of communication networks under variable traffic load

conditions [7]. In the analysis of this chapter, the focus is on two RATs with differ-

ent 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 3rd Generation Partnership Project (3GPP) standard-

ised technologies GSM/EDGE and UMTS respectively [8, 9], although the model

could be adapted to other standards by a proper change in the parameter values.

The chapter is organized as follows: Section 2.2 deals with the problem statement

and the considered approach to solve it. Section 2.3 presents the analytical model

and the notation that will be used throughout the chapter. In section 2.4, various

RAT selection policies are described by means of the proposed model. Section 2.5

presents the performance metrics that will be used to evaluate the behaviour of

initial RAT selection policies in section 2.6. Finally, section 2.7 deals with the

chapter conclusions.

2.2 Problem Statement

For the evaluation of the forthcoming RAT selection strategies a scenario is as-

sumed where a TDMA-based and a WCDMA-based technology coexist and pro-

vide coverage over a same area. Generically, one can characterise this scenario by

means of a Markov chain represented by a (N+M)-dimensional state, denoted as

S(t1,t2,...,tN ,w1,w2,...,wM ), where tn (1 ≤ n ≤ N) and wm (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 communication status

(e.g. active or queued users), transmission rate, amount of allocated resources, etc.

In this chapter 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 behaviour. Therefore, let S(i,j,k,l)

represent the state in which i voice users and j data users are being served through

TDMA; and k voice users and l 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.
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Figure 2.1: Mapping of total-to-fractional arrival rates given by initial RAT selection.

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 λv and λd respectively. As for voice-call holding time and data session time,

they follow exponential distributions with means 1/µv and 1/µd correspondingly.

It is assumed that only transitions between neighbouring 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 the

context of the proposed Markov framework it is important to notice that, given the

total voice call and data session arrival rates, λv and λd respectively, the adopted

RAT selection policy will determine the arrival rates into each RAT (see Fig. 2.1).

Consequently, the RAT selection policy will modulate the transition rates between

the states S(i,j,k,l) in the Markov chain according to a predefined RAT selection

policy. Mathematically, given a generic RAT selection policy denoted as π(i,j,k,l),

we may introduce the following function:

π(i,j,k,l) : R
2 −→ R

4

(λv, λd) −→
(

λTv , λ
T
d , λ

W
v , λ

W
d

) (2.1)

where λTv , λ
T
d , λ

W
v , λWd represent the fractional arrival rates of each service into to

each of the available RATs given by policy π(i,j,k,l). 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. λv and λd, are known parameters. This

approach differentiates the presented work from previous mentioned studies, [4] [5]

[6], and constitutes the main innovative contribution of this work which will be

fully developed in the next sections.
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2.3 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(i,j,k,l) (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) proce-

dures, that determine if a given user should be admitted or not, so as to guarantee

some minimum QoS requirements to users already admitted in the system. Be-

cause CAC is dependant on the underlying technology, the set of feasible states in

TDMA, ST , and WCDMA, SW , can be individually defined as:

ST =
{

S(i,j,k,l)|0 ≤ fT(i,j) ≤ 1, ∀k, l
}

SW =
{

S(i,j,k,l)|0 ≤ fW(k,l) ≤ 1, ∀i, j
} (2.2)

where fT(i,j) and f
W
(k,l) are defined as the feasibility conditions which account for the

CAC procedures in TDMA and WCDMA correspondingly.

Consequently, we can define the set of feasible states, S, which include all states

S(i,j,k,l) that satisfy the CAC procedures in each of the systems. Then, a given state

S(i,j,k,l) is said to be feasible, if it satisfies that S(i,j,k,l) ∈ S with S = ST ∩ SW ,

i.e. a state is only feasible if it is feasible in both TDMA and WCDMA systems.

In the following subsections, the state feasibilities for TDMA and WCDMA are

presented. In this chapter, CAC procedures are based on the reverse link (uplink) in

order to determine the number of allowable users in each RAT, which it is assumed

to be the most restricting case. Nonetheless, Chapter 4 will relax this assumption

by considering both uplink and downlink effects in the CAC procedure.

2.3.1 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 [10]. Briefly,

a data user can transmit data over a number of simultaneous channels or times-

lots (TSLs). Moreover, several data users can be multiplexed over a same TSL

for coordinated data transmission by means of an efficient scheduling mechanism.
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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 [11]. In this chapter, 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 uplink (UL) direction, as-

suming voice and data users are granted with a single channel for each connection1,

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 (2.3)

which implicitly defines the state feasibility condition for the TDMA system, i.e.

fT(i,j) = i/C + j/nCC.

2.3.2 WCDMA State Feasibility

In WCDMA-based systems, the UL load factor (LW(k,l)) condition must hold in order

to ensure that users are granted the desired capacity for their demanding services.

Considering k voice users and l data users being served in WCDMA, the UL load

factor condition for a single-cell may be expressed as [9]:

0 ≤ LW(k,l) ≤ ηmax (2.4)

where

LW(k,l) = k

[

W/Rb,v
(Eb/N0)v

+ 1

]−1

+ l

[

W/Rb,d
(Eb/N0)d

+ 1

]−1

(2.5)

withW the chip rate; Rb,v and Rb,d the bit rate granted to voice and data services;

(Eb/N0)v along with (Eb/N0)d the target bit-energy-to-noise-density ratio after de-

spreading and decoding for voice and data users; and ηmax the admission threshold.

By choosing an appropriate value for ηmax, quality requirements of admitted users

(e.g. in terms of bit error rate) depending on the coverage conditions can be ensured

[9]. From (2.4), the state feasibility condition of WCDMA system, fW(k,l), is easily

identified as fW(k,l) = LW(k,l)/ηmax.

1Although the consideration of multi-slot capabilities in the model would be feasible, at this

point, this would complicate the algebra and the model while not bringing substantial added

value on the methodology and approach in this chapter. Thus a single TSL is allocated to data

users. Nonetheless, multi-slot capabilities will be addressed when dealing with congestion control

in Chapter 4.
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2.3.3 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(i,j,k,l) /∈ S.

Under these circumstances, the RAT in question is said to be in a blocking state.

Let Sρb,σ denote the set of feasible states where the acceptance of a service type σ

user in RAT ρ 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. σ = {v, d}, in

TDMA and WCDMA RATs, ρ = {T,W}, are defined as:

STb,v =
{

S(i,j,k,l) ∈ S|S(i+1,j,k,l) /∈ S
}

STb,d =
{

S(i,j,k,l) ∈ S|S(i,j+1,k,l) /∈ S
}

SWb,v =
{

S(i,j,k,l) ∈ S|S(i,j,k+1,l) /∈ S
}

SWb,d =
{

S(i,j,k,l) ∈ S|S(i,j,k,l+1) /∈ S
}

(2.6)

If Sρb denotes the set of feasible states where the acceptance of any service type

user in RAT ρ forces the state to move to an unfeasible state, we have:

Sρb = Sρb,v ∩ S
ρ
b,d (2.7)

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

σ = {v, d} forces the current state to move to an unfeasible state in each of the

considered RATs ρ = {T,W}. Bearing in mind (2.6), the per-service blocking set

Sb,σ can be defined as:

Sb,σ = STb,σ ∩ SWb,σ (2.8)

Finally, if Sb 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:

Sb = STb ∩ SWb = STb,v ∩ S
T
b,d ∩ S

W
b,v ∩ S

W
b,d (2.9)
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2.4 Radio Access Technology Selection Policies and

State Transitions

Based on the relation provided by (2.1), we can conveniently define the RAT selec-

tion policies as functions that map the total arrival rates λv and λd into fractional

arrival rates of each service into each system (i.e. λTv , λ
T
d , λ

W
v and λWd ) depending

on the current state information. Then, in a given state S(i,j,k,l), relation (2.1) can

be rewritten as:

π(i,j,k,l) : R
2 −→ R

4

(

λv
λd

)T

−→









α(i,j,k,l)λvδ(i+1,j,k,l)

β(i,j,k,l)λdδ(i,j+1,k,l)

ᾱ(i,j,k,l)λvδ(i,j,k+1,l)

β̄(i,j,k,l)λdδ(i,j,k,l+1)









T

(2.10)

where, given RAT selection policy π(i,j,k,l), α(i,j,k,l) and ᾱ(i,j,k,l) = (1 − α(i,j,k,l))

are the functions determining the fraction of voice users into TDMA and WCDMA

respectively, and β(i,j,k,l) along with β̄(i,j,k,l) = (1 − β(i,j,k,l)) are the functions

governing the fractional data arrival rates into TDMA and WCDMA respectively.

Furthermore, function δ(i,j,k,l) is an indicator function which will guarantee that

non-feasible states, i.e. S(i,j,k,l) /∈ S, are not taken into account in the transitions,

thus:

δ(i,j,k,l) =

{

1 if S(i,j,k,l) ∈ S

0 otherwise
(2.11)

The proposed model also allows us to take into consideration scenarios in which

not all terminals have multi-mode 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 multi-mode capabilities. Accordingly,

the ratio of terminals that only support TDMA (single-mode) is given by p̄ = 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 (2.10) may be rewritten as:

π(i,j,k,l) : R
2 −→ R

4

(

λv
λd

)T

−→











αp(i,j,k,l)λvδ(i+1,j,k,l)

βp(i,j,k,l)λdδ(i,j+1,k,l)

ᾱp(i,j,k,l)λvδ(i,j,k+1,l)

β̄p(i,j,k,l)λdδ(i,j,k,l+1)











T

(2.12)
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Figure 2.2: State transition diagram for a general state.

where αp(i,j,k,l) and βp(i,j,k,l) relate to the RAT selection policy assignment consid-

ering the presence of both multi-mode 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:

αp(i,j,k,l)λv=
[

α(i,j,k,l) + (1− α(i,j,k,l))(1− p)
]

λv

=
(

p̄+ α(i,j,k,l)p
)

λv

βp(i,j,k,l)λd=
[

β(i,j,k,l) + (1 − β(i,j,k,l))(1− p)
]

λd

=
(

p̄+ β(i,j,k,l)p
)

λd (2.13)

where α(i,j,k,l) and β(i,j,k,l) relate to the policy decision (Note that if p = 1, i.e.

all terminals are multi-mode, thus expression (2.12) becomes expression (2.10)).

Given the fractional arrival rates provided in (2.12), the state transition diagram

at a particular non-boundary state S(i,j,k,l) may be built (Fig. 2.2). By inspection

of Fig. 2.2 we may deduce the Steady-State Balance Equation (SSBE) for a given
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state S(i,j,k,l) as:

P(i,j,k,l)[α
p
(i,j,k,l)λvδ(i+1,j,k,l) + iµvδ(i−1,j,k,l)

+ᾱp(i,j,k,l)λvδ(i,j,k+1,l) + kµvδ(i,j,k−1,l)

+βp(i,j,k,l)λdδ(i,j+1,k,l) + jµdδ(i,j−1,k,l)

+β̄p(i,j,k,l)λdδ(i,j,k,l+1) + lµdδ(i,j,k,l−1)]

= αp(i−1,j,k,l)λvP(i−1,j,k,l)δ(i−1,j,k,l)

+(i+ 1)µvP(i+1,j,k,l)δ(i+1,j,k,l)

+ᾱp(i,j,k−1,l)λvP(i,j,k−1,l)δ(i,j,k−1,l)

+(k + 1)µvP(i,j,k+1,l)δ(i,j,k+1,l)

+βp(i,j−1,k,l)λdP(i,j−1,k,l)δ(i,j−1,k,l)

+(j + 1)µdP(i,j+1,k,l)δ(i,j+1,k,l)

+β̄p(i,j,k,l−1)λdP(i,j,k,l−1)δ(i,j,k,l−1)

+(l + 1)µdP(i,j,k,l+1)δ(i,j,k,l+1)

(2.14)

where P(i,j,k,l) is the steady state probability of being in state S(i,j,k,l).

Once the SSBEs are obtained for all states S(i,j,k,l) ∈ S, numerical methods may

be used to solve the system of equations given by the SSBEs plus the normalisation

constraint:
∑

S(i,j,k,l)∈S

P(i,j,k,l) = 1 (2.15)

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,

network conditions, etc. In particular, some of the policies presented in [1] and [12]

will be adapted to our Markov model in the following subsections.

2.4.1 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 α and β respectively. In the same way, WCDMA

is selected with a probability (1 − α) and (1 − β) for voice and data users corre-

spondingly.

If the system is in a voice blocking state, i.e. S(i,j,k,l) ∈ STb,v or S(i,j,k,l) ∈ SWb,v, or in

a data blocking state, i.e. S(i,j,k,l) ∈ STb,d or S(i,j,k,l) ∈ SWb,d, then the arrival rates

of voice and data users to non-blocked states happen with probability equal to the
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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 α(i,j,k,l) and β(i,j,k,l) in (2.10) may be written as:

α(i,j,k,l) =















α if S(i,j,k,l) /∈ (STb,v ∪ S
W
b,v)

1 if S(i,j,k,l) ∈ SWb,v

0 if S(i,j,k,l) ∈ STb,v

β(i,j,k,l) =















β if S(i,j,k,l) /∈ (STb,d ∪ S
W
b,d)

1 if S(i,j,k,l) ∈ SWb,d

0 if S(i,j,k,l) ∈ STb,d

(2.16)

2.4.2 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

S(i,j,k,l) → S(i,j,k+1,l) is not allowed, unless we are in a TDMA voice blocking state

(S(i,j,k,l) ∈ STb,v). Moreover, a data session arrival will not be accommodated in

TDMA, i.e. the transition S(i,j,k,l) → S(i,j+1,k,l) is not allowed, unless we are in

a WCDMA data blocking state, that is S(i,j,k,l) ∈ SWb,d. In order to take these

restrictions into account in the global balance equations, the functions α(i,j,k,l) and

β(i,j,k,l) in (2.10) which define the feasibility of a voice arrival in WCDMA and the

feasibility of a data arrival in TDMA can be defined as:

α(i,j,k,l) =

{

1 if S(i,j,k,l) /∈ STb,v

0 if S(i,j,k,l) ∈ STb,v

β(i,j,k,l) =

{

1 if S(i,j,k,l) ∈ SWb,d

0 if S(i,j,k,l) /∈ SWb,d

(2.17)

2.4.3 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.
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Keep in mind that a voice call will be not admitted in TDMA, i.e. the transition

S(i,j,k,l) → S(i+1,j,k,l) will be not allowed, unless no capacity is left for voice users

in WCDMA, that is S(i,j,k,l) ∈ SWb,v. Similarly, data users will be admitted in

WCDMA, i.e. the transition S(i,j,k,l) → S(i,j,k,l+1), only if no capacity is left in

TDMA to accommodate the data session, i.e. S(i,j,k,l) ∈ STb,d. In order to account

for these limitations in the arrival rates, functions α(i,j,k,l) and β(i,j,k,l) in (2.10)

denoting the feasibility of data arrival rates in TDMA and of voice arrival rates in

WCDMA can be expressed as:

α(i,j,k,l) =

{

1 if S(i,j,k,l) ∈ SWb,v

0 if S(i,j,k,l) /∈ SWb,v

β(i,j,k,l) =

{

1 if S(i,j,k,l) /∈ STb,d

0 if S(i,j,k,l) ∈ STb,d

(2.18)

2.4.4 Load Balancing (LB) RAT Selection Policy

The load balancing (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 [8],

may be used to measure the load in a given state S(i,j,k,l) ∈ S as:

LT(i,j) = n(i,j)/C (2.19)

where C is the total number of available channels (TSLs) in the cell devoted to voice

and data traffic services and n(i,j) is the number of occupied channels (TSLs) when

i voice users and j data users are currently being served in TDMA. For the case of

data users requiring a single slot for their uplink connection, n(i,j) = 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 uplink load factor LW(k,l), defined in (2.5), scaled by ηmax.
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In order to determine whether the incoming user demanding a given service should

be allocated to TDMA or to WCDMA, functions α(i,j,k,l) and β(i,j,k,l) in (2.10)

will take the following values:

α(i,j,k,l) =



































1 if (LT(i+1,j) < LW(k+1,l)/ηmax) or

if (S(i,j,k,l) /∈ STb,v ∧ S(i,j,k,l) ∈ SWb,v).

0 if (LT(i+1,j) > LW(k+1,l)/ηmax) or

if (S(i,j,k,l) ∈ STb,v ∧ S(i,j,k,l) /∈ SWb,v).

0.5 otherwise

β(i,j,k,l) =



































1 if (LT(i,j+1) < LW(k,l+1)/ηmax) or

if (S(i,j,k,l) /∈ STb,d ∧ S(i,j,k,l) ∈ SWb,d).

0 if (LT(i,j+1) > LW(k,l+1)/ηmax) or

if (S(i,j,k,l) ∈ STb,d ∧ S(i,j,k,l) /∈ SWb,d).

0.5 otherwise

(2.20)

which account for the load levels in each of the corresponding RATs given voice

call and data session arrivals.

2.4.5 Multi-Mode Terminal Driven (MMTD) RAT Selection

Policy

With the purpose of taking advantage of terminal availability 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 multi-mode users to WCDMA. Multi-mode users would eventually be allocated

to TDMA if no capacity was left in WCDMA. With this policy we try to minimise

the impact of single-mode terminals being served in TDMA given the higher allo-

cation flexibility of multi-mode terminals. To account for the situations where no

voice or data capacity is available in WCDMA and consequently multi-mode users

are allocated, if possible, in TDMA, we define the following indicator functions,

α(i,j,k,l) and β(i,j,k,l) in (2.13), for each feasible state S(i,j,k,l):

α(i,j,k,l) =

{

1 if S(i,j,k,l) /∈ SWb,v

0 if S(i,j,k,l) ∈ SWb,v

β(i,j,k,l) =

{

1 if S(i,j,k,l) /∈ SWb,d

0 if S(i,j,k,l) ∈ SWb,d

(2.21)
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2.5 Performance Metrics

In order to compute the steady state probabilities P(i,j,k,l) we must solve the global

steady-state balance equations given by the application of the aforementioned RAT

selection policies for all feasible states S(i,j,k,l) ∈ S. This may be carried out using

numerical methods; in particular, an iterative power procedure will be utilized for

such task [13]. In general, the dimensionality of the Markov chain, Md, 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. Nevertheless, 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, Ns, 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, i.e. TDMA and WCDMA, the

resulting number of states can be computed as:

Ns = NT
s ·NW

s (2.22)

with the number of states in TDMA, NT
s , being

NT
s =

(C + 1)(nCC + 2)

2
(2.23)

and the number of states in WCDMA, NW
s , yielding

NW
s ≈











(ηmax·

[

W/Rb,v

(Eb/N0)v
+1

]

+1)(ηmax·

[

W/Rb,d

(Eb/N0)d
+1

]

+1)

2










(2.24)

where ⌊x⌋ denotes the integer value of x.

In our case, the iterative power method is used to solve the system of equations

provided in (2.14). Its operation is based on iteratively performing the product of a

probability vector p (of dimension Ns× 1) with the Ns×Ns transition probability

matrix (P ). If k iterations are needed for convergence then a total number of

k × N2
s multiplications are needed. The number of k iterations needed to satisfy

convergence is based on the following relative measure [13]:

max
i





∣

∣

∣p
(k)
i − p

(k−1)
i

∣

∣

∣

p
(k)
i



 < ε (2.25)
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where p
(k)
i are elements of vector p(k), which denotes the probability distribution

after the k-th iteration, and ε is the required solution accuracy which is in our case

set to 10−6.

Fortunately, matrix P is usually sparse, i.e. it contains a large amount of zero

entries. Then, if Nz is the total number of non-zero entries in matrix P , a total of

k × Nz multiplications 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 proba-

bilities, P(i,j,k,l), as described in the following.

2.5.1 Blocking Probabilities

Making use of the blocking state sets defined formerly in section 2.3.3, the gener-

alized form of the blocking probability of a service type σ in a given RAT ρ may

be expressed as:

P ρb,σ =
∑

S(i,j,k,l)∈S
ρ

b,σ

P(i,j,k,l) (2.26)

with σ = {v, d} and ρ = {T,W}.

If we are interested in the blocking probability of a particular service type σ over

all the possible RATs, this can be computed as:

Pb,σ =
∑

S(i,j,k,l)∈Sb,σ

P(i,j,k,l) (2.27)

Finally, the total blocking probability may be computed as:

Pb =
∑

S(i,j,k,l)∈Sb

P(i,j,k,l) (2.28)
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2.5.2 Carried Traffic

The average carried traffic, or average number of users, may also be computed

from the steady state probabilities P(i,j,k,l). The fractional average number of

users demanding a given service σ in a given RAT ρ can be derived numerically

from:

Nρ
σ = E[x] with x =























i if ρ = T , σ = v

j if ρ = T , σ = d

k if ρ =W , σ = v

l if ρ =W , σ = d

(2.29)

and E[x] the expectation of x defined as:

E[x] =
∑

S(i,j,k,l)∈S

x · P(i,j,k,l) (2.30)

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

Nρ = Nρ
v +Nρ

d (2.31)

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

Nσ = NT
σ +NW

σ (2.32)

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

N = NT
v +NT

d +NW
v +NW

d (2.33)

2.5.3 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 (2.19) and

(2.5), the average TSL utilization factor in TDMA yields:

LT = E[LT(i,j)] (2.34)

and the average uplink load factor in WCDMA may be computed as:

LW = E[LW(k,l)] (2.35)

50



2.5. Performance Metrics

2.5.4 Peak Throughput

Throughput definitions are also intrinsic to the underlying access scheme and will

be, consequently, defined individually for TDMA and WCDMA systems.

2.5.4.1 TDMA Throughput

The throughput in TDMA at a given state S(i,j,k,l) can be expressed as the sum of

voice and data throughput contributions as:

ΓT(i,j) = i · κv +min(C − i, j) · κd (2.36)

where κv and κd are the voice and data TSL bit rates respectively and the term

min(C − i, j) accounts for the number of data users transmitting at κd bits per

second. If i voice users are being served in TDMA, and they require a whole TSL,

then at most (C − i) data users will be able to transmit at κd bits per second. If

j < (C − i), then j data users transmit at κd bits per second.

It is important to note that although the throughput per voice user will be κv, for

data users, the effect of TSL sharing will contribute to a decrease in throughput

per data user as the number of multiplexed data TSLs increases. Actually, the

throughput per data user will be equal to κd ·min(C − i, j)/j.

Then, the total average throughput in TDMA becomes:

ΓT = E[ΓT(i,j)] (2.37)

2.5.4.2 WCDMA Throughput

Throughput delivered in WCDMA-based systems at a given state S(i,j,k,l) can be

calculated as:

ΓW(k,l) = k · Rb,v + l ·Rb,d (2.38)

where Rb,σ is the granted bit rate of a σ service type user.

Then, the average throughput in WCDMA is obtained as:

ΓW = E[ΓW(k,l)] (2.39)
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2.5.4.3 Total Aggregate Throughput

Considering the combined throughput carried by both RATs, TDMA andWCDMA,

the total aggregate throughput, ΓA, becomes:

ΓA = ΓT + ΓW (2.40)

2.6 Results

In order to illustrate the performance of the presented RAT selection policies,

the GSM/EDGE Radio Access Network (GERAN) and the UMTS Radio Access

Network (UTRAN) will be used as representatives of TDMA and WCDMA tech-

nologies respectively.

The performance of the system is evaluated under different offered voice and data

traffic loads, Tv and Td, where Tv = λv/µv and Td = λd/µd. The considered system

parameters for numerical evaluation are represented in Table 2.1.

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 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 [9].

2.6.1 Markov Model Validation

In order to validate the results provided by the Markov model, a system-level sim-

ulator 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 [14]. 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 procedures 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 con-

sidering 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.
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Table 2.1: 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 κv 12.2 kbps

Bit rate for data users in GERAN κd 44.8 kbps

Chip-rate in UTRAN W 3.84 Mcps

Required bit-energy-to-noise-density (Eb/N0)v 6 dB

ratio for voice traffic in UTRAN

Required bit energy-to-noise-density (Eb/N0)d 5 dB

ratio for data traffic in UTRAN

Bit rate for voice users in UTRAN Rb,v 12.2 kbps

Bit rate for data users in UTRAN Rb,d 44.8 kbps

Maximum UL load factor ηmax 1

Multi-mode terminal availability p 1

(unless otherwise stated)

In the following, we compare the results obtained via the Markov model with the

results obtained through simulation using the Load Balancing criterion for the RAT

selection policy. Fig. 2.3 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. 2.4

shows the number of served users of each service in UTRAN and GERAN. Bearing

in mind that, with the current parameter setting (see Table 2.1), 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 forced to share TSLs in GERAN, explaining the increase/decrease of data

users in GERAN and UTRAN respectively. Fig. 2.5 shows the total voice blocking

probability in the combined GERAN/UTRAN system as defined in (2.27). Clearly,

the higher the offered traffic the higher the blocking probability gets. Again, the
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Figure 2.3: Average load in each RAT under varying traffic.
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Figure 2.4: Average number of served users in each RAT.

simulated results (marked with bullets) match the Markov model behavior. Finally,

Fig. 2.6 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. 2.3-2.6, and its
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Figure 2.6: Total throughput per RAT under varying traffic.

suitability for testing different RAT selection policies confirmed. The comparison

of such RAT selection policies is provided in the forthcoming subsections.
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2.6.2 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 in this case). The focus is set on how the different policies allocate dif-

ferent services over the existing RATs by means of representing the probability,

P(i,j,k,l), 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 grey-scaled shaded regions, where dark regions in-

dicate high probability values and light regions low probability values. Step-wise

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. 2.7 shows the user distribution provided by policy SB#1. For

a traffic mix of Tv = 3.6 and Td = 16 Erlangs, GERAN is able to handle its share

of 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. 2.7 upper-left). Accordingly, in UTRAN, users are spanned over the

data user axis with no voice user component (Fig. 2.7 upper-right). If voice traffic

is increased so that GERAN is not able to handle all the requests, SB#1 policy

will re-direct voice traffic to UTRAN. Consequently, user distribution in GERAN

is concentrated on the maximum number of allowed voice users (Fig. 2.7 lower-

left). In UTRAN, users are now distributed over both axes due to overflowed voice

traffic from GERAN (Fig. 2.7 lower-right). For the case of SB#2 policy, see Fig.

2.8, 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 (Fig. 2.8 upper left and right), 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 traffic, 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 Fig. 2.8 lower left and right figures. 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. 2.9. For offered traffic values of Tv = 36

and Td = 8.33 Erlangs, UTRAN remains in a half-loaded situation given that

user distribution remains far from the admission limit (see Fig. 2.9 upper-right).
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Figure 2.7: Statistical user distributions in GERAN and UTRAN with policy SB#1 for two

different service mixes.
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Figure 2.8: Statistical user distributions in GERAN and UTRAN with policy SB#2 for two

different service mixes.
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Figure 2.9: Statistical user distributions in GERAN and UTRAN with policy LB for two different

service mixes.

Consequently, in GERAN (Fig. 2.9 upper-left) 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.

2.9 lower-right), 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. 2.9 lower-left. Finally, Fig. 2.10 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 distribution to the admission limit.

2.6.3 Throughput Comparison

In the following, a comparison between the different RAT selection policies by eval-

uating a number of different performance measures is provided. Fig. 2.11 shows

the performance in terms of aggregate throughput for the different presented RAT

selection policies, i.e. SB#1, SB#2 and LB (where RND policy is not shown given

its poor performance and the lack of space). For medium data traffic loads (i.e.

Tv = 16 and Td = 32 Erlangs), we can clearly see how LB outperforms all other poli-

cies, with the worst overall behavior corresponding to SB#2. As it will be shown
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Figure 2.10: Statistical user distributions in GERAN and UTRAN with policy RND for two

different service mixes.

in the following, a major cause of throughput degradation is due to excessive TSL

sharing in GERAN. In this sense, SB#1 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 perfor-

mances 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 (2.19) and (2.5) 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 Td = 32 Erlangs (Fig. 2.11 left). 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.

2.12 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,
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Figure 2.11: Aggregate throughput values for policies SB#1, SB#2 and LB under varying traffic

conditions.

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 Fig. 2.12 upper left and right). However, if traffic in-

creases, UTRAN will no longer be able to manage all traffic and thus LB will force

data users in 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 probabilities. Fig. 2.13 illustrates the

blocking probability obtained by the presented policies when offered data traffic is

Tv = 16 and Td = 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 timeslot consumption of 1/C while as for a data user this consumption is

1/nCC. Therefore, it is more resource-consuming (nC 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 (2.5),

with [W/Rb,v(Eb/N0)v + 1]−1 and [W/Rb,d(Eb/N0)d + 1]−1 the fractions of loads

consumed by voice and data users respectively. Bearing in mind the simulation pa-

rameters given in Table 2.1, 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.
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Figure 2.12: Throughput per data user for different RAT selection policies and traffic mixes.
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Figure 2.13: Total blocking probabilities for policies SB#1, SB#2 and LB.

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 appro-

priateness of one RAT selection policy with respect to another. Therefore, in the

following, the achievable capacity in terms of the maximum number of allowable

61



Chapter 2. A Markovian Approach to Radio Access Technology Selection in
Heterogeneous Multi-Access/ Multi-Service Wireless Networks

0 5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

60

70

80

V
oi

ce
 U

se
rs

Data Users

Combined Admission Region for P
b
=0.01 and Γ

min
=28000 bps

SB#1
SB#2
LB

Figure 2.14: Combined admission regions for policies SB#1, SB#2 and LB in a blocking proba-

bility limited scenario.

voice and data users (admission regions) satisfying 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. 2.14 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 Pb = 0.01 and

a minimum data throughput per user of Γmin = 28kbps (recall that the maximum

achievable throughput per data user is 44.8kbps). Results in Fig. 2.14 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. 2.15, considers a data throughput per user limited scenario, where the target

blocking probability is set to 5% and the minimum required data throughput per

user is Γmin = 44kbps. In this case, SB#2 no longer provides a larger admission

region than SB#1 due to the throughput requirements. As expected, SB#1 pro-

vides 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 Pb = 0.01 and Γmin = 44kbps, the performance shown in Fig. 2.16 is
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Figure 2.15: Combined admission regions for policies SB#1, SB#2 and LB in a throughput

limited scenario.

obtained. Once again, throughput requirements are too severe for SB#2 and thus

provides 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.

2.6.4 Multi-mode Terminal Availability Impact on Initial

RAT Selection

Fig. 2.17 reflects the impact of multi-mode terminal availability over the perfor-

mance in terms of total aggregate throughput when using policies SB#1 (left) and

LB (right). Specifically, we plot the normalized throughput degradation measured

as the relative difference in aggregate throughput when single-mode terminals are

present with respect to the case of all terminals being multi-mode, mathematically

expressed as:

Dp = (Γ1
T − ΓpT )/Γ

1
T (2.41)

where ΓpT is the total aggregate throughput for a multi-mode terminal probability

equal to p. The overall behavior of having low number of multi-mode terminals is

translated into a higher throughput degradation which is represented in Fig. 2.17.
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Figure 2.16: Combined admission regions for policies SB#1, SB#2 and LB in a blocking proba-

bility and throughput limited scenario.
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Figure 2.17: Impact of multi-mode terminal probability (p) when applying SB#1 and LB policies.

Fig. 2.18 compares, in terms of aggregate throughput, policies MMTD, SB#1

and LB in a scenario with 50% of terminals with multi-mode capabilities. With

SB#1, GERAN handles voice users plus single-mode users thus showing a poorer

performance than MMTD which allocates voice multi-mode users to UTRAN. On
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Figure 2.18: Total aggregate throughput provided by SB#1, LB and MMTD policies.

the other hand, LB policy shows higher flexibility in allocating multi-mode users

as compared to SB#1. As a result, similar performance is observed between LB

and MMTD.

2.7 Chapter Summary

It is widely established that RAT selection procedures in multi-service/multi-access

scenarios play a key role in the provision of CRRM functionalities. In this chapter,

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 multi-mode terminals so as to consider the

flexibility constraints of single-mode terminals. In particular, two different under-

lying radio access schemes are studied: Time Division Multiple Access (TDMA)

and Wideband Code Division Multiple Access (WCDMA). In this context, generic

voice and data sessions are to be allocated to the aforementioned RATs given par-

ticular RAT selection policies which comprise: two service-based schemes, namely

SB#1 and SB#2, along with a load-balancing (LB) and a terminal-driven (MMTD)

schemes, and finally, a random policy (RND). Results have confirmed the valid-

ity and suitability of the model which has been evaluated for the aforementioned
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RAT selection policies. Results indicate that a trade-off between the average data

throughput per user and the total blocking probability arises when comparing

SB#1 and SB#2. As revealed, this trade-off may be suitably managed by the

appliance of the LB policy. Finally, RAT selection is also performed taking into ac-

count the multi-mode terminal availability information, indicating that this input

must not be avoided to achieve a higher utilization of the offered resources.
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always best connected networks,” in In Proc. ITC Specialist Seminar on Performance

Evaluation of Wireless and Mobile Systems, 2004.

[3] O. Yilmaz, A. Furuskar, J. Pettersson, and A. Simonsson, “Access Selection in WCDMA

and WLAN Multi-Access Networks,” in 2005 IEEE 61st Vehicular Technology Conference.

2005, pp. 2220–2224, IEEE.

[4] Susan Lincke-Salecker and Cynthia S. Hood, “Integrated networks that overflow speech and

data between component networks,” International Journal of Network Management, vol.

12, no. 4, pp. 235–257, 2002.

[5] A. Furuskar and J. Zander, “Multiservice allocation for multiaccess wireless systems,” vol.

4, no. 1, pp. 174–184, 2005.

[6] I. Koo, A. Furuskar, J. Zander, and Kiseon Kim, “Erlang capacity of multiaccess systems

with service-based access selection,” vol. 8, no. 11, pp. 662–664, 2004.

[7] Gunter Bolch, Stefan Greiner, Hermann de Meer, and Kishor S. Trivedi, Queueing Net-

works and Markov Chains: Modeling and Performance Evaluation with Computer Science

Applications, WileyBlackwell, 2nd edition edition, May 2006.

[8] T. Halonen, J. Romero, and J. Melero, GSM, GPRS and EDGE Performance: Evolution

Towards 3G/UMTS, John Wiley & Sons, 2003.
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Chapter 3

Radio Access Selection

Strategies in Constrained

Multi-Access/Multi-Service

Wireless Networks

The benefits of jointly managing the combined set of radio resources offered by

heterogeneous networks consisting of several Radio Access Technologies (RATs)

have been profusely studied and assessed in recent years. This notion has been

coined as Common Radio Resource Management (CRRM)1. Nevertheless, most of

the existing work assumes scenarios where all RATs are accessible (provided the

RAT is not at full capacity) to those users demanding a particular service. If this

is so, the obtained benefits become rather optimistic given that we neglect the fact

that the deployed RATs may have different coverage overlapping conditions among

them and that users may not have terminals that support all RATs (i.e. multimode

terminals). In this chapter we extend the Markov framework developed in Chapter

2 in order to capture the effect of having different coverage overlapping conditions

along with the capability of certain terminals to support all or a subset of available

RATs. Probabilistic models are obtained for the characterization of a wide range of

coverage and terminal heterogeneity scenarios. Extensive performance evaluation

is carried out in order to identify those parameters influencing the suitability of a

particular initial RAT selection strategy, that is, to choose the most suitable RAT

at call/session initiation among those accessible. Results indicate that suitable

RAT selection is tightly dependent on: the ratio between the different offered

traffic loads (or service-mix), the contention (if any) for radio resources by different

services in particular RATs, and the identification of access-constrained RATs due

1Sometimes being referred to as Joint RRM (JRRM) or Multiple RRM (MRRM) in the liter-

ature.
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to lack of coverage and/or terminal capability. In this chapter we provide specific

guidelines and rules concerning resource allocation for the utmost utilization of

radio resources, in terms of Erlang capacity, and enhanced perceived quality by the

users, in terms of achievable throughput.

3.1 Constrained RAT Selection: Motivation and

Problem Statement

This chapter addresses the problem of initial RAT selection for the case of having

several RATs with different coverage overlapping conditions over a given area. In

addition, the capability of certain terminals to support all or a subset of available

RATs is also captured. Moreover, the case where specific services are not supported

by particular RATs is also considered.

Initial RAT selection is the CRRM functionality that has attracted a major atten-

tion from the research community in recent years (see e.g. survey [1] and references

therein). Despite this effort, and to the author’s best knowledge, the majority of

existing works assume that, upon a service request at session initiation, all available

RATs are eligible candidates for the RAT selection procedure [2–9]. Hence, dis-

regarding the fact that different coverage overlapping conditions may exist among

the RATs forming the heterogeneous network. In general, the spatial deployment

of Base Station (BS) sites and/or Access Points (APs) corresponding to different

RATs usually result in inhomogeneous and different coverage areas with diverse

overlapping coverage settings among the RATs. Even in the case of co-located

deployments, i.e. with BSs and APs sharing the same spatial location, coverage

ranges of different RATs usually differ from each other thus leading to coverage

unavailability regions. The term coverage as used in this chapter will define the

ability of a particular RAT to provide access to its resources which can indistinctly

refer to the spatial coverage range and/or the BS/AP deployment ability to ”cover”

a set of users. Then, in the case of homogeneous spatial user distribution the prob-

ability that a given user is ”covered” by a specific RAT is merely dependent on the

coverage area sizes. Conversely, non-homogeneous spatial user distributions in the

form of hot-spots, or high-density populated areas may cause particular coverage

regions to be more populated depending on the specific BS/AP deployments.

On the other hand, it is commonly assumed in related literature, see e.g. [2–8], that

all users are provided with multimode terminals, as opposed to singlemode termi-

nals, thus being able to establish communication through any available RAT, pro-

vided suitable coverage conditions apply. Along with the deployment and roll-out

68



3.1. Constrained RAT Selection: Motivation and Problem Statement

of new RATs, terminal capabilities are accordingly increased providing enhanced

connectivity, capabilities and compliancy with these new emerging RATs. In addi-

tion, users owning multimode terminals may have the opportunity to choose their

preferred RAT for particular services and even prevent from using particular RATs.

For example, terminals which allow energy-saving third party applications to be

used such that voice calls are preferably directed to 2G instead of 3G according to

the power consumption. In addition, in WLAN-capable devices, users may prefer

this RAT as opposed to 3G since the cost-per-Mbyte is usually lower (or even free of

cost), hence disabling 3G access for data services. Whether hardware-constrained

or user-constrained, coexistence of limited-access terminals with multi-mode ter-

minals entails new challenges so as to efficiently manage the coordinated set of

resources offered by all RATs and, therefore, must not be disregarded.

Finally, the capability of existing RATs in providing specific services in a given

area is also a major concern for the RAT selection procedure. In this case, we deal

with the problem that some RATs may not be able to handle particular service

types, such as the case of video-streaming in a GSM network. Hence, the compliant

service types handled by each RAT in the heterogeneous network may influence the

suitability of a particular RAT selection procedure according to the offered traffic

load of each service as we will see later on. In addition, cases where RATs handle

one single service type whereas other RATs share their resources among various

services will be also addressed in this chapter.

Bearing in mind the above, ubiquitous coverage and multimode terminal availabil-

ity along with full service-RAT compatibility may cause optimistic considerations

on the obtained gains through CRRM given they disregard limitations in access.

These limitations will pose constraints to the problem of RAT selection in hetero-

geneous networks and will lead to a degraded network operation.

3.1.1 Related Work and Main Contributions of the Chapter

The interest of the Third Generation Partnership Project (3GPP) standardization

body in heterogeneous networks was initiated by the identification of some CRRM

architectures and procedures for integrated GSM/EDGE and UMTS networks in

[10, 11]. Few works address the problem of terminal heterogeneity along with ra-

dio coverage conditions, and even fewer in an analytical form. Among the related

work, in [9], Lincke identifies the degradation introduced by the limited operation

of single-mode terminals on several traffic overflowing rules among RATs. In par-

ticular, this Chapter considers three services, namely 2G-speech, 3G-speech and
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3G-data and a single allocation principle: direct 3G-speech to 2G first in order to

free resources in 3G for 3G-data services. If 2G is at full capacity, overflowing of

3G-speech users with dual-mode terminal capabilities towards 3G is carried out so

as to free resources for 2G capable single-mode terminals. Several overflow-return

principles are examined. Similarly, work by Falowo in [12] also addresses the iden-

tical problem using the same Erlangian approach. In this case, as in [9], offered

traffic loads into each RAT is known a-priori, therefore disregarding the impact

of RAT selection policies and allocation principles. In [13], multi-mode terminal

heterogeneity in heterogeneous networks is evaluated (under simulation analysis)

proposing a traffic-aware adaptive resource reservation scheme based to account for

both single-mode and dual-mode terminal users. As in [9, 12], the study is limited

to a particular scenario and no generalization is provided. Moreover, [9, 12, 13]

assume perfect coverage of all RATs over the area of interest.

This chapter departs from a developed Markov model in Chapter 2 in order to

evaluate the resource allocation of different services into a number of RATs. The

main contributions of this chapter, which differentiates it from previous studies

[9, 12, 13], are listed hereafter:

• Extend the work in Chapter 2 to generalize the number of supported services

and RATs.

• Service-RAT compatibility characterizing RATs that do not uphold particular

services.

• Definition of a probabilistic coverage model enabling the characterization of

any overlapping coverage situation among the considered RATs.

• Definition of a probabilistic model capturing the availability of multi-mode

terminals which support all or a subset of available RATs.

• Describe a number of heuristic RAT selection policies which fall into two

categories: service-based selection and load balancing selection. Hence, we

account for several allocation principles as opposed to only one in [9, 12].

• Identify the main parameters that influence the performance of the proposed

RAT selection policies, mainly: the ratio between offered voice and data

traffic (or service-mix), the constrained access for each service request, and

the effect of resource-contention between different services.

• Provide guiding principles and rules for the suitable allocation of voice and

data services in the considered multi-access network. In this sense, we aim

at maximizing Erlang capacity and throughput.
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Summarizing, this chapter addresses the effect of access impairments in the form of

coverage, multi-mode terminal availability and RAT-service compliance in a hetero-

geneous network scenario along with an efficient implementation of RAT selection

procedures taking into account the aforementioned limitations.

The rest of the chapter is outlined as follows. In Section 3.2, the Markov frame-

work modeling the allocation of multiple services on multiple RATs is defined.

Subsequently, Section 3.3 addresses the probabilistic coverage and terminal het-

erogeneity models used in this chapter. Section 3.4 deals with the definition of

RAT selection policies within the Markov model subject to coverage and/or ter-

minal constraints. The model is particularized for the allocation of voice and data

services in a GSM/UMTS/WLAN heterogeneous network in Section 3.5. Next, in

Section 3.6, scenario and input parameters are defined along with the definition of

relevant performance metrics. Numerical evaluation of the proposed framework is

carried out in Section 3.7. Finally, Section 3.8 concludes the chapter with some

final remarks and future paths.

3.2 A General Framework for Multi-Service Allo-

cation in Multi-Access Networks

In the following subsections, the definition of a Markov framework that models

the allocation of multiple services in multi-access networks is presented. The al-

location model departs from the one in Chapter 2 where, in addition, we have

included a higher degree of generality (in terms of number of supported RATs and

services) and also service-RAT compatibility issues, thus offering a wider range

of applicability. Essentially, any Markov model formulation problem involves the

identification of the state space followed by the definition of the state transition

rates, which specify the allocation of each service into each RAT, and, finally, the

steady state balance equations. Before proceeding with the aforesaid steps, some

preliminary definitions and notations are required along with the considered model

assumptions.

3.2.1 Notation, preliminary definitions and model assump-

tions

Consider a heterogeneous network consisting of K RATs given by the set K =

{r1, r2, ..., rk, ..., rK}. A number of J different service classes J ={s1, s2, ..., sj , ..., sJ}
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are available to users2. Each RAT supports either all or a subset of the J traffic

classes. So as to account for RATs that do not uphold particular traffic classes,

a service-RAT compatibility matrix, B= [bkj ] ∈ Z
K×J , can be defined with ele-

ments bkj = 1 if RAT k ∈ {1, 2, . . . ,K} supports traffic type j ∈ {1, 2, . . . , J} and

bkj = 0 otherwise. According to B, the number of supported services by a given

RAT k, Jk, is Jk=
∑J
j=1 bkj . Moreover, the number of RATs that support a spe-

cific service j, Kj , is given by Kj =
∑K
k=1 bkj . Then, the Markov state dimension

that accounts for the allocation of each supported service into each RAT is given

by M =
∑K

k=1 Jk =
∑J

j=1Kj. For convenience, the set of supported RAT-service

indices I={(k, j) : bk,j=1} is defined, where the cardinality of I is |I|=M .

We may now define the row vector

Nk = [Nk,j ](k,j)∈I ∈ Z
1×Jk , (3.1)

indicating the number of allocated service type j users in RAT k. Notice that we

consider only those supported services in RAT k by imposing (k, j) ∈ I.

Taking into account the number of available RATs, the number of allocated users

of each supported service in each RAT may be written as a row vector

N = [N1,N2, . . . ,Nk, . . . ,NK ] ∈ Z
M , (3.2)

with elements Nk given in (3.1), and where N will be the M -dimensional index

that uniquely identifies each state, hereon denoted as SN, in the Markov chain

model. Note that for the specific case of two RATs and two services with full

support depicted in Chapter 2, the state index was simply (i, j, k, l).

As for traffic models, similar to Chapter 2, there is the need to define the char-

acteristics of both arrival and departure processes. For the call/session arrival

process of a particular service type j, it can be safely assumed, and widely used in

the literature, that this process follows a Poisson distribution. As for the depar-

ture process of a particular service type j, which relates to the call/session holding

time, some studies show that exponential call holding time distribution assumption

is reasonable [14, 16], while others advocate for gamma and lognormal distributions

[17]. Since the focus of this chapter is the evaluation of RAT selection schemes and

the analytical model of coverage and terminal limitations, rather than the traffic

model itself, the exponential distribution assumption is considered since it makes

the Markov model more tractable. Identical approach has been extensively used

by [18–21]. The reader is also referred to Chapter 2 (in particular to Figs. 2.3, 2.4

2In the following, and unless otherwise stated, numerical indices k and j will refer to particular

RAT and service respectively.
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and 2.5 in Section 2.6.1) where the Markov model was compared against a system

level simulator considering both exponential and lognormal distributions revealing

that, for the purpose of RAT selection evaluation and comparison, the exponential

assumption suitably fulfills our needs.

We are interested in determining the impact of a particular initial RAT selection

scheme when non-ideal coverage and terminal availability conditions apply along

with RAT-service compliance issues. Then, as motivated in Section 1.3, it will be

assumed that a user initially assigned to a particular RAT will remain in the same

RAT throughout the duration of the call/session. Hence, no inter-RAT handover

(i.e. VHO) will be considered in our model. Although considering VHO capabilities

would be certainly interesting in order to capture the whole dynamics of the system

it would however obscure the purpose of our study by hiding the effect of initial RAT

selection. This interest is motivated by the importance of efficiently designing the

initial RAT selection procedure as a first step in the realization of the ABC concept

[22]. In addition, perfect link conditions will be assumed, thus no disruptions due

to link quality failures will be considered.

3.2.2 Defining the Markov state space

Assuming that the capacity of a particular RAT k, defined as the maximum al-

lowable number of users of each service type it may handle, is upper-bounded; a

finite number of states SN arises. The limit on the number of states is set by RAT-

specific Call Admission Control (CAC) procedures that determine the maximum

number of users this RAT may admit in order to guarantee some minimum QoS

requirements. In terms of the number of states, we define the set of feasible states

in RAT k, Sk, as

Sk = {SN : 0 ≤ fkNk
≤ 1}, (3.3)

where fkNk
is the feasibility condition which accounts for the CAC procedures in

RAT k by determining if a given state SN is feasible in RAT k provided fkNk

lays between 0 and 1. In addition, a state SN is said to be feasible if it satisfies

SN ∈ S with S =
⋂K
k=1 S

k, i.e. if it is feasible in all RATs. Note that (3.3) is the

generalization of (2.2) in Chapter 2.

3.2.3 State transition rates and RAT selection policies

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
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service departure rates µ = [µ1, µ2, . . . , µj , . . . , µJ ], where λj indicates the arrival

rate of the j-th service type and µj indicates the departure rate of the j-th service.

As mentioned in section 3.2.1, it is assumed that rates λj and µj are Poisson and

exponentially distributed respectively. Moreover, service rates µj will not depend

on the allocated bit-rate in a given specific RAT, thus assuming that a user type

will remain, on average, 1/µj seconds in the selected RAT. Provided not all services

may be supported by all RATs, recall from section 3.2.1, the supported arrival rates

into RAT k, λk, can be defined as the row vector

λk = [λk,j ](k,j)∈I ∈ R
1×Jk , (3.4)

with λk,j the arrival rate of the j-th supported service type in RAT k. Note that

λk is a subset of elements in λ determined by compatibility matrix B.

As stated in Section 3.1, the initial RAT selection procedure is responsible of allo-

cating users, upon call/session establishment, to the most appropriate RAT accord-

ing to some predetermined criteria. In the Markov model, this notion translates

into the definition of specific traffic allocation policies which determine the fraction

of traffic arrival rates into each available RAT. This means that a particular traffic

allocation policy, denoted generically as π, will govern the transition arrival rates

into each state in the state space. Then, for each state SN ∈ S, a traffic alloca-

tion policy π determines the specific transition arrival rates λπ(N,k,j), indicating the

transition arrival rate of service j into RAT k, with (k, j) ∈ I.

Specifically, a particular policy π may be implemented by means of policy actions

Θπ(N,k,j) ∈ [0, 1] determining the fraction of supported traffic j into RAT k in state

SN:

λπ(N,k,j) = Θπ(N,k,j)λk,j . (3.5)

Note that (3.5) evokes the splitting property of the Poisson process λk,j , which, by

considering Θπ(N,k,j) ∈ [0, 1], ensures that λπ(N,k,j) also follows a Poisson distribution

(see e.g. [23]).

3.2.4 Steady State Balance Equations (SSBEs)

In equilibrium, the SSBE in SN ∈ S results from equaling the inflow rate to the

outflow rate [24], i.e.

PN

[

∑

(k,j)∈I

λk,jΘ
π
(N,k,j)δ(N+ak,j) +Nk,jµjδ(N−ak,j)

]

=

∑

(k,j)∈I

λk,jΘ
π
(N−ak,j,k,j)

P(N−ak,j)δ(N−ak,j)+(Nk,j + 1)µjP(N+ak,j)δ(N+ak,j)

,

(3.6)
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where PN is the state SN probability, and ak,j ∈ Z
M
+ is a row vector containing all

zeroes except for the j-th supported service in RAT k element which equals to 1.

In addition, δN is an indicator function ensuring that non-feasible states are not

considered, i.e. δN = 1 if SN ∈ S and δN = 0 otherwise.

Once the SSBEs are determined for all states SN ∈ S, the resulting system of

equations given by the SSBEs plus the normalization constraint
∑

SN∈S PN = 1

should be solved in order to obtain the steady state probabilities PN. In this

chapter, the steady state probabilities (PN) are obtained using the iterative power

method (refer to [23] for further details).

3.3 Coverage and Terminal Models

This section presents the corresponding probabilistic models accounting for cov-

erage and terminal heterogeneity scenarios. Later, both models are merged into

the RAT-service eligibility concept which captures joint effects and constitutes a

key element in the RAT selection procedure defined in Section 3.4 consequently

affecting the resource allocation model given in Section 3.2. Note that the RAT-

service compatibility issue has already been captured by compatibility matrix B

defined in Section 3.2.1. We therefore implicitly consider in the remainder that the

RAT-service pair (k, j) is compatible, i.e. (k, j) ∈ I.

3.3.1 Probabilistic multimode terminal availability model

Consider the total set of existing terminal types associated to a particular service

j, denoted as T , can be partitioned into N=2K mutually exclusive terminal types,

denoted by Ti,j with i∈{0, 1, ..., N − 1}. Each terminal type Ti,j supports a subset

of K available RATs. For convenience, we define a 2K×K matrix T containing all

possible terminal support combinations where elements t(i,k)=1 in T indicate that

terminal type Ti,j supports RAT k and t(i,k) = 0 otherwise. Each terminal type

Ti,j is associated with a known probability Υi,j=Pr{Ti,j} which can be obtained,

e.g., through detailed market studies on the availability of each of the terminal

types in a specified location. In addition, Table 3.1 shows the multimode terminal

availability scenario formulation for the case of K= 3RATs (i.e r1, r2 and r3) and

where the notation Υi,j=Pt,j{
⋂K
k=0 xk}, with xk∈{rk, r̄k}, indicates the probability

that RATs rk are supported and RATs r̄k are not supported by the terminal with
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Table 3.1: Multimode terminal availability scenario example with K = 3 RATs, thus N = 2K = 8.

Type Matrix T (t(i,k)) Description Probability

(Ti,j) r1 r2 r3 Υi,j = Pr{Ti}

T0,j 0 0 0 No RAT supported Υ0,j = Pt,j{r̄1 ∩ r̄2 ∩ r̄3}

T1,j 1 0 0 r1 terminal only Υ1,j = Pt,j{r1 ∩ r̄2 ∩ r̄3}

T2,j 0 1 0 r2 terminal only Υ2,j = Pt,j{r̄1 ∩ r2 ∩ r̄3}

T3,j 1 1 0 r1, r2 terminal only Υ3,j = Pt,j{r1 ∩ r2 ∩ r̄3}

T4,j 0 0 1 r3 terminal only Υ4,j = Pt,j{r̄1 ∩ r̄2 ∩ r3}

T5,j 1 0 1 r1, r3 terminal only Υ5,j = Pt,j{r1 ∩ r̄2 ∩ r3}

T6,j 0 1 1 r2, r3 terminal only Υ6,j = Pt,j{r̄1 ∩ r2 ∩ r3}

T7,j 1 1 1 r1, r2, r3 terminal Υ7,j = Pt,j{r1 ∩ r2 ∩ r3}

requesting service j. For example, Υ3,j = Pt,j{r1 ∩ r2 ∩ r̄3} is the probability that

user uj’s terminal supports RATs r1 and r2 but not r3.

In addition, the probability associated to particular terminal characteristics can

be computed regarding the probabilities Υi,j , such as, e.g., the probability that a

user (uj) terminal supports RAT rk, Pt,j{rk}, or the probability that a particular

terminal supports RAT rk but not RAT rk′ , Pt,j{rk ∩ r̄k′}, etc.

It is worthwhile noting that the probability of a particular user’s terminal of sup-

porting a specific RAT rk, Pt,j{rk}, depends on the demanding service type j.

Indeed, a service type user uj must have a terminal that supports, at least, one

RAT capable of offering such service j (e.g. a user with a GSM-only terminal will

not attempt to establish a video-call).

3.3.2 Probabilistic coverage availability model

For the coverage model, a similar approach to the multimode availability case is

adopted. Assume we can partition the whole area of interest A into N = 2K

mutually exclusive areas denoted by Ai with i∈ {0, 1, ..., N − 1} (i.e. a complete

space tessellation). Similar to the terminal availability case in Section 3.3.1, we

define a 2K×K matrix A containing all possible coverage overlapping combinations

where elements a(i,k) =1 in A indicate that a user in area Ai is covered by RAT

k and a(i,k) = 0 otherwise. Each area Ai is associated to a known probability

Ψi = Pr{Ai}, which captures not only the probability that a given user is in a

particular area (spatial location) but also the ability of a given RAT to cover a

user (i.e. efficient coverage planning) and that such user is covered during the
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Table 3.2: Coverage availability scenario example with K = 3 RATs (N = 2K = 8).

Coverage event Matrix A (a(i,k)) Description Probability
(Ai) r1 r2 r3 Ψi = Pr{Ai}
A0 0 0 0 No coverage at all Ψ0 = Pc{r̄1 ∩ r̄2 ∩ r̄3}
A1 1 0 0 r1 coverage only Ψ1 = Pc{r1 ∩ r̄2 ∩ r̄3}
A2 0 1 0 r2 coverage only Ψ2 = Pc{r̄1 ∩ r2 ∩ r̄3}
A3 1 1 0 r1, r2 coverage only Ψ3 = Pc{r1 ∩ r2 ∩ r̄3}
A4 0 0 1 r3 coverage only Ψ4 = Pc{r̄1 ∩ r̄2 ∩ r3}
A5 1 0 1 r1, r3 coverage only Ψ5 = Pc{r1 ∩ r̄2 ∩ r3}
A6 0 1 1 r2, r3 coverage only Ψ6 = Pc{r̄1 ∩ r2 ∩ r3}
A7 1 1 1 r1, r2, r3 coverage Ψ7 = Pc{r1 ∩ r2 ∩ r3}

call/session lifetime. As in the previous section, this probability Ψi constitutes an

input to our model and could be retrieved in practice through detailed coverage

and user spatial distribution studies. Moreover, Table 3.2 shows the coverage

scenario formulation for K = 3 RATs (r1, r2 and r3) and where the notation

Ψi = Pc{
⋂N−1
i=0 y}, with y ∈ {rk, r̄k}, indicates the probability that RATs rk are

covered and RATs r̄k are not covered. For example, Ψ5 = Pc{r1∩ r̄2 ∩r3} is the

probability that a user is covered by RATs r1 and r3 but not by r2.

Accordingly, the probability associated to specific coverage situations can be com-

puted considering those probabilities given by Ψi, such as, e.g., the probability that

RAT rk covers a user, Pc{rk}, or the probability that a particular user is covered

by RAT rk but not by RAT rk′ , Pc{rk∩r̄k′} , etc.

Note that it has been considered that coverage conditions are independent of the

requesting service-type, thus the coverage probability of a specific RAT, Pc{rk},

does not depend on j. However, considering different spatial distributions for each

service could be easily adopted in the model and would follow a similar approach

as for the terminal probability case described in Section 3.3.1.

3.3.3 RAT-service eligibility

For a particular RAT rk to be eligible by a given user uj (i.e. requesting service j)

during a RAT selection process, coverage conditions and terminal characteristics

must allow such selection. Then, the probability that a specific RAT rk is eligible

for a given user uj is the probability, Pe,j{rk} (henceforth the eligibility probabil-

ity), that: 1) RAT rk supports service j, i.e. (k, j) ∈ I; 2) user uj has terminal

capabilities to uphold RAT rk and; 3) RAT rk provides coverage to user uj during

its call/session, i.e.

Pe,j{rk} = Pt,j{rk} · Pc{rk}, (3.7)
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where Pt,j{rk} is the probability that user uj ’s terminal supports RAT rk (which

implicitly means that RAT rk supports service j, see Section 3.3.1); and Pc{rk}

the probability that this user is covered by RAT rk (see Section 3.3.2). Note in

(3.7) that coverage and terminal processes follow independent distributions.

Similarly we may be interested, as reflected in Section 3.4, in computing the joint

eligibility probability of events such as Pe,j{rm∩ r̄n}, i.e. the probability that RAT

rm is eligible but not rn. For example, to compute the probability Pe,j{r1 ∩ r̄2},

we explore all possible combinations of coverage and terminal events causing RAT

r1 to be eligible but not RAT r2, yielding

Pe,j{r1 ∩ r̄2} = (Υ1,j +Υ3,j +Υ5,j +Υ7,j) · (Ψ1 +Ψ5) + (Υ1,j +Υ5,j) · (Ψ3 +Ψ7).

Summarizing, (3.7) allows capturing in a single parameter, the eligibility proba-

bility Pe,j{rk}, the effect of terminal availability, coverage-related issues and the

capability of certain RATs to support specific services, which allows us to easily

represent and evaluate a wide variety of scenarios.

3.4 RAT Selection under Coverage andMultimode

Terminal Availability Constraints

Considering the Markov framework in Section 3.2, and for the broad case of having

K RATs, K = {r1, r2, ..., rk, ..., rK}, it is assumed that the RAT selection procedure

over a given user, uj , demanding service type j in state SN ∈ S prioritizes the

candidate RATs according to the ordered set

Rπ
N,j = {r∗1 , r

∗
2 , . . . r

∗
i . . . r

∗
Kj

}, (3.8)

where r∗1 is the RAT with highest priority and r∗Kj
is the RAT with lowest priority,

with r∗i ∈ K for i = {1, 2, 3 . . .Kj}. Note that the set of candidate RATs given by

(3.8) are those RATs that support service j, thus containing Kj elements, with Kj

the number of RATs that support a specific service j (see Section 3.2.1). In the

eventual, but not unusual, case of two or more RATs with the same priority, random

selection will be performed among those RATs so as to enforce strict priority order

in set Rπ
N,j .

Assuming that a RAT selection policy π in state SN ∈ S prioritizes the RATs

according to the set Rπ
N,j in (3.8), the goal is to determine the fraction of sup-

ported traffic j into each RAT k, λπ(N,k,j), as defined in (3.5). These expressions
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will be affected by the eligibility of particular RATs according to coverage and

terminal availability models given in Section 3.3. For representation purposes, let

the Boolean Cj,k indicate that free resources for service j in RAT k are available,

and C̄j,k otherwise. Moreover, consider the function k = hi which returns the index

k of the i-th prioritized RAT (r∗i ) in set Rπ
N,j .

Then, for the case of the RAT with highest priority, k = h1, we have expression

λπ(N,h1,j)
= Θπ(N,h1,j)

· λh1,j =

{

λh1,j · Pe,j{rh1}, if Cj,h1

0, otherwise
, (3.9)

where it states that service j will be allocated to r∗1 (i.e the preferred option)

provided r∗1 has enough capacity to admit this user and that r∗1 is eligible (i.e.

terminal supports RAT r∗1 and it is covered by RAT r∗1 . Otherwise, the arrival rate

of service j into RAT r∗1 is zero.

For the case of the second preferred RAT, r∗2 , the fraction of traffic j into k = h2
yields

λπ(N,h2,j)
= Θπ(N,h2,j)

· λh2,j =















λh2,j · Pe,j{r̄h1 ∩ rh1}, if Cj,h1 ∧ Cj,h2

λh2,j · Pe,j{rh2}, if C̄j,h1 ∧ Cj,h2

0, otherwise

. (3.10)

The first case in (3.10) states that, provided enough capacity is left in r∗1 and r∗2 for

service j, traffic will be allocated to r∗2 (i.e. the second preferred option) if RAT

r∗1 is not eligible (i.e. preferred option not eligible) whereas r∗2 is. The second case

in (3.10) states that, if no capacity is left for allocating service j in r∗1 , this service

will be allocated in r∗2 provided it has enough capacity and is eligible.

A similar reasoning to that of (3.9,3.10) would follow for the definition of λπ(N,hi,j)

with i = {3, 4, ...,Kj}.

3.5 Case Study: Voice and Data Services in a

GSM/UMTS/WLAN Deployment Scenario

In order to assess and evaluate the proposed model we consider a practical case

study in which J=2 services, generic voice and data, request to be allocated in a
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heterogeneous network scenario comprising K=3 deployed RATs, namely: GSM,

UMTS and WLAN. Although a higher number of services and RATs could be

considered and supported by the proposed model, in practice, this would difficult

the interpretation of the results while not adding substantial value to the model

evaluation itself. The adopted RATs for this case study have been chosen based on

their widespread use and deployment ubiquity; however, other RAT representatives

or enhancements to those considered here (e.g. GPRS/EDGE, WIMAX, HSPA,

LTE, etc.) could be easily adopted instead. For example, to account for HSDPA,

expressions in [25] could be adopted into our state feasibility model. Similarly,

[26] presents analogue expressions for OFDMA schemes such as those employed

by WIMAX and LTE. In addition, GPRS/EDGE characterization into a similar

model was already captured by the authors in [14].

Coverage and multi-mode terminal availability will be modeled according to what

described in Sections 3.3.1 and 3.3.2. In the following subsections, the resulting

state space that arises from considering the abovementioned RATs are defined

along with the formulation of the RAT selection procedures which affect the state

transition rates as specified in Section 3.4. In the analysis below, a simplified

terminology is used to ease tractability and understanding: let v and d represent

voice and data indexes, along with g, u and w representing GSM, UMTS and

WLAN indexes respectively.

3.5.1 State space Definition

It is considered that GSM has the capability of supporting only voice services, while

UMTS may uphold both voice and data traffic; and finally, WLAN is capable of

supporting only data traffic. In this specific case, the compatibility matrix B

defined in Section 3.2.1 is given by:

B =

[

bgv bgd
buv bud
bwv bwd

]

=

[

1 0
1 1
0 1

]

, (3.11)

from which we deduce that the Markov state dimension in this particular case study

is M = 4, and that the vector that uniquely defines a state can be expressed as

N = [Ng,Nu,Nw] = [Ng,v, Nu,v, Nu,d, Nw,d], (3.12)

indicating the number of users of each supported service type into each RAT.

Additionally, indicator vector ak,j ∈ Z
M generically defined in Section 3.2.4, yields

in this case

ag,v = [1, 0, 0, 0], au,v = [0, 1, 0, 0], au,d = [0, 0, 1, 0], aw,d = [0, 0, 0, 1]. (3.13)
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Then, the state space results from applying specific CAC procedures in each RAT

in order to determine the maximum number of allowable users of each type in each

RAT, i.e. the user capacity, as described in the following subsections. Given the

focus is on the evaluation of RAT selection policies in access-constrained scenar-

ios, and not on providing accurate capacity models for GSM, UMTS and WLAN,

simple state feasibility models are presented for the considered RATs. It is also

assumed the uplink direction regarding user capacity, which was also considered

in 2. Nonetheless, more elaborate and accurate models could be considered, if

desired, and easily adopted into our framework. In this sense, Chapter 4 assumes

both uplink and downlink directions in a similar framework.

It is assumed, as e.g. in [3, 5, 14], that the per-RAT feasibility condition, fkNk
,

follows a common structure given, in general terms, by

fkNk
=
∑

(k,j)∈I
Nk,j ·∆γk,j , (3.14)

i.e the feasibility condition is a summative contribution of the number of admitted

users of each supported service (Nk,j) times the radio resource consumption of such

service (∆γk,j) in RAT k. Note also that the quantity 1/∆γk,j defines the maximum

number of users of a particular service type j allowed in RAT k. The radio resource

consumption (henceforth, RC), as shown later on, will be of particular interest when

analyzing the performance of different RAT selection policies in several access-

limited scenarios.

Next, feasibility conditions in GSM, UMTS and WLAN are derived in order to

obtain, first, the set of feasible states in each RAT and, second, the total set of

feasible states in the heterogeneous network.

3.5.1.1 GSM state feasibility

In Time Division Multiple Access (TDMA) systems, such as GSM, a total amount

of C channels (or timeslots, TSLs) are shared among users within a time frame. A

voice user is assumed to occupy a whole TSL throughout the call duration. Hence,

the RC of a voice user in GSM is

∆γg,v = 1/C, (3.15)

and the feasible state space in GSM yields

Sg = {SN : 0 ≤ Ng,v ·∆γg,v ≤ 1}. (3.16)
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3.5.1.2 UMTS state feasibility

In systems based on Wideband Code Division Multiple Access (WCDMA), such

as UMTS, the maximum number of users it may admit, given by vector Nu, can

be computed imposing that the uplink load factor, η(Nu), should be kept below a

given threshold ηmax [27]:

η(Nu) = (1 + f)·
(

∑

j∈{v,d}

αjNu,j [W/(Rjθj) + 1]
−1
)

≤ ηmax, (3.17)

where αv (αd) is the voice (data) activity factor, Rv (Rd) is the allocated bit-

rate for voice (data) users, θv (θd) is the target bit-energy-to-noise ratio for voice

(data) users, W is the chip-rate, and f is the average uplink inter-cell-to-intra-cell

interference. Moreover, in (3.17) the common assumption, see Chapter 2, that

all users of a particular service demand the same bit-rate and target bit-energy-

to-noise ratios has been considered. In addition, users transmit on a dedicated

channel (DCH) with fixed allocated bit-rate. Note in (3.17) that, as opposed to

what considered in Chapter 2, we take into account the inter-cell interference (f)

and the activity factor (αj).

From (3.17) we identify the RC in UMTS as

∆γu,j = (1 + f) · αj [ηmax (W/(θj · Rj))]
−1 , (3.18)

where index j ∈ {v, d} accounts for voice and data services respectively, and the

state space for UMTS can be written as

Su = {SN : 0 ≤ Nu,v ·∆γu,v +Nu,d ·∆γu,d ≤ 1}. (3.19)

3.5.1.3 WLAN state feasibility

In order to account for the maximum allowable number of data users in WLAN,

Nmax
w,d , and hence for the set of feasible states, we impose some minimum through-

put-per-user requirements to be met for admitted users. In this sense, we make use

of some expressions provided in [28] [see equation (8) therein and related] to com-

pute the throughput-per-user for a particular traffic class. From [28], the maximum

number of simultaneously transmitting users, nmax
w,d , can be computed such that a

minimum throughput-per-data-user, denoted by Rmin
w,d , is met. In addition, assum-

ing admitted data users exhibit an activity factor given by αd, and are therefore
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not constantly transmitting, the maximum number of admitted users in WLAN,

Nmax
w,d , can be computed as

Nmax
w,d =

⌊

nmaxw,d /αd
⌋

, (3.20)

where ⌊x⌋ indicates the lowest closest integer to x.

Consequently, the RC of data service in WLAN is

∆γw,d = 1/Nmax
w,d (3.21)

and the feasible state space in WLAN is given by

Sw = {SN : 0 ≤ Nw,d ·∆γw,d ≤ 1}. (3.22)

3.5.1.4 Global state feasibility

Finally, once the feasibility conditions in each RAT are defined, the global Markov

state feasibility space, S, yields

S = {N : Ng ∈ Sg,Nu ∈ Su,Nw ∈ Sw}, (3.23)

whith sets Sg, Su and Sw given by (3.16), (3.19) and (3.22).

3.5.2 RAT Selection Formulation

RAT selection policies may consider a number of different criteria in order to de-

termine the most appropriate RAT for a specific user at a given time: requesting

service, path-loss conditions, resource-consumption, etc., see e.g. [3, 7–9]. Without

loss of generality, we present here some representative policies in order to evalu-

ate the RAT selection process when non-ideal coverage and multi-mode terminal

availability conditions are assumed. These policies are mainly based and inspired

on those previously introduced in Chapter 2. In the following, a brief description

is provided.
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3.5.2.1 Service-Based (SB) RAT Selection Policy

Based on the requesting service type, in our case study voice or data, several

RAT selection policies can be defined. Following the notation given by (3.8), Ta-

ble 3.3 shows the possible allocation principles for voice and data services in the

GSM/UMTS/WLAN combined network. Since voice service is only supported by

GSM and UMTS, and data service is supported solely by UMTS and WLAN,

the priority set given by (3.8) for each service will have a cardinality of 2, i.e.

Rπ
N,j = {r∗1 , r

∗
2} . Hence, if the highest priority RAT (r∗1) cannot allocate the

requesting service due to non available capacity, the lowest priority RAT (r∗2) is

selected to attempt admission.
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Table 3.3: Service-based RAT selection policies.

Policy Acronym RAT Priority Description

Rπ
N,v = {r∗1 , r

∗
2} Rπ

N,d = {r∗1 , r
∗
2}

Service-Based #1 SB#1 RSB#1
N,v = {g, u} RSB#1

N,d = {w, u} Voice priority to GSM, data priority to WLAN.

Service-Based #2 SB#2 RSB#2
N,v = {u, g} RSB#2

N,d = {u,w} Voice and data priority to UMTS.

Service-Based #3 SB#3 RSB#3
N,v = {g, u} RSB#3

N,d = {u,w} Voice priority to GSM, data priority to UMTS.

Service-Based #4 SB#4 RSB#4
N,v = {u, g} RSB#4

N,d = {w, u} Voice priority to UMTS, data priority to WLAN.

8
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Noteworthy is that resource contention will solely happen in UMTS since this RAT

handles both voice and data services, whereas GSM only handles voice users and

WLAN only handles data users. From this perspective, SB#1 can be regarded as a

late-contention policy since it first directs traffic to the RATs that uniquely handles

that particular service, i.e. voice to GSM and data to WLAN. Conversely, SB#2

is regarded as an early-contention policy in which both services first compete for

resources in UMTS. In the same way, SB#3 can be characterized as a data-greedy

policy since it avoids contention by directing data users to UMTS and voice users

to GSM. In this case, data users make the most of UMTS resources. Conversely,

SB#4 can be regarded as a voice-greedy policy by actuating in the opposite way

as SB#3.

3.5.2.2 Load-Based (LB) RAT Selection Policy

This policy selects the RAT according to the current load levels in each of the

accessible RATs by selecting the RAT that undergoes a minimum load status.

Accordingly, we must define load metrics for each RAT at a given state SN, referred

to as LkN. Noting that the feasibility condition in (3.14) represents the fraction of

consumed resources in a particular RAT, we may simply define the load as

LkN = fkNk
=
∑

(k,j)∈I
Nk,j ·∆γk,j , (3.24)

where the RC of each RAT (∆γk,j) should be conveniently particularized for GSM,

UMTS and WLAN by respectively considering (3.15), (3.18) and (3.21).

Once the load in each RAT has been defined, the LB RAT selection policy (LB for

short) can be defined in terms of the prioritized set given by (3.8) as:

RLB
N,v =

{

argmin
k∈{g,u}

{

LkN+ak,v

}

, argmax
k∈{g,u}

{

LkN+ak,v

}

}

, (3.25)

RLB
N,d =

{

argmin
k∈{u,w}

{

LkN+ak,d

}

, argmax
k∈{u,w}

{

LkN+ak,d

}

}

, (3.26)

for voice and data services respectively, where vectors ak,v and ak,d are given in

(3.13) for k ∈ {g, u, w}. According to (3.25) and (3.26), the selected RAT for a

specific service, voice or data, will be the one that provided the allocation of the

requesting service results in a lower load status. If the RAT exhibiting the lowest

load is at full capacity, and thus the service cannot be accommodated, then the

RAT that undergoes a higher load condition is chosen. Note that the formulation

in (3.25) and (3.26) neglects the case when both target RATs exhibit equal load

in the event of allocating the requesting service. In this eventual case, the selected

RAT would be chosen randomly with equal probability among both candidates.
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3.6 Parameter Settings, Scenario Definitions and

Metrics of Interest

In this section the presented model will be evaluated considering different cover-

age and multimode terminal availability scenarios. The impact of presented RAT

selection policies will be of special interest in order to determine the most suitable

allocation principle in access-constrained scenarios. Preceding this evaluation, the

considered scenarios must be identified and justified.

3.6.1 Access-Impaired Scenario Definitions

According to the eligibility probability of a specific RAT k for a given service j,

Pe,j{rk}, presented in (3.7), several scenarios can be characterized according to its

component coverage and multimode terminal availability probabilities, Pc{rk} and

Pt,j{rk} respectively, as defined in the following.

3.6.1.1 Coverage Availability Scenario Definitions

In this case, assuming all users with multimode terminals (i.e. Pt,j{rk}=1∀k, j),

coverage conditions are indicated by probability Pc{rk} defined in Section 3.3.2

through the values of Ψi for k ∈ {g, u, w}. Accordingly, Table 3.4 contains the

definition of three representative Coverage Scenarios (CS), namely CS1, CS2 and

CS3. These scenarios mainly differ in the ability of WLAN to provide coverage

to users. The adopted scenario definitions for CS1, CS2 and CS3 are motivated

considering the adoption of the specified technologies along time, where CS1, CS2

and CS3 can be regarded as the coverage conditions in three different and consec-

utive time-epochs. Therefore, we have assumed the case where GSM is a widely

adopted technology throughout CS1-CS3, whereas recently adopted technologies

such as WLAN have experienced an increase in coverage. In the case of UMTS,

some slight increase in coverage has also been assumed, although in less proportion

to WLAN.

Although the model supports the definition of more diverse scenarios, the adopted

definition will still allow assessing the model while favoring result interpretation

and discussion.
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Table 3.4: Coverage availability scenarios for numerical evaluation (Zero-probability events not shown).

Coverage event Matrix A (a(i,k)) Description Probability Ψi = Pr{Ai}
(Ai) g u v CS1 CS2 CS3
A1 1 0 0 GSM coverage only 0.2 0.2 0.0
A3 1 1 0 GSM/UMTS coverage 0.6 0.2 0.0
A7 1 1 1 GSM/UMTS/WLAN coverage 0.2 0.6 1.0

Probability that a user is covered by each RAT (Pc{rk} )
Pc{g} 1.0 1.0 1.0
Pc{u} 0.8 0.8 1.0
Pc{w} 0.2 0.6 1.0

Table 3.5: Terminal availability scenarios for numerical evaluation (zero-probability types not shown).

Type Matrix T (t(i,k)) Description Probability Υi,j
(Ti,j) TS1 TS2 TS3

g u v v d v d v/d
T1,j 1 0 0 GSM terminal only 0.3 0.0 0.1 0.0 0.0
T3,j 1 1 0 GSM/UMTS terminal 0.6 0.9 0.5 0.6 0.0
T7,j 1 1 1 GSM/UMTS/WLAN terminal 0.1 0.1 0.4 0.4 1.0

Probability that a terminal supports each RAT (Pt,j{k})
Pt,j{g} 1.0 - 1.0 - 1.0
Pt,j{u} 0.7 1.0 0.9 1.0 1.0
Pt,j{w} - 0.1 - 0.4 1.0

8
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3.6. Parameter Settings, Scenario Definitions and Metrics of Interest

3.6.1.2 Multi-mode Terminal Availability Scenarios

As for the scenarios concerning the availability of multi-mode terminals, the model

presented in Section 3.3.1 enables the definition of a wide range of cases. Following

the same principles as in the coverage scenarios in Section 3.6.1.2, it is assumed a

number of terminal scenarios, namely TS1 to TS3, which refer to successive time-

epochs, as reflected in Table 3.5. Specifically, three terminal types are considered in

our case study: terminals only supporting GSM (type T1,j), terminals supporting

both GSM and UMTS (type T3,j), and, finally, terminals supporting all three RATs

(type T7,j). This choice is motivated by the fact that terminal evolution along

time will adopt the capabilities of newly deployed RATs along with forerunner

technologies (i.e. backward compatibility is assumed). As reflected in Table 3.5,

it is considered the case where type T1,j and T3,j terminal penetration (given by

probability Υi,j) will decrease along time favoring the introduction of multi-mode

terminal type T7,j which experiences an increased penetration. Recall from Section

3.3.1, that terminal probability distribution is given for both voice and data users

separately. Consequently, and bearing in mind that GSM is not able to handle data

users, it is assumed that all voice users are equipped with GSM-capable terminals

(i.e. Pt,v{g} = 1) while all data users are equipped with UMTS-capable terminals

(Pt,d{u} = 1).

3.6.2 Performance Metrics

A wide range of performance metrics can be computed once the steady-state prob-

abilities, PN, have been determined by solving the steady-state balance equations

given in Section 3.2.4. In the following, a set of relevant metrics are presented and

defined which will later be used to evaluate the performance of the proposed model.

For convenience, we define the expectation of x, over the set space S, as:

E [x] =
∑

SN∈S
x · PN. (3.27)

3.6.2.1 Average Number of Served Users (Served Traffic)

The service/user distribution amongst the available RATs will be indicative of

the RAT selection policy operation and, therefore, results of special interest. The

average number of served service-type j users in RAT k (N(j,k)) can be computed

from the steady state probabilities, PN, as [similar to (2.29)]

N(j,k) = E
[

ak,j ·N
T
]

, (3.28)
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where, for the specific case of voice and data services in a GSM/UMTS/WLAN

scenario, N is given by (3.12), with NT the transpose of vector N, and ak,j given

by (3.13) for j ∈ {v, d} and k ∈ {g, u, w}. It also follows that the per-service served

number of users (Nj) is the sum of the average number of users over all RATs that

uphold such service, i.e. [similar to (2.32)]

Nj =
∑

∀k : (k,j)∈I
N(j,k), (3.29)

for j ∈ {v, d} and N(j,k) given in (3.28).

3.6.2.2 Service Unavailability

We are mainly concerned with the problem that a user cannot be served due to the

constraints imposed by non-service support, poor coverage or lack of appropriate

terminal capabilities. A given user demanding a specific service j can be denied

admission in RAT k if: 1) the RAT does not support the specific service; 2) no

free resources are available, in which case we refer to this as blocking; and 3) no

accessible resources are available due to terminal/coverage constraints. In this last

case we will refer to inaccessibility. We may consequently define the following

appropriate probabilities for the blocking and inaccessibility events.

The Service Unavailability (SU) probability, PSU,j , defined as the probability that

a specific service j is denied admission due to blocking and/or inaccessibility, is

defined as

PSU,j = PI,j + (1 − PI,j) · PB,j , (3.30)

with PB,j and PI,j the blocking and inaccessibility probabilities of service j respec-

tively.

The blocking probability of a service j (PB,j) is defined as the probability of being

in those states SN ∈ S in which the addition of single user with service type j

forces a transition to a non-feasible state S′
N /∈ S. Let SB,j be the set of these

blocking states, then the blocking probability of service j is

PB,j =
∑

SN∈SB,j

PN. (3.31)

The SU probability can be computed noting that the served traffic equals the offered

traffic which has not been denied service, i.e. T servedj = Tj(1 − PSU,j). Since the
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served traffic equals the average number of users, i.e. T servedj = Nj, with Nj given

by (3.29), the SU probability yields

PSU,j = 1−Nj/Tj. (3.32)

Then, the inaccessibility probability, PI,j , is computed from (3.30) once PB,j and

PSU,j are obtained with (3.31) and (3.32).

Note that the inaccessibility probability (and hence the SU probability) will largely

depend on both coverage and terminal conditions. In fact, (3.30) indicates that

even though infinite resources could be offered to a service-type j user, uj, and

thus a negligible blocking probability could be achieved, there might be a non-

zero probability that such user cannot access any of its eligible RATs [i.e. those

indicated by in (3.11)]. Then, some lower-bound for the SU probability may appear,

i.e. PSU,j ≥ P ∗
SU,j . While this is true when coverage limitations apply, note

however that when only terminal limitation applies, given users uj necessarily need

to have terminal capabilities for accessing at least one RAT supporting service j,

this lower-bound yields zero. Considering otherwise could imply, for example, that

a particular user requesting a video-call session has a GSM terminal only, which

results unrealistic.

3.6.2.3 Throughput

The average j-service throughput can be expressed as

Γj = E

[

∑

∀k : (k,j)∈I
Γjk(Nk,j)

]

, (3.33)

which reflects the additive contribution of per-service throughputs in each RAT,

Γjk(Nk,j). In turn, this throughput can be defined as the product between the

number of users in each RAT (Nk,j) times the granted bit-rate per user (Rk,j), i.e.

Γjk(Nk,j) = Nk,j ·Rk,j . (3.34)

Note that, whereas voice users in GSM and UMTS along with data users in UMTS

use dedicated channels (DCH), and thus a constant bit-rate is granted, for the case

of WLAN, data throughput depends on the number of admitted users (recall from

Section 3.5.1.3), i.e. Rw,d = Rw,d(Nw,d).
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3.6.2.4 Average Load in each RAT

The average load in each RAT k can be computed from the steady state probabil-

ities PN, as

Lk = E
[

LkN
]

(3.35)

where LkN should be suitably particularized for each RAT.

3.6.2.5 Erlang Capacity

Finally, in order to compare the presented RAT selection policies in coverage/ter-

minal-constrained scenarios we adopt the Erlang Capacity as, e.g. in [6]. The

Erlang capacity defines a region comprised by the set of offered traffic loads of each

service type, i.e. Tv = λv/µv and Td = λd/µd, such that some QoS requirement

is fulfilled. Specifically, it is considered the SU probability, given in (3.32), as the

QoS requirement to be met. Accordingly, the Erlang Capacity Region is given by

E =
{

(Tv, Td) : PSU,v ≤ P ∗
SU,v, PSU,d ≤ P ∗

SU,d

}

, (3.36)

where P ∗
SU,v and P ∗

SU,d are design parameters indicating the maximum allowable

SU probability values for voice and data users respectively. We will refer to the

Erlang Capacity Limit, as the boundary of the Erlang Capacity Region. Fig. 3.1

illustrates the concept of the Erlang capacity region and limit.

In addition, the traffic-mix (or service-mix) is defined as the ratio σ = Tv/(Tv+Td),

with σ ∈ [0, 1], indicating the dominant offered traffic, i.e voice-dominant if σ > 0.5

or data-dominant if σ < 0.5.

3.6.3 Parameter Settings

It is assumed that voice and data traffic exhibit activity factors of αv = 0.8 and

αd=0.4 respectively. For GSM, it is considered that two carriers (with 8 channels

per carrier) are devoted for voice services, therefore yielding C =2× 8− 1 = 15

channels (where one channel is devoted to signaling purposes). Bit-rates of voice

users in GSM are assumed to be Rg,v =12.2 kbps. As for UMTS, we adopt some

representative numerical values given in [29], where the chip-rate is W =3.84Mcps,

voice and data bit-energy-to-noise ratio targets are θv = 7.9dB and θd = 4.5dB

respectively, and granted bit-rates for voice and data users are Ru,v=12.2kbps and
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Figure 3.1: Erlang capacity region and limit. Erlang capacity limit for a particular traffic mix

(σ) is represented with a circle.

Ru,d = 144kbps correspondingly. In addition, the average UL inter-cell-to-intra-

cell interference is assumed to be f = 0.73 and the maximum UL load factor is

ηmax=0.8.

In WLAN, parameters are set so that the minimum achieved data rate per user

is Rminw,d = 1Mbps which causes the maximum number of admitted data users in

WLAN to be Nmax
w,d = 22 (nmax

w,d = 9). Table 3.6 lists the assumed parameters for

numerical evaluation of the WLAN model as described in [28].

With the parameters given above, the RC of each service in each RAT, according

to (3.15), (3.18) and (3.21), yields ∆γg,v = 1/15, ∆γu,v ≈ 1/30, ∆γu,d ≈ 1/12 and

∆γw,d = 1/22.

3.7 Numerical Results

Following subsections present numerical results to evaluate the performance of the

proposed models.
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Table 3.6: Parameters for numerical evaluation of WLAN model [28]. The assumed data service

type corresponds to Best-Effort (BE) traffic (AC0 in IEEE802.11e specifications).

Parameter Value
BE packet payload size 1500 bytes
Average Channel Bit Rate 11 Mbps
Slot Time 9 µs
SIFS 16 µs
Time required to transmit a RTS 15 µs
Time required to transmit a CTS 10 µs
Time required to transmit an ACK 10 µs
Packet propagation delay 1 µs
Time required to transmit a MAC header 10 µs
Time required to transmit a PHY header 48 µs
Minimum contention window for BE traffic 15
Arbitration Interframe Space Number (AIFSN) 2
Maximum backoff stage 6

3.7.1 Initial Model Assessment

Consider policy SB#1 (i.e. voice to GSM and data to WLAN as preferred option)

in a scenario with perfect coverage conditions (i.e. CS3). Fig. 3.2 shows the

service distribution (or carried traffic) in each RAT, i.e. voice users in GSM and

UMTS [Fig. 3.2(a) and Fig. 3.2(b) respectively] along with data users in UMTS

and WLAN [Fig. 3.2(c) and Fig. 3.2(d) resp.]. Provided GSM only handles voice

users, the average served voice traffic in GSM (i.e., the average number of served

voice users in GSM) is insensitive to the offered data traffic load, thus resulting in

the behavior noted in Fig. 3.2(a). Likewise, SB#1 directs data users to WLAN as

a preferred option. In this case, given WLAN does not support voice traffic, the

carried data traffic in WLAN [see Fig. 3.2(d)] is insensitive to the offered voice

traffic. Moreover, as expected, the carried data traffic increases with the offered

data traffic. As for the traffic distribution in UMTS, both voice and data traffic that

cannot be accommodated by GSM and WLAN respectively is directed to UMTS

and thus compete for existing resources in this RAT. Note in Fig. 3.2(b) that the

carried voice traffic in UMTS increases with the offered voice traffic but can be

slightly reduced if the offered data traffic load increases [particularly noticeable for

Tv = 30 Erlangs (E)]. Besides, data served traffic in UMTS [Fig. 3.2(c)] increases

with rising offered data traffic and decreasing offered voice traffic.

3.7.2 Service Blocking vs. Service Unavailability

Fig. 3.3 shows the SU probability [Fig. 3.3(a) and defined in (3.32)] along with the

blocking probability [Fig. 3.3(b), defined in (3.31)] and inaccessibility probability
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Figure 3.2: User distribution in each RAT when policy SB#1 and perfect coverage (CS3) applies.

Legend in (a) applies elsewhere.

[Fig. 3.3(c), computed using (3.30)] for data users when scenarios CS1, CS2 and

CS3 apply. As expected, the SU probability is lower-bounded by the inaccessibility

probability; in this case P ∗
I,d = 0.2 (refer to Table 3.4) for CS1 and CS2 and

P ∗
I,d = 0 for CS3. This means that, regardless of the offered data load, there will

be always some probability that a user cannot access data resources due to lack

of coverage. In addition, provided CS2 implies an increased WLAN coverage with

respect to CS1, lower SU values can be potentially achieved, although in both cases

the inaccessibility probability is the same. As for CS3, since all RATs are accessible,

data SU in this scenario is lower-bounded by zero. Recall from (3.30) that the SU

probability is a contribution of both the blocking probability and the inaccessibility

probability. Then, Fig. 3.3 reveals that CS1 is solely affected by inaccessibility

(with no blocking) whereas CS3 is solely affected by blocking probability (with no

inaccessibility). In-between, CS2 represents a case where both inaccessibility and

blocking [for values of Td ≥ 30E, see Fig. 3.3(b)] affect the SU probability.
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Figure 3.3: Behavior of the (a) service unavailability probability (b) blocking probability and (c)

inaccessibility probability for data users in scenarios CS1, CS2 and CS3 for policy SB#1 and

Tv = 10E. Legend in (b) applies elsewhere.

3.7.3 RAT Selection Comparison with Perfect

Coverage/Terminal Conditions

As a first comparison between the different proposed RAT selection policies we

consider the Erlang Capacity definition in (3.36) such that the target SU proba-

bilities for both voice and data traffic are at most 5%, i.e. P ∗
SU,v = P ∗

SU,d = 0.05.

Accordingly, Fig. 3.4 shows the Erlang capacity for service-based policies SB#1 to

SB#4, along with the LB policy, for traffic-mix values 0 ≤ σ ≤ 1 considering a 0.1

granularity.

According to Fig. 3.4, and regarding that the larger the Erlang Capacity region

the higher the traffic that can be offered while guaranteeing QoS requirements, an

overall improvement of both SB#1 and LB policies with respect to the rest is noted

throughout the whole span of service-mix values.

LB policy intends to balance the loads among the 3 RATs, thus exhibits a higher

flexibility in allocating resources between the RATs that uphold particular services.
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Figure 3.4: Erlang Capacity for the proposed policies with PSU,v ≤ 0.05 and PSU,d ≤ 0.05.

Since UMTS is able to handle both services, this policy prevents overload situations

in UMTS.

For the case of SB#1, this strategy prevents from directing voice and data traffic to

UMTS unless no capacity is available in GSM and WLAN respectively. As shown

in Fig. 3.4, this policy is mainly suitable when the traffic-mix is 0.3 ≤ σ ≤ 0.7, i.e.

no high predominance of voice nor data traffic exists.

Oppositely, SB#2 directs both voice and data traffic to UMTS as a first option,

driving UMTS to a blocking state where it cannot handle further traffic and, hence,

causing an overall degraded operation, i.e. higher SU probability.

Moreover, SB#3, primarily allocating voice users to GSM and data users to UMTS,

exhibits a good performance when the dominant traffic is data, particularly for

σ≤ 0.3. Truly, given both voice and data users compete for UMTS resources,

directing data users to UMTS and voice users to GSM will benefit the allocation of

data traffic. However, if the fraction of voice traffic is increased, σ≥0.3, directing

data users to UMTS will prevent voice users overflowing from GSM to UMTS, and

given no voice traffic is handled by WLAN, will translate into a poorer performance

of SB#3 with respect to the other policies.
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Policy SB#4 behaves opposite with respect to policy SB#3. In this case, voice

traffic is primarily directed to UMTS while data traffic is offered to WLAN. Conse-

quently, in the case of dominant voice traffic, σ≥0.7, it is preferable to direct voice

users to UMTS as a first option, and data users to WLAN. In this way, UMTS

resources can be devoted to voice traffic.

As expected, for the cases where σ = 0 (i.e. Tv = 0E) or σ = 1 (i.e. Td = 0E) all

policies converge to the same Erlang capacity value. This is in fact an expected

result, see e.g. [3], of considering all resources from available RATs as a whole,

which is, on the other hand, the basis of CRRM.

Based on the results in Fig. 3.4 and the subsequent analysis, we may infer the

following allocation guiding principles for the perfect-eligibility case:

(R1) Service-greedy, i.e. either voice-greedy or data-greedy, allocation principle

is desirable when favorable traffic-mix conditions apply. Hence, voice-greedy

(data-greedy) allocation is suitable in voice-dominant (data-dominant) traffic

situations.

(R2) Late-contention is preferable to early-contention in UMTS.

In order to assess the benefits of CRRM as opposed to managing the resources

of available RATs individually, we define an equivalent Erlang capacity region for

this case as in [3]. Thus, the Erlang capacity region of the individual (non-CRRM)

operation is obtained as an additive contribution of the Erlang Capacity bounds in

each RAT. In this way, Fig. 3.5 shows the individual Erlang Capacity regions for

GSM, UMTS and WLAN along with the combined Erlang capacity region when

non-CRRM operation is considered. As stated in [3], the combined Erlang Capacity

region in Fig. 3.5, obtained from the vector-sum of the Erlang capacity regions of

individual RATs, largely depends on the allocation order and the service-mix. Here

we consider the maximum possible Erlang capacity region, refer to [3], expressed

as

ENoCRRM =
{

(Tv, Td) : (Tv, Td) =
∑K

k=1
(T (k)
v , T

(k)
d )
}

, (3.37)

where T
(k)
j indicates the maximum offered j traffic load to RAT k such that some

QoS guarantee is met. To compare the non-CRRM operation with the CRRM case

studied earlier on, we consider a blocking probability of 0.05 for each service in each

RAT as the target requirement to be fulfilled. Note that RAT-service compliance

causes both GSM and WLAN Erlang capacity regions to be one-dimensional, as

opposed to the two-dimensional UMTS case.
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A gain metric considering the use of CRRM (through RAT selection policies) with

respect to the non-CRRM case can be defined. Then, the Erlang Capacity Gain

(ECG) is given by

EG(σ) = (‖(Tv, Td)‖π/‖(Tv, Td)‖NoCRRM − 1)×100, (3.38)

with ‖(x, y)‖=(x2 + y2)1/2. Fig. 3.6 shows the ECG for the considered RAT selec-

tion policies. One may first observe that, while some policies clearly exhibit some

gain with respect to the NoCRRM case, i.e. LB and SB#1, other policies reveal

poorer performance than the case of NoCRRM. However, as mentioned in [3], the

NoCRRM case here considered is the maximum achievable Erlang capacity region,

thus the worse case scenario when comparing to the CRRM case. In addition, it is

worthwhile noting that the ECG is an additive contribution of the so-called trunk-

ing gain and the selection gain. Trunking gain refers to the capacity gain obtained

by considering a pool of resources as a whole rather than the additive contribution

of individual resources. Then, the trunking gain is reflected in Fig. 3.6 when σ=0

and σ=1, yielding the data (14.79%) and voice (11.87%) trunking gains respec-

tively. As for the selection gain, it refers to the ability in allocating resources to the

different RATs. As shown in Fig. 3.6, some allocation principles result in improved

ECG according to the offered traffic mix. On the contrary, other RAT selection

policies may result extremely hazardous in some situations, e.g. SB#3 for σ=0.7

results in 40% degradation with respect to the NoCRRM case.
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Figure 3.6: Erlang Capacity Gain of the proposed policies with respect to the non-CRRM op-

eration. Graph annotations at the top indicate most suitable RAT selection policy according to

Erlang Capacity Gain.

Whereas the Erlang capacity region is able to capture the ability of the considered

RATs to efficiently allocate resources, other effects must not be disregarded. Then,

in terms of throughput, Fig. 3.7 shows the average data throughput (Γd) served by

the different RAT selection policies and several offered traffic-mix configurations,

σ= {0.2, 0.5, 0.8}, which represent data-dominant, equal service-mix, and voice-

dominant scenarios respectively. Throughput values are plotted for each policy

as long as offered traffic mix pairs (Td, Tv) lay in their respective Erlang capacity

regions given by Fig. 3.4. For data-dominant situations, Fig. 3.7(a), we observe

that for low offered traffic values the data throughput benefits from data users being

directed to WLAN, as in SB#1 and SB#4. Conversely, directing data users to

UMTS as a preferred option, i.e. SB#2 and SB#3, does not favor data throughput

if the offered data traffic is low, but may result in improved throughput performance

for higher offered traffic values as shown in Fig. 3.7(a). This is because data users

in UMTS achieve a 144kbps data service as opposed to WLAN that ensures a 1

Mbps minimum bit rate per user. In this case, SB#2 results in the policy that

achieves higher throughput when Td∈[17, 20]E, and it is subsequently surpassed by

policy SB#3, given its data-greedy nature allowing a high dedication of resources

towards data users. Policy LB on the other hand, exhibits a poorer performance

with respect to SB#1 and SB#4 since it may allocate data users to UMTS in

order to keep loads balanced. However, it exhibits an improved performance as the
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Figure 3.7: Data throughput against offered data load (Td) and voice load (Tv) for the proposed

RAT selection policies in the case of (a) data-dominant services (σ=0.2), (b) equal service-mix

(σ=0.5) and (c) voice-dominant services (σ=0.8). Graph annotations indicate the most suitable

RAT selection policy in terms of data throughput for a specific range of offered traffic. Legend in

(a) applies elsewhere.

data traffic load is increased. For an equal-service mix scenario, see Fig. 3.7(b),

a similar behavior is noted for LB, SB#1, SB#2 and SB#4 with respect to the

previous case. For the case of SB#3, reduced Erlang capacity, as shown in Fig. 3.4,

prevents from using this policy if SU probability guarantees are to be maintained,

and thus data throughput above Td≈15.8E are not even considered although they

would result in improved data throughput values as in the data-dominant case.

Finally, voice-dominant situations, as reflected in Fig. 3.7(c), suggest the use of

policies that do not degrade voice SU in excess, therefore explaining the poorer

performance of SB#2 and SB#3 which attempt to use UMTS shared resources.

Conversely, LB, SB#1 and SB#4 achieve similar performances since data traffic is

mainly directed to WLAN devoting UMTS resources to voice traffic.

From Fig. 3.7 it is worthwhile noting that, although specific policies could be se-

lected according to measured traffic-mix conditions (which could be highly varying

along time) the LB policy presents an overall improved performance in all presented
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cases, thus suggesting a wide applicability and use while still maintaining a good

performance. Recall that the same conclusions were drawn for the LB policy in

Chapter 2 suggesting its applicability.

3.7.4 Non-Perfect Coverage Impact

In this section, the comparison of the proposed RAT selection policies is carried

for coverage scenarios CS1, CS2 and CS3.

A good way to assess the combined behavior of voice and data traffic is using the

Erlang Capacity region as depicted in Fig. 3.8. Note that, since CS1 and CS2

mainly differ in the ability of WLAN to capture data traffic, it is noteworthy the

differences in offered data traffic (x-axis) that both scenarios uphold. Whereas for

CS1 a maximum data traffic load of Td = 15E can be offered, CS2 allows up to

Td = 36.2E to be offered while still maintaining the required QoS guarantees.

Observing Fig. 3.8 a main guiding principle may be identified for the non-perfect

coverage case:

(R3) Worst-coverage-first allocation principle is desirable.
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In the following we justify the abovementioned rule [along with rules (R1) and (R2)

given in Section 3.7.3] by exploring the behavior of the proposed RAT selection

policies.

Rule (R3) is motivated by the fact that if we first attempt admission to the RAT

that undergoes the poorest coverage conditions, we could still attempt admission

to RATs with improved coverage if first attempt fails. Otherwise, if the opposite

rule to (R3) was applied, we could end up with improved coverage RATs at full

capacity and with users attempting admission to coverage-limited RATs being de-

nied service. A clear example of this is SB#3, where voice is directed to GSM

and data is directed to UMTS. Both GSM and UMTS represent best-coverage-first

for voice and data users respectively, i.e. opposite rule to (R3). We observe how

the Erlang capacity is severely limited in both offered voice and data traffic di-

mensions. In addition, SB#1 only follows rule (R3) for data traffic, i.e. it directs

voice users to GSM while data users are primarily directed to WLAN. In this case,

improvements are only noticed when predominant traffic is data [see Fig. 3.8(a)

for σ ≤ 0.6 and Fig. 3.8(b) for σ ≤ 0.3]. Similarly, SB#2 follows rule (R3) for

voice users only, by directing those to UMTS whereas data users are sent also to

UMTS. In this case, Erlang capacity is improved with respect to SB#1 and SB#3

when offered traffic is predominantly voice, i.e. σ ≥ 0.8 for CS1 [Fig. 3.8(a)] and

σ ≥ 0.7 for CS2 [Fig. 3.8(b)]. As for SB#4, it follows rule (R3) since it directs

traffic to the correspondent worse coverage RAT (i.e. voice to UMTS and data to

WLAN). However, it violates rule (R1) when data traffic is dominant since SB#4 is

also a voice-greedy policy. Hence, although Erlang capacity improvement is noted

for SB#4 with respect to the other SB policies for voice-dominant situations, the

collision between rules (R3) and (R1) causes a reduction in the Erlang capacity

in data-dominant cases. This causes SB#1, which follows rule (R3) for data traf-

fic, to outperform SB#4 in data-dominant traffic cases as reflected in Fig. 3.8(a)

and Fig. 3.8(b). In addition, we note that rule (R2), i.e. late-contention bet-

ter than early-contention, does not necessarily hold in a non-perfect coverage case

by observing that SB#2 (early-contention) outperforms SB#1 (late-contention) in

voice-dominant situations.

Finally, LB seems to achieve an overall good performance throughout the span of

traffic-mix values, due to its flexible operation in allocating resources, only sur-

passed by SB#1 in data-dominant cases.

Summarizing, despite rule (R3) (allocate to worst coverage first) seems to be a

suitable allocation principle, it should be used in conjunction with rule (R1). In

particular, for voice or data traffic-dominant situations, following rule (R1) is sug-

gested if both rules (R1) and (R3) are contradictory. Since LB effectively balances
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Figure 3.9: Data throughput against offered data load (Td) and voice load (Tv) for the proposed

RAT selection policies in (a) CS1 and (b) CS2 in the case of equal service-mix (σ = 0.5).

the impact of coverage and traffic-mix conditions, it is well-suited in cases where

the traffic-mix is not known a priori or vaguely estimated.

Fig. 3.9 and shows the average data throughput in CS1 and CS2 for σ = 0.5 (i.e.

equal service-mix). We note that directing data users to UMTS as a first option

(i.e. policies SB#2 and SB#3) results in a poorer throughput performance with

respect to the other policies. First, UMTS provides 144Kbps bit-rate as opposed

to 1Mbps (minimum) of WLAN; and second, SB#2 and SB#3 do not comply with

(R3) which causes an increased SU. Regarding SB#1 and SB#4, since they both

direct data users to WLAN, which complies with (R3) and allows also a higher

throughput-per-user, similar throughput values are attained in their respective SU

probability ranges. LB policy on the other side performs similar to SB#1 and

SB#4. Since the coverage limitation is on WLAN, the LB policy will try to allocate

as many data users in this RAT in order to balance loads.
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3.7.5 Multi-Mode Terminal Heterogeneity Impact

Assuming full coverage conditions, i.e. Pc{rk} = 1 ∀k, we now face the problem

of users with terminals that may not support particular RATs. In this case, voice

users may only be capable of accessing GSM whereas data users may only be

capable of accessing UMTS as reflected in Table 3.5. The study of this scenario is

analogous to the coverage-limited scenario cases studied in the previous section.

Fig. 3.10 shows the Erlang capacity limits for the considered terminal scenarios

TS1 [Fig. 3.10(a)] and TS2 [Fig. 3.10(b)], where the QoS constraints are set to

PSU,v=PSU,d≤0.05. In this case, and oppositely to the coverage case (see Fig. 3.3),

the inaccessibility concept does not apply, in the sense that a voice (data) user

is assumed to have a terminal with accessibility to at least one RAT supporting

voice (data) services. Note that considering otherwise would be unrealistic. This

means that QoS constraints can be set as low as desired provided PSU,v, PSU,d>

0. A comparison of Fig. 3.10 with Fig. 3.8 (where the coverage scenarios are

depicted) indicates similar trends and parallelism between coverage and terminal

heterogeneity limitations on the Erlang capacity for the considered RATs. Hence,

similar conclusions may be extracted, i.e., directing multi-mode voice (data) users

to UMTS (WLAN) seems to be a better allocation principle than operating in the

opposite way. This enables to identify the following rule [analogous to (R3)]:

(R4) Terminal-limited-RAT-first allocation principle is desirable.

In addition to (R4), also rule (R1) must not be disregarded. Then, when data

traffic is dominant, policies SB#1 and SB#4 achieve good performance with an

improvement of SB#1 over SB#4 given the former prevents from the use of UMTS

resources for voice users whereas the latter, SB#4, is a voice-greedy policy which

monopolizes UMTS resources. In the cases where voice traffic is predominant,

policies SB#2 and SB#4 follow rule (R4) by directing voice users to UMTS as

a preferred option. In this case, both policies achieve similar performances given

voice users are able to occupy UMTS resources in SB#2 provided voice traffic is

dominant, and, on the other hand, SB#4 is a voice-greedy policy. Lastly, the LB

policy achieves an overall good performance as already stated in previous sections.
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Figure 3.10: Erlang Capacity regions for terminal scenarios (a) TS1 and (b) TS2 for PSU,v ≤ 0.05

and PSU,d ≤ 0.05.

3.8 Chapter Summary

This chapter has presented a Markovian framework for the evaluation of multi-

service allocation principles in multi-RAT heterogeneous networks. The proposed

model offers a wide flexibility and applicability with respect to existing works by

considering diverse access-limited scenarios: these are, but not limited to, multi-

access coverage overlapping conditions, non-homogeneous user distribution and the

ability of efficient coverage and multi-mode terminal availability. In this sense, a

probabilistic approach is considered to account for both coverage and terminal

heterogeneity scenarios allowing the definition of a wide range of access-limited

scenarios.

Under this framework, several RAT selection policies have been defined, considering

various service-based policies and a load-balancing policy. Our particular study

case focuses on the allocation of voice and data services in a heterogeneous network

composed by GSM, UMTS and WLAN RATs, but may be easily extended to

include other technologies.
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3.8. Chapter Summary

A thorough evaluation of the proposed model was carried our in diverse scenarios

accounting for coverage and terminal heterogeneity. Three main factors have been

identified to largely influence the performance of the RAT selection process:

• Traffic-mix : It affects the suitability of a particular RAT selection policy

when allocating multiple services on multiple RATs. No single SB policy

outperforms others throughout the whole span of traffic-mix values.

• Resource contention: Different RATs upholding a particular number of ser-

vices will lead to different contention situations among services. In these

situations, service-greedy situations may appear and must be taken into con-

sideration when allocating multiple services on multiple RATs. For example,

in our specific study, solely UMTS provided resource contention between voice

and data users, thus yielding data-greedy (SB#3) and voice-greedy (SB#4)

allocation principles.

• RAT-Service eligibility: Both coverage availability and terminal support de-

termine if a particular RAT is ”eligible” in the RAT selection procedure. If

only one RAT is eligible the RAT selection process is straightforward. On

the other hand, if more than one candidate RAT is eligible, it is useful to

know which RAT undergoes improved or degraded eligibility.

Based on the influencing parameters described above, specific guidelines regarding

the evaluated scenario can be extracted from the performance evaluation figures:

• When perfect eligibility applies (i.e. CS3 or TS3), service-greedy allocation

results in a suitable allocation principle (in terms of Erlang Capacity) if

according traffic-mix conditions are favorable [essentially rule (R1)]. Then,

see Fig. 3.4, voice-greedy and data-greedy policies (i.e. SB#4 and SB#3

respectively) are suggested in voice-dominant and data-dominant conditions

respectively.

• If perfect accessibility applies, late-contention (SB#1) is better than early-

contention (SB#2) in terms of Erlang capacity (see Fig. 3.4). This was

captured by rule (R2).

• In terms of data throughput, a trade-off arises between higher throughput-

per-user achieved in WLAN and the contention for UMTS resources against

voice users. For perfect eligibility conditions, policies SB#1 and SB#4, which

direct data users to WLAN in the first place, are suitable when offered data

traffic can be handled by WLAN, thus UMTS resources can be devoted to
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voice users if necessary. On the contrary, if data traffic is large enough to

require UMTS resources, then policies SB#2 and SB#3 favor the competition

for UMTS resources thus being more suitable in this case (see Fig. 3.7). As

for coverage-limited scenarios, allocation principles that comply with rule

(R3) achieve improved throughput performance (see Fig. 3.9).

• In limited-access scenarios the rule access-limited-first, which corresponds to

(R3) in the coverage-limited case and to (R4) in the terminal-limited case,

provides a good guiding principle for the allocation of multiple services to

multiple RATs. This rule should be used in combination with rule (R1)

making sure that favorable service-mixes apply.

• Finally, LB policy exhibits an overall improved behavior regardless of the

traffic-mix and RAT eligibility. It is then suggested when the service distri-

bution is unknown or vaguely estimated.
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Chapter 4

Radio Access Congestion in

Multi-Access/Multi-Service

Wireless Networks

This chapter addresses the problem of radio access congestion 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 to select the most appropriate RAT at call/session establishment ac-

cording to some specified user/operator criteria. In this sense, as shown in Chapters

2 and 3, a wide range of high-level policies can be defined providing the most favor-

able 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, interference rise, etc.) can cause potential

QoS failures leading to a degraded network performance, and hence, to radio access

congestion. This chapter is devoted to study the impact of radio access congestion

on a number of RAT selection policies. Consequently, a congestion probability

model is developed to capture the statistical behavior of radio access congestion

events. In addition, as in Chapter 3, a general Markovian framework is adopted for

evaluating the allocation of multiple services into multiple RATs by means of high-

level policy definitions. As a difference from Chapter 3, both uplink and downlink

considerations are made in this chapter. Specific RAT selection policies are defined

according to several criteria and its performance evaluated in a TDMA/WCDMA

multi-RAT scenario supporting voice and data services. Moreover, the use of con-

gestion probability information as a possible allocation principle for RAT selection

is also evaluated, which, in the assumed scenario, results in the most favorable

allocation policy.
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Networks

4.1 Radio Access Congestion: Motivation and Prob-

lem Statement

Among the well-known RRM strategies, Congestion Control (CC) is the function

devoted to overcome potential Quality of Service (QoS) failures at the radio inter-

face layer due to the intrinsic dynamics of the network (e.g. mobility, interference

rise, traffic variability, etc.) [1]. Regardless of having a strict CAC mechanism,

which may ensure some QoS requirements at call/session establishment, if the

dynamics of certain network parameters suffers 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 so

as to minimize the negative impact of radio access congestion on the network per-

formance. Typically, [1], CC mechanisms involve three phases, namely: congestion

detection (CD), congestion resolution (CR) and congestion recovery (CRV). CD

is responsible for monitoring the network status in order to correctly identify a

congestion situation by means of RAT-specific measurements. On the other hand,

CR actuates over a set of RAT-specific parameters in order 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, congestion situations

in each RAT can be statistically characterized by means of a congestion proba-

bility 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. Specially because favorable user allocations according to the con-

gestion probability in each of the existing RATs can be found. Consequently, the

adopted approach in this chapter 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 mech-

anisms such as, e.g., those in [2, 3]. In addition, if the congestion probability 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 congestion probability is kept as low as possible.

Under the above framework, this chapter intends to define and assess the impact

of radio access congestion in RATs with different underlying technologies, such as

TDMA and WCDMA, that are subject to different traffic load conditions. The

main objective is to determine user allocation principles at call/session establish-

ment, i.e. initial RAT selection policies, which are favorable in terms of potential

congestion eventualities. Besides the valuable interest of determining such initial
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RAT selection policies, this will provide a solid basis for prospective evaluations

contemplating the support of inter-RAT handovers (or VHOs as defined in Sec-

tion 1.2.1.2), which has not been considered in this study for the sake of model

tractability. In addition, this chapter proposes a novel initial RAT selection pol-

icy which allocates users so as to minimize the resulting congestion probability.

Further detail on the contributions of this chapter is presented in the next section.

4.1.1 Related Work and Main Contributions

The Third Generation Partnership Project (3GPP) standardization body identified

some CRRM architectures and procedures for integrated GSM/EDGE and UMTS

network operation in [4, 5].

Despite the large amount of work devoted to CRRM algorithms in recent years

(specially in what refers to RAT selection, see e.g. [6–10]), to the best of the

author’s knowledge, very few contributions have been made towards radio access

common congestion control strategies. The authors in [11] propose 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 [2, 3], the author presented a framework for

managing congestion situations in heterogeneous networks. In particular, practical

methodologies for congestion detection in GSM/EDGE and UMTS networks are

provided along with VHO and bit-rate reduction techniques so as to lessen the

congestion status of the network.

While aforementioned approaches usually rely on extensive system-level simula-

tions, a theoretical approach to the problem seems to be uncovered, and thus

constitutes a novel contribution. It could then be of great interest to gain insight

into the general problem as well as inspire the definition of practical and efficient

congestion control strategies. In this sense, the main contributions of this chapter

include:

• To propose a general Markovian framework for the allocation of multiple

services into multiple RATs by means of simple initial RAT selection policies.

This is covered in section 4.2 and, along with the inclusion of both uplink

(UL) and downlink (DL) procedures, extends previous work done by the

authors in Chapters 2 and 3.
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• To define a statistical model for the characterization of radio access congestion

in B3G scenarios, which is provided in section 4.3. This model takes into

account the congestion that may eventually arise in both the uplink and

downlink provided a particular distribution of services is known. Such service

distribution will be provided by the Markov allocation framework given in

section 4.2.

• To describe several initial RAT selection policies responding to different al-

location principles within the specified multi-service/multi-RAT framework.

In particular, a novel initial RAT selection policy that takes advantage of

congestion information is presented, which can be found in section 4.4.

• For a particular multi-RAT scenario, considering TDMA andWCDMA access

networks along with generic voice and data services, this chapter presents

RAT-specific analytical expressions to compute the congestion probability in

the aforementioned RATs which is detailed in section 4.5. These congestion-

related expressions are formulated considering well-known (see, for example,

[12] and [13]) TDMA and WCDMA expressions.

4.2 General Framework For Multi-Service Alloca-

tion in Multi-Access Networks

The problem of resource allocation in multi-access systems may be approached by

means of multi-dimensional Markov models where each dimension corresponds to

the allocation of a particular service type into a given Radio Access Technology

(RAT). In particular, the allocation framework presented in the following is based

on previous work in Chapters 2 and 3; to which the interested reader can refer to

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 chapter is to

evaluate and determine the initial RAT selection policy impact on the radio access

congestion, considering 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 served users will not suffer from call/session

disruptions due to the poor quality or link failures in the selected RAT.
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4.2.1 Defining the Markov State Space

Let us consider a number of J different traffic classes. A total of K co-sited Radio

Access Technologies (RATs) are deployed, each one of them to support either all J

traffic classes or a subset of them. So as to account for RATs that do not uphold

particular traffic classes, a K×J compatibility matrix, 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 by a given RAT k, Jk,

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

+ , (4.1)

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 l-th supported

service in RAT k, while 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 l-th supported traffic class in RAT k, i.e. j = gk(l). Furthermore, the inverse

mapping function is also defined, l = g−1
k (j), providing the l-th supported traffic

class in RAT k given available traffic class index j. It is worthwhile 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
+ , (4.2)

where N may be used as the index to uniquely define each state, hereon denoted

as SN , in the Markov chain model.

Assuming the capacity of a particular RAT k, 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 Call Admission Control (CAC) procedures that determine if a new

user should be admitted or not in the system so that minimum QoS requirements

of already accepted users are guaranteed. In terms of the number of states, we may

define the set of feasible states in RAT k, Sk, as [similar to (3.3)]

Sk =
{

SN : 0 ≤ fkNk
≤ 1
}

, (4.3)
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where fk
Nk

is defined as the feasibility condition which accounts for the CAC pro-

cedures 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 satisfies SN ∈ S with S =
⋂K
k=1 S

k, i.e. if it is feasible in all RATs.

4.2.2 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

departure rates µ = [µ1, µ2, . . . , µj , . . . , µJ ]. As widely assumed in the literature,

see e.g. [14–18], arrival rates λj are Poisson-distributed and service times follow an

exponential distribution with mean service time 1/µj [19]. Since not all services

may be supported by all RATs we define the supported arrival rates into RAT k,

λk, as

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

Jk

+ , (4.4)

with λk,l the arrival rate of the l-th 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, referred to as πN , is then responsible of de-

termining, 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
, (4.5)

where vector λπ contains elements λ(π,k,l) denoting 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 . (4.6)
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4.2.3 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 SN [19]:

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)

,

(4.7)

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 l-th supported service in RAT k element which

is 1. In addition, δN is an indicator function which will guarantee that non-feasible

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, numerical methods may be

applied to solve the resulting system of equations given by the SSBEs plus the

normalization constraint
∑

SN∈S PN = 1.

The interested reader is referred to, e.g., [20] and [21] for further details on the

numerical solution of Markov chains.

4.3 Congestion Probability Model

The Markov model proposed in the previous section provides, given 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 congestion

probability in each RAT k for a given RAT selection policy π may be formulated

as follows:

P k,πc =
∑

SN∈S
P kc (Nk) · PN , (4.8)

where P kc (Nk), the congestion probability in RAT k given Nk allocated users, is

averaged over all state probabilities PN in the state space S. A detailed explanation

on how P kc (Nk) is computed will be provided in section 4.5.2 for the case of TDMA

and WCDMA technologies. At this point it should be noted that P kc (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
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congestion probability. In this sense, a TDMA based scheme can undergo con-

gestion situations due to, e.g., excessive timeslot 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 congestion probability;

nevertheless, users demanding different services may have different impacts on the

perceived congestion as it will be shown in section 4.5.2.

In general, the congestion probability in RAT k given Nk allocated users, P kc (Nk),

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 kc (Nk) = 1− [1− PUL,k
c (Nk)][1 − PDL,k

c (Nk)] , (4.9)

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

c (Nk) indicate UL and DL congestion probability re-

spectively.

Provided the congestion probability in RAT k given policy π in (4.8), the overall

congestion probability in the multi-RAT scenario, i.e. the probability that there

exists congestion in at least one RAT, P πc , can be then written as

P πc = 1−
∏K

k=1
(1− P k,πc ) , (4.10)

where it is assumed that congestion probabilities arising in each RAT are indepen-

dent.

4.4 Defining RAT Selection Policies

With previous definitions, a number of RAT selection policies can be character-

ized 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 al-

location 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 elements in Rπ

j are those RAT(s)

selected by the policy provided service class j is supported and that the allocation

of such service is possible, i.e. admission control is successful. Mathematically, it

is required that Rπ
j ∈ Aj with

Aj =
{

k ∈ [1,K] : bkj 6= 0, S(Nk+ek,l) ∈ S
}

, (4.11)
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where ek,l∈Z
Jk is a vector containing all zeros except for the l-th component, which

is 1. Moreover, refer to section 4.2.1, bkj 6=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, particular to each policy. In addition, it

should be noticed that the RAT selection policy definition given by (4.11) 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 presented and defined in

terms ofRπ
j . Such RAT selection policies are suggested and justified by the authors

in Chapter 2, to which the interested reader is referred for further details.

4.4.1 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 user, exhibits a lower load. Accordingly, we

may define

RLB
j = argmin

k∈Aj

{

Lk(Nk+ek,l)

}

, (4.12)

where elements in RLB
j are those RAT(s) with lowest load provided service class j

is supported and that the allocation of supported service class l is possible.

Then, LB policy decision towards 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
, (4.13)

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 done randomly among

those RATs, with probability 1/|RLB
j |.
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4.4.2 Service-Based (SB) RAT Selection Policy

This policy selects a particular RAT k is based on the demanding 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 non-negative 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 the RAT k

according to

RSB
j = argmax

k∈Aj

{

s(k,j)
}

, (4.14)

where RSB
j contains the RAT with 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 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
. (4.15)

4.4.3 Congestion-Aware (CA) RAT Selection Policy

The statistical model for congestion probability presented in section 4.3 can be used

as a valuable input for deciding the most appropriate RAT for a specific service

request. In this way, a particular user may be allocated to the RAT that will be

less likely to fall in a high congestion state. In this case, the set of selected RAT(s)

are

RCA
j = argmin

k∈Aj

{

P kc (Nk + ek,l)
}

, (4.16)

where the RAT(s) with lowest congestion probability is selected provided service

class j is supported and that the allocation of supported service class l is possible.

Similar to the LB case in (4.13), 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
, (4.17)
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where it is also assumed that, in the particular case of |RCA
j | > 1, i.e. the minimum

congestion probability is achieved in more than one RAT, the RAT is selected

randomly among those, with probability 1/|RCA
j |.

According to the above definitions, policy decisions in the SSBEs will be performed

using (4.13), (4.15) and (4.17) into (4.7), so as to account for the different user

allocation strategies.

4.5 Case Study: Voice and Data Services in a

TDMA/WCDMA Scenario

In this section, the state space and the congestion probabilities assuming two

generic service types, voice and data, and two RATs, TDMA and WCDMA, are

derived. Both RATs are considered to support both services in a single-cell sce-

nario, thus a 4-Dimensional (M = 4) Markov model arises. In the remainder, as

in Chapter 2, let v and d represent voice and data indexes along with t and w

represent TDMA and WCDMA indexes.

4.5.1 Markov State Space

A boundary on the number of states comprised by the Markov chain is set by means

of imposing appropriate Call Admission Control (CAC) mechanisms in each RAT.

4.5.1.1 TDMA Case

For Time Division Multiple Access (TDMA) based systems, a total amount of C

channels (or timeslots, TSL) 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 chapter. As for data users, a given

TSL may be shared by up to nC data transmissions corresponding to different users

by means of efficient time scheduling. Moreover, a given data user may be granted

several TSLs in order to increase its achievable bit rate. This feature is commonly

referred to as multi-slot capability, and constitutes a differentiating element from
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Figure 4.1: TDMA feasible region for C = 23, nUL
C = 3, nDL

C = 4, qUL = 3, qDL = 8 and

αUL
d

= αDL
d

= 0.5.

Chapter 2, where a single TSL was allocated to data users. In order to capture

this multi-slot capability, it is assumed that the number of allocated TSLs to a

particular data user is q.

The CAC mechanism may be then 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, SUL,t and SDL,t, as:

SUL,t =
{

Nt : 0 ≤ Nt,v

C +
Nt,dα

UL
d qUL

nUL
C
C

≤ 1
}

SDL,t =
{

Nt : 0 ≤ Nt,v

C +
Nt,dα

DL
d qDL

nDL
C C

≤ 1
} , (4.18)

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 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 a same TSL in the UL (DL) is denoted

by nUL
C (nDL

C ). The set of feasible number of users satisfying both conditions in

(4.18), i.e. St = SUL,t ∩ SDL,t, constitutes the so-called TDMA admission region.

In Fig.4.1 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.
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4.5.1.2 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

}

, (4.19)

where the UL load factor in WCDMA is defined as [13]:

ηUL
Nw

=
∑Nw,v

i=1
αUL
v /AUL

v,i +
∑Nw,d

i=1
αUL
d /AUL

d,i , (4.20)

with

AUL
v,i =

W/RUL
bv,i

θUL
v,i

+ 1 and AUL
d,i =

W/RUL
bd,i

θUL
d,i

+ 1 , (4.21)

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

UL
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 de-

spreading and decoding for voice (data) users. Additionally, αUL
v is the UL activity

factor for voice users.

In the DL, it is assumed a CAC algorithm based on the availability of Orthogonal

Variable Spreading Factor (OVSF) codes as, e.g., in [13]. Then, assuming a same

OVSF code can be shared among different data users due to inactivity periods, the

number of dedicated channels will have to fulfill the relationship [13]

CNw
=
∑Nw,v

i=1

1

SFDL
v,i

+
∑Nw,d

i=1
αDL
d

1

SFDL
d,i

≤ Cmax , (4.22)

with SFDL
v,i (SF

DL
d,i ) 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} . (4.23)

The resulting WCDMA total feasible set, Sw, must satisfy both UL and DL fea-

sibility conditions defined in (4.19) and (4.23), i.e. Sw = SUL,w ∩ SDL,w, which

results in the admission region depicted by the dotted area in Fig. 4.2.

Finally, the global Markov state feasibility space, S, can be defined as, from the

feasible sets in each RAT as:

S =
{

N : Nt ∈ St,Nw ∈ Sw
}

. (4.24)
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Figure 4.2: WCDMA feasible region for W = 3.84 Mcps, RUL
bv,i

= 12.2 kbps, RUL
bd,i

= 32 kbps,

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.

4.5.2 Congestion Probability Cases

In the following, the congestion probability is derived for RATs WCDMA and

TDMA.

4.5.2.1 WCDMA Congestion Probability

In WCDMA, radio congestion events may arise in the UL and/or in the DL, thus

enabling the congestion probability in WCDMA to be formulated as

Pwc (Nw)=1− [1− PUL,wc (Nw)][1− PDL,wc (Nw)] , (4.25)

where the assumption that the congestion probability in the UL and DL are inde-

pendent has been made.
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4.5.2.1.1 Uplink Case It is well known, see e.g. [13], that user traffic activity,

characterized by an activity factor α, may be modeled by a binomial distribution

in order to determine the probability of having n simultaneously transmitting users

given N admitted users:

Pα(n|N) =

(

N

n

)

αn (1− α)
N−n

. (4.26)

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) , (4.27)

where vector αUL=(αUL
v ,αUL

d ) denotes UL voice and data activity factors.

In WCDMA, congestion situations may be detected in the uplink by means of the

UL load factor ηUL whenever its value exceeds a given threshold ηUL
c during a

certain percentage of frames within a period of time [2]. Thus, we may define the

WCDMA UL congestion probability, PUL,w
c (Nw), as

PUL,w
c (Nw)=

Nw,v
∑

nw,v=0

Nw,d
∑

nw,d=0

Pr
(

ηUL
(nw)>η

UL
c

)

·PαUL(nw|Nw), (4.28)

where, we can express the UL load factor in a single-cell scenario when nw,v simul-

taneous voice users and nw,d simultaneous data users are in the system, ηUL
(nw), as

[13]:

ηUL
(nw) =

∑nw,v

i=1
1/AUL

v,i +
∑nw,d

i=1
1/AUL

d,i , (4.29)

with AUL
v,i and AUL

d,i defined in (4.21).

Consequently, and assuming users of 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 =A

UL
d ∀i, it may be written

Pr
(

ηUL
(nw) > ηUL

c

)

=

{

0 if nw · (AUL)T ≤ ηc
1 if nw · (AUL)T > ηc

, (4.30)

where it has been defined AUL=(AUL
v

−1
, AUL

d
−1

).

Given the WCDMA system parameters provided in Table 4.1, the congestion proba-

bility in the UL with respect to the number of admitted voice and data users defined

in (4.28) is illustrated in Fig. 4.3, where congestion probabilities are represented

in the form of a gray-scale with the color-bar indicating probability values on the

right of the graph.
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Figure 4.3: WCDMA UL Congestion Probability.

Table 4.1: WCDMA System Parameters For Numerical Evaluation of UL Congestion Probability.

Parameter Symbol Value

Chip rate W 3.84 Mcps

Load factor congestion threshold ηUL
c 0.7

Maximum load factor ηUL
max 0.9

Eb/N0
a for voice (data) traffic θUL

v (θUL
d ) 6 (5) dB

Bit-rate for voice (data) traffic RUL
b,v (RUL

b,d ) 12.2 (32) kbps

Voice (data) activity factor αUL
v (αUL

d ) 0.5 (0.5)

a Bit energy to noise density ratio.

4.5.2.1.2 Downlink 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 [13]

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 , (4.31)

with

ADL
v,i =

W/RDL
bv,i

θDL
v,i

and ADL
d,i =

W/RDL
bd,i

θDL
d,i

, (4.32)
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along with

ηDL
(nw) =

∑nw,v

i=1

ρ

ADL
v,i + ρ

+
∑nw,d

i=1

ρ

ADL
d,i + ρ

, (4.33)

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 user requirements are in the form

of requested bit rates for voice and data services, RDL
bv,i and R

DL
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 micro-cell environments with shadowing effects modeled by means of log-normal

variation [13].

Consequently, for nw,v and nw,d simultaneous users, a congestion 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 congestion probability in the DL as shown in

(4.34), which depends on the path-loss distribution and consequently on the user′s

geographical location.

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

}

, Pr
(

γnw
>γ∗

nw

)

(4.34)

For a given number of admitted voice and data users, the DL congestion probability

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

)

·PαDL(nw |Nw). (4.35)

The congestion probability in the DL as a function of the number of active voice and

data users defined in (4.35) is illustrated in Fig. 4.4, where the terms Pr(γnw
>γ∗nw

)

and PαDL(nw |Nw) are computed given the WCDMA system parameters provided

in Table 4.2. It can be seen that the strain in the DL congestion probability 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 congestion probability in WCDMA considering the uplink and downlink,

i.e. the probability of being in congestion either in the UL or in the DL, can be

then computed according to (4.25) and represented as illustrated in Fig. 4.5.
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Table 4.2: WCDMA System Parameters For Numerical Evaluation of DL Congestion Probability.

Parameter Symbol Value

Cell radius R 1000 m

User spatial distr. - Homogeneous

Propagation model - Macrocell

Log-normal shadowing std. deviation σ 10 dB

Min. coupling loss MCL 70 dB

Carrier frequency fc 1800 Mhz

Pilot power Pp 30 dBm

Thermal noise power PN -100 dBm

Orthogonality factor ρ 0.6

Chip rate W 3.84 Mcps

DL power congestion threshold PDL
T,c 35 dBm

Max. DL transmitted power PDL
T,max 43 dBm

Eb/N0
a for voice (data) traffic θDL

v (θDL
d ) 6 (7) dB

Bit-rate for voice (data) traffic RDL
b,v (RDL

b,d ) 12.2 (64) kbps

Voice (data) spreading factor SFDL
v (SFDL

d ) 128 (64)

Max. OVSF Code Condition Limit Cmax 63/64b

Voice (data) activity factor αDL
v (αDL

d ) 0.5 (0.5)

a Bit energy to noise density ratio.
b For the case of a UTRAN R99 WCDMA cell with one code for the

CPICH channel, another for the Primary CCPCH carrying the BCH

and a couple of Secondary CCPCH channels carrying the FACH and

the PCH, all of them with ŠF = 256, the fraction reserved codes for

the common and shared channels would be RC=4·(1/256)=1/64 thus

yielding Cmax=1−RC=63/64 [13].

4.5.2.2 TDMA Congestion Probability

As suggested in [2, 3], a possible indicator of congestion in TDMA access technolo-

gies can be based on the effect of timeslot sharing among data users. Accordingly,

the congestion probability in TDMA, given nt,v simultaneous voice users are as-

signed τv TSLs and nt,d simultaneous data users are assigned τd data TSL, can be
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Figure 4.4: WCDMA DL Congestion Probability.
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Figure 4.5: WCDMA Congestion Probability.

expressed as

Pr
(

ξ(τv,τd) < ξc
)

=

{

1 if ξ(τv,τd) < ξc
0 if ξ(τv,τd) ≥ ξc

, (4.36)
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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
, (4.37)

is the reduction factor [12] that accounts for the effect of TSL sharing among data

users in a TDMA system, like e.g. GSM/EDGE. It follows from (4.37) 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 (4.36), congestion is detected if the 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 (4.27). The resulting simultaneous users will be assigned

a number of TSLs, in both the UL and DL, given by qUL and qDL respectively,

allowing the following expressions for congestion probability in each link to be

defined as

PUL,t
c (Nt)=

Nt,v
∑

nt,v=0

Nt,d
∑

nt,d=0

Pr
(

ξUL
(nt,v ,nt,dqUL)<ξ

UL
c

)

·PαUL(nt|Nt), (4.38)

along with

PDL,t
c (Nt)=

Nt,v
∑

nt,v=0

Nt,d
∑

nt,d=0

Pr
(

ξDL
(nt,v ,nt,dqDL)<ξ

DL
c

)

·PαDL(nt|Nt), (4.39)

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, (4.38) and

(4.39) become

PUL,t
c (Nt)=

Nt,d
∑

nt,d=0

Pr
(

ξUL
(Nt,v ,nt,dqUL)<ξ

UL
c

)

·PαUL
d

(nt,d|Nt,d), (4.40)

along with

PDL,t
c (Nt)=

Nt,d
∑

nt,d=0

Pr
(

ξDL
(Nt,v ,nt,dqDL)<ξ

DL
c

)

·PαDL
d

(nt,d|Nt,d). (4.41)
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Table 4.3: TDMA System Parameters For Numerical Evaluation of Congestion Probability.

Parameter Symbol Value

Total number of available channels C 23

Max. number of data users per TSL in UL (DL) nUL
C (nDL

C ) 3 (4)

Reduction factor congestion threshold ξUL
c = ξDL

c 0.35

Max. number of TSL per data user in UL (DL) qUL (qDL) 3 (8)

Voice activity factor αUL
v = αDL

v 1

Data activity factor αUL
d = αDL

d 0.5

Finally, the total congestion probability in TDMA due to UL and DL contributions

yields

P tc (Nt) = 1− [1− PUL,t
c (Nt)][1− PDL,t

c (Nt)], (4.42)

where the assumption that the congestion probabilities in UL and DL are indepen-

dent is made.

For illustrative purposes, considering TDMA system parameters provided in Table

4.3, the total TDMA congestion probability as defined in (4.42) is given in Fig.

4.6. It should be observed that with the chosen parameters in Table 4.3, data users

are granted with a higher amount of TSL in DL than in the UL (8 as opposed to

3). This asymmetry in channel allocation causes the congestion probability to be

higher in the DL case, where TSL reuse is potentially higher, than in the UL case.

As a consequence, the total congestion probability in TDMA illustrated in Fig. 4.6

will be mainly DL-driven.

4.6 Model Evaluation

In this section, numerical evaluation of the proposed model is carried out. The

reader is referred to Chapter 2 for details concerning the validation of the Markov

allocation model. Numerical results for the model evaluation of congestion prob-

abilities are computed in two steps. First, the evaluation of the allocation model

(presented in Section 4.2) determines the probability, PN , of having a given num-

ber of users in each RAT according to a particular RAT selection policy π. Once

the statistical distribution of users is known, i.e. PN , congestion probabilities in

each RAT, given by (4.8), and the overall congestion probability, given by (4.10),
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Figure 4.6: TDMA Congestion Probability.

can be computed. In addition, PN obtained from the allocation model will be used

to compute the performance metrics, as defined later in Section 4.6.2.

Several RAT selection policies are evaluated in the following in order to assess

the performance of the proposed model considering voice and data services to

be allocated in TDMA and WCDMA RATs. In particular, LB and CA policies

introduced in sections 4.4.1 and 4.4.3 respectively are evaluated. In addition, an

illustrative example of a SB policy, introduced in section 4.4.2, is considered aiming

to prioritize voice users to be allocated to TDMA and data users to be allocated

to WCDMA. It is worthwhile mentioning that the performance evaluation in this

chapter is carried out for a particular illustrative case with specific parameter

settings for the allocation and congestion models.

In this chapter, and without loss of generality, it is assumed that the load metrics

used in the LB policy operation (see section 4.4.1) for TDMA andWCDMA systems

are taken in the uplink direction as in [22]. Nevertheless, other configurations are

possible in the described model.

According to the above, in TDMA-based systems, such as e.g. GSM/EDGE, the

TSL utilization factor, [12], can be used to measure the load in a given state SN∈S.
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It is defined as the ratio between the number of occupied TSLs over the number of

available TSLs, thus expressed as:

Lt
Nt

= min (C,Nt,v +Nt,dα
UL
d qUL)/C (4.43)

On the other hand, the load in a WCDMA-based system may be calculated by

means of the uplink load factor defined previously in (4.20), thus

LwNw
= ηUL

Nw
(4.44)

4.6.1 Parameter Settings

Parameter settings for TDMA/WCDMA are those given in Table 4.1, Table 4.2

and Table 4.3. In addition, it is considered that the transmission bit rate of a single

voice TSL is κv=12.2 kbps and for a single data TSL is κd=29.6 kbps. Numerical

results are obtained for a fixed total offered voice traffic of Tv=λv/µv=10 Erlangs

and a total offered data traffic, Td=λd/µd, varying between 0 and 100 Erlangs.

4.6.2 Performance Metrics

Once the probabilities PN for each state SN∈S are computed, a number of relevant

performance metrics can be defined. In particular, as mentioned in section 4.3, it is

of special interest to measure the congestion probability in each RAT for a specific

RAT selection policy as in (4.8), along with the overall congestion probability

as in (4.10). Other relevant performance metrics are detailed in the following

subsections.

4.6.2.1 Blocking Probability

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 non-feasible state S′
N
, meaning

that S′
N
/∈ S. Let the set of all blocking states be represented by Sb. Then, the

total blocking probability yields

Pb =
∑

SN∈Sb

PN . (4.45)
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4.6.2.2 Throughput

Under congestion situations, users may undergo 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 a degradation of the perceived throughput in data users. This degra-

dation is quantified by means of factor ξ introduced in (4.37), 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 con-

gestion in such a way that the perceived throughput for voice and data users is

Rb,v·[1−P
w
c (Nw)] and Rb,d·[1−P

w
c (Nw)] respectively. Thus reflecting that conges-

tion 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− Pwc (Nw)]

Nt,d+Nw,d
, (4.46)

with ξ(τv,τd) defined in (4.37) and where q, Rb,d and Pwc 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 . (4.47)

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−P
w
c (Nw)]+Nw,dαdRb,d[1−P

w
c (Nw)], (4.48)

where q, Rb,v, Rb,d and P
w
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 . (4.49)

4.6.3 Numerical Results

Fig. 4.7 shows the overall congestion probability, as a result of applying (4.10),

when RAT selection policies SB, LB and CA are used. The CA policy was de-

signed so as to balance the congestion probabilities in both RATs, which therefore
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Figure 4.7: Overall congestion probability for SB, LB and CA.

translates into the lowest overall congestion probability in the considered scenario.

Since LB provides similar congestion probability in TDMA with respect to SB (see

Fig. 4.8 left), while improved congestion probability in WCDMA (see Fig. 4.8

right), the overall congestion probability is better for the LB policy than for the

SB policy.

Fig. 4.8 shows the congestion probability for the different considered policies in

each RAT as formulated in (4.8). Accordingly, since 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 traffic load, congestion in

TDMA starts to rise (see for Td=60 Erlangs). 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. 4.5,

that although excessive voice users in WCDMA may cause congestion, an excess of

data users is somewhat more problematic. LB policy, on the other hand, intends

to distribute users so that loads in each RAT (conveniently defined in (4.43) and

(4.44)) 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 [22]. Then,

for the case under study, LB prevents from TSL reuse in TDMA thus exhibiting

a low congestion profile in this RAT. In WCDMA, LB will allocate both voice
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Figure 4.8: Congestion probability in TDMA (left) and WCDMA (right) for SB, LB and CA.

and data users, therefore congestion will rise whenever data traffic load increases.

Nevertheless, given LB allocates voice and data resources in WCDMA, as opposed

to SB that allocates only data users, the congestion probability in WCDMA is

somewhat better for LB than for SB. Finally, as expected, it can be seen how CA

policy balances the congestion probability in each RAT.

Fig. 4.9 shows the blocking probability as defined in (4.45) for the different poli-

cies under study. It follows from (4.18) 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 4.3, the TSL consumption of both voice and

data users in TDMA is equal to 1/23. This means that, from a resource consump-

tion 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 (4.20),

with αUL
v /[AUL

v ηUL
max] and αUL

d /[AUL
d ηUL

max] the load fractions consumed by voice

and data users respectively; and in the DL, by means of the code condition pro-

vided in (4.22), with 1/[SFDL
v Cmax] and αDL

d /[SFDL
d Cmax] the code consumption

fractions for voice and data services respectively. With the WCDMA parameters

provided in Table 4.1 and Table 4.2, 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
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Figure 4.9: Total blocking probability for SB, LB and CA.

TDMA, thus explaining the worse behavior in terms of blocking probability of SB,

which allocates data users to WCDMA and voice users to TDMA. This is in line

with conclusions raised in [6], where the allocation suitability of two services onto

two RATs with linear admission limits depends on the slope of these limits, pro-

vided by (4.18), (4.20) and (4.22), and illustrated in Fig. 4.1 and Fig. 4.2. On

the other hand, policies LB and CA are more flexible in allocating voice and data

users in TDMA and WCDMA than SB policy, thus achieving an improved blocking

probability with respect to SB.

Fig. 4.10 and Fig. 4.11 illustrate the average downlink data throughput per user

and the average downlink throughput as defined in (4.47) and (4.49) respectively.

For SB policy, given it mainly allocates data users to WCDMA, throughput per

data user will be approximately 64 kbps in the absence of congestion, which is the

considered allocated DL bit-rate for data users in WCDMA (see Table 4.2). This

happens for an offered data traffic load of Td=10 Erlangs. As the offered data

traffic increases, so does the congestion probability in WCDMA (see Fig. 4.8 right)

and thus the throughput per data user is severely degraded up to Td=55 Erlangs.

This effect is also noted in the average downlink throughput in Fig. 4.11, where

for SB, and after an initial throughput rise, the impact of congestion over data

users in WCDMA causes a severe throughput degradation. From Td=60 Erlangs

and onwards, data users start getting allocated to TDMA since WCDMA is at full

capacity. Then, throughput per user is slightly increased given that the throughput
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Figure 4.10: DL data throughput per user for SB, LB and CA.

degradation in TDMA is less harsh than in WCDMA. This throughput increase is

also noted in the average downlink throughput given in Fig. 4.11. On the contrary,

both LB and CA may eventually allocate data users to TDMA where the achieved

throughput per data user depends on the TSL reuse. If such TSL reuse is low,

with current parameter settings, the achieved throughput per data user in TDMA

can be improved with respect to WCDMA. Nevertheless, as the number of data

users increases in TDMA, the higher the TSL sharing and thus the lower the data

throughput per user. It is worthwhile noticing that 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 from TSL reuse unless it is strictly

necessary). This explains the improved performance of CA with respect to LB,

given CA captures both throughput degradation impacts in TDMA and WCDMA.

This effect can be observed both in Fig. 4.10 and in Fig. 4.11. As for the average

downlink throughput, Fig. 4.11, in order to achieve high throughput values, a RAT

selection policy must achieve both low blocking probability and high throughput

per user. Then, from Fig. 4.9 and Fig. 4.10 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 occur-

rence of congestion events, further actions may be required in the case that such
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Figure 4.11: DL aggregate throughput for SB,LB and CA.

events happen. These mechanisms, referred to as congestion resolution mecha-

nisms, provide the means to alleviate congestion situations by actuating over some

specific network parameters. One possible mechanism to lessen the congestion sta-

tus of a given RAT consists in actuating over the Admission Control (AC) such

that fewer users are allowed in the system [2, 3]. In practice, this implies a reduc-

tion of the feasible limits, depicted in Figs. 4.1 and 4.2 for TDMA and WCDMA

respectively. In WCDMA this can be achieved by conveniently setting the maxi-

mum load factor (ηULmax) 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, nULC and nDLC ,

for the uplink and downlink respectively.

In order to show the benefits of considering congestion information when performing

initial RAT selection procedures, some additional results are presented. In this

respect, the numerical study considers a range of values (see Table 4.4) for nULC
and nDLC , which determines the AC for TDMA, along with ηULmax 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. 4.12

shows the congestion probability and the blocking probability for policies SB and

CA under the AC scenarios defined in Table 4.4. Offered voice and data traffic

values are Tv=10 and Td=40 Erlangs respectively. It can be observed for both

policies, that by restricting the admission, i.e. moving from case (a) towards case
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(f), the congestion probability is reduced. On the other hand, imposing tighter

admission conditions comes at the cost of increased blocking probabilities, as also

reflected in Fig. 4.12, which also degrades the users’ perceived QoS. Note also

that, by considering the congestion probability as an input criterion for initial

RAT selection, as in policy CA, lower congestion probability situations can be

achieved at the cost of improved blocking probabilities. Whereas for the SB policy,

in order to reduce the experienced congestion probability, solely acting over the AC

will severely penalize users in terms of blocking. For example, CA policy achieves

a congestion probability just over 0.2 when the AC setup is (e), which in turn

gives a blocking probability below 0.02. As for the SB policy, in order to achieve

a similar congestion probability value, AC needs to be more stringent than for the

CA policy case, which in turn results in a blocking probability over 0.15. This

suggests that, although congestion resolution 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.

Table 4.4: Admission Control (AC) parameters in TDMA and WCDMA.

AC Setup nULC nDLC ηULmax Cmax

(a) 3 4 0.9 63/64

(b) 2 3 0.8 53/64

(c) 1 2 0.7 43/64

(d) 1 1 0.6 33/64

(e) 1 1 0.5 23/64

(f) 1 1 0.4 13/64

4.6.4 Computational Considerations

While the values of congestion probabilities P tc (Nt) and P
w
c (Nw) are easily com-

puted, determining probabilities PN for all states SN∈S by solving the SSBEs may

seem computationally complex. In general, computational complexity for solving

the system of equations given by the SSBEs increases with the state dimension

M and, consequently, with the number of states in the state space N [21]. It was

shown (see section 4.2.1) 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 increase dramatically. Nevertheless, operators

may typically manage no more than 3 or 4 RATs in a given area and, although
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Figure 4.12: Blocking probability (BP) and Congestion Probability (CP) against several Admis-

sion Control setups provided in Table 4.4.

offered services are high in number, they may be typically grouped into 4 different

QoS traffic classes according to how delay sensitive they are [23], namely: conver-

sational, streaming, interactive and 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 effi-

cient numerical methods. In particular, a so-called iterative power procedure will

be utilized for such task [20, 21]. Other methods such as Gauss-Seidel have also

proved to be effective, see e.g. [24]. The iterative power operation is based on iter-

atively performing 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 non-zero entries in matrix P , a total of i×Nz multiplications are

now required [21]. In addition, the involved memory storage requirements of such

procedure can be easily handled by off-the-shelf computer equipments.
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4.7 Chapter Summary

In this chapter, a complete, detailed and generalized framework for the evaluation of

multi-service allocation in multi-access systems by means of policies has been pro-

vided. In this sense, a generalized policy definition framework has been introduced

capable to respond to different allocation principles. 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 congestion probability have been

provided for both TDMA and WCDMA.

In particular, three RAT selection policies have been appropriately defined and

evaluated: Load Balancing (LB), Service-Based (SB) and Congestion-Aware (CA).

In the case under study, results revealed that SB prevents from data resource reuse

in TDMA by allocating voice users in this RAT, but at the cost of increased con-

gestion probability in WCDMA due to data users. Furthermore, SB provides the

worst blocking probability behavior among the considered policies. As for LB pol-

icy, it also prevents from data TSL reuse in TDMA but exhibits higher flexibility

in allocating voice and data users in TDMA and WCDMA. As a result, the conges-

tion probability and throughput per user is improved with respect to SB. However,

LB disregards the impact of congestion probability in the throughput perceived

in WCDMA. Then, using congestion information, as with CA policy, can lead to

a better performance in terms of both congestion probability and throughput. In

addition, the use of congestion information as a guiding principle for initial RAT

selection can also prevent from high blocking situations which result from applying

tighter AC mechanisms in order to reduce such congestion.

With the proposed framework, the impact of different RAT selection policies on

the congestion probability can be measured and QoS degradation is assessed. The

presented framework enables to extend the current results in other scenarios with

other technologies and QoS requirements.
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Chapter 5

Spectrum Sharing in

Cognitive Radio Networks

with Imperfect Sensing: A

Discrete-Time Markov

Model

An efficient and utmost utilization of currently scarce and underutilized radio spec-

trum resources has stimulated the introduction of what has been coined Cognitive

Radio (CR) access methodologies and implementations. While the long-established

approach has been based on licensed (or primary) spectrum access, this new com-

munication paradigm enables an opportunistic secondary access to shared spectrum

resources provided mutual interference is kept below acceptable levels. In this chap-

ter we address the problem of primary-secondary spectrum sharing in cognitive

radio access networks using a framework based on a Discrete Time Markov Chain

(DTMC) model. Its applicability and advantages with respect to other approaches

is explained and further justified. Spectrum awareness of primary activity by the

secondary users is based on spectrum sensing techniques, which are modeled in or-

der to capture sensing errors in the form of false-alarm and missed-detection. Model

validation is successfully achieved by means of a system-level simulator which is

able to capture the system behavior with high degree of accuracy. Parameter de-

pendencies and potential tradeoffs are identified enabling an enhanced operation

for both primary and secondary users. The suitability of the specified model is

justified while allowing a wide range of extended implementations and enhanced

capabilities to be considered.
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5.1 Spectrum Sharing: Motivation and Problem

Statement

In this chapter we tackle the problem of dynamic spectrum access considering the

Hierarchical Access Model [1], where the licensed (or primary) spectrum is opened

to secondary users (SUs) provided the interference over the primary users (PUs, or

licensees) is kept under acceptable limits. In addition, two approaches for spectrum

sharing have been devised: Spectrum Underlay and Spectrum Overlay. Spectrum

underlay aims at operating below the floor noise of primary users by using ultra-

wideband (UWB) techniques which, on the other hand, limits the transmitted

power by secondary users. As for spectrum overlay, it targets at spatio-temporal

spectrum holes by allowing secondary users to identify and exploit them in a non-

intrusive manner. In the remainder of the chapter, it will be assumed that spectrum

overlay is used as a basis of our model. From a regulatory perspective, the Federal

Communications Commission (FCC) in the U.S. and Ofcom in the U.K. are cur-

rently considering the use of cognitive radio technologies [2]. Accordingly, the unli-

censed use of VHF and UHF TV bands, provided no harmful interference is caused,

was targeted by the FCC in [3]. This was a first milestone in the development of

the IEEE 802.22 standard, proposing a cognitive radio-based physical and medium

access control (MAC) layer for use of TV spectrum bands by license-exempt de-

vices on a non-interfering basis [4]. Furthermore, the IEEE activities in developing

architectural concepts and specifications for network management interoperabil-

ity, including CR and dynamic spectrum access, are addressed by SCC41/P1900

standardization groups [5]. Finally, many operative standards such as WiFi (IEEE

802.11), Zigbee (IEEE 802.15.4), and WiMAX (IEEE 802.16) already include some

degree of CR technology today [2], in the form of coexistence among radios, Dy-

namic Frequency Selection (DFS) and Power Control (PC). The primary-secondary

(P-S) spectrum sharing operation can take the form of cooperation or coexistence.

Cooperation means there is explicit communication and coordination between pri-

mary and secondary systems, and coexistence means there is none [6]. When

sharing is based on coexistence, secondary devices are essentially invisible to the

primary. Thus, all of the complexity of sharing is borne by the secondary and no

changes to the primary system are needed. Among the different forms of coexis-

tence, we adopt the opportunistic exploitation of white spaces in spatial-temporal

domain sustained on spectrum sensing, coordination with peers and fast spectrum

handover, i.e. the spectrum overlay case. As for cooperation, again different forms

of P-S interactions are possible. For example, spatial-temporal white spaces can be

signaled through a common control channel from the primary network side, such

as the Cognitive Pilot Channel (CPC) or the CSCC (Common Spectrum Coordi-

nation Channel) [7–12], which would provide primary spectrum usage information
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to SUs. In addition, the interaction between PUs and SUs provides an opportu-

nity for the license-holder to demand payment according to the different quality of

service grades offered to SUs. In the abovementioned context, the use of Markov

models becomes an important aid in modeling problems dealing with the dynamic

access to shared spectrum resources. In this sense, a significant number of papers

in the literature have been devoted to the characterization of such scenarios using

Markov models as, e.g., in [13–18]. In [13] (along with amendments in [19]), a

Continuous Time Markov Chain (CTMC) model is presented to model spectrum

access of primary (wideband) and secondary (narrowband) users over a partitioned

spectrum bandwidth. In [14] and [15] a CTMC model is also provided for the op-

portunistic access of wideband and narrowband users. However, as a difference

from [13], a finite population traffic model is used for the characterization of sec-

ondary users. It is worthwhile noting that work in [13–15] disregards the effect of

erroneous sensing on the secondary network side, i.e. a perfect knowledge on the

activity of primary users is assumed. An attempt to introduce the impact of sens-

ing errors is provided in [16], where a CTMC model is also considered and sensing

information is available upon secondary user arrival. Despite the fact that some

considerations about sensing errors are introduced in [16], these are not related to

any particular spectrum sensing mechanism (i.e., energy detection, pilot detection,

etc. [20]). Conversely, in this chapter, missed-detection and false-alarm values are

obtained according to the well-known expressions regarding the energy detection

of signals in Rayleigh fading as in [21] and [22], accordingly achieving higher mod-

eling accuracy. In [17, 18], CTMC models are used to characterize the interactions

between primary and secondary users and random spectrum access protocols are

proposed and evaluated. In this chapter, a Markovian framework based on Discrete

Time Markov Chains (DTMC) to evaluate the opportunistic spectrum access in a

P-S spectrum sharing scenario is proposed. The rationale behind using DTMCs in-

stead of CTMCs is based on the fact that sensing mechanisms operate on a periodic

time basis, and where the sensing periodicity is an important design parameter.

Therefore, the DTMC models, which observe the state of the system at discrete

time instants, can accurately model the proposed scenarios by considering the ob-

servation instants of the DTMC as the sensing instants. Model validation and

evaluation studies considering several parameter dependency issues and tradeoffs

are addressed in this chapter revealing the usefulness of the proposed model for

cognitive radio networks system design, realization and operation. In particular,

relevant parameters are identified that influence the performance of the spectrum

sharing model. Among these, sensing periodicity (how often do we sense?) and

sensing accuracy (how well do we sense?) are shown to be key parameters that

greatly affect the behavior of the system. In addition, this chapter reflects the

importance of time-sharing between spectrum sensing (for how long do we sense?)

and data transmission (for how long do we transmit?), which tradeoffs the sens-
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Figure 5.1: Bandwidth partitioning model for spectrum sharing between PUs and SUs.

ing accuracy with the obtained throughput, thus leading to possible parameter

optimization which will be also addressed in this chapter. Finally, the awareness

of both primary and secondary traffic load distributions also enables to identify

optimized parameter values for an overall enhanced network operation as will be

shown in the following. The remainder of the chapter is organized as follows. In

Section 5.2 the system model is described along with the considered procedures

and the implementation approach. Subsequently, in Section 5.3, the DTMC model

is formulated along with the main hypothesis and considerations. A number of

relevant performance metrics are derived in Section 5.4 which will be evaluated

numerically in Section 5.5. Finally, Section 5.6 concludes the chapter with some

final remarks and future considerations.

5.2 System Model

The considered system involves a Primary Network (PN), serving PUs, and a Sec-

ondary Network (SN), serving SUs. Both the PN and the SN operate autonomously

and each network implements efficient protocols for the correct and coordinated op-

eration among their own users (i.e. PUs and SUs respectively). Thus, the PN is

aware of the spectrum occupancy by PUs and, correspondingly, the SN is aware

of the spectrum occupancy of SUs. The PN has been assigned a total number of

C channels, partitioning a certain frequency bandwidth. SUs can make use of free

channels; though PUs have strict priority over SUs (i.e. if a SU is using a given

channel and this channel is required by a PU, then the SU must release it). Fig.

5.1 shows an example of the considered bandwidth sharing model.
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5.2.1 Procedure

The procedure to be followed for the operation in the SN and the corresponding

required functionalities is presented in the following. In the first stage, a frequency

band and a specific available channel where a secondary communication can be

established have to be identified. Then, both secondary communication ends have

to be configured to be able to transmit and receive over the identified channel.

While maintaining the secondary communication, it is required that the presence

of a primary communication is detected, so that if a PU arrives the secondary

communication must evacuate the channel. Spectrum handover (SpHO) proce-

dures will intend to find an appropriate alternative channel where the secondary

communication can be continued in order to avoid its interruption.

5.2.2 Spectrum Awareness Implementation Approach

Among the two aforementioned implementation approaches (i.e. coordination vs.

coexistence) the coexistence case will be adopted in the sense that the SN imple-

ments spectrum discovery mechanisms in order to exploit unused spectrum in an

opportunistic fashion. In this approach, the identification of a candidate frequency

band (or channel) for the secondary communication as well as the monitoring of pri-

mary’s presence is performed within the SN based on sensing mechanisms without

any direct interaction with PN. Depending on the secondary network architecture,

whether it is infrastructure-based (centralized) or infrastructure-less (i.e. decen-

tralized or ad-hoc), sensing information may be gathered in different forms. In the

centralized case, SUs equipped with sensors may sense the whole spectrum and

report to a centralized entity (e.g. located at the Base Station, BS) which may

in turn schedule or re-schedule SU transmissions accordingly. Alternatively, a cen-

tralized entity at the BS may be responsible for sensing tasks, thus alleviating SUs

from sensing capabilities. For the decentralized approach, spectrum sensing and

use is entirely borne by SUs, thus information exchange mechanisms among them

should be implemented. For the sake of simplicity, and to avoid a further increase

in the model complexity, we will assume the centralized case where a centralized

entity is responsible for spectrum sensing tasks. Nevertheless, the presented model

allows further implementation alternatives to be considered which is left for future

work.

Channel occupancy detection performed at the SU’s terminal side through sensing

mechanisms is affected by a number of aspects (e.g. adverse channel conditions,

hidden terminal problem, limited sensitivity on the sensing equipment, etc.) that
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may limit the reliability of sensing results [21]. Typically, spectrum detection

through sensing in the presence of errors performs a binary hypotheses test over

a given band (or channel), that is: H0 if the channel is available and H1 if the

channel is occupied. Accordingly, the miss-detection and false-alarm probabilities,

δ and ε, can be defined as:

δ = Pr [H0|H1 is true] (5.1)

ε = Pr [H1|H0 is true] . (5.2)

An appropriate selection of the so-called time-bandwidth product, defined as

m = T ·W , (5.3)

where T is the time devoted to sense bandwidth W [21], is of great relevance. In

general, the longer we sense the bandwidth W seeking for spectrum opportunities

the more reliable are our sensing measures (i.e. lower δ and ε values), however,

high T values, as shown further on, will trade-off the achievable throughput expe-

rienced by SUs [23]. Moreover, spectrum errors can be improved by means of the

cooperation of sensing entities as suggested in [21].

With respect to the availability of updated primary spectrum occupancy infor-

mation based on sensing, ∆T would represent the time between two consecutive

sensing information updates. Considering that a generic underlying MAC level

time-frame structure enabling sensing would devote some time, Tsens, for sensing

purposes, i.e. the sensing time, the sensing efficiency can be defined as

ηsens = 1− Tsens/∆T . (5.4)

We assume that time Tsens will be the time T , devoted to sense a single channel,

multiplied by the number of channels with bandwidth W that should be sensed,

i.e.

Tsens = T · C , (5.5)

To account for possible detection errors during spectrum sensing procedures, a

probabilistic model will be developed in order to compute the number of detected

(or sensed) PUs in the system. This model will consider specific missed-detection

and false-alarm probabilities values, δ and ε, obtained from well-known expressions

in the literature, see e.g. [21, 22].
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5.3 DTMC Model Formulation

The proposed DTMC model is devoted to determine the statistical occupancy of

the shared spectrum by PUs and SUs. It is mainly fed by traffic-related input

parameters, such as arrival and departure rates (λp and λs along with µp and

µs for PUs and SUs correspondingly), and also the number of channels to be

shared, C. Following the same assumptions than in [13–18] and as it is classically

considered in most of the existing literature, it is assumed that arrivals follow a

Poisson distribution and that service times are exponentially distributed.

The sensing periodicity, ∆T , which denotes the periodic time instants in which

updated spectrum occupancy information is made available for secondary commu-

nication, is, on the other hand, the operating time-basis of the DTMC.

The proposed DTMC model accounts for the spectrum usage of PUs and SUs in

a shared spectrum scenario. For simplicity reasons, it is supposed that the whole

spectrum bandwidth is partitioned into a total number of C channels (bands) to

be shared among both PUs and SUs. It is further considered that both PUs and

SUs demand a single channel for transmission purposes (recall Fig. 5.1). These

assumptions, although simplifying, will keep the algebra at an understandable and

tractable level while still capturing the essence of the problem under study. If

desirable, more elaborate shared bandwidth models can be easily considered and

adapted to the model here presented (e.g, considering different bandwidth require-

ments for PUs and SUs). In this respect, Chapter 6 will deal with an enhanced

bandwidth model.

In a DTMC, [24], we observe the system state at discrete time instants

{t0, t1, t2, ..., tn, ...},

with tn = t0 + n ·∆T and periodicity ∆T , which is, on the other hand, assumed

to specify the time instants where primary spectrum usage information is made

available for secondary communication use. In addition, let In = (tn, tn+1] de-

fine the n-th time interval between two successive observation times. The DTMC

model formulation involves a number of steps which are presented in the following

subsections.
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5.3.1 State Space Definition

Let Np(tn) and Ns(tn) be stochastic processes indicative of the number of PUs and

SUs in the system at time tn. Accordingly, allow

Xn = S(i,j) = {Np(tn) = i, Ns(tn) = j}

to represent a state of the DTMC at time tn. Thus, if C channels are available,

the considered state space S must contain all possible sates S(i,j) which fulfill both

i ≤ C and j ≤ C, formally:

S =
{

S(i,j) : i ≤ C, j ≤ C
}

. (5.6)

Nevertheless, for a correct spectrum use (i.e. with no spectrum collisions), the

number of PUs (i) plus the number of SUs (j) must not exceed the total number of

available channels (C). In addition, due to spectrum detection errors, a SU might

be erroneously assigned to a band already in use by a PU. Then, for convenience,

we define the following three subsets of accounting for those states that necessarily

imply spectrum collision, i.e.

Sc =
{

S(i,j) : i+ j > C
}

⊂ S , (5.7)

those states which possibly imply a spectrum collision, i.e.

Spc =
{

S(i,j) : i+ j ≤ C, j > 0, i > 0
}

⊂ S , (5.8)

and those states that are collision-free, i.e.

Snc =
{(

S(i,j) : i = 0
)

∪
(

S(i,j) : j = 0
)}

⊂ S . (5.9)

Fig. 5.2 shows an example of the considered state space for C = 3 channels, where

it must be regarded that S = Sc ∪ Spc ∪ Snc and Sc ∩ Spc ∩ Snc = ∅. In addition,

the total number of states is given by Nstates = (C + 1)
2
.

A clear advantage in considering the total number of PUs (i) and SUs (j) in the

system as indices of the Markov state space (as, e.g. in [13]) is that system dimen-

sionality (and consequently complexity) of the model can be reduced. Contrarily,

if the status of each channel (that is, free, occupied by PU or occupied by SU)

was to be captured by the Markov model, the number of states would dramatically

increase thus limiting the applicability of the model. On the other hand, the main

drawback of adopted approach is that it remains uncertain how different users

are distributed over the channels. Fortunately, this can be solved by considering

probabilistic models for the occupation of different channels by PUs and SUs.
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S

i

S(3,0) S(3,1) S(3,2) S(3,3)

S(2,0) S(2,1) S(2,2) S(2,3)

S(1,0) S(1,1) S(1,2) S(1,3)

S(0,0) S(0,1) S(0,2) S(0,3)
j

ncS

pcS

cS

Figure 5.2: The state space for C = 3, where different shaded regions determine the spectrum

collision states [S(i,j) ∈ Sc], possible collision states [S(i,j) ∈ Spc] and collision-free states [S(i,j) ∈

Snc]

5.3.2 Detection of Primary Spectrum Occupancy

At a particular time tn, let the state of the DTMC be Xn = S(i,j) ∈ S. At this

same time instant, spectrum occupancy information is made available to the SN

side (either to some centralized infrastructure-based entity or to a specific SU). Due

to spectrum detection errors, the observed state at time tn using such erroneous

information may be Yn = S(k,j) ∈ S, i.e. Yn 6= Xn, with k denoting the number of

detected PUs (note the number of SUs at time tn, j, is known by the SN, so it is not

subject to errors). Consequently, we are interested in determining the conditional

probability of detecting k PUs when there are in fact i PUs in the system at time

tn, which may formally be expressed as:

b(k,i) = Pr[Yn = S(k,j)|Xn = S(i,j)] (5.10)

Theorem 1. The conditional primary user detection probability, b(k,i), subject to

false alarm and missed detection probabilities, ε and δ, is given by

b(k,i) =

min(i,C−k)
∑

m=max(0,i−k)

(

C − i

m+ k − i

)

· εm+k−i · ε̄C−m−k ·

(

i

m

)

· δm · δ̄i−m , (5.11)
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with ε̄ = 1− ε and δ̄ = 1− δ.

Proof. See Appendix 5.A.

Then, function b(k,i) provides the application function between the so-called true

state space given by states Xn = S(i,j) ∈ S and the detected state space given by

states Yn = S(k,j) ∈ S. Since the SN operation will be based on the knowledge of

Yn as opposed to Xn, the values of ε and δ will considerably affect the performance

of such system and lead, in the worst case, to an ineffective operation.

5.3.3 Arrival and Departure Processes

Let NA∈
{

NPA,NSA
}

along with ND∈
{

NPD,NSD
}

denote the number of arrivals

and departures of PUs and SUs respectively in In (i.e. in a time interval of duration

∆T ).

Given PUs and SUs arrive at the system according to a Poisson distribution with

rates λp and λs respectively, the probability that k arrivals occur in In, P
A
k , is

given by [24]:

PA
k = Pr[NA = k] =

[

(λ∆T )k
/

k!
]

e−λ∆T , (5.12)

where for λ ∈ {λp,λs} we will refer to PA
k ∈

{

PPA
k ,P SA

k

}

correspondingly.

If the session duration is exponentially distributed with mean 1/µ (i.e., rate µ),

the probability of a session departure in In is [24]:

PD = 1− e−µ∆T . (5.13)

Then, the probability of having k-out-of-m departures in In, P
D
k , is given by the

binomial distribution [24]:

PD
k = Pr[ND = k] =

(

m

k

)

(1− e−µ∆T )k(e−µ∆T )m−k , (5.14)

where for µ ∈ {µp,µs} we will refer to PD
k ∈

{

PPD
k ,P SD

k

}

respectively.

Note that enabling multiple arrivals and departures in one ∆T period will affect

the decision process on whether a SU can be assigned or not given that detection

information is retrieved only at times tn. This also constitutes a differentiating

aspect with respect to other approaches to the same problem such as in [13–18].
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5.3.4 Transition Probabilities

The transition probabilities between each pair of states S(k,l) → S(i,j) in the DTMC

model can be expressed as [24]:

P(i,j|k,l) = Pr[Xn+1=S(i,j)|Xn=S(k,l)]

= Pr[Np(tn+1)= i, Ns(tn+1)=j|Np(tn)=k,Ns(tn)= l]

= Pr[Np(tn+1)= i|Np(tn)=k,Ns(tn)= l]

×Pr[Ns(tn+1)=j|Np(tn)=k,Ns(tn)= l] ,

(5.15)

where the conditional independence of processes Np(tn) and Ns(tn) has been con-

sidered (since primary and secondary arrival/departure processes are also assumed

independent). Probabilities P(i,j|k,l) constitute the elements of the transition prob-

ability matrix P, from which the steady state probabilities, P(i,j), of the DTMC will

be determined [25]. For the sake of algebra tractability, the following assumptions

are considered in the presented expressions:

Hypothesis 1. A primary or secondary session arriving in In will not depart in

the same In. This implies that ∆T << 1/µ with µ ∈ {µp,µs} and where 1/µ is the

average session duration.

Hypothesis 2. We disregard the order in which session arrivals and departures

occur in a given In by considering the resulting net number of users, i.e. those

obtained after subtracting the departures and adding the new arrivals.

Note that both previous hypotheses rely on the relation between ∆T and traffic-

related parameters λ and µ, which can be adjusted to fit our needs. The validation

and justification of these hypotheses will be addressed in Section 5.5 when we deal

with the model validation.

For convenience we present the following set of lemmas:

Lemma 1. The probability of assigning k PUs when we have also l PU de-assignments

in state S(i,j), a
P
(i,j,k,l), is given by:

aP(i,j,k,l) =











PPA
k , if i− l + k < C

1−
k−1
∑

m=0
PPA
m , if i− l + k = C

. (5.16)

Proof. See Appendix 5.B.1.
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Lemma 2. The probability of de-assigning k PUs in state S(i,j), d
P
(i,j,k,l), is given

by:

dP(i,j,k) =P
PD
k . (5.17)

Proof. See Appendix 5.B.2.

Lemma 3. The probability of assigning k SUs when we have also l SU de-assignments

in state S(i,j), a
S
(i,j,k,l), is given by:

aS(i,j,k,l) =















C−k−j+l
∑

m=0
āS(m,j,k,l) · b(m,i) for k > 0

C−j+l
∑

m=0
āS(m,j,0,l) · b(m,i) +

C
∑

m=C−j+l

b(m,i) for k = 0
, (5.18)

with

āS(m,j,k,l) =











P SA
k , if m+ j − l + k < C

1−
k−1
∑

r=0
P SA
r , if m+ j − l + k = C

. (5.19)

Proof. See Appendix 5.B.3.

Lemma 4. The probability of de-assigning k SUs in state S(i,j), d
S
(i,j,k,l), is given

by:

dS(i,j,k)=

k
∑

r=0

dS,S(i,j,k−r,r)·d
S,SC

(i,j,r) , (5.20)

with

dS,S(i,j,k,l) =











b(C+k−j+l,i) if 0 < k ≤ j − l

1−
j−l
∑

r=1
b(C+r−j+l,i) if k = 0

, (5.21)

and

dS,SC(i,j,k)=P
SD
k . (5.22)

Proof. See Appendix 5.B.4.

Then, it follows that:
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Theorem 2. The general transition probability between states S(i,j) → S(i+N,j+M),

P(i+N,j+M|i,j) , with −i ≤ N ≤ C − i and −j ≤M ≤ C − j, is given by:

P(i+N,j+M|i,j)=

(

i
∑

k=max(−N,0)

aP(i,j,N+k,k)·d
P
(i,j,k)

)

·

(

j
∑

k=max(−M,0)

aS(i,j,M+k,k)·d
S
(i,j,k)

)

,

(5.23)

Proof. See Appendix 5.C.

5.4 Performance Metrics

From the resulting transition probability matrix P defined through (5.23), we ob-

tain the true steady state probabilities, P(i,j) = lim
n→∞

Pr
[

Xn = S(i,j)

]

, for each

true state S(i,j) in the state space S. The knowledge of such statistical distribution

enables the definition of several performance metrics which are addressed in the

following.

On the other hand, it is also relevant to determine the steady state probabilities of

the detected states (i.e. including possible sensing errors):

P ′
(i,j) = lim

n→∞
Pr
[

Yn = S(i,j)

]

,

which are computed as:

P ′
(i,j) =

∑C

n=0
b(i,n) · P(n,j) . (5.24)

In this case, P ′
(i,j)is the steady state probability observed by the SN, i.e. without

true knowledge of PU activity and, therefore, sensible to sensing errors. Then,

by considering P ′
(i,j) instead of P(i,j), metrics computed from the SN side, which

account for possible sensing errors, can be obtained.

In order to obtain probabilities P(i,j), we apply numerical methods [25] so as to

solve the matrix equation given by ν = ν ·P, where

ν =
[

P(0,0), . . . , P(0,C), P(1,0), . . . , P(1,C), . . . , P(C,0), . . . , P(C,C)

]

is the steady-state probability vector.
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5.4.1 Average Number of Users

The average number of PUs and SUs (i.e. average served traffic) is computed as:

Np =
∑

S(i,j)∈S
i · P(i,j) , (5.25)

and

Ns =
∑

S(i,j)∈S
j · P(i,j) . (5.26)

In addition, we can compute the average number of sensed PUs, N ′
p, by considering

P ′
(i,j), thus leading to:

N ′
p =

∑

S(i,j)∈S
i · P ′

(i,j) . (5.27)

5.4.2 Blocking Probability

Blocking occurs whenever a new user cannot be assigned a channel given all chan-

nels are occupied or thought to be occupied. Subsequently, blocking probability

for PUs can be computed from the true steady state probabilities as:

PPB =
∑C

j=0
P(C,j) . (5.28)

On the other hand, the blocking probability for SUs can be computed as:

PSB =
∑C

i=0

∑C

j=C−i
P ′
(i,j) , (5.29)

with P ′
(i,j) defined in (5.24).

5.4.3 Interruption Probability

Interruption of secondary service occurs whenever a SU is forced to release a channel

before its session has ended due to the appearance of a PU and no other channel is

sensed to be free. To compute the interruption probability the average number of

secondary users defined in (5.26) can be regarded as the average served SU traffic

T served
s = Ns. Then, we can express

T served
s = Ts ·

(

1− PSB
)

· (1− PD) , (5.30)

indicating that the served traffic is the offered traffic which is not blocked nor

interrupted. From (5.30), we express the interruption probability as:

PD = 1−
T served
s

Ts
(

1− PSB
) = 1−

Ns
λs

µs

(

1− PSB
) . (5.31)
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5.4.4 Interference Probability: An Upper-Bound

At a given sensing instant in state S(i,j) ∈ S, the probability of miss-detecting

n PUs out of i PUs in the system can be expressed as the binomial distribution

with δ the probability of miss-detection (refer to Appendix 5.A). Consequently,

the average number of missed detections in state S(i,j) ∈ S is given by

NMD(i, j) = i · δ . (5.32)

The average number of collisions in state S(i,j) ∈ Spc (recall from section 5.3.1)

may be initially upper-bounded by

Nc(i, j) ≤ NMD(i, j) , (5.33)

indicating that at most (i.e. in the worst case) we will have a collision for each

missed detection. In addition, this upper-bound can be tightened by considering

that the average number of collisions will be also less than the average number of

SUs in state S(i,j), i.e. Nc(i, j) ≤ j. Hence, we have

Nc(i, j) ≤ min [i · δ, j]
∆
= N∗

c (i, j) . (5.34)

The number of collisions in state S(i,j) ∈ Sc (i.e with i + j > C) can be initially

lower-bounded as

Nc(i, j) ≥ (i + j − C)
∆
= κc , (5.35)

where we know that at least κc channels are being simultaneously shared by both

a PU and a SU.

In addition, remaining (i − κc) PUs and (j − κc) SUs may be also in a collision

situation, hence the number of collisions can be upper-bounded, similar to (5.34),

as

Nc(i, j) ≤ κc +min [(i− κc) · δ, (j − κc)]
∆
= N∗

c (i, j) . (5.36)

As for the case where S(i,j) ∈ Snc, the number of collisions is zero, i.e. Nc(i, j) = 0.

Given the maximum possible number of collisions would be C, we define the colli-

sion probability ratio, hereon the interference probability, in state S(i,j) as

Pc(i, j) =
N∗
c (i, j)

C
, (5.37)

where we have used collision upper-bounds N∗
c (i, j) provided in (5.34) and (5.36)

as worst cases, along with N∗
c (i, j) = 0 for S(i,j) ∈ Snc.

Finally, the average interference probability can be then expressed as

Pc =
∑

S(i,j)∈S
Pc(i, j) · P(i,j) . (5.38)
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5.4.5 Throughput

In a given state S(i,j) ∈ S, the number of channels that are being simultaneously

used by both a PU and a SU, N∗
c (i, j), has been computed in the previous subsec-

tion.

It is considered that a channel being shared by both a PU and a SU does not

contribute to throughput; consequently we can define the throughput of PUs or

SUs in state S(i,j) ∈ S as:

Γp(i,j) = [i−N∗
c (i, j)] · Rp , (5.39)

along with

Γs(i,j) = [i−N∗
c (i, j)] ·Rs , (5.40)

measured in bits per second (bps), where Rp and Rs are the average bit rate per

channel for PUs and SUs respectively. Given that SUs need some time to sense

the medium (or to remain silent so that the sensing entity can sense the medium)

the net throughput per channel achieved by SUs, Rs, will be lower than the net

throughput per channel achieved by PUs, Rp, under our assumption that the same

amount of bandwidth is devoted to both users. Then, we can write, Rs = Rp ·ηsens
where ηsens ∈ [0, 1] is the sensing efficiency defined in (5.4). The granted bit rate

for a single PU will be simply computed using the Shannon bound as

Rp =W · log2(1 + γ̄) , (5.41)

where W (Hz) is the bandwidth of a single channel and γ̄ (dB) is the average

signal-to-noise ratio (SNR).

Finally, the average throughput for both PUs and SUs is computed as

Γp =
∑

S(i,j)∈S
Γp(i,j) · P(i,j) , (5.42)

along with

Γs =
∑

S(i,j)∈S
Γs(i,j) · P(i,j) . (5.43)

5.5 Performance Evaluation

In the following, the considered parameter setup for the numerical evaluation and

also some implementation aspects for the uncoordinated spectrum awareness case

are introduced. Subsequently, numerical results address, in the first place, the

model validation by means of a system-level simulator. Secondly, numerical results

will be given so as to capture the tradeoff between the time devoted to sensing and

the throughput, the impact on the number of considered channels (C) and, finally,

the effect on the spectrum awareness periodicity ∆T .
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5.5.1 Parameter Setup

As an initial reference, it is considered a total bandwidth partitioned into C = 16

channels to be shared amongst PUs and SUs. The offered primary traffic load

is Tp = λp/µp = {5, 10} Erlangs (E), while secondary offered traffic, defined as

Ts = λs/µs, will span over a specified range of values. Note that for Tp = 10E and

C = 16 channels the system is significantly loaded by PUs, so that the system is

evaluated under rather unfavorable conditions for SUs. Average session duration is

assumed to be equal for both PUs and SUs with 1/µ = 1/µp = 1/µs = 120 seconds

(i.e. assuming a time-based service). Sensing periodicity is, unless otherwise stated,

∆T = 100ms. The characterization of sensing errors will be provided by means

of missed-detection and false-alarm probabilities, i.e. δ and ε respectively (the

following subsection addresses such implementation in detail). In addition, for

comparative purposes, we will also consider the case where perfect sensing (error-

free) is available. For this case, not only δ and ε are zero but also the time devoted

to sensing purposes is considered to be zero.

5.5.2 Spectrum Detection in Rayleigh Fading

The detection of unknown signals by means of sensing has captured a lot of at-

tention in the past, and the advent of cognitive radio has indeed contributed to

increase the work devoted to this matter [21, 22].

In general, sensing in the presence of errors due to imperfect channel conditions can

be characterized through miss-detection and false-alarm probabilities (i.e. δ and

ε respectively) extracted from so-called Receiver Operating Curves (ROC) which

relate both magnitudes. These curves mainly depend on the considered channel

model (Rayleigh, Rician, etc.), the average SNR (γ̄) at the sensor’s end and the

time-bandwidth product (m) previously introduced in (5.3). Fig. 5.3 shows the

ROC curves for the energy detector under Rayleigh fading considering a number of

time-bandwidth products (m) which have been computed according to analytical

expressions in [21].

Note that, for a fixed observed bandwidth W , the increase of the time devoted to

sensing, T , i.e. also meaning an increase in the time-bandwidth product (recall

that m = T ·W ), will mean that a more accurate sensing information is retrieved.

In this sense, setting different target values for the miss-detection probability δ∗ we

obtain the corresponding values for the false alarm probability ε∗ for the different

time-bandwidth products m which define the working point of the receiver. In
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Figure 5.3: Receiver Operating Characteristic (ROC) curves for the energy detector in Rayleigh

fading considering γ̄ = 10dB and time-bandwidth products m between 5 and 1000.

Table 5.1: ROC Values for γ̄ = 10dB and W = 200kHz extracted from Fig. 5.3

.

m δ∗ ε∗ T = m/W

5 0.01 0.7277 0.000025

10 0.01 0.6278 0.00005

50 0.01 0.3378 0.00025

100 0.01 0.2073 0.0005

150 0.01 0.1391 0.00075

200 0.01 0.0974 0.001

300 0.01 0.0511 0.0015

400 0.01 0.0281 0.002

practice, this is achieved by setting appropriate values for the decision threshold

at the sensor’s end [21]. Without loss of generality we assume a fixed value of

W = 200kHz and a target miss-detection probability value of δ∗ = 0.01. Unless

otherwise stated the average SNR is chosen to be γ̄ = 10dB. Then, and for the sake

of representation, performance results will refer to particular values of m (which in

turn refer to specific values of δ∗ and ε∗ as shown in Table 5.1).
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5.5.3 Numerical Results

5.5.3.1 Validation and Preliminary Model Assessment

One main objective of analytical system modeling is to retain the basic interactions

between the main parameters affecting the performance of a real system. How close

is the performance behavior of the model with respect to the real system will largely

depend on the considered model assumptions and hypothesis. In this sense, in this

section we intend to identify those parameters that may limit the applicability of

the model, which is, on the other hand, inherent to all analytical models.

For the sake of a complete model validation, a system-level simulator has been

developed so as to extract relevant metrics and compare them to those defined

for the model in Section 5.4. Specifically, this simulator operates on a discrete-

time basis and is somewhat more realistic than the model in a way that it is not

constrained by hypothesis 1 and 2 given in Section 5.3.4.

In order to assess the validation of the proposed model we compare the steady state

probabilities obtained through the Markov chain with the computed values through

simulation. Since the desired metrics (see Section 5.4) are directly computed from

the steady state probabilities, P(i,j) and P ′
(i,j), a positive validation at this point

results in a good indicator about the validity of the proposed model. In this

respect, Fig. 5.4 plots the steady state probabilities resulting from the Markov

model against the same probabilities computed by means of simulation. In addition

it is also plotted the curve y = x for reference purposes (note that for a perfect

match, plotted data in Fig. 5.4 should lay over the curve y = x). In addition,

log-log scaling enables a detailed comparison between both magnitudes. It can be

observed that a good match between the model and the simulation is attained, in

particular for higher probability values (i.e. in the range between 10−2 and 10−1).

For probabilities below this range, differences become more evident indicating that

a larger number of samples (i.e. larger simulation times) are needed in order to

obtain a good statistics of simulated data.

Fig. 5.5 and Fig. 5.6 show the average number of users and the interruption

probability, as defined in (5.25), (5.26) and (5.31) respectively, where simulation

results appear as circles and the DTMC model performance appear as lines. At a

first glance, note how the system-level simulator values (i.e. circles) closely match

those obtained by means of the DTMC model.

Regarding Fig. 5.5, when spectrum sensing is subject to errors, performance eval-

uation is shown for different considered values of δ and ε through specified values
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Figure 5.4: Model validation of the steady state probabilities by plotting the obtained simulation

value against the theoretical (model) value. Perfect match implies data laying on y=x curve.

of m (regard Table 5.1). Provided that PUs have spectrum access priority over

SUs, the average number of served PUs remains constant (note that we have fixed

Tp = 10E). As for the average number of SUs, as expected, the better the spectrum

sensing information (i.e. higher m values) the better spectrum opportunities can

be exploited. For the case of perfect sensing the highest utilization of free bands is

attained by SUs.

Fig. 5.6 shows the interruption probability (i.e. the probability that a SU is forced

to suspend its session due to primary activity) defined in (5.31) for the different

values of m. While the perfect-sensing case exhibits the most favorable behavior,

a decrease in m results into higher false-alarm probabilities which in turn triggers

SUs to release occupied channels. In addition, the interruption probability increases

with the offered secondary load, which is, on the other hand, somewhat expected.

Additionally, it is necessary to determine when hypotheses 1 and 2 (provided in

Section 5.3.4) pose some risk on the model’s validity. Indeed, such hypotheses rely

in one way or another on the relation of arrival and departure process parameters

with the DTMC observation period ∆T . As for hypothesis 1, the relation between

1/µ and ∆T will determine if a call/session arriving within a period ∆T will depart

in the same ∆T . On the other hand, the longer the period ∆T the more important

becomes the order in which arrival and departures occur, thus hypothesis 2 will

be less true as ∆T increases. To that end, the behavior of the average number of
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Figure 5.5: Average number of users against offered secondary traffic load (Ts). The offered PU

load is Tp = 10E.

users and the interruption probability against several ∆T · µ values is presented in

Fig. 5.7(a) and Fig. 5.7(b) respectively. The offered traffic is fixed to Tp = 5E and

Ts = 20E. It can be observed [see Fig. 5.7(b)] that the interruption probability

decreases when ∆T values increase. Not surprisingly, very frequent tests on the

occupancy of a channel (i.e. low ∆T values) will translate into higher chances

that a SU is refrained from transmitting specially for the cases that the false-alarm

probability is significant (i.e. low m values). Consequently, see Fig. 5.7(a), the

number of secondary users increases with ∆T .

Note that for ∆T ·µ values over 2 ·10−2, the model and the simulated data start to

drift apart. This drift is more noticeable in the interruption probability case, see

shaded region in Fig. 5.7(b), than for the average number of users. Nevertheless,

for values of ∆T · µ which remain in the range 10−4 to 10−2, the model is able

to capture the behavior exhibited by the system-level simulator, thus validating

the proposed hypothesis in these cases. Note, that this dependency between the

model validation and ∆T was somewhat expected when expressing hypotheses 1

and 2. In terms of model applicability, practical system parameter values can be

evaluated bearing in mind the relation between ∆T and µ.

167



Chapter 5. Spectrum Sharing in Cognitive Radio Networks with Imperfect
Sensing: A Discrete-Time Markov Model

0 5 10 15 20 25 30 35 40 45 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

In
te

rr
u
p
ti

o
n
 P

ro
b
ab

il
it

y
 (
P
D
)

Offered Secondary Traffic (Ts) [Erlangs]

Simulation
Model

Perfect Sensing

m=300
m=200

m=100
m=50

Figure 5.6: Average number of users against offered secondary traffic load (Ts). The offered PU

load is Tp = 10E.

5.5.3.2 Sensing Time / Throughput Trade-Off

Fig. 5.8 shows the existing trade-off between the time-bandwidth product (m) and

the throughput experienced by SUs for several offered secondary traffic loads (Ts)

and average SNRs (γ̄). It can be seen that following an initial throughput increase

due to accurate sensing information, throughput degradation starts to rise when

the sensing time increases to values that are high compared to the time devoted

to data transmission (i.e. the sensing efficiency ηsens → 0). The extreme case

is when all transmission time is devoted to sensing purposes, in this case when

Tsens = ∆T then ηsens = 0 which occurs for m = 1250 considering ∆T = 0.1s.

For the particular study case in Fig. 5.8, several optimum values for the time-

bandwidth product can be selected in order to maximize the average secondary

throughput. These values are represented by m∗ in Fig. 5.8. Note that increasing

the secondary offered load requires a better knowledge of spectrum occupancy, thus

increasing the time-bandwidth product is convenient. In the same way, higher SNR

values require less sensing time, i.e. lower m values, to attain acceptable accuracy

in terms of missed-detection and false-alarm probabilities. In addition, a decrease

in the average SNR results in a dramatic decrease of the average throughput as

could be expected by regarding (5.41).
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Interruption probability.

5.5.3.3 Channel number impact

Fig. 5.9 shows the impact of the number of total channels (C) on the experienced

secondary throughput for two different values of ∆T and constant offered traffic

load of Tp = Ts = 5E along with average SNR of γ̄ = 10dB. In Fig. 5.9(a), for

∆T = 0.1s, note that between 2 and 10 channels, the better the sensing accuracy

(i.e. higher m) the higher the number of SUs are getting assigned, thus higher

throughput is attained. However, given that sensing requires a time Tsens = C · T

[see (5.5)]; as the number of channels increases, high sensing accuracy (i.e. high

m which implies also high T values) does not payoff the increased time devoted

to sensing and its consequences on throughput [as already observed in subsection

5.5.3.2)]. Then, it is observed in Fig. 5.9(a) that at some value of C it is better to

reduce the sensing accuracy, i.e. decrease m, which in turn produces higher false

alarm. The grey shadowed zones indicate regions where a suitable time-bandwidth

product (denoted as m∗) maximizes average secondary throughput. Given that the

offered load is constant and more channels are available by rising C, the increased

false-alarm as a result of lowering m remains bearable. On the other hand, in

Fig. 5.9(b), for ∆T = 5s we have that the time devoted to sensing can be larger

in this case with no observed throughput degradation. This can be followed by

observing the sensing efficiency in (5.4), where if ∆T increases, we may tolerate

higher Tsens values so that the sensing efficiency is still acceptable. Then, for
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∆T = 5s, accurate sensing does payoff the time devoted to sensing procedures and,

thus, better throughput is observed for the case of higher values of m.

5.5.3.4 Spectrum Awareness Periodicity

Fig. 5.10 shows the impact of spectrum occupancy information periodicity ∆T in

terms of interference probability (Pc) as defined in Section 5.4.4. It is again assumed

that C = 16 channels are available. Results indicate that high values of ∆T

cause the secondary system to take decisions with out-of-date primary spectrum

occupancy information which translates into higher interference probabilities, i.e.

higher chances that a PU and a SU are assigned the same channel. In this sense,

given high time-bandwidth products maximize spectrum utilization (see Fig. 5.5),

higher chances that SUs interfere with PUs arise. On the contrary, for lowm values

the higher false-alarm probability prevents from assigning SUs thus less interference

is observed as opposed to higher m values.

The impact of interference on primary user throughput, as revealed by (5.39), is

given in Fig. 5.11(a), where primary throughput benefits from high false-alarm

(i.e. low m values) since interference is lowered as already shown in Fig. 5.5.
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As for the secondary throughput, Fig. 5.11(b), the sensing periodicity ∆T condi-

tions the time devoted to sensing purposes (Tsens) and, hence, the time-bandwidth

product. Then, for low ∆T values, large time-bandwidth products causes sensing

efficiency to decrease and thus reduced throughput is attained. On the contrary,

increased ∆T values allow a longer sensing period and consequently better spec-

trum awareness which in turn improves secondary spectrum usage and through-

put. Shaded regions in Fig. 5.11(b) reflect the suitable time-bandwidth values

(m∗), among those considered, indicating the existing trade-off between sensing

efficiency and spectrum awareness quality.

5.6 Chapter Summary

In this chapter a generalized and flexible framework for the definition and evalu-

ation of opportunistic shared spectrum scenarios has been presented. This frame-

work is capable of supporting a wide range of implementation possibilities and

functionalities. In this sense, the suitability of a DTMC model as the core of

the framework has been suggested and further justified. The DTMC model has

been formulated with a high degree of generality and some performance metrics
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Figure 5.10: Interference probability against sensing periodicity (∆T ) when Tp = 5E and Ts =

20E for several time-bandwidth products (m).

extracted. An uncoordinated operation between primary and secondary networks

has been assumed where primary spectrum occupancy information is retrieved

through sensing mechanisms. A first goal was to determine the validity of the pro-

posed model which has been assessed by means of its comparison with a system-level

simulator. In addition, the limitations of the model have also been determined and

the parameters influencing such limitation have been identified. It was shown that,

for a correct model operation, the value ∆T · µ should be appropriately chosen.

Consequently, practical system parameters values can be evaluated bearing in mind

such limitations. In this case, in our particular scenario, values of ∆T · µ below

2 · 10−2 are suggested in order to achieve a good match between the model and the

simulations.

The existing tradeoff between the sensing accuracy and the exhibited secondary

throughput has also been studied. As expected, an increased sensing accuracy

through longer sensing periods will, at a given point, not payoff the degrada-

tion obtained in terms of throughput since less time is then devoted to the actual

data transmission. Results revealed that the sensing time (equivalently, the time-

bandwidth product) can be conveniently adjusted in order to maximize throughput.

In our numerical analysis we observed how for decreasing offered secondary traffic

loads (from Ts = 5E to Ts = 1E) the sensing accuracy can be slightly decreased

(from m∗ = 296 to m∗ = 241) in order to favor secondary throughput. In addition,

an improved SNR condition allows a decrease in sensing time since energy detection
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Figure 5.11: Primary (a) and secondary (b) throughput against ∆T when Tp = 5E and Ts = 20E

for several time-bandwidth products (m).

is better. In this case, suitable time-bandwidth values span from m∗ = 296 (for

γ̄ = 10dB) to m∗ = 643 (for γ̄ = 2.5dB). In addition, if the number of channels to

be sensed is large, sensing procedures will take longer to determine the spectrum

occupancy of the whole band, consequently reducing the sensing efficiency. Then,

the time-bandwidth product should be reduced when increasing the bandwidth on

which PUs and SUs operate. The impact of the spectrum awareness periodicity ∆T

has also been evaluated. As expected, the longer the time between sensing instants

(i.e. ∆T ) the higher the chances of collision events between PUs and SUs happen.

In addition, improved sensing accuracy degrades the experienced interference by

allowing an increased number of SUs in the system. As shown, secondary operation

can be optimized by choosing adequate values for the time-bandwidth product (i.e.

the time devoted to sensing) in such way that the throughput is maximized.

Future work, addressed in Chapter 6, will be devoted to extend the presented

model to include a flexible bandwidth partition scheme in which PUs and SUs

do not necessarily occupy the same amount of spectrum. In addition, bandwidth

requirements could be dynamically adjusted according to specific demands which

may vary over time. Furthermore, besides the considered time-based service type

of SUs in this chapter, a volume-based service type which intends to transmit a

certain volume of data will be also considered.
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5.A Proof of Theorem 1

Given a total number of C channels we aim to compute the probability of having n

detected PUs when actually i PUs are assigned. Let NFA and NMD represent the

total number of false alarms and missed detections after scanning the C channels.

The number of possible miss detections, NMD, will be consequently in the range

0 ≤ NMD ≤ i, i.e. we can not miss-detect more than the number of ”true” assigned

PUs. In the same way, the number of false alarms is in the range 0 ≤ NFA ≤ C− i.

On the other hand, we can express the number of detected PUs, n, as

n = i+NFA −NMD , (5.44)

indicating that the total number of detected PUs are those actually assigned (i)

plus those we believe are assigned (NFA) minus those we have missed (NMD).

From (5.44), we may re-write

NFA = NMD + n− i , (5.45)

where if NFA ≥ 0 it follows that NMD ≥ i − n. Then, given that also NMD ≥ 0,

we have that NMD ≥ max(0, i − n). On the other hand, from 0 ≤ NFA ≤ C − i

and (5.45), we have that 0 ≤ NMD + n− i ≤ C − i, thus NMD ≤ C − n. Provided

0 ≤ NMD ≤ i must be also satisfied we finally obtain NMD ≤ min(i, C − n).

The probability of detecting n PUs given i PUs are assigned can be expressed using

the total probability definition for conditional probabilities as

b(n,i) =
∑

NMD

Pr(NFA = NMD + n− i|NMD) Pr(NMD) , (5.46)

where, by considering binomial distributions for both false-alarm and miss-detection,

we have

Pr(NFA = NMD + n− i|NMD)

=

(

C − i

NMD + n− i

)

εNMD+n−i(1− ε)C−i−NMD−n+i

=

(

C − i

NMD + n− i

)

εNMD+n−i(1− ε)C−NMD−n

, (5.47)

along with

Pr(NMD) =

(

i

NMD

)

δNMD(1 − δ)i−NMD , (5.48)

from which expression (5.11) can be obtained.
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Figure 5.12: Spectrum assignments/de-assignments due to arrival/departure of PUs and SUs.

5.B Proof of Lemmas 1, 2, 3, and 4

The number of PU/SU spectrum assignments and de-assignments in In, Na ∈
{

NP
a , N

S
a

}

and Nd ∈
{

NP
d , N

S
d

}

, will depend on the spectrum occupancy given

by the true or detected states at time tn, i.e. Xn or Yn, and on the number

of arrivals NA and departures ND in time interval In. These number of arrivals

and departures will eventually lead to a number of channel assignments and de-

assignments depending on the true or detected spectrum occupancy at time tn.

Fig. 5.12 illustrates the arrival and departure process which conditions the state

transition probabilities.

In the following, expressions for lemmas 1 to 4 are derived.

5.B.1 Proof of Lemma 1

Let the true state be Xn = S(i,j); we intend to compute the probability of assigning

NP
a = k PUs in In given we have NP

d = l ≤ i PU de-assignments in In, a
P
(i,j,k,l).

In words, it is the probability of assigning exactly k PUs in the case that least k

channels are available (i.e. having exactly k PU arrivals), and the probability of

having at least k PU arrivals if exactly k channels are available. Thus, we may

write:

aP(i,j,k,l) = Pr[NP
a = k|Xn = S(i,j), N

P
d = l]

=











Pr[NPA = k] = PPA
k , if i− l + k < C

Pr[NPA ≥ k] = 1−
k−1
∑

m=0
PPA
m , if i− l + k = C

,
(5.49)
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with PPA
k given in (5.12). For the case of assigning more PUs than available

channels the probability in (5.49) is zero. Implicitly in (5.49) we consider that k

PU assignments are made upon l PU de-assignments, thus using the assumption

of disregarding the order in which arrivals and departures occur in In which will

be an assumed hypothesis in our model (see Hypothesis 2 in Section 5.3.4).

5.B.2 Proof of Lemma 2

Again, let the true state be Xn = S(i,j); the probability of de-assigning NP
d = k

PUs in In, where 0 ≤ k ≤ i (i.e. we can only de-assign those already assigned prior

to tn), depends on the number of PU departures in In:

dP(i,j,k)=Pr[NP
d =k|Xn=S(i,j)]=Pr[NPD=k]=PPD

k , (5.50)

with PPD
k given in (5.14). Note that we have made use of the assumption that a new

arrival in In will not depart in In by specifying that the number of de-assignments

is bounded as 0 ≤ k ≤ i in In. For any other value of k, the probability in (5.50)

is zero.

5.B.3 Proof of Lemma 3

Let the true state be Xn = S(i,j); the probability of assigning NS
a = k > 0 SUs in

In given we have NS
d = l ≤ j SU de-assignments in In, a

S
(i,j,k,l), will depend on the

detected state at tn, Yn = S(m,j) and on the number of SU arrivals as:

aS(i,j,k,l) = Pr[NS
a = k|Xn = S(i,j), N

S
d = l]

=
C−k−j+l
∑

m=0
Pr[NS

a = k|Yn = S(m,j), N
S
d = l] · b(m,i)

=
C−k−j+l
∑

m=0
āS(m,j,k,l) · b(m,i) ,

(5.51)

where the total probability formula has been used to relate the true state Xn =

S(i,j) with the detected stateYn = S(m,j) through probabilities b(k,i). In particular,

(5.51) states that NS
a = k SUs will be assigned provided the detected number of

PUs, m, fulfills m+ j + k − l ≤ C, i.e., there are at least k detected free channels

for secondary use provided that we also have l SU de-assignments. In addition, the

number of k SU assignments in state Xn = S(i,j) is bounded by 0 < k ≤ C−i−j+l,
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omitting the case k = 0 which will be treated separately. Finally, āS(m,j,k,l) in (5.51)

is obtained similar to (5.49) as:

āS(m,j,k,l) =











P SA
k , if m+ j − l + k < C

1−
k−1
∑

r=0
P SA
r , if m+ j − l + k = C

. (5.52)

For the specific case of no SU assignments (i.e. k = 0), the probability of assigning

k = 0 SUs is the probability of assigning k = 0 SUs when there is at least one free

detected channel or the probability that there are no detected free channels, i.e.:

aS(i,j,0,l) = Pr[NS
a = 0|Xn = S(i,j), N

S
d = l] =

C−j+l
∑

m=0
āS(m,j,0,l) · b(m,i)

+
C
∑

m=C−j+l

b(m,i) .
(5.53)

Combining (5.51) with (5.53), along with the definition in (5.52), expression (5.18)

is obtained.

5.B.4 Proof of Lemma 4

As for the de-assignment processes of SUs, there are mainly three independent

events which imply an SU de-assignment: in the first place, a number of NS,S
d SUs

may be de-assigned provided detection at time tn determines that there are NS,S
d

SUs sharing the same channel with PUs. Secondly, a number of NS,SC
d SUs may

be de-assigned in In simply because their sessions have ended (here, SC stands for

Service Completion).

Then, let the true state be Xn = S(i,j); the probability of de-assigning NS,S
d = k

SUs in In due to detection of state Yn = S(m,j) at time tn, given the number of

de-assignments due to service completion is NS,SC
d = l, is given by:

Pr[NS,S
d = k|Xn = S(i,j), N

S,SC
d = l] = Pr[m+j−l = C+k] = b(C+k−j+l,i) , (5.54)

provided that 0 < k ≤ j − l. Accordingly, the probability of no SU de-assignments

due to detection of state Yn = S(m,j) is:

Pr[NS,S
d =0|Xn=S(i,j), N

S,SC
d = l]=1−

j−l
∑

k=1

b(C+k−j+l,i) . (5.55)
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Then, from (5.54) and (5.55), we can write:

dS,S(i,j,k,l) = Pr[NS,S
d = k|Xn = S(i,j), N

S,SC
d = l]

=

{

b(C+k−j+l,i) if 0 < k ≤ j − l

1−
∑j−l

r=1 b(C+r−j+l,i) if k = 0
.

(5.56)

On the other hand, the probability of de-assigning k SUs in In due service comple-

tions is given by [similar to (5.50)]:

dS,SC(i,j,k)=Pr[NS,SC
d =k|Xn=S(i,j)]=Pr[NSD=k]=P SD

k . (5.57)

Finally, we can express the global probability of de-assigning k SUs in In (i.e. with-

out specifying if the de-assignment is due to detection or due to session completion)

as:

dS(i,j,k)=Pr[NS
d=k|Xn=S(i,j)]=

k
∑

r=0

dS,S(i,j,k−r,r)·d
S,SC

(i,j,r) . (5.58)

The above expressions proof Lemma 4.

5.C Proof of Theorem 2

In this appendix, a detailed derivation of all possible transition probabilities in the

DTMC model is presented.

5.C.1 Transition S(i,j) → S(i+N,j) with 0 < N ≤ C − i

The probability associated to transition S(i,j) → S(i+N,j), with 0 < N ≤ C − i, is

the probability to have N more PU assignments in than PU de-assignments in In;

and equal number of SU assignments and de-assignments in In. Then, applying

conditional independence between PU and SU processes, we can write:

P(i+N,j|i,j) = Pr[NP
a −NP

d = N |i, j] · Pr[NS
a = NS

d |i, j] , (5.59)
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where multiplicative probabilities in (5.59) are given by

Pr[NP
a −NP

d = N ] = Pr[NP
a = N |NP

d = 0] · Pr[NP
d = 0]

+ Pr[NP
a = N + 1|NP

d = 1] · Pr[NP
d = 1]

+ Pr[NP
a = N + 2|NP

d = 2] · Pr[NP
d = 2]

+ · · ·+ Pr[NP
a = N + i|NP

d = i] · Pr[NP
d = i]

= aP(i,j,N,0) · d
P
(i,j,0) + aP(i,j,N+1,1) · d

P
(i,j,1)

+ aP(i,j,N+2,2) · d
P
(i,j,2) + · · ·+ aP(i,j,N+i,i) · d

P
(i,j,i)

=

(

i
∑

k=0

aP(i,j,N+k,k) · d
P
(i,j,k)

)

,

(5.60)

along with

Pr[NS
a = NS

d ] = Pr[NS
a = 0|NS

d = 0]Pr[NS
d = 0]

+ Pr[NS
a = 1|NS

d = 1]Pr[NS
d = 1]

+ Pr[NS
a = 2|NS

d = 2]Pr[NS
d = 2]

+ · · ·+ Pr[NS
a = j|NS

d = j] Pr[NS
d = j] = aS(i,j,0,0) · d

S
(i,j,0)

+ aS(i,j,1,1) · d
S
(i,j,1) + aS(i,j,2,2) · d

S
(i,j,2) + ...+ aS(i,j,j,j) · d

S
(i,j,j)

=

(

j
∑

k=0

aS(i,j,k,k) · d
S
(i,j,k)

)

.

(5.61)

Note that, for the sake of notation relief, we have intentionally omitted the condi-

tioning to i and j stated in (5.59).

Then, by replacing (5.60) and (5.61) in (5.59), we may write

P(i+N,j|i,j) =

(

i
∑

k=0

aP(i,j,N+k,k) · d
P
(i,j,k)

)

·

(

j
∑

k=0

aS(i,j,k,k) · d
S
(i,j,k)

)

. (5.62)

5.C.2 Transition S(i,j) → S(i−N,j) with 0 < N ≤ i

The probability associated to transition S(i,j) → S(i−N,j), with 0 < N ≤ i, is the

probability to have N more PU de-assignments than PU assignments in In; and

equal number of SU assignments and de-assignments in In. Then, we have

P(i−N,j|i,j) = Pr[NP
d −NP

a = N |i, j] · Pr[NS
a = NS

d |i, j] , (5.63)

where the first multiplicative term in (5.63) is given by1

1where conditioning to i and j has been intentionally dropped.
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Pr[NP
d −NP

a = N ] = Pr[NP
d = N ] · Pr[NP

a = 0|NP
d = N ]

+ Pr[NP
d = N + 1] · Pr[NP

a = 1|NP
d = N + 1]

+ Pr[NP
d = N + 2] · Pr[NP

a = 2|NP
d = N + 2]

+ · · ·+ Pr[NP
d = i] · Pr[NP

a = i−N |NP
d = i]

= dP(i,j,N) · a
P
(i,j,0,N) + dP(i,j,N+1) · a

P
(i,j,1,N+1)

+ dP(i,j,N+2) · a
P
(i,j,2,N+2) + · · ·+ dP(i,j,i) · a

P
(i,j,i−N,i)

=

(

i−N
∑

k=0

dP(i,j,N+k) · a
P
(i,j,k,N+k)

)

,

(5.64)

and, with Pr[NS
a = NS

d |i, j] given in (5.61), we have

P(i−N,j|i,j) =

(

i−N
∑

k=0

dP(i,j,N+k) · a
P
(i,j,k,N+k)

)

·

(

j
∑

k=0

aS(i,j,k,k) · d
S
(i,j,k)

)

. (5.65)

5.C.3 Transition S(i,j) → S(i+N,j) with −i < N ≤ C − i

In subsections 5.C.1 and 5.C.1 we have separately presented transitions involving

an increase and decrease of (positive) PUs respectively. We may generalize the

case of transition S(i,j) → S(i+N,j) when N can be either positive or negative for

−i ≤ N ≤ C − i.

From (5.64), we have P(i−N |i), i.e. the transition probability from having i PUs

to having i − N PUs with 0 < N ≤ i. Note that this is equivalent to consider

the probability P(i+N |i) with −i < N ≤ 0, i.e. negative N . Then we can re-write

(5.64) as:

P(i+N |i) =

(

i+N
∑

k=0

dS(i,j,k−N) · a
S
(i,j,k,k−N)

)

, (5.66)

for −i < N ≤ 0.

With the change of variable t = k −N in (5.66), we have:

P(i+N |i) =

(

i
∑

t=−N

dP(i,j,t) · a
P
(i,j,t+N,t)

)

, (5.67)

for −i ≤ N ≤ 0, which resembles transition probability P(i+N |i) for 0 < N ≤ C − i

given in (5.60), except for the summation index starting value. Nevertheless, we
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can state the general expression for the transition probability S(i,j) → S(i+N,j) for

−i ≤ N ≤ C − i as:

P(i+N,j|i,j) =





i
∑

k=max(−N,0)

aP(i,j,N+k,k) · d
P
(i,j,k)



 ·

(

j
∑

k=0

aS(i,j,k,k) · d
S
(i,j,k)

)

. (5.68)

For the case of transition probabilities due to the assignment or de-assignment of

SUs, an analogous expression to (5.68) can be derived, yielding, for the transition

S(i,j) → S(i,j+M) with −j ≤M ≤ C − j − i:

P(i,j+M|i,j) =





j
∑

k=max(−M,0)

aS(i,j,M+k,k)· d
S
(i,j,k)



 ·

(

i
∑

k=0

aP(i,j,k,k) · d
P
(i,j,k)

)

. (5.69)

Finally, from (5.68) and (5.69), expression (5.23) is obtained.
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Chapter 6

Flexible Spectrum Access for

Opportunistic Secondary

Operation in Cognitive

Radio Networks

In this chapter we adopt a Discrete-Time Markov Chain (DTMC) framework pre-

sented in Chapter 5 in order to capture the effect of flexible spectrum channelization

for the opportunistic access of secondary users (SUs) in a primary-secondary shared

spectrum scenario. In this sense, two implementation alternatives are proposed:

a fixed channelization scheme (FCS), which partitions the whole spectrum band-

width in a fixed number of channels, and an adaptive channelization scheme (ACS),

which dynamically adjusts the spectrum channelization in order to maximize the

use of spectrum without interfering with primary spectrum use. Additionally, the

service-type characterization of SUs is also explored by defining two different types

of secondary traffic behaviors, time vs. volume based, which are evaluated in the

presented framework for the FCS and the ACS. Results indicate the suitability of

the ACS over the FCS exhibiting a higher flexibility and efficiency in allocating

spectrum resources.

6.1 Motivation and Problem Statement

A common abstraction of spectrum resources in a shared spectrum environment

is that of a given frequency band (Hz) partitioned into a number of channels, see

e.g. [1–3]. In this case, it is necessary to ensure that a particular channel is not

accessed by both a PU and a SU at the same time thus causing mutual interference.
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According to the spectrum partition sizes (i.e. channel sizes) devoted to PUs and

SUs in a spectrum sharing system, users may be categorized in Wide Band (WB)

access users as opposed to Narrow Band (NB) access users. For example, in [1] it

is assumed that PUs have WB access as opposed to SUs which have NB access.

Oppositely, [2] considers PUs have NB access while SUs have WB access. As for [3],

both PUs and SUs access the same amount of spectrum. It is worthwhile noting

that the spectrum access models in [1–3] solely apply for the specific partition

cases explained above, thus exhibiting limited applicability. To this respect, this

chapter explores several alternatives for the partition, or channelization, of the

available spectrum in order to provide an efficient access and spectrum utilization

for both PUs and SUs. Specifically, a Fixed Channelization Scheme (FCS) and

an Adaptive Channelization Scheme (ACS) are proposed as two possible spectrum

access mechanisms for SUs. As may be intuited, the FCS partitions the whole

spectrum bandwidth in a number of fixed channels for both PUs and SUs. As

opposed to [1–3], where specific models accounted for particular WB-NB relations

between PUs and SUs, the FCS presented in this chapter allows to define the

entire set of WB vs. NB cases between PUs and SUs, thus exhibiting an improved

applicability and scope. To the best of the author’s knowledge, only [4] describes a

similar approach where the channelization values for PUs and SUs can be adjusted.

Moreover, the ACS proposed in this chapter is able to adapt the channelization

value of SUs according to current traffic demands of both PUs and SUs, thus

exhibiting a higher flexibility as compared to both the FCS and the model in [4].

In addition, it is also considered the characterization of demanding SU services

by defining two types of service requests. Firstly, Time-Based Services (TBSs)

aim for the use of a particular amount of bandwidth for a given time. Secondly,

Volume-Based Services (VBSs) aim at transmitting a given amount of data so that

the service duration depends on the achievable bit-rate, i.e. on the amount of

spectrum bandwidth assigned to each user. The aforementioned service characteri-

zation for SUs also constitutes a major contribution with respect to existing works

which usually assume the TBS case (see, e.g., [1–4]). In this chapter, we explore the

use of the aforementioned channelization schemes when different SU service char-

acterizations apply. To accomplish this task, we rely on a Markov model previously

introduced in Chapter 5 and adapt it to include the aforementioned channelization

and service characterizations.

In the abovementioned context, the use of Markov models becomes an important

aid in modeling problems dealing with the dynamic access to shared spectrum

resources. In this sense, a significant number of papers in the literature have been

devoted to the characterization of such scenarios using Markov models as, e.g., in

[1–4]. In [1] (along with amendments in [5]), a Continuous Time Markov Chain
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(CTMC) model is presented to model spectrum access of primary (wideband) and

secondary (narrowband) users over a partitioned spectrum bandwidth. In [2, 3]

a CTMC model is also provided for the opportunistic access of wideband SUs

and narrowband PUs in [2], and equal-band PUs and SUs in [3]. However, as a

difference from [1], a finite population traffic model is used for the characterization

of secondary users. It is worthwhile noting that work in [1–3] disregards the effect

of erroneous sensing on the secondary network side, i.e. a perfect knowledge on

the activity of primary users is assumed. An attempt to introduce the impact of

sensing errors is provided in [4], where a CTMCmodel is also considered and sensing

information is available upon secondary user arrival. Despite the fact that some

considerations about sensing errors are introduced in [4], these are not related to

any particular spectrum sensing mechanism (i.e., energy detection, pilot detection,

etc. [6]). Conversely, in this chapter, missed-detection and false-alarm values are

obtained according to the well-known expressions regarding the energy detection

of signals in Rayleigh fading as in [7, 8], hence achieving higher modeling accuracy.

The remainder of the chapter is organized as follows. In Section 6.2 we describe the

spectrum channelization schemes FCS and ACS along with service types TBS and

VBS. Section 6.3 presents the DTMC model where the channelization and service

type characterization are included thus extending the work in Chapter 5. Perfor-

mance metrics extracted from the model are defined in Section 6.4. Numerical

results are provided in Section 6.5 and conclusions are given in Section 6.6.

6.2 Spectrum Access Model

As in Chapter 5, the considered scenario is that of an infrastructure-based primary

network (PN), where the primary Base Station (BS) provides connectivity to PUs.

The PN has a prioritized use of the available spectrum band WT where individual

PUs are assigned a specific channel for use. Alongside, a secondary infrastructure-

based network provides connectivity to SUs through the opportunistic use of un-

occupied spectrum. We are concerned with the case where PUs and SUs coexist in

an area with coverage of both the PN and the SN.

The following sections address the considered alternatives for the PN and the SN

to partition the whole spectrum band for PU and SU access along with the char-

acterization of demanding services.
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6.2.1 Spectrum Channelization

Assume that the PN partitions the whole spectrum intoMp channels (or frequency

bands). On the other hand, the SN may consider a spectrum channelization ofMs.

The SN could decide the most appropriate value of Ms according to the network

status or SU service characteristics at a given time. Fig. 6.1 illustrates the spectrum

channelization concept through parameters Mp and Ms. It can be observed that,

with one SU accessing the shared spectrum, by choosing Ms = {16, 12, 8} [see Fig.

6.1(a), Fig. 6.1(b) and Fig. 6.1(c)] we do not maximize spectrum usage, whereas if

Ms = 4 [Fig. 6.1(d)] this is accomplished. Furthermore, in the same example with

one SU and three PUs, if Ms = 2 or Ms = 1 [Fig. 6.1(e) and Fig. 6.1(f)] note that

non-harmful secondary access is not possible. For the sake of algebra tractability,

the following assumption is considered:

(A1) Ms/Mp ∈ Z provided Ms ≥Mp and Mp/Ms ∈ Z for the case of Mp ≥Ms,

meaning that subchannels are always an integer fraction of a channel. Furthermore,

and without loss of generality, it is assumed that

(A2) primary channelization is given by Mp = 2n, for n > 0;

(A3) secondary channelization is given by Ms = 2m for Mp ≥Ms (m= 0, 1, 2...),

and Ms = m ·Mp for Ms ≥Mp (m = 1, 2, ...) with Ms ≤Ms,max accounting

for minimum spectrum requirements.

Note that both (A2) and (A3) fulfill assumption (A1).

For convenience, we define the set of secondary channelization values, Ms, as

Ms. For example, considering the layout in Fig. 6.1, we would have that Ms =

{1, 2, 4, 8, 12, 16} where it has been assumed that Ms,max = 16.

The secondary BS (SBS) is responsible to inform SUs about the considered value

for Ms through appropriate signaling channels. Since this operation involves time

and resource consumption, two different schemes are proposed according to the

interaction cadence between the SBS and the SUs. First, a fixed channelization

scheme (FCS) will be adopted. In this case, the value of Ms is updated and

signaled to the SUs once or, alternatively, at very large time-scales. Secondly,

we assume an adaptive channelization scheme (ACS) where the value of Ms is
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Figure 6.1: Spectrum channelization model given by Mp and Ms.

constantly adjusted so as to maximize spectrum utilization, as defined later on,

among SUs.

Since secondary spectrum resources are varied according to the value of Ms, the

SU throughput Rs (in bits-per-second, bps) will also vary accordingly. Indeed, the

Shannon capacity expression which relates the achievable throughput per channel

to the available bandwidth can be expressed as:

Rs =
WT

Ms
log2 (1 + γ) , (6.1)

where γ is the Signal-to-Noise Ratio (SNR) affecting the SU. According to (6.1),

a high spectrum partition (i.e. high Ms values) will allow a higher number of SUs

in the system at the cost of reduced throughput performance. On the other hand,

low Ms values imply increased throughput at the expense of low number of SUs

accessing spectrum resources.

Finally, it is assumed that the SN knows the value of the primary channelization,

Mp, which, moreover, will be assumed to have a fixed value.

6.2.2 Service Type Characterization

As in [9, 10], we consider two different service types for SUs according to the

amount of time these users access the shared spectrum.
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First, a time-based service1 (TBS) is considered, where a specific user demands

spectrum access during some given time regardless of the achieved throughput Rs.

This could be the case of a service demanding a Constant Bit Rate (CBR) during its

session length, or a Variable Bit Rate (VBR) service, such as e.g. a video streaming

service, where an increased throughput would mean an improved perceived QoS

without affecting the duration of the service.

Secondly, we consider a volume-based service2 (VBS) where a specific SU intends

to transmit an amount of data bits. Accordingly, the access time spent by this user

will depend on the achievable throughput.

As for PUs, it is assumed that they solely demand TBS.

6.3 Discrete-Time Markov Model

The following model departs from the work in Chapter 5 which addressed the

particular case where Mp = Ms = C. The interested reader is referred to the

previous chapter for a detailed description of the expressions that, in this chapter,

we extend to capture the FCS and ACS for TBS and VBS.

6.3.1 State Space Definition

In a DTMC we observe the system state at discrete time instants {t0, t1, t2, ..., tn, ...},

with tn = t0 + n ·∆T and periodicity ∆T , which is, moreover, assumed to specify

the sensing periodicity. In addition, let In = (tn, tn+1] define the n-th time interval

between two successive observation times.

If Np(tn) and Ns(tn) are stochastic processes indicative of the number of PUs and

SUs in the system at time tn, then, let Xn = S(i,j) = {Np(tn) = i, Ns(tn) = j}

represent a state of the DTMC at time tn.

The state space will define what states in our DTMC model are feasible or not and

will depend on the adopted channelization scheme.

1Sometimes named as inelastic or stream service in the literature [10].
2Sometimes named as elastic service in the literature [10].
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6.3.1.1 Fixed Channelization Scheme (FCS)

In this case, the state space S is the set of states such that

S = {S(i,j) : 0 ≤ i ≤Mp, 0 ≤ j ≤Ms}, (6.2)

which implies that at mostMp PUs andMs SU are allowed in the system. However,

whenever a PU and a SU occupy the same channel we assume that interference

occurs such that the performance of both users is severely degraded. Then, for

convenience, we define the following three subsets of S accounting for those states

that necessarily imply spectrum collision, i.e.

Sc = {S(i,j) : i/Mp + j/Ms > 1} ⊂ S, (6.3)

those states which possibly imply a spectrum collision, i.e.

Spc = {S(i,j) : i/Mp + j/Ms ≤ 1, j > 0, i > 0} ⊂ S, (6.4)

and those states that are collision-free, i.e.

Snc =
{(

S(i,j) : i = 0
)

∪
(

S(i,j) : j = 0
)}

⊂ S. (6.5)

6.3.1.2 Adaptive Channelization Scheme (ACS)

For the ACS, the value of Ms will vary according to current spectrum occupation.

It is further assumed that its value is bounded so that 0 ≤ Ms ≤ Ms,max, where

Ms,max is a design parameter. Then, in this case, the state space S is the set of

states such that

S = {S(i,j) : 0 ≤ i ≤Mp, 0 ≤ j ≤Ms,max}, (6.6)

where, analogously to the FCS case in Section 6.3.1.1, we can define the set of

states implying collision as

Sc = {S(i,j) : i/Mp + j/Ms,max > 1} ⊂ S, (6.7)

along with those states possibly implying a spectrum collision, i.e.

Spc = {S(i,j) : i/Mp + j/Ms,max ≤ 1, j > 0, i > 0} ⊂ S. (6.8)

As for the non-collision state space Snc, it is given by (6.5).
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6.3.2 Spectrum Awareness Model

Due to spectrum sensing errors, the observed state at time tn may be Yn = S(k,j) ∈

S, such thatYn 6= Xn, with k denoting the number of sensed PUs. Consequently, it

can be shown (refer to Appendix 5.A in Chapter 5), that the conditioned probability

of sensing k PUs when there are actually i PUs at time tn is:

b(k,i)=

min(i,Mp−k)
∑

m=max(0,i−k)

(

Mp − i

m+ k − i

)

· εm+k−i · ε̄Mp−m−k ·

(

i

m

)

· δm · δ̄i−m, (6.9)

with ε̄ = 1− ε and δ̄ = 1− δ.

According to (6.9), false-alarm and misdetection, ε and δ respectively, will affect

the sensed number of PUs by the SN, thus potentially causing erroneous decisions

due to the inaccuracy of spectrum occupation information. In this sense, the

DTMC model will capture such effects which results in a more realistic scenario

characterization compared to known approaches so far.

6.3.3 Channelization Scheme

According to the chosen channelization scheme, i.e. FCS or ACS, the value of Ms

will be different.

For the ACS the value of Ms will vary depending on the state S(i,j). We are then

interested in finding the minimum value of Ms (which implies higher spectrum

occupation and, thus higher throughput) such that the spectrum utilization is

maximized. In particular, we focus on those values ofMs belonging to the set Ms:

Ms (i, j) = argmax
Ms∈Ms

[U(i, j)] , (6.10)

where

U(i, j) = i/Mp + j/Ms (6.11)

is the spectrum utilization.

Expression (6.10) guarantees that the utmost spectrum utilization is achieved fairly

among all SUs. However, since the SN will select the channelization value and it is

not aware of the ”true” number of PUs (i) but rather on the number of sensed PUs

(m), it will be able to compute Ms(m, j) instead of Ms(i, j). Therefore, sensing

errors will affect the channelization adjustment process.

For the FCS, SU channelization Ms is simply a constant value considered as an

input parameter, thus Ms(i, j) =Ms.
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6.3.4 Secondary Service Characterization

For TBS, the service-time distribution is given by the exponentially distributed

service rate with average duration 1/µs. Consequently, the service departure rate

in state S(i,j) is given by µs(i, j) = j · µs [11].

For the VBS, the average service-time of a SU will depend on the data volume to

be transmitted (L), which is assumed to be exponentially distributed, as usually

considered in different works, such as e.g. in [9, 10], and on the achieved data-rate

(Rs) as:

1/µs =
E[L]

Rs · ηsens
=

E[L]

ηsens · [WT /Ms(i, j)] · log2 (1 + γ)
,Ms(i, j)/µT (6.12)

where (6.1) has been used and 1/µT is defined as the average service-time when

a single SU is accessing the full spectrum WT . In addition, the secondary bit-

rate is affected by the sensing efficiency ηsens ∈ [0, 1], which will be defined in

section 6.4. Consequently, the service departure rate in state S(i,j) is given by

µs(i, j) = µT /Ms(i, j), indicating that the service rate is diminished when increas-

ing channelization Ms. Note that the value of Ms will depend on the adopted

channelization scheme, thus yielding Ms(i, j) = Ms for the FCS, and Ms(i, j) de-

fined in (6.10) for the ACS.

6.3.5 Arrival and Departure Processes

Assuming PUs and SUs arrive to the system according to a Poisson distribution

with rates λp and λs respectively, the probability that k arrivals occur in In, P
A
k ,

is given by [see (5.12) in Section 5.3.3]:

PAk = [(λ∆T )k/k!] exp[−λ∆T ], (6.13)

where for λ ∈ {λp, λs} then we will refer to PAk ∈ {PPAk , PSAk }.

If the session duration is exponentially distributed with rate µ, the probability of

having k-out-of-m departures in In, P
D
k , is given by [see (5.14) in Section 5.3.3]

PDk =

(

m

k

)

(1− exp[−µ∆T ])k(exp[−µ∆T ])m−k, (6.14)

where for µ∈{µp, µs} then we will refer to PDk ∈{PPDk , PSDk }. Specifically for the

secondary departure rates, and according to the defined services TBS and VBS,
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the value of µs will be different in each case. For the TBS, µs is a constant value

regarded as an input parameter. On the other hand, for the VBS, µs=µs(i, j)=

µT /Ms(i, j) where if the FCS is applied then Ms(i, j) = Ms, and if the ACS is

adopted then Ms(i, j) is given in (6.10).

For the sake of algebra tractability, it will be assumed in the remainder of the

chapter, as also considered in Chapter 5 (see hypothesis 1 and 2 in Section 5.3.4),

that

(A4) a session arriving in In will not depart in the same In.

Note that this implies that both ∆T and the duration of a session must be carefully

chosen such that ∆T << 1/µ with µ ∈ {µp, µs} and where 1/µ is the average

session duration.

In addition,

(A5) we disregard the order in which session arrivals and departures occur in a

given In by considering the resulting net number of users, i.e. those obtained

after subtracting the departures and adding the new arrivals.

Note that enabling multiple arrivals in one ∆T will affect the decision process on

whether a SU can be assigned or not given that detection information is retrieved

only at times tn.

The applicability range of both (A4) and (A5) was assessed and validated against

a system-level simulator in Chapter 5, to which in the interested reader is referred.

6.3.6 State Transition Probabilities

In this section we provide the expressions for the transition probabilities in the

presented DTMC model. Given that this model was detailed in Chapter 5 for the

simple case of Mp = Ms , C, we just outline the new probability expressions

considering the channelization model and service type differentiation. For a deeper

understanding of such expressions the interested reader is particularly referred to

the aforementioned Chapter 5.
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According to Theorem 2 in Chapter 5 expressed by (5.23), the general transition

probability from S(k,l) → S(i+N,j+M) is given by

P(i+N,j+M|i,j) =

(

i
∑

k=max(−N,0)

aP(i,j,N+k,k) · d
P
(i,j,k)

)

×

(

j
∑

k=max(−M,0)

aS(i,j,M+k,k) · d
S
(i,j,k)

)

,

(6.15)

where −i ≤ N ≤ Mp − i along with −j ≤ M ≤ Ms − j for the FCS and −j ≤

M ≤ Ms,max − j for the ACS. Parameters, aP(i,j,k,l), d
P
(i,j,k,l), a

S
(i,j,k,l) and dS(i,j,k,l)

in (6.15) account for assignment and de-assignment probabilities of primary and

secondary users respectively (refer to Chapter 5 for a detailed explanation of these

probabilities in the case of Mp =Ms , C).

Remark In the forthcoming expressions, secondary channelization is simply re-

ferred to as Ms(i, j), where this value should be conveniently replaced according

to the channelization schemes FCS and ACS. Specifically, when dealing with the

assignment process of a SU for the ACS, we haveMs(i, j) =Ms,max indicating that

the assignment of a SU in this case depends on the maximum channelization value.

Similarly, secondary service rate will be referred to as µs(i, j), where it should be

also particularized for expressions of each adopted service type, i.e. TBS and VBS.

In state S(i,j), the probability of assigning k PUs when also l PU de-assignments

occur in In, a
P
(i,j,k,l), is given by

aP(i,j,k,l) =















PPAk if i− l + k < Mp (6.16a)

1−
k−1
∑

m=0

PPAm if i− l + k =Mp (6.16b)

with PPAk given in (6.13) for λ = λp. Expression (6.16), analogue to (5.16), ac-

counts for the arrival of exactly k PUs if more than k channels are available [subcase

(6.16a)], and the arrival of at least k PUs if only k channels are disposable [subcase

(6.16b)].

In state S(i,j), the probability of de-assigning k PUs in In, d
P
(i,j,k), is, similar to

(5.17),

dP(i,j,k) = PPDk , (6.17)

where PPDk is given by (6.14) with µ = µp.
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In state S(i,j), the probability of assigning k > 0 (the case k = 0 is treated sepa-

rately) SUs when also l SU de-assignments occur in In, a
S
(i,j,k,l), is given by

aS(i,j,k,l) =

⌊ψ(i,j,k,l)⌋
∑

m=0

āS(m,j,k,l) · b(m,i), (6.18)

where, āS(m,j,k,l) is the SU assignment probability conditioned to the sensing of m

PUs, thus (6.18) expresses the de-conditioning by considering probability b(m,i)
given in (6.9). The upper summation index in (6.18), ψ(i,j,k,l), gives the maximum

number of sensed PUs without incurring in spectrum collision, as defined in Section

6.3.1, given by

ψ(i,j,k,l) = [Ms(i, j)− k − j + l] · [Mp/Ms(i, j)]. (6.19)

This value, given it depends on the ratio Mp/Ms(i, j), may yield fractional values,

thus the floor function ⌊x⌋ (denoting the highest integer less than or equal to x)

should be applied as reflected in (6.18). Note in (6.19) that for the case of FCS

we will consider Ms(i, j) = Ms, whereas for ACS Ms(i, j) = Ms,max. Function

āS(m,j,k,l) in (6.18) is given by

āS(m,j,k,l) =















PSAk if m < ψ(i,j,k,l) (6.20a)

1−
k−1
∑

r=0

PSAr if m = ψ(i,j,k,l) (6.20b)

where cases (6.20a) and (6.20b) are analogous to the PU assignment cases in (6.16a)

and (6.16b) respectively.

For the specific case of no SU assignments (i.e. k = 0) in S(i,j,k,l) during In, the

probability of assigning k = 0 SUs when also l SU de-assignments occur, aS(i,j,0,l),

is the probability of assigning k = 0 SUs when there is at least one free detected

channel [first bracketed summand in (6.21)] or the probability that there are no

detected free channels [second bracketed summand in (6.21)]:

aS(i,j,0,l) =





ξ(i,j,l)
∑

m=0

āS(m,j,0,l) · b(m,i)



+





Mp
∑

m=ξ(i,j,l)+1

b(m,i)



 , (6.21)

where ξ(i,j,l) = ⌊[Ms(i, j)− 1− j + l] · [Mp/Ms(i, j)]⌋ gives the maximum number

of sensed PUs yielding one single free detected channel.

Finally, the probability of de-assigning k SUs in state S(i,j) during In, d
S
(i,j,k), is

given by

dS(i,j,k) =

k
∑

r=0

dS,S(i,j,k−r,r) · d
S,SC
(i,j,r), (6.22)
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where, similar to (5.20), the SU de-assignment process may be caused by two

different events: 1) spectrum sensing determines that a number of SUs are sharing

the same channels with PUs, and hence need to be interrupted, which is captured

by probability dS,S(i,j,k,l); and 2), SU service completion causes the de-assignment of

SUs that have ended their transmission, which is captured by probability dS,SC(i,j,k).

Accordingly, in state S(i,j), the probability of de-assigning k SUs due to sensing

when l SUs are de-assigned due to service completion, dS,S(i,j,k,l), is given, for 0 <

k ≤ j − l, by

dS,S(i,j,k,l) =

{

b(χ(i,j,k,l),i) if χ(i,j,k,l) ∈Z

0 if χ(i,j,k,l) ∈R
, (6.23)

with χ(i,j,k,l) = [Ms(i, j)+k−j+ l] · [Mp/Ms(i, j)] the number of sensed PUs in Si,j
leading to the de-assignment of k PUs when l SUs are de-assigned due to service

completion. According to (6.23), it can be shown that rational number of sensed

PUs values, i.e. χ(i,j,k,l) ∈ R, lead to infeasible de-assignments which are therefore

disregarded in the model. For k = 0 we have

dS,S(i,j,0,l) = 1−

j−l
∑

r=1

dS,S(i,j,r,l). (6.24)

The de-assignment of k SUs due to service completion is, similar to (5.22),

dS,SC(i,j,k) = PSDk , (6.25)

with PSDk given by (6.14) for µ = µs.

6.3.7 Steady State Distribution

From the resulting transition probability matrix P, with elements given by (6.15),

we obtain the true steady state probabilities, P(i,j) = lim
n→∞

Pr
[

Xn = S(i,j)

]

, for

each true state S(i,j) in the state space S. The knowledge of such statistical distri-

bution enables the definition of several performance metrics which are addressed

in the following.

On the other hand, it is also relevant to determine the steady state probabilities of

the detected states (i.e. including possible sensing errors):

P ′
(i,j) = lim

n→∞
Pr
[

Yn = S(i,j)

]

,
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which are computed as:

P ′
(i,j) =

∑Mp

n=0
b(i,n) · P(n,j). (6.26)

In this case, P ′
(i,j) is the steady state probability observed by the SN, i.e. without

true knowledge of PU activity and, therefore, sensible to sensing errors. Then,

by considering P ′
(i,j) instead of P(i,j) metrics computed from the SN side, which

account for possible sensing errors, can be computed.

So as to obtain probabilities P(i,j), numerical methods are used [12] to solve the

matrix equation given by ν = νP, where

ν =
[

P(0,0), P(0,1), . . . , P(0,Ms), P(1,0), . . . , P(1,Ms), . . . , P(Mp,0), . . . , P(Mp,Ms)

]

is the steady-state probability vector.

6.4 Performance Metrics

The definition of some relevant performance metrics is described in the following

subsections.

6.4.1 Offered Traffic Load and Expected Service Times

Whereas the TBS enables to define the offered traffic load as an input parameter,

given by the ratio Tp = λp/µp and Ts = λs/µs for PUs and SUs respectively,

the offered traffic load for the VBS case of SUs is affected by the state-dependent

service rate, i.e. µs = µs(i, j). Hence, for the VBS case the offered secondary traffic

has to be computed a posteriori. The average residence time (or average transfer

delay) for a SU E[ts] can be computed as

E[ts] =





∑

S(i,j)∈S,j>0

1

µs(i, j)
· P(i,j)





/





∑

S(i,j)∈S,j>0

P(i,j)



 , (6.27)

where the denominator accounts for the conditioning over j > 0.

Consequently, using Little’s law, the offered secondary load for the VBS case can

be computed as Ts = λs · E[ts]. Note that for the case of TBS we would have

E[ts] = 1/µs.
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6.4.2 Blocking Probability

Blocking of PUs happens whenever the admission of a new PU forces a transition

to a non-feasible state. Thus, it is the probability of having i=Mp PUs regardless

of the number of SUs in the system, i.e.

PPB =
∑Ms

j=0
P(Mp,j). (6.28)

The blocking probability for SUs is defined as

PSB =
∑

S(i,j)∈Sb

P ′
(i,j), (6.29)

where Sb is the set of blocking states defined as

Sb =
{

S(i,j) : S(i,j) /∈ Sc, S(i,j+1) ∈ Sc
}

, (6.30)

which indicates that a blocking state S(i,j) is a non-collision state [S(i,j) /∈ Sc]

in which the addition of a single SU forces the state to become a collision state,

i.e. S(i,j+1) ∈ Sc. For FCS and ACS implementations, definitions of the collision

set, Sc, should be those provided in section 6.3.1.1 and 6.3.1.2 for FCS and ACS

respectively.

6.4.3 Spectrum Collisions: An Upper-Bound

At a given sensing instant in state S(i,j) ∈ S, the probability of miss-detecting

n-out-of-i PUs in the system can be expressed as the binomial distribution with δ

the probability of miss-detection [refer to (6.9)]. Consequently, the average number

of missed detections in state S(i,j) ∈ S is given by

NMD(i, j) = i · δ. (6.31)

The average number of collisions in state S(i,j) ∈ Spc [recall from section 6.3.1] may

be initially upper-bounded by

Nc(i, j) ≤ NMD(i, j), (6.32)

indicating that at most (i.e. in the worst case) we will have a collision for each

missed detected channel. In addition, this upper-bound can be tightened by con-

sidering that the average number of collisions will be also less than the average

number of SUs in state S(i,j), i.e. Nc(i, j) ≤ j. Hence, we have

Nc(i, j) ≤ min [i · δ, j] , N∗
c (i, j). (6.33)
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The number of collisions in state S(i,j) ∈ Sc [see section 6.3.1] can be initially

lower-bounded as

Nc(i, j) ≥

⌈

Ms

Mp
· i

⌉

+ j −Ms , κc, (6.34)

where we know that at least κc channels are being simultaneously shared by both

a PU and a SU.

In addition, remaining (i − κc) PUs and (j − κc) SUs may be also in a collision

situation, hence the number of collisions can be upper-bounded, similar to (6.33),

as:

Nc(i, j) ≤ κc +min [(i− κc) · δ, (j − κc)] , N∗
c (i, j). (6.35)

As for the case where S(i,j) ∈ Snc, the number of collisions is zero, i.e. Nc(i, j) = 0.

6.4.4 Average Throughput

It is considered that a channel being shared by both a PU and a SU does not

contribute to throughput; consequently we can define the throughput of PUs in

state S(i,j) as

Γp(i,j) = [i −N∗
c (i, j)] · Rp, (6.36)

measured in bits-per-second (bps) and where Rp is the granted bit-rate per channel

for a PU and N∗
c (i, j) is given by (6.33), (6.35) or N∗

c (i, j) = 0 for S(i,j) ∈ Spc,

S(i,j) ∈ Sc and S(i,j) ∈ Snc respectively. In analogy to (6.1), we define Rp =

(WT /Mp) · log2(1 + γ).

As for the throughput of SUs in state S(i,j) we have

Γs(i,j) = [j −N∗
c (i, j)] · ηsens ·Rs, (6.37)

measured in bits per second (bps), where Rs is the granted bit rate per channel

for SUs given by (6.1) and ηsens ∈ [0, 1] is the sensing efficiency which reflects the

fraction of time devoted to data transmission (thus disregarding the time devoted

to sensing purposes). The sensing efficiency is defined as

ηsens = 1− Tsens/∆T, (6.38)

where Tsens is the time devoted to sense all Mp channels, i.e. Tsens = T ·Mp with

T the time devoted to sense a single channel.

In addition, note that for ACS the secondary channelization depends on each state,

i.e. Ms = Ms(i, j); therefore, the granted bit rate Rs in (6.37) will be in this case

Rs = Rs(i, j).
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Finally, based on expressions (6.36) and (6.37), the average throughput is given by

Γk =
∑

S(i,j)∈S

Γk(i,j) · P(i,j), (6.39)

with k ∈ {p, s} accounting for PUs and SUs respectively. In addition, the average

aggregate throughput is simply Γ = Γp + Γs.

6.4.5 Throughput-per-Secondary User

The throughput-per-SU in state S(i,j) is given by

Γsu(i, j) = Γs(i,j)/j, (6.40)

for j > 0 and Γs(i,j) defined in (6.37). Then, the average throughput-per-SU can be

obtained as

Γsu =





∑

S(i,j)∈S,j>0

Γs(i,j) · P(i,j)





/





∑

S(i,j)∈S,j>0

P(i,j)



 . (6.41)

6.4.6 Average SU Channelization

The average SU channelization value when employing the ACS is given by

M̄s =





∑

S(i,j)∈S,j>0

Ms(i, j) · P(i,j)





/





∑

S(i,j)∈S,j>0

P(i,j)



 . (6.42)

6.4.7 Arrival Rate Capacity

The arrival rate capacity limit is defined as the boundary, in offered arrival rates,

of the feasible arrival rate capacity set given by

α = {λ = (λp, λs) | P
p
B(λ) ≤ P̂ pB , P

s
B(λ) ≤ P̂ sB} (6.43)

where P pB(λ) and P
s
B(λ) indicate the PU and SU blocking probabilities when the

arrival rate is λ = (λp, λs), and P̂ pB along with P̂ sB are the maximum blocking

probability requirements in order to ensure some QoS to both PUs and SUs.
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6.5 Performance Evaluation

In the remainder, we provide numerical results for the evaluation of the proposed

channelization mechanisms for the considered service types.

6.5.1 Parameter Setup

The primary channelization is fixed to Mp=8 channels and it is assumed the PUs

request for TBSs. The secondary channelization set is Ms={1, 2, 4, 8, 16, 24, 32},

i.e. the maximum secondary channelization is Ms,max=32. The total bandwidth

to be partitioned is WT = 1.6MHz and the average data size for VBS is, unless

otherwise stated, E[L]=2Mbytes. The average service time of a TBS is 120s.

6.5.2 Numerical Results

In the following we explore the suitability of the proposed FCS and ACS for the

cases when TBS and VBS characterizations apply.

6.5.2.1 TBS with FCS vs. ACS

Fig. 6.2 shows the arrival rate capacity limits [as defined in (6.43)] for the FCS and

the ACS when SUs demand TBSs. The requirements in terms of maximum blocking

probabilities are P̂ pB = P̂ sB = 0.05. At this point, perfect sensing conditions (i.e.

δ = ε = 0.0) are considered. As expected, increasing the channelization in FCS

results in diminished blocking probabilities and, thus, larger arrival rate capacity

limits. For the ACS case, since the maximum channelization is set toMs,max = 32,

the arrival rate capacity limit is the same than for FCS with Ms = 32.

Based on Fig. 6.2, the maximum offered PU arrival rate (for λs=0) is around 0.037

arrivals/s. We consider the case where the offered PU load is approximately 50%

of the maximum by setting λp=0.02 in the following numerical evaluations. Fig.

6.3 shows the aggregate throughput (Γ) as defined in Section 6.4.4 for the case of

the FCS and ACS when SU require TBSs. Results are only presented for arrival

rates ensuring a maximum blocking probability of 0.05 for both PUs and SUs,
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Figure 6.2: Arrival rate capacity regions for FCS and ACS with TBS.

which explains the disruption in the curves. In this way we ensure that through-

put comparison is fair between the adopted schemes by ensuring the same QoS

criteria reflected by (6.43). By observing Fig. 6.3 we note that, for the FCS cases,

increasing the offered secondary arrival rate (λs) requires a corresponding increase

in the channelization in order to satisfy the QoS requirements in terms of blocking.

Nonetheless, this is at the cost of reducing the achievable throughput, since higher

channelization decreases the granted bit-rate as reflected in (6.1). Moreover, it

must be noted that the presence of PUs (for λs=0.02 the average number of PUs

is around 2.4) makes infeasible for the FCS to use channelizations Ms=1 along

with Ms=2 and, consequently, largely influences the achievable throughput by

this scheme. On the contrary, the ACS achieves and overall improved throughput

given its flexibility in allocating the maximum available spectrum, i.e. minimum

channelization, and therefore higher bit-rates can be delivered by SUs in this case.

Similar behaviour was obtained when the offered PU arrival rate (λp) was 25% and

75% of the maximum.

In terms of throughput-per-user experienced by SUs [Γsu, defined in (6.41)], Fig.

6.4 shows the increased performance of the ACS with respect to the FCS in each

operating range such that blocking probabilities are at most 5%. In particular,

when the offered rate is low, the ACS is able to adjust the channelization such
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Figure 6.3: Aggregate throughput comparison between the FCS with Ms = {4, 8, 16, 24, 32} and

the ACS for the case of TBS. The offered PU arrival rate is λp = 0.02 arrivals/s.

that spectrum is not underutilized. When the offered arrival rate is increased, the

performance of the ACS converges towards the FCS case with Ms = 32 since the

maximum channelization for the ACS is also 32 channels. As expected, the FCS

exhibits constant throughput-per-SUs values, insensitive to the offered SU arrival

rate.

In order to understand the operation of the ACS, Fig. 6.5 shows the probability

distributions of the SU channelization values for the ACS when increasing the

offered SU arrival rate.. Then, for low SU arrival rate, the ACS primarily selects

Ms = 2 until further channelization is needed to accommodate an increased number

of SUs. Subsequently, the channelization value is increased to Ms = 4, 8, 16, 24.

The average channelization [given by (6.42)] is also plotted in Fig. 6.5 reflecting

the increase in channelization as the offered arrival rate increases. For comparison,

we have also included the average channelization values for the FCS which are, as

expected, constant.

Once assessed the large impact that PU spectrum usage has on the operation of

SUs in the FCS, Fig. 6.6 plots, as a function of the offered PU arrival rate, the

(optimum) SU channelization (Ms) that maximizes the average SU throughput, as
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and the ACS for the case of TBS. The offered PU arrival rate is λp = 0.02 arrivals/s.

defined in (6.37) for k = s. In addition, the corresponding average SU throughput

is also plotted and compared to the case of the ACS. Results indicate the need

to increase the channelization value as the number of PUs accessing the spectrum

increases. In addition, this increase in Ms must carefully controlled in order to

avoid excessive channelization which, in turn, would imply spectrum underutiliza-

tion and, thus, reduced throughput. The ACS is able to provide an improved

performance to that of the FCS with optimum channelization due to its inherent

flexibility in allocating spectrum resources. It must be noted that blocking limi-

tations (i.e. ensuring minimum blocking) do not apply in this particular case. In

this sense, the ACS achieves improved throughput performance along with reduced

blocking probabilities as compared to the FCS.

6.5.2.2 VBS with FCS vs. ACS

For the case of VBSs, the arrival rate capacity region is plotted in Fig. 6.7 for the

case of E[L]=2Mbytes. A similar behaviour of the FCS is noted with respect to

the TBS case in Fig. 6.2. In this sense, increasing the channelization value Ms
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Figure 6.5: Probability distribution of channelization for the ACS for TBS. The offered PU arrival

rate is λp = 0.02 arrivals/s.

allows higher secondary traffic to be supported while still guaranteeing the blocking

probability constraints. As for the ACS, and different to the TBS case in Fig. 6.2,

the arrival capacity region surpasses the FCS with Ms=32. This is due to the fact

that SUs remain in the system until the data bulk E[L] is transmitted and, given

ACS is able to adapt bandwidth requirements (and therefore bit-rate) to current

demands, it handles the transmission of VBSs more efficiently than the FCS case

allowing more SUs to access the spectrum (i.e. increased λs values).

Fig. 6.8 shows the average transfer delay corresponding to the transmission of an

average of E[L] = 2Mbytes. The interpretation of the average transfer delay is

analogous to the throughput-per-user, where the ACS is able to deliver the data

load faster than the FCS given its ability for rate adaptation according to the

current spectrum use.

6.5.2.3 Impact of average file size in VBS for FCS and ACS

In Fig. 6.9, the blocking probability of SUs is plotted against the average data

length that a VBS should deliver. According to (6.12) and (6.27), an increase in
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Figure 6.6: Optimum SU channelization and corresponding SU throughput for FCS along with

the SU throughput for the ACS. The offered SU arrival rate is λs = 0.05 arrivals/s.

the average data length E[L] is equivalent to increase in the offered secondary load,

TS = λs ·E[ts], since the average service time E[ts] increases with the data length.

Then, as shown in Fig. 6.9, the ACS reflects an improved performance with respect

to the FCS especially when the data bulk sizes are large.

6.5.2.4 Sensing error impact in FCS/ACS for TBS/VBS

In previous sections we have assumed perfect sensing and, thus, perfect knowledge

of the spectrum occupation by PUs. We now consider the case where spectrum

sensing is affected by errors in the form of miss-detection and false-alarm. In this

sense, we compare the performance of the ACS and FCS when perfect sensing and

erroneous sensing conditions apply. For the error case, assume the miss-detection

probability is given by δ = 0.01 and the false-alarm probability is given by ε =

0.0974 (see Chapter 5 for further details on these values). For these values, the

sensing time is T = 0.001s/channel. This leads to a sensing efficiency of ηsens =

0.93 for the error case, whereas for the perfect sensing it will be assumed ηsens = 1.

Fig. 6.10 shows the aggregate throughput for the ACS and the FCS with Ms = 32

for TBS when perfect and erroneous sensing is carried out. As expected, the perfor-

mance of the erroneous case is degraded with respect to the perfect sensing case for
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Figure 6.7: Arrival rate capacity regions for FCS and ACS with VBS.

both the ACS and FCS. However, note that for the FCS the degradation increases

with the offered secondary traffic rate whereas for the ACS the degradation is fairly

constant throughout the whole span of λs values. The false-alarm mainly affects

the FCS by reducing the number of admitted SUs in the system given it detects

PUs which are actually not occupying resources. This effect will be noticeable

when the offered SU arrival rate increases since spectrum resources become scarce.

As for the ACS, its operation is based on dynamically adjusting the channelization

based on the detection of PUs. This may affect the performance of the ACS even

if the offered SU traffic is low, thus explaining the similar degradation in the whole

range of λs values.

Fig. 6.11 shows the average transfer delay for the case of the ACS and the FCS

(with Ms = 32) under perfect and erroneous sensing conditions. Not surprisingly,

the average transfer delay for the FCS remains insensitive to the offered SU ar-

rival rate since the channelization is constant (i.e. Ms = 32). Moreover, sensing

errors affect the average transfer delay in the case of the FCS mainly due to the

sensing efficiency (ηsens) which reduces the throughput-per-SU and consequently

the transfer delay. For the ACS, sensing errors in the form of false-alarm affects

the adaptive channelization process by erroneously adjusting channelization values
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λp = 0.02 arrivals/s.

Ms higher than those required, thus underutilizing the spectrum with a consequent

reduction in throughput-per-SU and, hence, increased transfer delay. In addition,

the sensing efficiency also contributes to an increase in the transfer delay, as noted

also for the FCS.

6.6 Chapter Summary

In this chapter we have addressed the impact of channelization schemes in a

primary-secondary opportunistic spectrum sharing system. Two channelization

alternatives, namely FCS and ACS, have been proposed, modeled and evaluated

in a Markovian framework. In addition, the service characterization of SUs has

also been addressed considering two different types of services: a time-based ser-

vice (TBS) and a volume-based service (VBS). Both service characterizations have

been evaluated in the context of the abovementioned framework with the FCS and

ACS. Numerical results indicate the suitability of the ACS with respect to the FCS

given its ability to provide increased bit-rates at lower blocking probability for both
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arrivals/s.

time-based and volume-based services. In addition, ACS has proven to be more

resilient to sensing errors. Despite this, it should be noted that the operation of

the ACS involves a higher complexity in terms of signaling which is necessary to

update and inform all SUs about the channelization value Ms.
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Chapter 7

Operating Point Selection

for Primary and Secondary

Users in Cognitive Radio

Networks

This chapter addresses the problem of opportunistic access of secondary users to

licensed spectrum in cognitive radio networks. In order to avoid interference to the

licensed primary users, efficient spectrum detection methods need to be developed.

For this purpose, in recent years several sensing techniques have been proposed to

monitor and regulate the spectrum access to the shared spectrum resources. How-

ever, spectrum sensing may be affected by errors in the form of missed-detections

(i.e., an occupied spectrum is erroneously detected as free) or false-alarms (i.e., a

free spectrum is erroneously detected as occupied). These two magnitudes pose

a tradeoff on the design of the spectrum sensing mechanisms meaning that low

missed-detection can only be achieved at the expense of high false-alarm and vice

versa. Thus, the network designers should adaptively tune the sensing techniques

such that the highest perceived Quality of Service (QoS) is achieved by both pri-

mary and secondary users. In this chapter, a framework is introduced for deter-

mining the sensing operating points. Also the definition of Grade-of-Service (GoS)

metrics is adopted to the case of primary/secondary users spectrum sharing. It is

shown that the operating points of the sensing mechanisms can be easily adjusted

according to the current traffic load of both primary and secondary users so that

the perceived GoS is maximized. In addition, the Erlang Capacity of the spectrum

sharing system for both primary and secondary users is also evaluated considering

the effects of erroneous sensing.
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7.1 Motivation and Problem Statement

Sensing-based spectrum discovery mechanisms, [1], may be affected by errors and,

consequently, provide false information to the SU about PU spectrum occupancy.

These errors are typically in the form of false-alarm (i.e., a free channel is erro-

neously sensed to be occupied) and miss-detection (i.e., an occupied channel is

erroneously sensed to be free). As explained hereafter, by adequately choosing the

operating points of the sensing mechanisms, a trade-off may be achieved between

these two errors. As shown in the following, this means that low miss-detection

is attained at the cost of increased false-alarm and, conversely, low false-alarm is

achieved at the cost of high missed-detection.

According to the above, the missed-detection error will mainly affect the interfer-

ence of PUs with SUs, that is, it will cause SUs accessing the spectrum already

occupied by a PU. Consequently, resulting in a degraded operation for both PUs

and SUs. On the other hand, false-alarm error will prevent SUs from accessing non-

utilized spectrum, thus degrading the performance of these users. Bearing this in

mind, a common approach has been to impose low values on the missed-detection

probability so as to protect the PUs a the cost of reduced SU performance. Never-

theless, despite the PUs having strict access priority to spectrum resources, it may

be necessary to guarantee some Quality of Service (QoS) requirement not only for

PUs but also for SUs [2]. This becomes particularly true if the license holder (i.e.,

the entity ruling primary operation) demands payment for secondary access to the

spectrum. Accordingly, the secondary system will expect some minimum return in

terms of perceived service quality by SUs.

According to the above, the main contributions of this chapter are summarized in

the following:

• The definition of the framework presented in Chapter 5 will enable to assess

the potential gains that can be achieved by correctly selecting the sensing

operating point which determines a particular value of the false-alarm and

missed-detection probabilities.

• The suitability of the sensing operation points is determined using the Grade-

of-Service (GoS) concept from “classical” telephone networks properly adapted

to the primary/secondary spectrum sharing scenario. In this way, a metric

is built taking into consideration the perceived service quality for both PUs

and SUs.
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7.2. Spectrum Sensing Model

7.1.1 Related Work

With respect to Grade-of-Service (GoS) definition in the context of opportunis-

tic secondary access, some efforts were provided in [8, 12]. Nevertheless, the GoS

metrics in [8] are strictly related to the blocking probability for both PUs and

SUs disregarding other cross-effects between PUs and SUs such as the interruption

probability (i.e., the service disruption of an SU due to PU activity) and the inter-

ference probability (i.e., the probability that both an SU and a PU share the same

channel and thus cause interference). Also in [12], where a queueing framework

is presented accounting for the dynamic allocation of primary and cognitive users,

the GoS concept is exclusively related to the blocking probability. In this chapter,

an improved definition for GoS is provided capturing the aforementioned effects,

i.e., in addition to the blocking probability, the GoS accounts for the interference

and the interruption probability of primary and secondary users respectively.

The remainder of the chapter is organized as follows. In Section 7.2, we present the

considered spectrum sensing model and address some issues regarding the operation

points of the spectrum sensing mechanisms. The performance metrics of interest for

numerical evaluation purposes are explained and detailed in Section 7.3. Section 7.4

deals with the performance evaluation of the proposed model. Finally, conclusions

are drawn in Section 7.5.

7.2 Spectrum Sensing Model

We assume that spectrum sensing over a given frequency band (or channel) is per-

formed using energy detection techniques [10]. Such method consists in measuring

the energy of the received waveform over a given bandwidth W (Hz) during an ob-

servation time-window T (s). The product m = T ·W is usually referred to as the

time-bandwidth product. Several works, among them [10, 11], have been devoted to

determine closed-form analytical expressions for the false-alarm and misdetection

(or, conversely, detection) probabilities under various channel conditions. Basi-

cally, the energy detection scheme performs a binary hypothesis on the occupancy

of a band or channel: H0 if the channel is free and H1 if the channel is occupied.

Then, the false-alarm and misdetection, ε and δ accordingly, can be defined as:

ε = Pr [Y > λ|H0 is true] , Gε(λ) (7.1)

δ = Pr [Y < λ|H1 is true] , Gδ(λ) , (7.2)
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where the decision statistic Y is compared to the decision threshold λ in order

to determine the occupancy status of the channel. Accordingly, expressions for

Gε(λ) and Gδ(λ) can be determined by accounting several channel conditions and

cooperation schemes [10, 11]. For example, in the case of spectrum sensing in

Rayleigh fading environments we have [11]:

Gε(λ) =
Γ(m,λ/2)

Γ(m)
(7.3)

Gδ(λ) = e−
λ
2

m−2
∑

k=0

1

k!

(

λ

2

)k

+

(

1 + γ

γ

)m−1

×

(

e−
λ

2(1+γ) − e−
λ
2

m−2
∑

k=0

1

k!

(

λγ

2(1 + γ)

)k
)

, (7.4)

where Γ(.) and Γ(., .) are the complete and incomplete gamma functions respec-

tively, and γ is the average signal-to-noise ratio.

Of particular interest is to determine the relationship between ε and δ through the

so-calledReceiver Operating Characteristic (ROC) curves where ε is plotted against

δ for some given average signal-to-noise ratio γ and time-bandwidth product m.

Formally, from (7.1) we can express λ = G−1
ε (ε) and by using (7.2) we obtain δ =

Gδ
(

G−1
ε (ε)

)

which results in the ROC curve in Fig. 7.1a for the particular case of

sensing in Rayleigh fading. More specifically, we isolate λ from expression (7.3) and

substitute it in expression (7.4). Each point of such curve, hereon indicated by the

pair (δ0, ε0), denotes a possible Operating Point (OP) for the sensing mechanism.

In Fig. 7.1a a possible set of feasible OPs is marked by circles. Note that the

existing trade-off between false-alarm and misdetection probability where the low

values of ε are attained at high values of δ and vice versa.

By appropriately selecting a specific decision threshold value λ = λ0 we obtain a

particular value for the OP (δ0, ε0). It is worth mentioning that the function map-

ping between λ0 and (δ0, ε0) is bijective, i.e., there is a one-to-one correspondence

between λ0 and (δ0, ε0) values in both directions.

For the sake of representation, rather than using the decision threshold λ (which

depends on the decision statistic Y and, consequently, on the measured signal

energy) we define the operating-point mix Θ, with 0 ≤ Θ ≤ 1, as:

Θ
∆
=

log(ε/εmin)

log(δ/δmin) + log(ε/εmin)
, (7.5)

where εmin and δmin are the minimum operating values for the false-alarm and mis-

detection probabilities respectively given by the ROC curve (see that εmin = δmin =
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Figure 7.1: (a) ROC curves in Rayleigh fading channel and (b) tradeoff between false-alarm and

miss-detection against the operating point.

10−4 in Fig. 7.1a). The values of εmin and δmin can be regarded as the resolution

of the sensing mechanism and consequently they are determined by the sensing

equipment characteristics. Then, after some algebra manipulation, it follows that:

δ = δmin

(

ε

εmin

)( 1
Θ−1)

, (7.6)

which is plotted in Fig. 7.1a, for different values of 0 ≤ Θ ≤ 1, which results in

the set of dashed lines crossing the origin of coordinates at (δmin, εmin). For each

particular value of Θ = Θ0 we obtain a particular OP (δ0, ε0) which is represented

by the circles in Fig. 7.1a denoting the intersection of the line equation given by

(7.6) with the ROC curve.

In this way, we have a normalized parameterization through parameter Θ for the

feasible OPs of the sensing mechanism. Note that, see Fig. 7.1b, for 0 < Θ < 0.5

we have that δ > ε; for Θ = 0.5 we obtain δ = ε; and finally, for 0.5 < Θ < 1 we

have δ < ε. Then, the value of Θ will be used to represent the full range of possible

cases and determine the most suitable OP for different traffic conditions.

In addition, for a longer time T devoted to sensing purposes, lower false-alarm and

missed-detection probabilities can be attained. Indeed, this can be seen in Fig.

7.2, which plots the ROC curve for several values of the time-bandwidth product
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Figure 7.2: ROC curve varying the time-bandwidth product (m) for SNR of γ=0 dB.

(m). For a particular target missed-detection probability value (δ = 10−1) several

corresponding false-alarm values are obtained as indicated by the OPs in Fig. 7.2.

7.3 Performance Metrics

The classical Grade-of-Service (GoS) concept in classical telephone networks [14]

is adopted to the opportunistic spectrum access scenarios. The GoS metrics, in-

troduced hereafter, will be computed from performance metrics derived from the

steady state probabilities P(i,j) and P
′
(i,j) obtained as specified by the DTMC model

in Chapter 5. In particular, the performance metrics of interest for the GoS compu-

tation are: primary and secondary users blocking probabilities, interruption prob-

ability and interference probability.

7.3.1 Blocking Probability

Blocking occurs whenever a new user cannot be assigned a channel given all chan-

nels are occupied, in the case of a PU, or thought to be occupied, in the case of an
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SU. Accordingly, the blocking probability for PUs, PPB , can be computed from the

true steady state probabilities, P(i,j), as:

PPB =
∑C

j=0
P(C,j) . (7.7)

On the other hand, the SU blocking probability, PSB , is given by:

PSB =
∑C

i=0

∑C

j=C−i
P ′
(i,j) . (7.8)

Notice that P ′
(i,j) is used instead of P(i,j) to indicate that secondary blocking may

occur due to the sensing of all channels as occupied while this may in fact not be

true.

7.3.2 Interruption Probability

Interruption of secondary service occurs whenever an SU is forced to release a

channel, before its session has ended, due to primary activity. To compute the

interruption probability, PD, the average number of secondary users, Ns, can be

considered:

Ns =
∑

S(i,j)∈S
j·P(i,j) , (7.9)

can be interpreted as the average served SU traffic, i.e. T servedS = Ns [13]. Fur-

thermore, it can be expressed as:

T servedS = TS ·
(

1− PSB
)

· (1− PD) , (7.10)

meaning that the served traffic (T servedS ) is the offered traffic (TS = λS/µS) which

is not blocked nor interrupted. By re-arranging (7.10) we obtain:

PD = 1−
T served
S

TS
(

1− PSB
) = 1−

NS
λS

µS

(

1− PSB
) , (7.11)

with PSB defined in (7.8) and NS given in (7.9).

7.3.3 Interference Probability

The interference probability, PI , is defined as the probability of being in state

S(i,j) ∈ Sc with the set Sc defined in (5.7), i.e., the probability that at least a

channel is simultaneously occupied by both a PU and an SU, then:

PI =
∑

S(i,j)∈Sc

P(i,j) . (7.12)
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7.3.4 Grade-of-Service Definitions

Primary GoS (GoSP ) is derived from the blocking probability given in (7.7) and

the interference probability in (7.12) as follows1:

GoSP =
(

PPB + ωP · PI
)/

(1 + ωP ) , (7.13)

where ωP > 1 is a weight factor indicating a higher penalty of interference with

respect to blocking from the PUs’ perspective.

We consider the SU blocking probability PSB , as in (7.8), along with the interruption

probability PD, as in (7.11), to define the secondary GoS (GoSS) as follows:

GoSS =
(

PSB + ωS · PSD
)/

(1 + ωS) , (7.14)

with ωS > 1 the corresponding secondary weight factor indicating that interruption

is more harmful than blocking.

Finally, we may define the aggregate GoS (GoSA) as:

GoSA =
(

GoSS + ωA ·GoSP
)/

(1 + ωA) , (7.15)

which jointly accounts for the individual GoS of both PUs and SUs and where we

consider that the weight factor ωA > 1 will prioritize PU quality since they have

strict precedence as primary (licensed) users of the shared spectrum. Note that ωP ,

ωS and ωA should be chosen adequately in accordance to the expected perceived

GoS of each user type (i.e., PU or SU). Nevertheless, note that these values are

empirical and depend on the subjective perception of the grade of service metric.

7.4 Performance Evaluation

In this section we evaluate the proposed model by considering the performance

metrics presented in Section 7.3. We consider a spectrum partition with C = 8

channels. The spectrum sensing periodicity, unless otherwise stated, is ∆T = 2

seconds. For the spectrum sensing model, the cases considered in Figs. 7.1 and 7.2

are employed, i.e., the Rayleigh channel with signal-to-noise ratio of γ = 0dB. The

weight factors for GoS computation in (7.13), (7.14), (7.15) are given by ωS = 10,

ωP = 20 and ωA = 10.

1For convenience, a normalized version of the GoS ∈ [0, 1] is used, where GoS → 1 means

degraded operation while GoS → 0 means improved operation.
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7.4.1 Erlang Capacity

The Erlang Capacity of a system with limited resources refers to the maximum

amount of offered traffic it may handle provided some quality of service require-

ments are met [15]. In the case of primary/secondary spectrum sharing, the interest

is on the maximum primary and secondary traffic that can be offered such that

some aggregate GoS requirement (i.e., accounting for both PUs and SUs) is satis-

fied. Mathematically, this can be expressed as:

E =
{

(TS , TP ) : QoS
A ≤ QoSA∗

}

, (7.16)

with QoSA defined in (7.15) and where QoSA∗ indicates a target value for the

aggregate GoS.

According to the above definition, the Erlang Capacity may be regarded as a region

comprising the pairs of (TS , TP ) offered traffic values which yield satisfactory GoS

requirements. Accordingly, Fig. 7.3 shows the Erlang Capacity regions (defined

as the areas below the Erlang capacity limits plotted in the figure) considering

several time-bandwidth product (m) values. For the sake of comparison, the case

where ideal sensing, and thus full awareness of PU activity, is also considered. As

expected, the ideal sensing case translates into a larger Erlang Capacity region

provided a better use of unoccupied spectrum resources can be achieved by SUs

given their fully-aware information about PU spectrum usage. For the case of

non-ideal sensing, the higher the time-bandwidth product (m) the better spectrum

resources are being utilized. This is due to the fact that higher m values imply

lower false-alarm probabilities (given the missed-detection probability is fixed) as

can be observed from Fig. 7.2. In addition, it can be observed that for increased

primary offered traffic values (e.g. TP > 2.5 Erlangs), the Erlang Capacity region

narrows towards lower values of offered secondary traffic (TS), indicating that if a

high number of PUs are occupying the spectrum (which have strict priority) then

hardly no SUs are able to access the spectrum.

It is worth mentioning that the increase of the time-bandwidth product to reduce

the false-alarm probability comes at the cost of increased sensing times which

in turn degrade the achievable throughput as identified in [16, 17]. Therefore,

although Fig. 7.3 indicates that the higher the value of m the better, the effect on

throughput should be also taken into consideration.
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Figure 7.3: Erlang Capacity regions varying the time-bandwidth product (m) for target GoSA∗ =

5 · 10−3.

7.4.2 Quality-of-Service Provisioning in Sensing-based Spec-

trum Sharing Scenarios

Concerning the experienced QoS for both PUs and SUs, GoS metrics, defined in

Section 7.3.4, indicate that the interference and interruption probabilities are the

major causes for PU and SU dissatisfactions, respectively. Then, we are interested

in finding the most suitable OP of the sensing mechanism so that some satisfaction

balance between PUs and SUs can be achieved. Accordingly, Figs. 7.4 and 7.5

show the interference and interruption probabilities against the sensing OP (Θ)

under varying SU traffic and an offered PU traffic of TP = 2 Erlangs. As for

the interference probability in Fig. 7.4, the OP values of Θ → 0 indicate higher

missed-detection probabilities (δ) as opposed to lower false-alarm probabilities (ε).

Consequently, we note an increased interference due to an excess of SUs access-

ing the spectrum and erroneously detecting occupied channels as free. Conversely,

when the value of Θ is increased towards 1, missed-detection decreases, thus, caus-

ing lower interference. The opposite behavior can be seen in Fig. 7.5 where the

interruption probability is plotted. In this case, the low false-alarm (i.e., Θ → 0)

benefits SUs since higher spectrum access chances are experienced. On the other

hand, if false-alarm is increased (meaning Θ → 1), the detection of free channels as

occupied will force SUs to defer their communication, thus, causing the interrup-

tion probability to rise. For both the interference and interruption probabilities,
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Figure 7.4: Interference probability against the OP for several traffic conditions.

the higher the secondary offered traffic (TS), the higher degradation is observed.

In Fig. 7.6, the aggregate GoS (GoSA) as defined in (7.15) is plotted for different

offered traffic configurations (see Figs. 7.6(a), 7.6(b) and 7.6(c)).

By observing Fig. 7.6, we realize that by appropriately choosing the sensing OP

(Θ) a minimum value of aggregate GoS can be achieved, thus improving the per-

ceived satisfaction of both PUs and SUs. In addition, note that as the offered

primary traffic increases as TP = 1, 2, 3 Erlangs in Figs. 7.6(a), 7.6(b) and 7.6(c)

respectively, the suitable OP value moves towards increased values of Θ in order

to protect the increasing number of PUs in the system. This is in line with what

depicted in Fig. 7.4 where values of Θ → 1 are required in order to lessen the

interference probability experienced by PUs.

In addition to Fig. 7.6, the suitable OP values (i.e. those that minimize the per-

ceived aggregate GoS) are provided in Table 7.1 for specific primary and secondary

offered traffic. These values correspond to some of the star-shaped marks in Figs.

7.6(a), 7.6(b) and 7.6(c). It is worthwhile noting that, for low offered primary and

secondary traffic, a range of OP values, denoted as [.,.] in Table 7.1, provides the

minimum GoSA. In these cases, interference with PUs is kept low and, thus, values

of Θ → 0, which benefit SUs, can be selected. However, as secondary and primary

traffic increases, so does the probability of interference (see Fig. 7.4), therefore
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Table 7.1: Suitable Operating Points for several offered primary and secondary traffic values, Ts

and Tp (expressed in Erlangs).

Suitable OP (Θ∗)

TS TP = 1.00 TP = 2.00 TP = 3.00

0.50 [0, 0.45] [0, 0.45] 0.44

1.00 [0, 0.45] [0, 0.44] 0.44

1.50 [0, 0.43] 0.43 0.46

2.00 [0, 0.41] 0.43 0.46

2.50 0.40 0.44 0.47

3.00 0.40 0.45 0.48

3.50 0.41 0.46 0.48

4.00 0.42 0.46 0.49

4.50 0.42 0.46 0.49

5.00 0.43 0.47 0.49

increased values of Θ are needed in order to protect the PUs. Then, the higher the

primary traffic, the less flexible is the selection of the suitable OP, which is, on the

other hand, somewhat expected.

Finally, in Fig. 7.7, the effect of the sensing periodicity value (∆T ) on the per-

ceived GoS is plotted. As the sensing periodicity increases, so does the interference

probability given that secondary access is based on an older, and potentially out-of-

date, spectrum occupancy information. Then, as ∆T increases, the suitable sensing
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OP is shifted towards values of Θ → 1 given this protects PUs by decreasing the

missed-detection probability.

7.5 Chapter Summary

In this chapter, a framework for the evaluation of sensing-based secondary spectrum

access has been motivated and further presented. The main purpose of the frame-

work is to determine the suitable sensing operating point so that requirements

in terms of Grade-of-Service could be satisfied for both primary and secondary

users. In this sense, the operating point of a sensing mechanism using threshold-

based energy detection has been parameterized, given by Θ, in order to capture

the existing tradeoff between missed-detection and false-alarm probabilities which

negatively affect spectrum awareness. This tradeoff is tackled by means of defining

a set of Grade-of-Service metrics which account for both the satisfaction level of

PUs and SUs, and also on some aggregate satisfaction. In this way, performance

results reveal that, by choosing an appropriate sensing operating point (Θ), the

aggregate GoS can be minimized thus improving PU and SU perceived service

quality. Moreover, the suitable operating point can be adjusted according to the

current traffic load conditions and sensing periodicity cycles leading to an overall

improved primary/secondary operation.
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Figure 7.6: Grade of Service (GoS) as a function of the operating point for different PU and SU

traffic load conditions.
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Chapter 8

Conclusions

In summary, the results of this dissertation indicate that user capacity gains can be

obtained by efficiently exploiting the usage of both radio and spectrum resources.

Although each chapter includes a stand-alone summary regarding specific contri-

butions, in what follows, and according to the problem formulation split P1 and P2

defined in Section 1.3, the summary of conclusions of this dissertation is provided.

8.1 How to select an appropriate RAT?

It is widely established that RAT selection procedures in multi-service/multi-access

scenarios play a key role in the provision of CRRM functionalities.

Results have confirmed the validity and suitability of the proposed Markovian

model which has been evaluated for several RAT selection policies and in differ-

ent access-constrained scenarios including coverage limitation, multimode terminal

availability and RAT-service compliance.

Results obtained in a non-access-constrained TDMA/WDCMA scenario with voice

and data services (see Chapter 2) indicate that a trade-off between the average

data throughput-per-user and the total blocking probability arises when comparing

two counteracting service-based policies. That is, increased user capacity comes

at the cost of reduced throughput-per-user for data services. This trade-off may

be suitably handled using the load balancing (LB) policy which is able achieve

both increased capacity while maximizing the throughput-per-user attained by data

services.

In scenarios with access limitations due to coverage, terminal availability and RAT-

service compliance (see Chapter 3), three key parameters influencing the perfor-

mance of RAT selection were identified. First, the ratio between demanding ser-

vices, or traffic-mix, largely affects the suitability of a particular service-based
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RAT selection process. Second, resource contention among services in a single

RAT, as opposed to RATs that only uphold one service-type, causes service-greedy

allocation principles to appear. Both service-mix and resource contention issues

must be jointly considered when allocating multiple services on multiple RATs.

Third, RAT-Service eligibility determines if a particular RAT is is ”selectable” in

the RAT selection procedure provided coverage availability, terminal support and

RAT-service compliance is satisfied.

Based on the influencing parameters described above, specific guidelines in a multi-

access/multi-service scenario considering GSM, UMTS and WLAN RATs along

with voice and data services were provided. Summarizing (the reader is referred

to Chapter 3 Section 3.8), when perfect eligibility applies: Service-greedy, i.e. ei-

ther voice-greedy or data-greedy, allocation principle is desirable when favorable

traffic-mix conditions apply. Hence, voice-greedy (data-greedy) allocation is suit-

able in voice-dominant (data-dominant) traffic situations. Additionally, in the same

perfect-eligibility scenario, late-contention is preferable to early-contention in RATs

where services compete for resources. As for the case of limited-access scenarios

the rule access-limited-first provides a good guiding principle for the allocation of

multiple services to multiple RATs. This rule should be used in combination with

the aforementioned service-greedy rule making sure that favorable service-mixes

apply. Finally, LB policy exhibits an overall improved behavior regardless of the

traffic-mix and RAT eligibility. It is then suggested when the service distribution

is unknown or vaguely estimated.

An analytical probabilistic characterization for radio access congestion in multi-

RAT environments has also been presented (see Chapter 4). Specific analytical

expressions for the congestion probability were provided for both TDMA and

WCDMA in the presence of voice and data service requests. Performance eval-

uation, considering perfect-eligibility, was carried out using three RAT selection

policies: Load Balancing (LB), Service-Based (SB) and Congestion-Aware (CA).

With the proposed framework, the impact of different RAT selection policies on

the congestion probability can be measured and QoS degradation is assessed. The

higher flexibility exhibited by LB causes the congestion probability and throughput-

per-user is improved with respect to SB. Nonetheless, LB disregards the impact of

congestion probability on the throughput attained in the WCDMA RAT. Then, us-

ing congestion information, as with CA policy, can lead to a better performance in

terms of both congestion probability and throughput. In addition, the use of con-

gestion information as a guiding principle for initial RAT selection can also prevent

from high blocking situations which result from applying tighter AC mechanisms

in order to reduce such congestion.
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8.1.1 Future Work

Future efforts in the context of problem P1 should be devoted to mobility aspects

by means of the implementation of vertical handover strategies into the Markov

model. In addition, a further characterization of the radio propagation and inter-

ference environment would be also of great interest, which could eventually lead

to alternative RAT selection criteria to those proposed in this dissertation. For

example, considering a mix of outdoor and indoor users, along with the availability

of femto-cells, may result into new allocation principles. Regarding the considered

service-type case studies, i.e. generically voice and data, these could be extended

to include specific features and effects of real services such as, e.g., TCP for web-

browsing or FTP sessions. In addition, the studied RAT cases should be extended

to adopt other specific technologies such as HSPA, WiMAX, LTE, LTE-Advanced,

etc. This dissertation has developed allocation principles under the assumption

of a single operator, whereas multi-operator environments with certain degree of

cooperation would be interesting.

8.2 How to efficiently share spectrum between li-

censed and unlicensed users?

In this dissertation, a generalized and flexible DTMC-based framework for the

definition and evaluation of opportunistic shared spectrum scenarios has been pre-

sented. The framework considers an uncoordinated operation between primary and

secondary networks where primary spectrum occupancy information is retrieved

through sensing mechanisms. Model validation was assessed by comparison with a

system-level simulator. Furthermore, model limitations were also determined and

boundaries on limiting parameters provided.

The existing tradeoff between the sensing accuracy and the exhibited secondary

throughput has also been studied. As expected, an increased sensing accuracy

through longer sensing periods will, at a given point, not payoff the degrada-

tion obtained in terms of throughput since less time is then devoted to the actual

data transmission. Results revealed that the sensing time (equivalently, the time-

bandwidth product) can be conveniently adjusted in order to maximize throughput.

In addition, if the number of channels to be sensed is large, sensing procedures will

take longer to determine the spectrum occupancy of the whole band, consequently

reducing the sensing efficiency. Then, the time-bandwidth product should be re-

duced when increasing the bandwidth on which PUs and SUs operate.
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The impact of the spectrum awareness periodicity (how often do we sense?) has

also been evaluated. As expected, increased sensing periodicity causes higher col-

lision events between PUs and SUs to happen. In addition, improved sensing

accuracy degrades the experienced interference by allowing an increased number of

SUs in the system. As shown in Chapter 5, secondary operation can be optimized

by choosing adequate values for the time-bandwidth product (i.e. the time devoted

to sensing) in such way that the throughput is maximized.

The impact of channelization schemes in a primary-secondary opportunistic spec-

trum sharing system has been also addressed in this dissertation (see Chapter 6).

Two channelization alternatives, namely Fixed Channelization Scheme (FCS) and

Adaptive Channelization Scheme (ACS), have been proposed, modeled and eval-

uated in a DTMC framework. Secondary user service characterization has also

been addressed considering a time-based service (TBS) and a volume-based service

(VBS). Both service characterizations have been evaluated in this framework under

the FCS and the ACS. Results suggest the suitability of the ACS with respect to

the FCS given its ability to provide increased bit-rates at lower blocking probability

(i.e. higher user capacity) for both TBS and VBS. In addition, ACS has proven to

be more resilient to sensing errors.

The problem of appropriately selecting the operating point of a sensing-based sec-

ondary spectrum access scheme has also been addressed. The main objective was

to determine the suitable sensing operating point so that Grade-of-Service require-

ments could be satisfied for both primary and secondary users. Accordingly, pa-

rameterization was used to capture the existing trade-off between missed-detection

and false-alarm probabilities in an energy detector spectrum awareness mechanism.

Missed-detection increases interference between PUs and SUs, thus degrading the

PUs which require non-harmful operation. On the contrary, false-alarm causes

spectrum overlook and thus spectrum opportunities are missed causing a degraded

operation for the SUs. This trade-off is tackled by means of defining a set of Grade-

of-Service metrics which account for both the satisfaction level of PUs and SUs, and

also on some aggregate satisfaction. Performance results reveal that, by choosing

an appropriate sensing operating point, the aggregate GoS can be minimized thus

improving PU and SU perceived service quality. Moreover, the suitable operating

point can be adjusted according to the current traffic load conditions and sensing

periodicity cycles leading to an overall improved primary/secondary operation.

8.2.1 Future Work

Future work regarding spectrum sharing should be devoted to further investigate

practical cases, with specific technologies. For example, spectrum sharing over TV
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bands based on the IEEE 802.22 standard. In addition, cooperative mechanisms

for spectrum awareness and spectrum sharing are also of concern since they are

expected to introduce capacity gains at the cost of increased complexity. The work

in this dissertation considers ideal and static radio conditions concerning the use

of radio channels shared between primary and secondary users. It would be then

desirable to introduce some dynamics on the availability of spectrum bands due to

propagation and spatial location of terminals.
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Appendix A

Project Involvement

This appendix briefly describes the projects in which the author of this dissertation

has been involved with.

A.1 Project COSMOS

A.1.1 Project Information

Relevant project information is given in the following:

• Project Name: Calidad de servicio extremo a extremo y flexibilidad espectral

en redes móviles heterogéneas (COSMOS) (Proyecto CICYT Ref. TEC2004-

00518)

• Funding Entity: Ministerio de Educación y Ciencia, Spain.

• Duration: 12/2004 - 12/2007.

• Principal Researcher: Dr. Josep Oriol Sallent Roig

• URL: http://www.cosmos.upc.edu/
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A.1.2 Project Description

This project focuses on mobile wireless heterogeneous networks (including UMTS,

GERAN and WLAN) with the ultimate goal to provide end-to-end QoS for IP-

based multimedia services in an efficient way. Within this framework, the purpose

of this project is to address the different problems at different levels leading to gain

insight into an ultimate global solution. In particular, the objectives of the project

can be stated as:

a. To analyze, evaluate and propose architectures to support end to end QoS,

with special emphasis in the component dealing with common radio resource

management (CRRM), the core network QoS management as well as the

inter-working architecture among the different radio access technologies.

b. To analyse, develop and propose resource management strategies in the frame-

work of integrated heterogeneous networks with the ability to provide qual-

ity, capacity and coverage targets in the most efficient way. Prior to define

CRRM strategies it is required to analyse, develop, propose and evaluate

radio resource management strategies for every single technology considered

(i.e. GSM/GPRS/EDGE, UMTS and WLAN). The proposed algorithms will

consider the impact of flexible spectrum management and allocation through

Spectrum Management (SM) algorithms.

c. To demonstrate, by means of IP multimedia applications, the suitability of the

developed elements through a laboratory testbed implementation, supporting

the main outcomes of the project.

On the other hand, since the successful deployment of heterogeneous networks ar-

chitectures as well as RRM, CRRM and SM algorithms largely depends on their

economical viability, this component will be closely taken into account in the en-

visaged research, thus considering the technic-economic perspective.

A.2 Project COGNOS

A.2.1 Project Information

Relevant project information is given in the following:
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• Project Name: Gestión cognitiva de recursos radio y espectro radioeléctrico

en redes móviles heterogéneas con provisión de calidad de servicio extremo a

extremo (COGNOS) (Proyecto CICYT ref. TEC2007-60985)

• Funding Entity: Ministerio de Educación y Ciencia, Spain.

• Duration: 10/2007 - 09/2010.

• Principal Researcher: Dr. Josep Oriol Sallent Roig

• URL: http://www.cognos.upc.edu/

A.2.2 Project Description

This project departs from a heterogeneous mobile network scenario where end-

to-end QoS requirements should be efficiently provided to IP-based multimedia

services. In this framework, several global and integrated solutions are proposed to

tackle the problems involved in these scenarios. In particular, the main objectives

of this project can be stated as:

a. Propose and develop an integrated framework for radio resource and spec-

trum management (RRM and SM) that allow an efficient and flexible use

of available resources, clearly identifying the involved mechanisms and the

interactions among them, and also considering multi-operator environments.

Due to the inherent dynamics of the system operation (traffic, propagation,

mobility, etc.) adopted strategies will incorporate cognitive features, thus

exhibiting auto-adaptation and robustness.

b. Propose and develop supporting end-to-end QoS architectures consistent with

the capacities and particularities of the different involved communication seg-

ments: (1) a flexible and heterogeneous radio interface, (2) a transport net-

work from the access point towards the IP-based backbone network, and (3)

an IP-based backbone network bearing in mind the possibility that (2) and

(3) may be regarded as a single segment.

c. Analyze, propose, develop and evaluate practical, precise and flexible radio and

spectrum resource management strategies that jointly fulfill requirements in

terms of quality, capacity and coverage in the most efficient way as possible.

Prior to the definition of such integrated strategies it is necessary to analyze,

propose, develop and evaluate individual RRM strategies for the different

access technologies forming the heterogeneous network. Only after this step,

the integrated vision will be successfully accomplished.
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d. Demonstrate, through multimedia IP-based applications, the usefulness of the

considered strategies by developing a testbed that is able support the afore-

mentioned features.

This project will ensure that the proposed solutions regarding heterogeneous net-

work architecture, inter-working between technologies, development of the trans-

port and backbone networks along with their corresponding algorithms for resource

management are aligned with the main standardization forums, in particular the

3GPP (3rd Generation Partnership Project) and the IETF (Internet Engineering

Task Force).

A.3 Project EVEREST

A.3.1 Project Information

Relevant project information is given in the following:

• Project Name: Evolutionary Strategies for Radio Resource Management in

Cellular Heterogeneous Networks (Ref. IST-2002-001858)

• Funding Entity: EU Sixth Program Framework (FP6)

• Duration: 01/2004 - 12/2005.

• Principal Researcher: Dr. Fernando Casadevall Palacio (UPC)

• URL: http://www.everest-ist.upc.es/

A.3.2 Project Description

The objective of the EVEREST project is to devise and assess a set of specific

strategies and algorithms for access and core networks, leading to an optimized

utilization of scarcely available radio resources for the support of mixed services

with end-to-end QoS mechanisms within heterogeneous networks beyond 3G.

The provision of beyond 3G heterogeneous network topologies is conceptually a

very attractive notion; however, it is a challenge to accomplish an efficient network
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design. In this context, Radio Resource Management (RRM) strategies are respon-

sible for an utmost efficient utilization of the air interface resources in the available

Radio Access Networks (RANs). EVEREST will provide tangible contributions

towards a heterogeneous realization of 2G/2.5/3G (e.g. GERAN, UTRAN) and

3.5G networks with the inclusion of newly emerging RANs (e.g. WLAN for verti-

cal coverage extensions). The potential inclusion of location information in RRM

design, as well as some forms of RAN sharing, will be considered as additional

examples of the medium and long term research focus of EVEREST.

In order to accomplish these objectives, the project evolves around two main ac-

tivities:

• Algorithmic development and simulation by means of advanced simulation

tools.

• Demonstration of the technology by means of implementing real-time testbeds

for proof of concepts

It is a further purpose of the project to contribute actively to the different stan-

dardization fora. In that sense, the proposed solutions will be compliant with

and aligned to standardization activities in the field, e.g. 3GPP, IETF, IEEE.

Moreover, the results obtained in EVEREST are expected to be of significant mo-

mentum, the beneficiaries to which are service-providers, operators, manufacturers

and end-users.

The research challenges, to be tackled by EVEREST project, can thus be summa-

rized as follows:

• To identify, propose, simulate, assess and validate advanced RRM algorithms

for GERAN and UMTS as well as novel radio concepts beyond 3G.

• For heterogeneous networks, to develop Common RRM (CRRM) algorithms

between access technologies focused on UTRA and GERAN. Both for tight

and very tight coupling will be considered.

• To consider other technologies that can be a complement to GPRS/UMTS,

such as:

– WLAN for indoor hotspots.

– Different types of repeaters, acting as coverage extensions.
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• To support end-to-end QoS in a heterogeneous wired and wireless mobile

environment. To this end, the investigation about the relationship between

the core network Band-width Broker (BB) and the RRM & CRRM entities

for a plethora of RANs (UMTS, GERAN and WLAN) becomes of prime

importance.

• To demonstrate the benefits of the developed RRM and CRRM algorithms

by means of multimedia IP based applications over a real time testbed.

A.4 Project AROMA

A.4.1 Project Information

Relevant project information is given in the following:

• Project Name: Advanced Resource Management Solutions for future all IP

Heterogeneous Mobile Radio Environments (Ref. IST-4-027567)

• Funding Entity: EU Sixth Program Framework (FP6)

• Duration: 01/2006 - 12/2007.

• Principal Researcher: Dr. Fernando Casadevall Palacio (UPC)

• URL: http://www.aroma-ist.upc.edu/

A.4.2 Project Description

The objective of the AROMA project is to devise and assess a set of specific re-

source management strategies and algorithms for both the access and core network

part that guarantee the end-to-end QoS in the context of an all-IP heterogeneous

network.

AROMA project aims not only to asses and maximize the potential benefits coming

from the medium-term evolution of the considered radio-access technologies (e.g.

HSDPA/HSUPA; MBMS ) but in parallel also to promote and investigate potential

benefits coming from a long-term evolution towards an all IP heterogeneous mobile

and wireless network architecture. In that context, the RAN architecture should
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be also evolved to accommodate future IP-based networks, which allow a common

transport even in different access networks, simple resource management, and easy

heterogeneous inter-working.

On the other hand, in order to support end-to-end QoS in a heterogeneous wired

and wireless mobile environment, an appropriate interaction between the QoS man-

agement entities of the core network (CN) and the Common Radio Resource Man-

agement (CRRM) in the radio part is crucial. These kinds of issues are extensively

covered in the project.

Last but not least, it is also prime important to carry out economic evaluation on

the impacts of the novel architecture solutions considered by the project

In summary AROMA aims at providing tangible contributions, in terms of resource

management, for the future all IP heterogeneous wireless systems, which will take

into account 2G/2.5/3G (e.g. GERAN, UTRAN ) and 3.5G networks (e.g. HS-

DPA), including the newly emerging RAN technologies (e.g. WLAN , WIMAX )

and services, for the 2010-2015 time frame.

In order to accomplish these objectives, the project evolves around two main ac-

tivities:

1. Algorithmic development and simulation by means of advanced simulation

tools, and

2. Demonstration of the technology by means of implementing real-time testbeds

for proof of concepts.

It is a further purpose of the project to contribute actively to the different stan-

dardization fora. Results obtained in AROMA are expected to be of significant

momentum, the beneficiaries to which are service-providers, operators, manufac-

turers and end-users.
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A.5 Project E3

A.5.1 Project Information

Relevant project information is given in the following:

• Project Name: End-to-End Efficiency (Ref. ICT-2007-216248)

• Funding Entity: EU Seventh Program Framework (FP7)

• Duration: 01/2008 - 12/2009.

• Principal Researcher: Mr. Wolfgang König (Alcatel-Lucent)

• URL: https://ict-e3.eu/

A.5.2 Project Description

The End-to-End Efficiency (E3) project is an ambitious FP7 EC Large Scale Inte-

grating Project (IP) aiming at integrating cognitive wireless systems in the Beyond

3G (B3G) world, evolving current heterogeneous wireless system infrastructures

into an integrated, scalable and efficiently managed B3G cognitive system frame-

work. The key objective of the E3 project is to design, develop, prototype and

showcase solutions to guarantee interoperability, flexibility and scalability between

existing legacy and future wireless systems, manage the overall system complexity,

and ensure convergence across access technologies, business domains, regulatory

domains and geographical regions.

Cognitive radio systems are seen by many actors of the wireless industry as a core

technical evolution towards exploitation of the full potential of B3G systems. It

is under way to revolutionize wireless communications just as the PC revolution

did in its domain. E3 will ensure seamless access to both applications and ser-

vices as well as exploitation of the full diversity of corresponding heterogeneous

systems, in order to offer an extensive set of operational choices to the users (e.g.

seamless experience), application and service providers (e.g. fast deployment of

enhanced features and services in reduced time frames), operators (e.g. network

management, operation and maintenance), manufacturers (e.g. wider market and

migration to new standards) and regulators (e.g. increasing spectrum efficiency).

E3 will optimize the use of the radio resources and spectrum, following cognitive
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radio and cognitive network paradigms (autonomic management, learning, experi-

ence, knowledge as well as context, profiles, policies). The management functions

will be distributed over different network elements at various levels of the system

topology. A corresponding management agility will be required for supporting the

most efficient use of the cooperating technologies, at local, regional, and global

levels.

E3 will make converge both cognitive radios and cognitive networks from techni-

cal, business, regulatory and standardization perspectives. Consequently, future

wireless deployments will be conceived on a fully cognitive system basis. The

business models research will permit selection of the most relevant concepts and

solutions ensuring development and future deployment of sustainable cognitive ra-

dio systems. The regulatory research will further and support the adoption of E3

concepts and solutions in the world radio regions. The research will also help the

evolution of the regulatory framework in order to cope with the future development

of more flexible spectrum usage (e.g. based on modified administrative mechanisms

or market or technology driven), that will only be possible if suitable solutions for

managing and controlling complex heterogeneous systems are in place. E3 will

build on the IST E2R research results on reconfigurable equipment extending the

corresponding concepts towards the design of a wireless cognitive radio system in

which network entities will be able to self-adapt to a dynamically changing context

(i.e., user traffic demands, etc.). The focus will furthermore be on the evolution

of wireless systems in an evolutionary, non-disruptive way, by integrating existing

wireless radio standards into a common framework with user devices be able to

reconfigure and maintain one or multiple links simultaneously, and contributing

to currently active/emerging standardization bodies with a focus on key conver-

gence enablers. In particular, ongoing standardization on IMT-Advanced related

radio and cognitive systems are targeted, with contributions enabling the conver-

gence towards a future harmonized and interoperable wireless landscape. E3 will

devise structuring rules for the definition and design of next generation of various

standards (e.g. IEEE 802.16/11, P1900, ETSI, 3GPP....) allowing a seamless use

of these standards to fulfill the scenarios of the current definitions of 4G systems

at lower cost and complexity, and for a better spectrum efficiency (plug and play

lego-blocks for standards).
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List of Abbreviations

The list of used abbreviations in this dissertation follows. In the cases where a

single acronym has several meanings, the chapter in which each meaning is adopted

appears. In addition, throughout the dissertation, pluralization of abbreviations is

denoted by adding a lower-case ’s’ at the end, as in, e.g., RAT vs. RATs.

2G Second Generation

2.5G Second-point-Five Generation

2.75G Second-point-Seventy-Five Generation

3G Third Generation

3GPP Third Generation Partnership Project

3.5G Third-point-Five Generation

4D Four-Dimensional

4G Fourth Generation

ABC Always Best Connected

AC Admission Control

ACK Acknowledgment

ACS Adaptive Channelization Scheme

AIFSN Arbitration Interframe Space Number

AP Access Point

B3G Beyond 3G

BC Book Chapter

BE Best-Effort

BP Blocking Probability

BS Base Station

BSC Base Station Controller

CA Conference Article (Chapter 1)

Congestion Aware (Chapter 4)

CAC Common Admission Control (Chapter 1)

Call Admission Control (Chapters 2, 3 and 4)
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CBR Constant Bit Rate

CC Congestion Control

CCAC Common Call Admission Control (a.k.a CAC, first meaning)

CCC Common Congestion Control

CCPCH Common Control Physical Channel

CD Congestion Detection

CDMA Code Division Multiple Access

CP Congestion Probability

CPC Cognitive Pilot Channel

CPICH Common Pilot Channel

CPS Common Packet Scheduling (a.k.a. CTS)

CR Cognitive Radio

Congestion Resolution (Chapter 4)

CRN Cognitive Radio Networks

CRV Congestion Recovery

CS Coverage Scenario (used in Chapter 3 as CS1, CS2 and CS3.)

CSCC Common Spectrum Coordination Channel

CRRM Common Radio Resource Management

CTMC Continuous Time Markov Chain

CTS Common Traffic Scheduling

Clear to Send (Chapter 3)

DCH Dedicated Channel

DFS Dynamic Frequency Selection

DL Downlink

DSA Dynamic Spectrum Access

DTMC Discrete Time Markov Chain

E Erlang

ECG Erlang Capacity Gain

EDGE Enhanced Data rates for GSM Evolution

ES Spanish

ETSI European Telecommunications Standards Institute

EU European Union

FACH Forward Access Channel

FCC Federal Communications Commission

FCS Fixed Channelization Scheme

FOMA Freedom of Mobile Multimedia Access

FSA Fixed Spectrum Access

GERAN GSM/EDGE Radio Access Network

GoS Grade of Service

GPRS General Packet Radio Service

GSM Global System for Mobile communications

248



List of Abbreviations

HOC Handover Control

HSDPA High Speed Downlink Packet Access

HSPA High Speed Packet Access

IEEE Institute of Electrical and Electronics Engineers

IP Internet Protocol

JA Journal Article

JRRM Joint RRM (a.k.a. CRRM)

LB Load Balancing

LTE Long-Term Evolution

MAC Medium Access Control

MCL Minimum Coupling Loss

MMTD Multi-Mode Terminal Driven RAT selection policy

MRRM Multiple RRM (a.k.a. CRRM)

NB Narrow Band

NO Network Operator

OFDMA Orthogonal Frequency Division Multiple Access

OP Operating Point

OSA Opportunistic Spectrum Access

OVSF Orthogonal Variable Spreading Factor

PC Power Control

PCH Paging Channel

PDC Pacific Digital Cellular

PHY Physical Layer

PN Primary Network

PS Packet Scheduling (a.k.a. TS)

PU Primary User (i.e. licensed user)

QM Queue Management

QoS Quality of Service

RAN Radio Access Network

RAT Radio Access Technology

RC Radio Resource Consumption

RNC Radio Network Controller

RND Random RAT selection policy

ROC Receiver Operating Characteristic

RRA Radio Resource Allocation

RRM Radio Resource Management

RRU Radio Resource Units

RTS Request to Send

SCA Supporting Conference Article

SB Service Based (also used as SB#1, SB#2, etc. when referring

to a particular service-based policy)

249



List of Abbreviations

SBS Secondary Base Station

SDR Software Defined Radio

SF Spreading Factor

SIFS Short Inter-Frame Space

SM Spectrum Management

SN Secondary Network

SNR Signal to Noise Ratio

SpHO Spectrum Handover

SSBE Steady-State Balance Equation

SU Secondary User (i.e. unlicensed user)

Service Unavailability (Chapter 3)

TBS Time-Based Service

TDMA Time Division Multiple Access

TD-SCDMA Time Division-Synchronous Code Division Multiple Access

TS Traffic Scheduling

Terminal Scenario (Chapter 3, used as TS1, TS2 and TS3)

TSL Time-Slot

TV Television

UHF Ultra High Frequency

UL Uplink

UMTS Universal Mobile Telecommunications System

UTRAN UMTS Radio Access Network

UWB Ultra-Wideband

VBR Variable Bit Rate

VBS Volume-Based Service

VHF Very High Frequency

VHO Vertical Handover

WB Wide Band

WCDMA Wideband CDMA

WiMAX Worldwide Interoperability for Microwave Access

WLAN Wireless Local Area Network

WMAN Wireless Metropolitan Access Network

WWAN Wireless Wide Area Network
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