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ABSTRACT

Rapid growth in wireless communication technologies and services creates
high demands for radio spectrum. Current spectrum management and regulations are
unable to cater these demands despite claims that radio spectrum is underutilised.
Cognitive Radio (CR) aims to resolve these conflicts by enabling opportunistic
spectrum access to licensed spectrum. Understanding the spectrum occupancy
patterns of licensed spectrum users is important for large scale deployment of CR.
This thesis aims to evaluate the 24-hour spectrum occupancy in the 30-3000 MHz
frequency band of a suburban outdoor radio environment in Johor Bahru, Malaysia
and its applications in the policy development for Policy Based Cognitive Radio
(PBCR) concept. A spectrum survey was carried out whereby spectrum measurement
was performed, and spectrum data was classified and analysed using energy
detection and duty cycle based method. Findings revealed that the spectrum
occupancy was 11.29% and several potential spectrum bands for future deployment
of CR were identified. Distributions of the duty cycle variable were modelled using
continuous probability distributions and their entropy was investigated for different
occupancy levels. Results indicated that the beta and Kumaraswamy distributions
were an accurate fit and investigations on the entropy distributions proposed
characterisations for high, moderate and low spectrum occupancy level. The
information gained was applied to demonstrate the development and testing of PBCR
policies using Cognitive Radio Language. The demonstration proved the
practicability of using the information from spectrum survey in the policy
development of PBCR.



ABSTRAK

Perkembangan yang pesat dalam teknologi dan servis komunikasi tanpa
wayar mewujudkan permintaan yang tinggi terhadap spektrum radio. Pengurusan
dan peraturan spektrum yang sedia ada tidak dapat memenuhi permintaan ini
walaupun terdapat pihak yang mendakwa bahawa spektrum radio masih tidak
digunakan sepenuhnya. Radio Kognitif (CR) bertujuan untuk menyelesaikan konflik
ini dengan membolehkan penggunaan spektrum berlesen secara oportunis.
Memahami corak penggunaan spektrum oleh pengguna spektrum berlesen adalah
penting bagi penggunaan CR pada skala yang besar. Tesis ini bertujuan untuk
menilai penggunaan spektrum 24 jam pada jalur frekuensi 30-3000 MHz bagi
persekitaran radio luar di kawasan pinggir bandar di Johor Bahru, Malaysia dan
aplikasinya dalam pembangunan polisi untuk kegunaan Radio Kognitif Berasaskan
Polisi (PBCR). Kajian spektrum telah dijalankan dimana pengukuran spektrum telah
dilakukan dan data spektrum telah diklasifikasikan dan dianalisis menggunakan
kaedah berasaskan pengesanan tenaga dan kitar tugas. Keputusan telah menunjukkan
bahawa penggunaan spektrum adalah sebanyak 11.39% dan beberapa jalur spektrum
yang berpotensi untuk penggunaan CR telah dikenalpasti. Taburan kitar tugas yang
berubah-ubah telah dimodelkan menggunakan taburan kebarangkalian selanjar dan
entropinya dikaji bagi tahap penggunaan spektrum yang berbeza. Hasil kajian
menunjukkan bahawa taburan beta dan Kumaraswamy adalah paling sesuai dan
kajian terhadap taburan entropi pula mencadangkan pencirian bagi tahap penggunaan
spektrum yang tinggi, sederhana dan rendah. Maklumat yang diperolehi telah
digunakan untuk mendemonstrasikan pembangunan dan pengujian polisi bagi PBCR
menggunakan “Cognitive Radio Language”. Demonstrasi ini telah membuktikan
bahawa maklumat yang diperolehi melalui kajian spektrum dapat memainkan

peranan dalam pembangunan polisi untuk kegunaan PBCR.
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CHAPTER 1

INTRODUCTION

The chapter starts by giving a brief background followed by the problem
statement which highlights the motivation for this study. Next, the objectives are
presented along with the scopes that have been defined. The chapter concludes with

the thesis structures and summaries.

1.1  Background

The radio spectrum is a scarce, natural and finite resource. New
developments of wireless technologies and innovative services have increased
demands for radio spectrum. Regulators and current users of the radio spectrum are
being pressured to provide more and more services. Among these services are
enhanced wireless broadband, enhanced mobile phone services, mobile
entertainment services, mobile health services, and wireless sensor network. With
the current trend in the wireless industries, it is no wonder that the radio spectrum is

vision to be “overcrowded”.



The wireless industries are now progressing at an exponential pace. Figure
1.1 illustrates the evolution of wireless technologies over the past two decades.
Mobility is the main focus in the continuing needs to improve and develop new
wireless technologies. Mobility enables people to be mobile in their everyday
communication. Through mobility, people are able to connect on the go, whenever
and wherever they are. Mobility has changed the way people communicate, social
interaction and work. According to a report released by FCC in January 2011 [1],
nearly 12,000 wireless devices was authorised in 2010 compared to only 3,000
wireless devices authorised in 1999 for the US market. The increase of four times

the amount in a decade indicates the high impact mobility has towards our life.

Mobility I
/‘
3G
Bluetooth
WLAN
e IEEE 802.11 n
(Digital) WILAN
IEEE 802.11 3, b
WLAN
IEEE 802.11
1990's 2000 2010 2020 Year

Figure 1.1  Evolution of wireless technologies.

Different wireless technologies conform to their own standards and radio
platforms. For example, most of mobile phones of the 2" generation (2G) use the
Global System for Mobile Communications (GSM) standard while International
Mobile Telecommunications - 2000 (IMT-2000) is the standards for mobile phones
of the 3" generation (3G). Similarly, wireless local area network uses the IEEE



802.11 standard which has many variations such as IEEE 802.11a, IEEE 802.11b,
IEEE 802.11g and IEEE 802.11n. As different standards have their own unique
radio platforms, it can be concluded that current radio systems operate in a very
specific manner, i.e. specific frequency bands, specific radio access technologies,

specific bandwidth, etc.

Although much progress has been made in the wireless technologies itself,
little have been done to improve the policies used by the regulators. Current
spectrum management compromised of a static, fixed and strict spectrum policies
where the radio spectrum are divided into chunks of frequency bands which are
already allocated and assigned to various services and radio standards in the
particular countries, on a long term basis and under exclusive licenses usage,
following the international agreement coordinated by International
Telecommunication Union (ITU). Static spectrum access policies typically exercised
by the regulators are very efficient in managing interference among the spectrum
users. Furthermore, with the operating radio frequencies known and in a fixed range,

design of hardware is easier to make.

Deploying new wireless technologies into the radio spectrum brings
difficulties to the regulators and is a complex decision to make. Many factors need
to be taken into account such as availability of spectrum, technology design,
bandwidth efficiency, spectrum cost, end-user demand, and many other technical and
market conditions that need to be examined. Additionally, regulators are trouble on
the lack of spectrum bands with commercially attractive radio propagation
characteristics. Report of preliminary field measurements reveals that spectrum
usage for majority of the allocated spectrum is greatly underutilised with values
ranging from 15% to 85% of utilisation, temporally and geographically [2-3].
Nevertheless, regulators resort to spectrum re-farming to resolve the issue of
spectrum scarcity. However, such solution is only temporary as the problem root
from the static and inflexible spectrum management policies. The policies that was

once consider appropriate is now outdated and has become irrelevant.



Since 1960s, the techniques used in spectrum management has been criticised
as inefficient and constraining the economic development of the spectrum usage
[4-5]. Therefore, new spectrum management paradigms offering flexibility and
dynamics are required to provide more efficient utilisation of the radio spectrum.
Flexible spectrum access policies with the objectives to overcome the drawbacks and
shortcomings of the current inefficient static spectrum access policies are sought
after. Termed as Dynamic Spectrum Access (DSA) coined by the research
communities, it refers to the innovative solutions recommending a procedure or
scheme to share spectrum among the spectrum users in order to increase the overall
spectrum utilisation. DSA is one of the promising solutions to resolve the struggling

issues of the growth in spectrum demand and spectrum underutilisation.

Key enabler in realising DSA concept is the Cognitive Radio (CR) paradigm.
CR could be described as a radio that is capable to sense the local radio environment,
learn about the radio resources, user and application requirements and accordingly
change the behaviour to adapt to the requirements. Working principle of CR is to
opportunistically use the vacant channel in a frequency band in an unlicensed manner
as a secondary user without causing harmful interference to the primary users
(licensed spectrum holders). Important characteristics of CR are the cognitive
abilities and reconfigurability. Cognitive abilities enable CR to become aware of its
surrounding by sensing the spectrum occupancy and identifying the empty channels.
Based on the properties of the empty channels, CR is able to reconfigure its
transmission parameters e.g. the operating frequency, modulation scheme, transmit
power, communication protocols, etc. Reconfigurability of CR could be achieved
through software-defined radio (SDR) or adaptive radio technology. CR is therefore
an extension of SDR with cognition. While CR is the key enabler in realising DSA,
the former represents a wider communications concept of improving wireless

communication system via cognition and reconfiguration.



1.2 Problem Statement

In these couple of years, the research in CR concept has been gaining the
attention of the research communities worldwide. With DSA as the vision to resolve
the issues of growth in spectrum demand and spectrum underutilisation, progressive
achievements of research in CR would be a stepping stone. As explained in Section
1.1, the most important underlying principle of CR is enabling secondary usage of
the spectrum in an unlicensed opportunistic non-interfering manner of the licensed
spectrum bands which are temporarily unoccupied by its primary users. CR
continuously sense and detect the spectrum for any spectrum holes in the primary
user bands, opportunistically transmit on them and immediately released the channel
once primary user returns. While doing these, CR must guarantee at all times to not

cause any harmful interference to the primary users.

Although the concept of CR is straightforward, actual implementation and
realisation of CR presently appears to be quite difficult in practice. It is envisioned
that a “full CR” would eventually be realised in the year 2030 [6]. However, certain
elements of CR have been proven successful. Progress in the field of digital signal
processing theory and techniques, reconfigurable antenna and RF front end, MIMO,
OFDM, and artificial intelligence are among the contributors towards realising the
CR concept. Recent prototyping of spectrum sensing devices [7] to sense the TV
white space have been demonstrated in the field trials of the IEEE 802.22 Wireless
Regional Area Network (WRAN), the first standard to adopt CR in their radio
system operations. The field trials have been quite a success, but further
improvements are required. This demonstrated that CR is no longer a theoretical

concept but a practical promising solution.

However, many research questions still remain open especially on the effect
of CR towards the spectrum management and regulations. Regulators and primary
users are sceptical in the capabilities of CR to avoid causing harmful interference.

How to sense and identify spectrum holes, reliability of a CR nodes and network,



coexistence of CR with the heterogeneous primary user systems are several examples
of simple questions that troubles the sceptics. Primary users fear for CR violating
their exclusive spectrum rights which have been obtained through expensive and
scrutinise procedures albeit the cry for more spectrum from several primary users i.e.
wireless operators. Regulators are more concern in CR behaviour in the spectrum.
Which frequency band would CR choose to transmit, what are the power limits for
CR devices, which schemes is effectives in avoiding interference, how would CR
devices would be certified are among the questions that regulators sought for

ansSwers.

Due to the opportunistic nature of CR principle, their behaviours are heavily
dependable on the spectrum occupancy patterns of the primary users. Hence,
observation and understanding of the patterns usage is an important and a crucial first
step. With this knowledge, realistic and accurate modelling of the patterns would be
essentially useful in the domain of CR research. Spectrum usage models could be
applied in various areas of analytical studies in CR network, CR network simulation
tools and more efficient techniques in CR. More importantly, thorough analysis of
the spectrum occupancy patterns provides essential information towards the realistic
understanding of dynamic spectrum usage. At the same time, the specific spectrum
regulations of geographical regions could be investigated. For large scale
deployment, studies on spectrum occupancy at multiple geographical regions are
needed, taken into account the possibility of CR to operate under many different

spectrum regulations and scenarios.

In this context, this thesis seeks to address the importance of spectrum
occupancy in the deployment and implementation of CR from the Malaysia spectrum
regulation perspective. Method to investigate spectrum occupancy is through
spectrum surveying. A tool in exploring the spectrum, spectrum survey provides
information of the spectrum usage in environments with various spectrum

regulations, user profiles, geographical characteristics and population densities.



1.3

Objectives

A 24 hour spectrum survey for frequencies of 30—3000 MHz in an outdoor

radio environment of a suburban area in Johor Bahru: Universiti Teknologi Malaysia

(UTM) campus and Taman Universiti, has been carried out. The objectives are as

follows:

1.4

1. To evaluate the spectrum occupancy and utilisation of the measured
spectrum.

2. To identify the potential spectrum bands for future deployment of CR.

3. To investigate how spectrum surveying could be applied in the regulatory

measures towards the implementation and deployment of CR.

Scope of Study

The scopes of the study are as follows:

Survey in a suburban area in Johor Bahru, Malaysia was carried out. The
locations are the Universiti Teknologi Malaysia Johor Bahru campus and
Taman Universiti.

Outdoor radio environment was chosen because of the interest in
investigating the licensed spectrum bands. Since CR basic principle is to
operate in the licensed bands in an opportunistic unlicensed manner, therefore
unlicensed bands were intentionally discarded

Frequencies that were selected for the survey range from 30 MHz to 3000
MHz which covers the VHF and the UHF bands. VHF and UHF bands have
always been the sweet spot in deployments of various commercial wireless
communication systems due to their radio propagation characteristics.
Spectrum usage in a 24-hour period was analysed. Measurement was
conducted in duration of approximately a week period for the observed

frequencies. The 24 hour data was obtained by averaging the week data.



1.5

10.

Standard off the shelves equipments and software were used in the
measurement setup. MATLAB software was used for data analysis.

Duty cycle based method was explored to characterise the spectrum
occupancy and usage pattern. Through this method also, the spectrum
utilisation was obtained.

Primary dimension in a spectrum survey are frequency, time, space and signal
format. Data analysis was focused on the frequency and time dimension.
Since the measurement data only include power of the received signal, the
signal format dimension is not relevant. Space dimension was not discussed
in this study.

Continuous probability distributions were used to model the duty cycle
variable with emphasis on the beta distribution and Kumaraswamy
distribution.  Characteristics of the distribution’s entropy on different
occupancy levels were investigated and discussed.

Technical regulations proposed by the Federal Communication Commission
in the US and Ofcom in UK were discussed. These two are amongst the early
regulators in adapting CR towards better spectrum management.

Concept of Policy based Cognitive Radio (PBCR) was focused as the most
practical regulatory measure. In order to demonstrate PBCR, Cognitive
Radio Language (CoRaL) policy system was used for demonstration. CoRaL
uses the information that was obtained through the spectrum survey in the

demonstration.

Organisation of Thesis

This thesis comprises of six chapters. The first chapter provides an

introduction of the study. The chapter start with a brief background that leads to the

motivation of the study discussed in the problem statement, objectives and scopes.



Chapter 2 provides the context for the study by examining the relevant
literature. The chapter offer background on the relationship between spectrum and
CR. 1t also reviews and discusses related work on spectrum surveying. Chapter 2
explores several regulatory measures for CR which includes the technical regulations
proposed by regulators and the concept of Policy based Cognitive Radio (PBCR).

Chapter 3 addresses the methodologies for the spectrum measurement setup
and the data processing techniques for the spectrum occupancy analysis. The chapter

explores the duty cycle based method for the analysis of the spectrum occupancy.

Chapter 4 presents the results of the research. The chapter proceeds to
discuss the spectrum occupancy for each licensed spectrum bands. It then identifies
the potential bands for deployment of CR and summarises the spectrum occupancy
and utilisation in the suburban area in Johor Bahru. The chapter then discussed on the

duty cycle distributions and their entropy characteristics.

Chapter 5 demonstrates CoRaL as the underlying technology in enabling
PBCR. Demonstration of CoRaL uses the information gathered through the
spectrum survey in a case study approach. Chapter 6 concludes the thesis. It
summarizes and further elaborates on the findings in the study. In addition, the

chapter identifies possible research opportunities.



[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES

Federal Communications Commission (FCC), "From the FCC Lab : Report
On Trends in Wireless Devices," 2011.

Spectrum Policy Task Force Federal Communications Commission (FCC),
"Report of the spectrum efficiency working group,” Nov. 2002.

Federal Communications Commission (FCC), "ET docket no. 03-322: Notice
of proposed rule making and order,” Dec. 2003.

R. H. Coase, "The Federal Communications Commission," Journal of Law
and Economics, vol. 2, pp. 1-40, 1959.

R. H. Coase, "The Problem of Social Cost," Journal of Law and Economics,
vol. 3, pp. 1-44, 1960.

QinetiQ, "Cognitive radio technology: A study for Ofcom - Volume 1,"
February 12 2007.

M. Ghosh, V. Gaddam, G. Turkenich, and K. Challapali, "Spectrum Sensing
Prototype for Sensing ATSC and Wireless Microphone Signals," in Cognitive
Radio Oriented Wireless Networks and Communications, 2008. CrownCom
2008. 3rd International Conference on, 2008, pp. 1-7.

A. K. Maitra, Wireless spectrum management: Policies, practices, and
conditioning factors: McGraw-Hill, 2004.

D. Carter, A. Garcia, D. Pearah, S. Buck, D. Dutcher, D. Kumar, and A.
Rodriguez, "Spread spectrum: Regulation in light of changing technologies,"
Massachusetts Institute of Technology and Harvard Law School1998.
Committee on Radio Astronomy Frequencies. (CRAF), CRAF handbook for
frequency management, 2002.

Malaysian Communications and Multimedia Commission (MCMC),
"Spectrum Plan,” 2006.



130

[12] Malaysian Communications and Multimedia Commission. Malaysia
spectrum allocation chart. Available:
http://www.wrcmalaysia.my/sr/downloads/cache/files/malaysian_spectrum_a
llocations_chart.pdf. 20 July 2012.

[13] P. Kolodzy, "Communication policy and spectrum management,” in
Cognitive Radio Technology, B. Fette, Ed., Second Edition ed: Elsevier,
2009.

[14] L. Berlemann and S. Mangold, Cognitive radio and dynamic spectrum
access: John Wiley & Sons Ltd., 2009.

[15] J. Mitola, Il and G. Q. Maguire, Jr., "Cognitive radio: making software
radios more personal,” Personal Communications, IEEE, vol. 6, pp. 13-18,
1999.

[16] J. Mitola, "Cognitive radio - An integrated agent architecture for software
defined radio,” PhD Dissertation, Royal Institute of Technology (KTH),
Kista, Sweden, 2000.

[17] S. Haykin, "Cognitive radio: Brain-empowered wireless communications,”
IEEE Journal on Selected Areas in Communications, vol. 23, pp. 201-220,
2005.

[18] Federal Communications Commission (FCC), "FCC 03-322 - Facilitating
opportunities for flexible, efficient, and reliable spectrum use employing
cognitive radio technologies: Proposed and seeks comment on the use and
applications for cognitive "smart" radio systems," 2003.

[19] IEEE 1900.1, "IEEE Standard definitions and concepts for dynamic spectrum
access: Terminology relating to emerging wireless networks, system
functionality, and spectrum management,” in Definitions of advanced radio
system concepts vol. IEEE 1900.1, ed: Institute of Electrical and Electronic
Engineer (IEEE), 2008.

[20] ETSI, "Reconfigurable radio systems (RRS): Cognitive radio system
concept,” in Definitions and abbreviations vol. ETSI TR 102 802 V1.1.1, ed:
European Telecommunications Standards Institute (ETSI), 2010.

[21] B. Fette, "Technical Challenges and Opportunities,” presented at the
Conference Cognitive Radio, Las Vegas, Nevada, 2004.

[22] H. Arslan, Cognitive radio, software defined radio, and adaptive wireless

systems: Springer, 2007.



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

131

R. Tandra, A. Sahai, and S. M. Mishra, "What is a spectrum hole and what
does it take to recognize one?," Proceedings of the IEEE, vol. 97, pp. 824-
848, 2009.

C. Stevenson, G. Chouinard, L. Zhongding, H. Wendong, S. Shellhammer,
and W. Caldwell, "IEEE 802.22: The first cognitive radio wireless regional
area network standard,” Communications Magazine, IEEE, vol. 47, pp. 130-
138, 2009.

NTIA Spectrum Engineering Reports. Available:
http://mvww.ntia.doc.gov/reports.html. 20 July 2012.

Shared Spectrum Company spectrum reports. Available:
http://www.sharedspectrum.com/papers/spectrum-reports/. 20 July 2012.

R. I. C. Chiang, G. B. Rowe, and K. W. Sowerby, "A quantitative analysis of
spectral occupancy measurements for cognitive radio," in Vehicular
Technology Conference, 2007. VTC2007-Spring. IEEE 65th, 2007, pp. 3016-
3020.

M. H. Islam, C. L. Koh, S. W. Oh, Q. Xianming, Y. Y. Lai, W. Cavin, L.
Ying-Chang, B. E. Toh, F. Chin, G. L. Tan, and W. Toh, "Spectrum survey in
Singapore: Occupancy measurements and analyses," in Cognitive Radio
Oriented Wireless Networks and Communications, 2008. CrownCom 2008.
3rd International Conference on, 2008, pp. 1-7.

M. Lopez-Benitez, A. Umbert, and F. Casadevall, "Evaluation of spectrum
occupancy in Spain for cognitive radio applications,"” in Vehicular
Technology Conference, 2009. VTC Spring 2009. IEEE 69th, 2009, pp. 1-5.
V. Valenta, Mars, x030C, X, R. lek, G. Baudoin, M. Villegas, M. Suarez, and
F. Robert, "Survey on spectrum utilization in Europe: Measurements,
analyses and observations," in Cognitive Radio Oriented Wireless Networks
& Communications (CROWNCOM), 2010 Proceedings of the Fifth
International Conference on, 2010, pp. 1-5.

M. Wellens, A. de Baynast, and P. Mahonen, "Performance of dynamic
spectrum access based on spectrum occupancy statistics,” Communications,
IET, vol. 2, pp. 772-782, 2008.

M. Wellens and P. M, "Lessons learned from an extensive spectrum
occupancy measurement campaign and a stochastic duty cycle model,” Mob.
Netw. Appl., vol. 15, pp. 461-474, 2010.



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

132

D. Chen, S. Yin, Q. Zhang, M. Liu, and S. Li, "Mining spectrum usage data:
A large-scale spectrum measurement study,"” in Proceedings of the 15th
annual international conference on Mobile computing and networking,
Beijing, China, 2009, pp. 13-24.

S. W. Ellingson, "Spectral occupancy at VHF: Implications for frequency-
agile cognitive radios," in Vehicular Technology Conference, 2005. VTC-
2005-Fall. 2005 IEEE 62nd, 2005, pp. 1379-1382.

V. Blaschke, H. Jaekel, T. Renk, C. Kloeck, and F. K. Jondral, "Occupation
measurements supporting dynamic spectrum allocation for cognitive radio
design,” in Cognitive Radio Oriented Wireless Networks and
Communications, 2007. CrownCom 2007. 2nd International Conference on,
2007, pp. 50-57.

O. Holland, P. Cordier, M. Muck, L. Mazet, C. Klock, and T. Renk,
"Spectrum power measurements in 2G and 3G cellular phone bands during
the 2006 football world cup in Germany," in New Frontiers in Dynamic
Spectrum Access Networks, 2007. DySPAN 2007. 2nd IEEE International
Symposium on, 2007, pp. 575-578.

D. Datla, A. M. Wyglinski, and G. J. Minden, "A spectrum surveying
framework for dynamic spectrum access networks," Vehicular Technology,
IEEE Transactions on, vol. 58, pp. 4158-4168, 2009.

F. Weidling, D. Datla, V. Petty, P. Krishnan, and G. J. Minden, "A
framework for R.F. spectrum measurements and analysis," in New Frontiers
in Dynamic Spectrum Access Networks, 2005. DySPAN 2005. 2005 First
IEEE International Symposium on, 2005, pp. 573-576.

R. Bureau, "Handbook on Spectrum Monitoring," ed: International
Telecommunication Union (ITU), 2002, p. 168.

M. Lopez-Benitez and F. Casadevall, "An overview of spectrum occupancy
models for cognitive radio networks," in Proceedings of the IFIP
International Workshop on Performance Evaluation of Cognitive Radio
Networks (PE-CRN 2011), Valencia, Spain, 2011, pp. 1-10.

C. B. Owen, "Parameter estimation for the beta distribution,” Master of
Science, Department of Statistics, Brigham Young University, 2008.

P. A. Mitnik, "New properties of the Kumaraswamy distribution,”

Communications in Statistics - Theory and Methods, Forthcoming, 2008.



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

133

K. P, "A generalized probability density function for double-bounded random
processes,” Journal of Hydrology, vol. 46, pp. 79-88, 1980.

C. E. Shannon, "A Mathematical Theory Of Communication,” The Bell
System Technical Journal, vol. 27, pp. 379-423,623-656, July, October 1948.
A. V. Lazo and P. Rathie, "On the entropy of continuous probability
distributions (Corresp.),” Information Theory, IEEE Transactions on, vol. 24,
pp. 120-122, 1978.

C. Alexander and J. M. Sarabia, "Generalized Beta-Generated Distributions,"
presented at the ICMA Centre Discussion Papers in Finance DP2010-09,
ICMA Centre, The University of Reading, 2010.

Federal Communications Commission (FCC), "Spectrum policy task force
report,” in Proceedings of the Federal Communications Commission
Washington DC, 2002.

Federal Communications Commission (FCC), "Facilitating opportunities for
flexible, efficient, and reliable spectrum use employing cognitive radio
technologies, notice of proposed rulemaking and order,"” Federal
Communication Commission, 2003.

Federal Communications Commission (FCC), "Notice of proposed
rulemaking," Federal Communications Commission, 2004.

Federal Communications Commission (FCC), "First report and order and
further notice of proposed rulemaking,” Federal Communications
Commission, 2006.

S. K. Jones, T. W. Phillips, H. L. V. Tuyl, and R. D. Weller, "Evaluation of
the performance of prototype TV-band white space devices phase Il," Federal
Communications Commission2008.

Federal Communications Commission (FCC), "Second report and order and
memorandum opinion and order," Federal Communications Commission,
2008.

Federal Communications Commission (FCC), "Report and order and further
notice of proposed rule making," Federal Communications Commission,
2010.

S. G. Rayment, P. Eccelsine, G. Chouniard, D. Lubar, M. Christensen, M.
Austin, and M. Sandmann, "Regulatory tutorial material,” presented at the
IEEE EC SG on TVWS, 2009.



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

134

Ofcom. Digital dividend: cognitive access. Available:
http://www.ofcom.org.uk/consult/condocs/cognitive/.20 July 2012.

Ofcom. Digital dividend: clearing the 800 MHz band. Available:
http://www.ofcom.org.uk/consult/condocs/cognitive/.20 July 2012.

R. J. Wellington, "Cognitive policy engine," in Cognitive Radio Technology,
B. Fette, Ed., ed: Elsevier, 2009.

Shared Spectrum Company - DARPA XG. Available:
http://www.sharedspectrum.com/resources/darpa-next-generation-
communications-program/. 20 July 2012

G. Denker, D. Elenius, R. Senanayake, M. O. Stehr, and D. Wilkins, "A
policy engine for spectrum sharing,” in New Frontiers in Dynamic Spectrum
Access Networks, 2007. DySPAN 2007. 2nd IEEE International Symposium
on, 2007, pp. 55-65.

D. Wilkins, G. Denker, M. O. Stehr, D. Elenius, R. Senanayake, and C.
Talcott, "Policy-based cognitive radios,” Wireless Communications, IEEE,
vol. 14, pp. 41-46, 2007.

The Jasmin Project. Available: http://www.ibr.cs.tu-
bs.de/projects/jasmin/policy.html. 20 July 2012.

Ponder: A Policy Language for Distributed Systems Management Available:
http://www-dse.doc.ic.ac.uk/Research/policies/ponder.shtml. 20 July 2012.
D. Elenius, G. Denker, and D. Wilkins, "CoRaL policy validation engine and
policies," SRI International Technical Report ICS-17091-TR-06-001, 2006.
DA3200 The ultra wideband discone antenna. Available:
http://www.aorusa.com/antennas/da3200.html. 20 July 2012.

R. B. Bacchus, A. J. Fertner, C. S. Hood, and D. A. Roberson, "Long-term,
wide-band spectral monitoring in support of dynamic spectrum access
networks at the IIT Spectrum Observatory," in New Frontiers in Dynamic
Spectrum Access Networks, 2008. DySPAN 2008. 3rd IEEE Symposium on,
2008, pp. 1-10.

E4440A PSA spectrum analyzer, 3 Hz - 26.5 GHz. Available:
http://www.home.agilent.com/agilent/product.jspx?pn=E4440A&cc=MY &Ic
=eng. 20 July 2012.



[67]

[68]

[69]

[70]

135

Agilent 10 libraries suites 16. Available:
http://www.home.agilent.com/agilent/product.jspx?cc=MY &Ic=eng&nid=-
34466.977662. 20 July 2012.

Agilent VEE Pro 9.2. Available:
http://www.home.agilent.com/agilent/product.jspx?nid=-
34095.806312.00&cc=MY &lc=eng. 20 July 2012.

Malaysian Communications and Multimedia Commission (MCMC),
"Standard radio system plan : Requirements for digital terrestrial television
(including digital terrestrial sound) (DTT) service operating in the frequency
bands 174 MHz to 230 MHz and 470 MHz to 742 MHz," Sept. 2007.
Malaysian Communications and Multimedia Commission (MCMC),
"Standard Radio System Plan : Requirements for digitaal trunk radio service
(DTRS) operating in the frequency band 380 MHz to 400 MHz," Aug. 2003.



	MuhammadRajaeiDzulkifliMFKE2012ABS
	MuhammadRajaeiDzulkifliMFKE2012TOC
	MuhammadRajaeiDzulkifliMFKE2012CHAP1
	MuhammadRajaeiDzulkifliMFKE2012REF



