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Preface

This thesis captures the work started back in September 2004, when I joined the
Mobile Communication Research Group' (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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8.2. How to efficiently share spectrum between licensed and unlicensed users?

8.1.1 Future Work

Future efforts in the context of problem PI 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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Chapter 8. Conclusions

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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8.2. How to efficiently share spectrum between licensed and unlicensed users?

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;:

e Project Name: Calidad de servicio extremo a extremo y flexibilidad espectral
en redes moviles heterogéneas (COSMOS) (Proyecto CICYT Ref. TEC2004-
00518)

e Funding Entity: Ministerio de Educacion y Ciencia, Spain.
e Duration: 12/2004 - 12/2007.
e Principal Researcher: Dr. Josep Oriol Sallent Roig

e URL: http://www.cosmos.upc.edu/

237



Appendiz A. Project Involvement

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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e Project Name: Gestién cognitiva de recursos radio y espectro radioeléctrico
en redes moviles heterogéneas con provisiéon de calidad de servicio extremo a
extremo (COGNOS) (Proyecto CICYT ref. TEC2007-60985)

e Funding Entity: Ministerio de Educacién y Ciencia, Spain.
e Duration: 10/2007 - 09/2010.
e Principal Researcher: Dr. Josep Oriol Sallent Roig

e URL: http://wuw.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:

e Algorithmic development and simulation by means of advanced simulation
tools.

e 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:

e To identify, propose, simulate, assess and validate advanced RRM algorithms
for GERAN and UMTS as well as novel radio concepts beyond 3G.

e 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.

e 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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e 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.

e 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 TP
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 E

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 (FPT7)

Duration: 01/2008 - 12/2009.

Principal Researcher: Mr. Wolfgang Konig (Alcatel-Lucent)

URL: https://ict-e3.eu/

A.5.2 Project Description

The End-to-End Efficiency (Ed) 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 E* 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. E® 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).
E? 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.

E? 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 E?
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. E® 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. E? 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

ATFSN 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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List of Abbreviations

CBR
cC
CCAC
CCC
CCPCH
CD
CDMA
CP
CpPC
CPICH
CPS
CR

CRN
CRV
CS
CSCC
CRRM
CTMC
CTS

DCH
DFS
DL
DSA
DTMC

ECG
EDGE
ES
ETSI
EU
FACH
FCC
FCS
FOMA
FSA
GERAN
GoS
GPRS
GSM

Constant Bit Rate

Congestion Control

Common Call Admission Control (a.k.a CAC, first meaning)
Common Congestion Control

Common Control Physical Channel
Congestion Detection

Code Division Multiple Access
Congestion Probability

Cognitive Pilot Channel

Common Pilot Channel

Common Packet Scheduling (a.k.a. CTS)
Cognitive Radio

Congestion Resolution (Chapter 4)
Cognitive Radio Networks

Congestion Recovery

Coverage Scenario (used in Chapter 3 as CS1, CS2 and CS3.)
Common Spectrum Coordination Channel
Common Radio Resource Management
Continuous Time Markov Chain

Common Traffic Scheduling

Clear to Send (Chapter 3)

Dedicated Channel

Dynamic Frequency Selection

Downlink

Dynamic Spectrum Access

Discrete Time Markov Chain

Erlang

Erlang Capacity Gain

Enhanced Data rates for GSM Evolution
Spanish

European Telecommunications Standards Institute
European Union

Forward Access Channel

Federal Communications Commission
Fixed Channelization Scheme

Freedom of Mobile Multimedia Access
Fixed Spectrum Access

GSM/EDGE Radio Access Network
Grade of Service

General Packet Radio Service

Global System for Mobile communications
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List of Abbreviations

HOC Handover Control

HSDPA High Speed Downlink Packet Access

HSPA High Speed Packet Access

IEEE Institute of Electrical and Electronics Engineers
P 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
opP Operating Point

OSA Opportunistic Spectrum Access

OVSF Orthogonal Variable Spreading Factor

pPC 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)
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SBS
SDR
SF
SIFS
SM
SN
SNR
SpHO
SSBE
SU

TBS

TDMA
TD-SCDMA
TS

TSL

TV
UHF

UL
UMTS
UTRAN
UWB
VBR
VBS
VHF
VHO
WB
WCDMA
WiMAX
WLAN
WMAN
WWAN

Secondary Base Station

Software Defined Radio

Spreading Factor

Short Inter-Frame Space

Spectrum Management

Secondary Network

Signal to Noise Ratio

Spectrum Handover

Steady-State Balance Equation

Secondary User (i.e. unlicensed user)

Service Unavailability (Chapter 3)
Time-Based Service

Time Division Multiple Access

Time Division-Synchronous Code Division Multiple Access
Traffic Scheduling

Terminal Scenario (Chapter 3, used as TS1, T'S2 and TS3)
Time-Slot

Television

Ultra High Frequency

Uplink

Universal Mobile Telecommunications System
UMTS Radio Access Network
Ultra-Wideband

Variable Bit Rate

Volume-Based Service

Very High Frequency

Vertical Handover

Wide Band

Wideband CDMA

Worldwide Interoperability for Microwave Access
Wireless Local Area Network

Wireless Metropolitan Access Network
Wireless Wide Area Network
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