University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

9-16-2019

Spectrum Occupancy Estimation and Analysis

Danilo Roberto Corral-De-Witt
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Corral-De-Witt, Danilo Roberto, "Spectrum Occupancy Estimation and Analysis" (2019). Electronic Theses
and Dissertations. 7803.

https://scholar.uwindsor.ca/etd/7803

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F7803&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/7803?utm_source=scholar.uwindsor.ca%2Fetd%2F7803&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

Spectrum Occupancy Estimation
and Analysis

Danilo Roberto CORRAL DE WITT

A Dissertation
Submitted to the Faculty of Graduate Studies through
the Department of Electrical and Computer Engineering
in Partial Fulfillment of the Requirements for
the Degree of Doctor of Philosophy
at the University of Windsor

Windsor, Ontario, Canada

2019

© 2019 Danilo Corral De Witt



Spectrum Occupancy Estimation

and Analysis
by
Danilo Roberto CORRAL DE WITT

APPROVED BY:

I. Mora-Jiménez, External Examiner

Universidad Rey Juan Carlos

Z.. Kobti

School of Computer Science

E. Abdel-Raheem

Department of Electrical and Computer Engineering

B. Balasingam

Department of Electrical and Computer Engineering

K. Tepe, Advisor

Department of Electrical and Computer Engineering

September 16, 2019



iii

Declaration of Co-authorship / Previ-
ous Publications

I. Co-authorship

I hereby declare that this thesis incorporates material that is a result of joint
research. This thesis contains the outcome of research undertaken by me un-
der the supervision of Dr. K. E. Tepe with the collaborative help from my col-
leagues in WiCIP lab in the form of advice, critiques, observations, and men-
toring. This thesis also reflects the outcomes of joint work realized with Aar-
ron Younan, Arooj Fatima, Jose Matamoros-Vargas, Dr. Faroq Awin, Dr. Esam
Abdel-Raheem, Dewan M. Ariful, Lining Zhang, Dr. Sabbir Ahmed, and Dr.
Jose Luis Rojo-Alvarez. The mathematical analysis, probabilistic model, data
collected, results obtained and presented among the thesis were the outcome of
this joint research and collaboration. In all cases, the key ideas, primary con-
tributions, experimental designs, data collection, analysis and interpretation,
were performed by the author of this thesis, and the contribution of co-authors
was primarily through the provision of valuable suggestions and help in the
comprehensive analysis of the experimental results submitted for the published
articles.

I am aware of the University of Windsor Senate Policy on Authorship and
I certify that Thave properly acknowledged the contribution of other researchers
to my thesis, and have obtained written permission from each of the co-authoz(s)
to include the above material(s) in my thesis.

I certify that, with the above qualification, this thesis, and the research to
which it refers, is the product of my own work.

I1. Previous Publications

This thesis includes parts from four original papers that have been previously
published and submitted for publication in peer-reviewed conferences and jour-

nals, as follows:



iv

Thesis Publication title/full citation Publication
Chapter status
Part of | Corral-De-Witt, D., Younan, A., Fatima, A., Mata- | Published
Chapter 1, | moros, J., Awin, E. A,, Tepe, K., & Abdel-Raheem,
2,and 3 E. (2017, April). Sensing TV Spectrum Using Soft-
ware Defined Radio Hardware. In 2017 IEEE 30th
Canadian Conference on Electrical and Computer
Engineering (CCECE) (pp. 1-4). IEEE.
Part of | Corral-De-Witt, D., Younan, A., Ariful, D., Zhang, | Published
Chapter 3, | L., & Tepe, K. (2018, August). Multiplatform Spec-
4,and 5 trum Sensing Prototype. In 2018 IEEE 61st Inter-
national Midwest Symposium on Circuits and Sys-
tems (MWSCAS) (pp. 198-201). IEEE.
Part of | Hassan, D. M. A., Corral-De-Witt, D., Ahmed, S., | Published
Chapter 2 | & Tepe, K. (2018, December). Narrowband Data
Transmission in TV White Space: An Experimental
Performance Analysis. In 2018 IEEE International
Symposium on Signal Processing and Information
Technology (ISSPIT) (pp. 252-257). IEEE.
Part of | Corral-De-Witt, D., Ahmed, S., Awin, E, Rojo- | Submitted
Chapter 4, | Alvarez, J. L., & Tepe, K. (2019). An Accurate Prob-
5,and 6 abilistic Model for TVWS Identification. MDPI Ap-
plied Sciences.

I certify that | have obtained a written permission from the copyright owner(s)
to include the above published material(s) in my thesis, as observed in Ap-
pendix A. I certify that the above material describes work completed during

my registration as a graduate student at the University of Windsor.

II1. General

I declare that, to the best of my knowledge, my thesis does not infringe upon
anyone’s copyright nor violate any proprietary rights and that any ideas, tech-
niques, quotations, or any other material from the work of other people in-
cluded in my thesis, published or otherwise, are fully acknowledged in accor-
dance with the standard referencing practices. Furthermore, to the extent that
I have included copyrighted material that surpasses the bounds of fair dealing
within the meaning of the Canada Copyright Act, I certify that I have obtained



a written permission from the copyright owner(s) to include such material(s) in
my thesis.

I declare that this is a true copy of my thesis, including any final revisions,
as approved by my thesis committee and the Graduate Studies office, and that
this thesis has not been submitted for a higher degree to any other University

or Institution.



vi

Abstract

The goal of Cognitive Radio (CR) is to facilitate efficient utilization of the elec-
tromagnetic spectrum. CR applies spectrum sensing techniques to detect un-
used channels and then allows opportunistic usage of such channels by sec-
ondary users, i.e., un-licensed users, without interfering with primary users,
i.e., licensed users. In order to implement a complete TV White Spaces (TVWS)
based CR system, at first a model is needed that can be used for identifying
TVWS, which can then be exploited for dynamic spectrum access. This work
is focused on proposing a sensing method and building a probabilistic model
for identifying the occupancy of the electromagnetic spectrum within the UHF
TV bands. It also develops a hardware prototype for demonstrating the perfor-
mance of the proposed technique. It proposes simultaneous sensing both noise
and noise-contaminated user’s signal (composite signal) for detecting spectrum
occupancy minimizing errors. The proposed sensing technique combines en-
ergy detection, pilot detection, and information obtained from an external source
in order to reduce missed-detection probability. In addition to pre-defined thresh-
old levels, the proposed probabilistic model considers parameters like probabil-
ity of false alarm and probability of detection for measuring detection accuracy.
Finally, a mobile sensing station is designed and implemented using off-the-
shelf components to verify the developed technique for TVWS spectrum sens-
ing. Using this mobile station, the UHF TV channels within the spectrum band
of 500MHz-698MHz (Channel#19 to Channel#51) are scanned. Covering the to-
tal bandwidth of 198MHz, over 8 million data samples are collected through
repeated scanning, ensuring possible spatio-temporal variations are taken into
account. Results show that the availability of TVWS changes quite significantly
with spatial variations. But, even in the most crowded spectrum locations, 28%
of UHF channels were identified as TVWS. The model demonstrates about 10%

improvement in detecting accuracy compared to other existing models.
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Chapter 1

Introduction

In the last 10 years, the world has experienced impressive growth in wireless
communication technologies leading to the emergence of new devices and ser-
vices at an unprecedented pace. This, in turn, has created a great and ever-
increasing demand for electromagnetic spectrum for data transfer. Usage of the
electromagnetic spectrum, as it stands today, shows a peculiar characteristic.
While some parts of the spectrum are extremely crowded, some other parts are
underutilized. Thus there is scarcity as well as wastage [1], [2].

Cognitive Radio or CR that proposes smart sharing of the unused frequen-
cies can be a promising solution to increasing spectrum usage efficiency. CR
uses different spectrum sensing techniques to detect unused channels and then
allows opportunistic usage of such channels by Secondary Users (SU), i.e., un-
licensed users, without interfering with Primary Users (PU), i.e., licensed users.
The unused electromagnetic spectrum bands are known as White Spaces (WS),
and the technique of opportunistically using the WS is called Dynamic Spec-
trum Access (DSA). Again, WS that fall in the electromagnetic spectrum bands
used by Television broadcasting services is known as TV White Spaces (TVWS)
[3]. Irrespective of which spectrum is being used, CR requires that harmful in-
terference to PU must be avoided at all time.

TV spectrum bands often show underutilization by PU and hence use of
TVWS in CR is a promising solution to spectrum scarcity. In context to this,
the Institute of Electrical and Electronics Engineers (IEEE) approved the 802.22
standard in 2011 [4]. But finding a model that allows accurate identification of

TVWS, minimizing false alarms and errors is a challenging issue.

1.1 Research Objectives

This work is oriented to develop an accurate probabilistic model to identify the

occupancy of the spectrum in UHF TV bands, based on the Probability of False



Alarm (Pf;) and the Probability of Detection (P) of the sensed signals. Thus the

research objectives are:
e To develop a probabilistic and accurate model to identify TVWS.

e To design and implement a Spectrum Sensing Station (SSS) and a Mobile

Spectrum Sensing Station (M-SSS).
e To find the best low-cost detector for TVWS.

e To collect, analyze, and find the characteristics of the data related to UHF
TV Spectrum in the city of Windsor - ON, Canada.

1.2 Radio Electrical Spectrum Basics

Radio spectrum is a part of the electromagnetic spectrum that corresponds to
the frequencies used by wireless based communications, i.e., radio, TV, cell-
phone companies, satellite services, and more. The frequency used for each
service has a direct relationship between distance and data rate that the signal
can transmit [5].

There are two types of frequency bands, licensed and unlicensed. The first
group requires a payment of a licensing fee to use it, which implies the exclusiv-
ity and the certainty of no interference from other wireless users [6]. The local
regulation authority is the entity that manages the radio-electrical spectrum and
obtains funds from the auction of those licensed bands. The second group are
the unlicensed bands, which do not require any permissions or payment for use
the spectrum, but for that reason, they are vulnerable to interference due to the
reduced number of unlicensed bands and the increasing number of users that
are competing for accessing to those free bands.

According to [5], "A common misconception is that the escalating number of con-
sumers and their rapidly growing usage of futuristic devices is causing a shortage of
radio spectrum. A major reason for spectrum scarcity is conventional static spectrum
management, which utilizes the spectral resources inefficiently”. In other words, the
actual spectrum distribution was made by the regulators in the last century,
when radio or TV broadcast were the latest technologies, a scenario which is
entirely different to current situation where new technologies and applications
are demanding more spectrum for their data transmission needs. This is the

cause of the spectrum scarcity, as indicated in [5].



To solve this scarcity, the use of CR has been proposed [7]. The Interna-
tional Telecommunications Union (ITU) defines CR as “A radio system employ-
ing technology that allows the system to obtain knowledge of its operational and ge-
ographical environment established policies and its internal state; to dynamically and
autonomously adjust its operational parameters and protocols according to its obtained
knowledge in order to achieve predefined objectives, and to learn from the results ob-
tained” [8].

1.3 Motivation

The motivation of this research endeavour is to use CR techniques to discover
TVWS for other spectrum demanding wireless services and applications. For
example, Wireless Regional Area Networks (WRAN), internet access for ru-
ral areas, Wireless Sensor Networks (WSN), Emergency Communications (EC),
and Telecommunications for Disaster Relief (TDR). Particularly, the last two ap-
plications, i.e., EC and TDR, attracted all my attention because they are both
related to rescuing lives. With a long experience in public safety issues, i.e., as
a former member of the armed forces and as part of the 911 emergency services
implementation team, I feel that using CR based wireless communications as
the communications platform, should be given a priority for providing emer-
gency services. For this, the first step is to identify which frequencies can be
used to provide those services. Again for identifying available frequencies, a
probabilistic model is needed, complemented with a novel low-cost sensing

technique.

1.4 Contributions

The contributions in this thesis can be divided into four parts, e.g. technique
and configuration of the sensing hardware used, sensing techniques applied,
probabilistic model applied, and results of the sensed spectrum in the city of
Windsor.

e Propose a technique that senses the spectrum in a different manner that
considers the simultaneous use of hardware to measure the noise and the

composite signal and noise, to improve detection accuracy.

e Propose a technique by combining Energy Detection (ED), Pilot Detec-
tion (PD), and information obtained from an external source to reduce the

missed detection probability.



e The develop a probabilistic model consisting of false alarm probability
and detection probability to ensure better results than other methods ap-
plied to identify TVWS.

e A prototype was designed and implemented to demonstrate the devel-
oped technique for TVWS spectrum sensing. This prototype was used to
sense the spectrum across the city of Windsor in Canada.

1.5 Thesis Organization

This dissertation is composed of 6 chapters.

Chapter 1 provides an introduction, contributions of the research, and ex-
plains the general organization of the document.

Chapter 2 presents the background and motivation for the study. Major con-
cepts used, a brief discussion of the applications of TVWS in telecommunica-
tions, and a special mention in telecommunications for disaster relief.

Chapter 3 provides TVWS concepts, spectrum bands used, sensing tech-
niques, and additional parameters needed to understand and exploit the smart
spectrum sharing.

Chapter 4 presents the mathematical and statistical considerations oriented
to identify the parameters that take part in this dissertation, characteristics of
the sensed signals, probabilities, and more related information.

Chapter 5 presents the proposed model, the hardware configuration to sense
the spectrum results obtained in the survey conducted along the city of Wind-
sor, and the contributions.

Chapter 6 describes the results obtained in the survey and information col-
lected in the city of Windsor.

In Chapter 7, conclusions from the thesis will be provided. The strengths of
the proposed model and its applicability in different types of wireless telecom-
munications services. Scope and constraints of this research will be explained
along with some directions for future research.



Chapter 2
Background

In this chapter, the basic concepts of spectrum, TVWS, CR fundamentals, Litera-

ture review, applications and specific cases of the use of TVWS will be reviewed.

2.1 TVWS at a Glance

In general, the unused and underutilized frequency spectrum spaces are re-
ferred to as WS. Efficient utilization of these white spaces has the potential to
reduce the spectrum scarcity faced nowadays with the fast growth of wireless
technologies. According to [5], the characteristics of the WS are:

(1) A white space is an unused radio frequency.
(i7) Its existence depends on time, frequency, and geographical location.
(1i7) Its utilization should not cause any harm to the PU.

If this concept is transferred to the spectrum dedicated to TV broadcasting

services, it is known as TVWS.

TABLE 2.1: Bands assigned to the TV broadcasting service, fre-
quencies, channel numbers, partial Bandwidth (BW), and ITU re-

gions.
Name Frequencies | Channels | Partial BW | ITU Regions
Band I 54- 72 2to 4 18MHz R1,R2,R3
Band I (Cont.) 76 - 88 5to 6 12MHz R2
Band III 174 - 216 7t0 13 42MHz R1, R2,R3
Band IV 500 - 644 19 to 42 144MHz R1, R2,R3
Band V 644 - 698 43 to 51 54MHz R1, R2, R3

In this research, we are interested in the frequency bands assigned to the TV
service, Table 2.1 illustrates the frequency ranges, channel numbers, bandwidth

for each band, and the respective ITU regions [9] were the bands are allocated.



And from them, the sensing procedure took place in band IV and V, it means
from 500 MHz to 698 MHz [10]. Frequency ranges for each channel, upper and
lower limits, pilot tone, audio and video carriers of channels 19 to 51, are shown
in Table 2.2. Note that channel 37 is used for radio astronomy and is excluded
from TV broadcast services.

The reasons to choose the spectrum from bands IV and V (500 and 698 MHz)
are explained next. First, there are standards as IEEE 802.22 that considers the
TV band to access as a Secondary User (SU), it is due to the propagation char-
acteristics of frequencies under 1 GHz. This standard is being applied and ac-
cepted by regulators in different countries [4]. This fact provides practical infor-
mation, technically verified, and supported by an important organization like
IEEE. Second, the selected range of frequencies offers 198 MHz (32 channels) of
a continuous spectrum, excepting for channel 37 (608 to 614 MHz) the rest of
bands IV and V are located continuously with more possibilities to find and use
idle channels without significant modifications in the transmission parameters
of the antennas. Third, more than one study has been demonstrated that exists
underused TV spectrum in urban areas which present a significant increment

in the rural areas [5].

2.2 Cognitive Radio Fundamentals

CR techniques provide the capability to share the spectrum in an opportunistic
manner. DSA techniques allow cognitive radio to operate in the best available

channel. The functionalities of CR are [11]:

e Spectrum Sensing: refers to identify the available spectrum channels and

detect the presence of PU operating in a licensed band.

e Spectrum Management: is the possibility to select the best available chan-
nel from all the idle channels detected.

e Spectrum Sharing: refers to coordinate the smart access to a channel as-

signed to a PU when it is unused.

e Spectrum Mobility: is the option to vacate the channel when a PU is de-
tected.

According to the Federal Communications Commission (FCC), a formal def-
inition of CR is “A Cognitive Radio is a radio that can change its transmitter param-
eters based on interaction with the environment in which it operates” [12]. From the



TABLE 2.2: UHF TV channels with their characteristics frequencies

in MHz.

Channel | Lower F. | Upper E. | Pilot | Video C. | Audio C.
19 500 506 500.31 | 501.25 505.75
20 506 512 506.31 | 507.25 511.75
21 512 518 312.31 | 513.25 507.75
22 518 524 518.31 | 519.25 523.75
23 524 530 524.31 | 525.25 529.75
24 530 536 530.31 | 531.25 535.75
25 536 542 536.31 | 537.25 541.75
26 542 548 542.31 | 543.25 547.75
27 548 554 548.31 | 549.25 553.75
28 554 560 554.31 | 555.25 559.75
29 560 566 560.31 | 561.25 565.75
30 566 572 560.31 | 567.25 571.75
31 572 578 572.31 | 573.25 577.75
32 578 584 578.31 | 579.25 583.75
33 584 590 584.31 | 585.25 589.75
34 590 596 590.31 | 591.25 595.75
35 596 602 596.31 | 597.25 601.75
36 602 608 602.31 | 603.25 607.75
37 608 614 Radio Astronomy
38 614 620 614.31 | 615.25 619.75
39 620 626 620.31 | 621.25 625.75
40 626 632 626.31 | 627.25 631.75
41 632 638 632.31 | 633.25 637.75
42 638 644 638.31 | 639.25 643.75
43 644 650 644.31 | 645.25 649.75
44 650 656 650.31 | 651.25 655.75
45 656 662 656.31 | 657.25 661.75
46 662 668 662.31 | 663.25 667.75
47 668 674 668.31 | 669.25 673.75
48 674 680 674.31 | 675.25 679.75
49 680 686 680.31 | 681.25 685.75
50 686 692 686.31 | 687.25 691.75
51 692 698 692.31 | 693.25 697.75




above-cited definition, CR has two characteristics, i. e., cognitivity and recon-
tigurability. Cognitivity is the possibility of the device to sense the spectrum.
This is not the simple monitoring of the power in a determined frequency band,
it requires more elements to identify the temporal and spatial variations in the
radio environment, all the time avoiding harmful interference to PU or to an-
other SU. With this, it is possible to identify the unused channels or WS at a
specific time or geographical location, giving the possibility to select the best
operational parameters [13]. Reconfigurability is the capability that permits a dy-
namic reconfiguration of the operational parameters according to the radio en-
vironment. In other words, CR devices can transmit and receive on a variety of
frequencies with different access technologies, thanks to its dynamic hardware
features [14].

TV Spectrum

Spectrum Sensing Spectrum Decision

Spectrum Analysis

FIGURE 2.1: CR cycle, the spectrum is sensed, analyzed, and a
decision is taken based on the presence or absence of PUs.

The cycle of the CR can be observed in Figure 2.1, a portion of the spectrum
in a period of time t; is represented, in orange are the signals of the PUs, in white
are the TVWE, the first step consists in sensing the spectrum, this information is
analyzed, and based on the result obtained, the device decides which TVWS is
the best option to transmit its information.

This research is focused on the spectrum sensing and spectrum analysis
stages of the CR cycle, specifically in the composite signal that contains the PU

information.



2.3 Cognitive Radio at a Glance

Joseph Mitola coined Cognitive Radio as a term on his article published in 1999.
There, the author describes how a CR could enhance the flexibility of personal
wireless services through a new language called the radio knowledge represen-
tation language [7]. CR has a great potential to access the spectrum allowing
the DSA, it can be described as “disruptive, but unobtrusive technology” [13],
disruptive because it enables the SU to access to the PU licensed bands, and is
unobtrusive because by controlling different parameters as access or transmis-
sion power, harmful interference to the PU are avoided.

The massive use of wireless services and devices to apply in mobile com-
munications for public or private purposes is becoming very popular and is a
clear example of how the actual society depends on the wireless services and of
course on the radio spectrum [15]. It is very important to understand that the
core of the wireless services that customers use are the unlicensed bands, i.e.,
Industrial, Scientific, and Medicine (ISM) band at 2.4 GHz and the Unlicensed
National Information Infrastructure (U-NII) band at 5.2 GHz. These bands are
accessed by users without the payment of any fee or the need to obtain a spe-
cific license. These bands have similar counterparts around the world, with in-
ternational regulatory bodies working to align bands and regulations [16]. “The
popular use of unlicensed bands and the development of new devices and technologies
led regulatory bodies like the FCC to consider opening further bands for unlicensed use.
Whereas, spectrum occupancy measurements show that licensed bands, such as the TV
bands, are significantly underutilized” [15]. As an alternative to this particular fact,
CR is considered the solution to the low usage of the radio spectrum [13]. This
technology will permit the efficient and reliable spectrum usage by adapting the
operation parameters of the radio according to the conditions of the environ-
ment, providing the capability to identify and exploit a large amount of unused
or underused spectrum bands, allowing a smart sharing of this valuable limited
resource.

In May 2004, the Federal Communications Commission (FCC) of the United
States, proposed the creation of the 802.22 work-group for WRAN, the objective
was to allow unlicensed users (SU) to operate in the TV broadcast bands, avoid-
ing harmful interferences to the PU [17], the specific tasks were to develop the
Physical (PHY) and Media Access Control (MAC) air interfaces.

Different authors started to write and propose spectrum sensing simulation
models and techniques [4], [18]. The idea of a smart sharing of the spectrum is

winning more adepts and the DSA considered as viable.
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In 2011 the IEEE approves the IEEE 802.22 WRAN standard [17]. This is
the first worldwide effort to define a standardized air interface based on CR
techniques for the opportunistic use of TV bands on a non-interfering basis [15],
[19].

Several articles consider different methods to identify idle channel over the
spectrum, not only TV frequencies, in the case of [20], a detailed list of consid-
erations and articles are described to know the different parameters considered
to identify the occupation or not of a channel. In analyzed models are statistics
with power detections, occupation and duty cycle; probability density function
or cumulative density function with power detection, occupation and duty cy-
cle; Markov chains; Linear regression; and spectrum prediction.

In [21], the authors propose a spectrum scanning method, considering the
Bayesian inference, to estimate the channel occupancy rate, when taking into
consideration the probabilities of false alarm and detection of the spectrum sen-
sor, the author has an advantage over other methods that only consider the
energy detection as unique element to define the presence or absence of a PU.

After analyzing the articles mentioned above, the author realized that there
is the need to consider several parameters to evaluate a TV channel, the real
instantaneous signal of the noise separately of the composite signal, the com-
bining of sensing techniques, i.e. energy detection, pilot detection, and the
information of an external source. These elements ensure the accuracy of the
detected channels and can be used to apply or adapt the IEEE 802.22 standard.

2.4 Applications for TVWS

With the clear idea that TVWS are oriented to alleviate the spectrum scarcity,
the potential applications have a wide range of possibilities. Among others are:

e Internet of Things (IoT).

e Wireless Local Area Networks (WLAN).

e Wireless Regional Area Networks (WRAN).

e Wireless Sensor Networks (WSN).

e Emergencies and Disaster Relief Communications (EDRC).

In the particular case of the author, EDRC are of special interest and the last

objective of the present research, as is explained in [22].
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2.5 Use of TVWS for Disaster Relief Communica-

tions

In any catastrophic event, the first few hours are the most critical time for lo-
cating and rescuing people alive. Usually, in a high impact disaster like an
earthquake, a hurricane or a tsunami, most of the basic services and telecom-
munications networks collapse. But it is essential to provide communications to
the First Response Institutions (FRIs) like Police, Health Services, Fire Brigades,
National Guard, and other units deployed over the affected area [23].

A critical case was registered in 2005 when Hurricane Katrina hit the south
of the United States and caused more than 1,900 casualties, about three million
of landline phones were disconnected and more than 2,000 cell sites were out of
service. In addition, 50% of radio stations and 44% of TV stations were put out
of service [24]. Now, in such situations, it becomes essential to deploy alterna-

tive communication systems.
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FIGURE 2.2: Use of TVWS to provide communications to the First
Response Institutions (FRI) and the Public Safety Answering Point
(PSAP) during an earthquake.

For example, the use of SDR and CR techniques can provide an alternative
communications system to connect FRI and the Public Safety Answering Point
(PSAP) in the specific case of an earthquake that affects a populated area, as is
illustrated in Figure 2.2, another additional element to regard is the increasing
of TVWS in the affected area, considering that after the earthquake most of the
basic services including cellphone networks, radio and TV broadcast companies
result affected and its service is not available.
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In the same scenario, the use of Unmanned Aerial Vehicles (UAVs) would
solve the problem of the telecommunications infrastructure to be deployed in
the affected area, if they are equipped with a portable TVWS radio. After iden-
tifying the area impressed by a disaster, i.e. an earthquake, the nearest PSAP
dispatches the respective FRIs to the affected area. The units bring with them
all the operative equipment, including the UAVs for telecommunications.

When the units arrive, each FRI deploys its UAV equipped with an SDR on
board. The device will search the radio-electrical spectrum, looking for other
similar radios or Base Stations (BS) in the area. Once the radio connects with
other active radio(s), the repeater mode will start to operate. The UAV can
be used as a mobile BS that allows the operative communications between the
rescue teams deployed over the mentioned affected area.

All of these initiatives have been motivated by the regulation of FCC for
CR deployment [25], and it has produced an increasing interest in the TVWS

spectrum bands.

2.6 Use of TVWS for Rescue and E-calls

The advanced automatic collision notifications or E-call is a system automati-
cally activated when the in-vehicle sensors receive signals of a serious accident
or crash [26]. At that moment, a telecommunications transceiver sends the acci-
dent alert information to the nearest PSAP, and this information can include the
time of the accident, the location of the crashed vehicle, reference points, or the
last-known travel direction. An additional way to activate this alarm is by man-
ually pushing the emergency button when an accident is witnessed. The option
to use TVWS to transmit E-calls service in rural roads is very interesting, in Fig-
ure 2.3 is represented how a crashed vehicle is sending a basic E-call packet of
information over the TV spectrum, taking advantage of the TVWS and reaches
the nearest PSAP.

DATA + GPS TV Spectrum PSAP
e "E;.;
P ] S — 4
G s
E-CALL ———— ™~ @Q

FIGURE 2.3: Diagram of the E-call procedure, the accident vehicle
send a message through the idle channels of TV spectrum to reach
the nearest PSAP.
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Chapter 3
Sensing the Spectrum

As depicted in Figure 2.1, CR works in a cycle of operations that include spec-
trum sensing, spectrum analysis, and spectrum decision. In this chapter, we
review the applied spectrum sensing techniques and present the design of a
Spectrum Sensing Station (S5SS) and a Mobile Spectrum Sensing Station (M-SSS)
which are used to collect data. Also, we report the on-field UHF TV spectrum
detection survey conducted in the city of Windsor. The survey data and ana-
lyzed results show characteristics of the channels mentioned above.

3.1 Spectrum Sensing Techniques

Spectrum sensing is the first and the most important functionalities of CR. The
objective of spectrum sensing is to detect the presence of a PU. Considering
that PU has the licence to use the spectrum band, its opportune detection is a
critical part of the smart spectrum sharing. With this in mind, spectrum sens-
ing techniques are able to detect those unused portions of the spectrum. The
most frequently used spectrum sensing techniques are Energy Detection (ED),
Matched Filter Detection (MFD), Cyclo-Stationary feature Detection (CSD), and
Co-variance Based Detection (CBD) [27] [28] [29] [30] [31]. In this research, ED
has been used for its simplicity but combined with other elements to ensure its

accuracy and effectiveness.

3.1.1 Energy Detection

Energy Detection (ED) technique is the simplest and most commonly used ap-
proach in CR. To apply ED, it is not necessary to have a deep knowledge of the
PU signal, it only needs to have a valid reference of the noise power [32]. To
apply this technique, the average of the signal sensed in a channel is compared
with a predetermined Threshold (T), which depends on the noise power [31],
[33].
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Figure 3.1 illustrates a portion of the UHF TV spectrum, it is easy to observe
a yellow peak of the signal which has a higher power in relation to the selected
T represented in this case with a green line.

The energy of the signal E. along channel C is obtained by dividing the sum
2

of the magnitude squared of the measured signal, |x;(Af)|*, by the number of

collected samples, 7, as is shown in Eq. (3.1).

Ee= ) (MNP (3.1)
i=1

where Af is the bandwidth of the channel sensed [10], [34]. Here, we observe
again, the need to define the noise reference level to calculate the T.
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FIGURE 3.1: Graphical representation of Energy Detection when
peaks of the signal contain a power (yellow area) higher than the
Threshold (green line).

3.1.2 Noise Considerations

It is evident that a valid reference of the noise level W(f) is needed to determine
the value of T. Here, there are two possibilities, one is to sense the TV spectrum
and compare with a statistical parameter of the noise W( f) obtained in previous
measurements and observations. Second is to have an instantaneous sample of
the pure noise W(f) taken simultaneously to the TV signal for each geographi-

cal point and (t;) time instant.
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The level of W(f) can be obtained by replacing the Winegard antenna with
a 500 load and taking measurements for this load, to register the noise of the
system at that precise instant of time [20]. The 500} load corresponds to the
input impedance of the RF-Explorer (RFE) used to sense the noise signal [35].

For this research, we decided to use this second option, adding an extra RFE
device with a 5002 load attached to the main RFE that senses the TV signal.

In Figure 3.2 are illustrated both signals sensed and plotted together, the
noise and the composed signal plus noise, collected with a RFE and Spectrum
Analyzer (SA) respectively.
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FIGURE 3.2: Overlapped plots for the composed signal in red and
noise in blue, (a) for RFE and (b) for SA.

3.1.3 Additional Considered Parameters

With the purpose of ensuring the PU detection, additional parameters had been
considered. First is the pilot tone which can be found in specific frequencies of
the channel. Second is the information obtained from an external source. And
third, a TV device attached to the SSS.

Pilot Detection (PD)

The pilot tone of a TV channel usually is located at a frequency of 310KHz +
5% above the lower edge of the channel [36]. By configuring the RTL-SDR de-
vice to sense the pilot tone frequency with a bandwidth + 100KHz, for each
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channel, it is possible to collect the samples, the device then jumps to the next
channel by increasing 6MHz to the sampled frequency, when it reaches channel
51 (592.310MHz), it returns to channel 19 (500.310MHz) and repeats the cycle.

If a pilot tone was detected, that channel was considered as a potentially used.
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FIGURE 3.3: Pilot tone detected in channel 20 (506.31MHz +
100KHz).

Information from an External Source

In this case, it is a database (DB) of the channels, frequencies, and signal strength
available in the city of Windsor, according to an authorized provider. Addi-
tionally, we use the information of those channels received and decoded by a
conventional TV receptor attached to the SSS. The channels with enough nom-
inal reception power, are considered as TV Black Spaces (TVBS), and its use is
banned. Results of the E(f) are displayed in Table 3.1.

Here is observed that six channels have high power and presence detected
by our TV set, they are divided into 19 sub-channels; six of them are High Def-
inition (HD), 12 are Standard Definition (SD), and one is used for audio only
(used to re-transmit the 910KHz AM radio signal).
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TABLE 3.1: Active TV channels received in Windsor area.

Channel | Sub-channel | Type | Station/Network
1 HD WYMD-HD
20 2 SD WMYD-AT
3 SD WMYD-ES
26 1 HD CHWI
1 HD ION
2 SD QUBO
31 3 SD IONLIFE
4 SD SHOP
5 SD QvcC
6 SD HSN
32 1 HD VO
1 HD WADL-HD
2 SD GRIT
3 SD GETTV
38 4 SD COZITV
5 SD THE WORD
6 SD JUSTICE
7 Audio 910 AM
50 1 HD WKBD-HD

TV Decoded Signal Visualization Device

It consists of a TV set connected to the receptor antenna of the SSS. Its purpose
is to visualize the decoded signal of the received channels. In other words,
it is used to verify the real reception of the TV stations that are mentioned as
active in the DB of the previous point, as a redundant resource to ascertain the
presence of PU.

3.2 Designing a Spectrum Sensing Station

Once the spectrum to be analyzed was selected, the next step is to identify the
software and hardware that allow us to collect information of the UHF TV spec-
trum from the Wireless Communications and Information Processing Research
(WiCIP) Laboratory.
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FIGURE 3.4: Proposed SSS to sense spectrum in indoor and out-
door fixed locations.

Figure 3.4 shows a diagram for the SSS, it has three versions: A fixed SSS,
for outdoor spectrum sensing, a portable SSS for indoor spectrum sensing, and
a M-SSS, Figure 3.5 shows the portable version for indoor use. For implement

the SSS the components described below were used.

Hardware
e Antenna Winegard, model MS-3005 VHF/UHE, 14.9".

e 3-way satellite TV splitter, SMHz to 2050MHz, F - female connectors, 75()

nom. impedance.
e Spectrum Analizer Tektronix MDO4054-3.
e RF Explorer Subl1G.
e RTL SDR 2832U.

e DELL laptop, Intel i-5-5200U CPU @ 2.20GHz, RAM 6GB, 64-bits OS.

Software
e RF Explorer for Windows, Version v1.23.1711 - for use with firmware v1.23.
e AIRSPY Windows SDR Software Package.

Matlab Student version 2017.

CubicSDR v0.2.2- OS X.

Ggrx Mac OS X 10.11.

Tektronix Openchoice Desktop Application TDSPCS1 - v2.6
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3.2.1 Spectrum Analyzer Tektronix MDO4054-3

It is an oscilloscope with a built-in spectrum analyzer, made by Tektronix [37],
it permits to capture time-correlated analog, digital, and RF signals.

SA Technical characteristics

e Frequency Range 50KHz to 3GHz.

Bandwidth 500MHz.

Span 1KHz to 3GHz.

Frequency Resolution 20Hz to 10MHz.

Average Noise Level -115dBm.

Amplitude Resolution 0.5dBm.

Automatic RBW 2.6KHz to 600KHz.

Price: $7,950.00CAD.

3.2.2 RF Explorer Sub1G

RF Explorer is a portable spectrum analyzer designed for the specific needs
of digital radio frequency communication. It is able to display full frequency
spectrum in the band, existed spread spectrum activity, bandwidth to monitor
collisions, and frequency deviation from the expected tone, etc. The workflows
are supported by RF Explorer, which include detection of expected transmission
and power, automatically resolving Resolution Bandwidth (RBW) and sweep
time and spectrum data calculations. Moreover, real-time or adjusted signals,
3D spectrogram waterfall, Comma-Separated Values (CSV) export, high-quality
graphics, and a large feature set can be performed through cooperated work
between RFE and Windows on PC [35].

RFE Technical characteristics
e Frequency Range 240MHz to 960MHz.
e Span 0.112MHz to 300MHz.
e Frequency Resolution 1KHz.

e Average Noise Level -115dBm.
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e Amplitude Resolution 0.5dBm.
e Automatic RBW 2.6KHz to 600KHz.

e Price: $198.13CAD.

NooElec RTL-SDR is an inexpensive software define radio hardware which
supports wide variance of the cross-platform Operative System (OS), for exam-
ple, OS10, Windows 32 & 64 bit, MacOS, Linux etc. It uses USB Interface IC
RTL2832U and Tuner IC R820T2. We have used a sampling rate of 2.56MHz,
which is 80% of the resources of the SDR. Due to its modulation techniques, it is
easy and quick to identify the type of signal is broadcasting. Moreover, it shows
how the waveform changes. It is a simple handy to find the signal and decode

the information and does not use the whole bunches of resources [38], [39].

Technical characteristics

e Sample rate from 250KHz up to 3.2MHz.

Modulation techniques: FM, FMS, NBFM, AM, LSB, USB, DSB & 1/Q.

Audio sample rate 44.1KHz to 96KHz.

Frequency range is 25MHz to 1750MHz.

Price: $ 40.95CAD.

FIGURE 3.5: A portable version of the SSS used to sense indoor
spectrum.
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3.3 Designing a Mobile Spectrum Sensing Station

With the SSS implemented and its functionality tested using the fixed and portable
antennas, it is necessary to design a mobile version to obtain information of the

spectrum in the city, by mounting it in a vehicle to cover broad areas.

ANTENNA

GPS
ANTENNA

..........................

oo 1
ooo
ooo uPC ¥

---------------------------

FIGURE 3.6: Initial diagram for the M-SSS, designed to be
mounted in a vehicle and sense the TV spectrum in wide geo-
graphical areas.

As observed in Figure 3.2, both devices, the SA and RFE detect energy in
the UHF TV band, the only difference is the number of samples taken by each
device, but in general, they are able to detect the presence or absence of a PU.

With this in mind, the M-SSS originally was designed as is shown in Figure
3.6, using a Winegard antenna, only one RFE device, a portable computer and
a storage device to save the collected data. For this mobile configuration, it is
mandatory to attach a Global Positioning System (GPS) antenna to collect the
geographical location for each reading.

The M-SSS works mounted in a moving vehicle, to reach this, a support was
assembled using Chlorinated Polyvinyl Chloride (CPVC) pipes, it was designed
to fit in a Dodge Grand Caravan vehicle, as is shown in Figure 3.7, where (a) is
the design draft, (b) the M-SSS mounted, (c) the supporting structure built with
CPVC, (d) the support mounted in the vehicle, (e) Winegard and GPS antennas,
and (e) the M-SSS collecting data.

The antenna and the designed structure, support a speed up to 120Km/h,
verified, and theoretically, a speed up to 144Km/h, according to data provided
by the maker.
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FIGURE 3.7: M-SSS (a) design diagram, (b) station mounted, (c)

supporting structure built in CPVC, (d) supporting installed in the

vehicle, (e) Winegard and GPS antennas, and (f) M-SSS in opera-
tion.

3.4 Data Collection Procedure

In this section, there are two well-differentiated stages, the fixed data collection
and the mobile data collection.
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3.4.1 Fixed Data Collection

Samples were collected in the Centre for Innovation and Engineering (CEI)
building, located in the city of Windsor, coordinates (Latitude 42.3044 N, Longi-
tude -83.061263 W). The Winegard antenna, model MS-3005 was installed on the
roof of the building it means about 12 meters height over the city, which has an
altitude of 190 meters above sea level. Measurements were taken several times
at different hours of the day and in different periods of time. The radio-electric
signals received by the omnidirectional antenna were carried by the coaxial ca-
ble to the 3-way splitter input, in the outputs, the RF signal theoretically has
the same attenuation level, it was feed into the different Data Acquisition In-
strument (DAI) to ensure similar electromagnetic characteristics of the sampled
signal. With this parallel feed, the lecture of the different DAI can be compared,
due to the similarity of the analyzed signals.

Sensing Procedure

Using the RFE, a single reading of the UHF TV spectrum obtains 112 samples,
the RFE can take a reading every 0.340s, the plot of a single reading is repre-
sented in Figure 3.8 using a blue line. When the reading is made with the SA,
this device obtains 1005 samples. The collected information of 198MHz band-
width is represented in Figure 3.8 using a red line.

Comparing the overlapped plots, the general shape of the spectrum energy
is observed without major variations. This interesting fact, give us the possibil-
ity to use the RFE device to replace the voluminous, heavy, and costly SA.

When an RTL-SDR device is used, not all the 198MHz band or a single 6MHz
channel is read at a time. This device can collect the information from a 3SMHz
maximum bandwidth. It has a high performance reading narrow bands to de-
tect pilot tones. From the mentioned features of the DAI, we decided to combine
their attributes to achieve the best results in the spectrum sensing campaign.

The sensing techniques select for this work are ED and PD.
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FIGURE 3.8: TV Signal sensed an RFE (blue line) and a SA (red
line) are compared. The general shape that contains the energy is
easily identified in the plot obtained with both devices.

Comparing the DAI Performance

Three different DAI are combined in the designed SSS, to know the character-
istics of each device, a performance comparison is needed. In Table 3.2 are de-
tailed the DAI, the sensing technique, the whole 198MHz bandwidth, the num-
ber of channels sensed, and the performance observed when each device was
used.

The SA, an expensive and accurate device has a high performance to sense
the whole bandwidth of 32 TV channels or a single 6MHz channel, with this
DALl is possible to apply the ED and the PD techniques simultaneously.

Using the RFE, when it senses all the 198MHz band, it only can detect the
energy of the TV channels but is not able to detect the pilot tones of the 32
channels sensed at time, on the other hand, if it senses only one 6MHz channel,
its performance increases and can detect both, the energy and pilot presence in
a single TV channel.

In the case of the RTL-SDR, this DAI can sense a part of a single TV channel,
it is not applicable to sense the 198MHz or a single 6MHz bandwidth. When it
senses a small portion of the channel it has a high performance, for that reason
this DAI is used to detect the pilot tones in a 200KHz bandwidth only. The

results of this comparison are detailed in Table 3.2.
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TABLE 3.2: DAI’s features and performance comparison

DAI | ED PD | Bandwidth | # Channels | Performance
SA v v’ 198 MHz 32 High
SA v’ v’ 6 MHz 1 High
RFE | v | N/A | 198 MHz 32 Medium
RFE | v v 6 MHz 1 High
RTL | N/A | N/A | 198 MHz 32 N/A
RTL | N/A | v 3 MHz 0.5 High

3.4.2 Mobile Data Collection

To sense the TV spectrum data in the city of Windsor using the M-SSS, four tra-
jectories were defined, as is illustrated in Figure 3.9. In total more than 36,176
readings or 4,051,712 samples for noise and 4,051,712 samples for the composite
signal plus noise were taken. From these readings, 53 points distributed across
the city were selected to plot the information obtained. The trajectories are de-
tailed in Table 3.3.

\\\\\\\\\

Q Greektown Casi
Detroit

_ 50 : O O

49 O

FIGURE 3.9: Trajectories and locations to represent the TV spec-
trum sensed in the city of Windsor.

In each selected point, there are 112 samples for noise and 112 samples for
the composite signal saved in the DB, with its respective Latitude and Longi-

tude coordinates.
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TABLE 3.3: Trajectories defined to sense the TV spectrum in the

city of Windsor
Trajectory | Color | Initial Point | Final Point | Observations
1 Red 1 10 10 Points
2 Purple 11 27 17 Points
3 Blue 28 48 21 Points
4 Orange 49 53 5 Points
Total 53 Points

As is mentioned above, in Figure 3.9, the coloured line represents the trajec-
tories followed by the M-SSS and blue circles represent the points in which the
data are plotted and analyzed. It is necessary to note that all the time during
the movement of the M-SSS along the trajectories the information is saved in
the DB, Figure 3.10 illustrates how the TV signal contained in the 198MHz band

is saved, and in this case, visualized by using the RFE software [35].

-50 dBm

60 dBm 1
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120 dBm <X
500 MHz

FIGURE 3.10: Visualization of the TV signal sensed using an RFE
device, the readings were taken every 0.340s, the axis represents
frequency, time and power in dBm, respectively.
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Chapter 4

Stochastic Analysis of TVWS

As mentioned in the objectives of the research, a model based on the proba-
bilistic characteristics of the sensed signal needs to be developed for identifying
TVWS. This model and the mechanism of finding TVWS are described in this
chapter. Additionally a table with a mathematical notation and units of mea-

surement has been included in Appendix B.

4.1 Sensing the TV Signal

The existence of the PU can be verified by using the following hypotheses:
Ho: X(f) = W(f) @)

Hy = X(f) = S(f) + W(f) (42)

where W(f) denotes Additive White Gaussian Noise (AWGN), S(f) is the re-
ceived signal of the PU, X( f) is the sensed signal, and Hy represents the absence
of PU over the channel, whereas H; represents the presence of the PU over the
channel.

By using the SSS, the information from the UHF TV spectrum was collected
at each instant of time ¢; and plotted as is shown in Figure 4.1. In both cases, (a)
for RFE and (b) for SA, the signal presents a similar shape in general terms, with
specific frequencies in which the energy rise to its maximum values and other
frequencies in which minimum values are reached. The observed variations in

the mentioned Figure are due to the internal characteristics of each device.
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FIGURE 4.1: TV Signal sensed with (a) RFE and (b) SA are com-
pared. The general shape that contains the energy under the red
line is easily identified in both devices.

With only the information of X(f) is not enough to identify TVWS, it is ev-
ident that more data is needed to find them. So it is mandatory to find more

parameters that permit to detect the presence of PU.

4.2 Identifying the Noise Level

A crucial element to be considered is how the noise is measured, and the mean
of the noise W(f) is calculated. In some cases, the noise is sensed at the begin-
ning of the measurement campaign and that value is used to be compared with
all the readings. In other cases, a theoretical value is considered. Again a third
approach is to consider a fixed T, we can recall T is the threshold. In practice, it
is very difficult to obtain accurate information about the noise power [40].

According to the IEEE 802.22 standard [4], [17], the channel in operation
must be sensed several times, namely, during the transmission, inter-framing
and in-framing. Here, it is important to obtain trustful and accurate channel
noise and signal samples.

In order to obtain accurate information regarding the noise, simultaneous

sensing of the noise and the signal is proposed. As can be seen in Figure 4.2,



29

the signal X(f) is received through the antenna and sensed with one DAI, and

at the same time, another DAI of similar characteristics with a 5000 matched

impedance is used to sense the noise of the system. As a result, both the signals,

i.e.,, X(f) and W(f) are used in our proposed channel sensing mechanism.

ANTENNA
DATA ACQUISITION
500 INSTRUMENTS
IMPEDANCE
O— W(f) DAI#1 > DB
X(f) DAl # 2

FIGURE 4.2: Proposed M-SSS to sense in parallel the Noise W(f)
and the composite signal X(f).

With the above-mentioned configuration, the UHF TV spectrum was sensed,

and the obtained results are shown in Figure 4.3.
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FIGURE 4.3: TV Signal sensed with (a) RFE and (b) SA are com-
pared. The W(f) and X(f) are observed and permit infer their

possible relationship.

From the collected information, specifically for W(f), the next logical step
is to calculate the statistical mean of the noise, i.e., W(f). Figure 4.4 shows this
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W(f) and that indicates the real noise level at an instant ;. This is the reference

level for calculating T.

=
=
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Power{dBm)

FIGURE 4.4: TV Signal sensed with (a) RFE and (b) SA are com-
pared. The W(f) and X(f) are observed and it is considered the
noise level for that specific data collected.

4.3 Threshold Considerations

As found in the literature of TVWS sensing, the sensed signal X( f) is compared
with T, which is obtained from

T=W(f)+M (4.3)

where W(f) is the mean of the noise. Here M is a margin that can be calculated
from different manners and is a crucial element to consider a channel as a TVWS
[20].

Literature shows different values of M have been used in the past. For ex-
ample, [41] considered an M of 5dB, [42] used a value of 7dB. Again as far ITU
recommendation the value of M should be 10dB [43]. Finally, in [44], a fixed T

= -78 dBm was used.
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FIGURE 4.5: Comparison of the signal sensed with (a) RFE and (b)

SA. In both sub-figures are plotted X(f), W(f), and the different
values for Mor T.

In Figure 4.5 we can observe X( f), sampled with RFE in (a) and with SA in
(b). Both the sub-figures show the previously discussed M and T. It is obvious
from these figures that the higher is the chosen value of M, the higher is the
occurrence of signal missed-detection.

In the specific case of T = -78dBm, all the 32 channels appears to be idle;
which is not necessarily true because at least 8 signal peaks can be observed.

The purpose of sensing and plotting two signals, i.e., W(f) and X(f) is to
identify the characteristics of each signal and compare with the other. This
will permit to obtain enough parameters to develop the proposed probabilis-
tic model.

The above discussion reveals that in order to sense the UHF TV spectrum for
accurate identification of idle channels, it is imperative to define an adaptive T.

The value of T should satisfy the following conditions.

(i) It should be close enough from W(f) to avoid missed-detection.
(ii) Tt should be far enough from W(f) to avoid false alarms.

(iii) It should be adaptive to the possible changes experienced by W(f) and
X(f), specially when the M-SSS is used.



32

4.4 Probabilistic Considerations

4.41 Working with Normal Distributions

As mentioned earlier, two signals, i.e., the noise W(f) and the composite signal
plus noise X(f) are collected simultaneously by the RFE devices connected in
parallel. It is imperative to verify that the sensed noise W(f) is a normally dis-
tributed signal. There are two ways to do this, i.e., graphical and mathematical
methods [45], [46]. The first one considers graphical methods where the sam-
ples of the noise signal are plotted to observe the distribution. Following this
method, Figure 4.6(a) shows the histogram of noise samples taken in a particu-
lar location and Figure 4.6(b) shows the normal probability distribution plot of
the same samples. It is visually evident that the plotted samples correspond to

a normal distribution.
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FIGURE 4.6: Noise signal sensed W(p). (a) Histogram of the col-
lected data. (b) Normal probability plot of the same data read. (c)
CDF of the Kolmogorov-Smirnov Test (KST) applied.
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The second method is a mathematical test; in this case, the Kolmogorov-
Smirnov Test (KST) [46]. This test with a significance level of 5% has been ap-
plied to the collected noise samples, and the corresponding results of the Cu-
mulative Density Function (CDF) are shown in Figure 4.6(c). The plots suggest
that the tested samples are normally distributed.

On the other hand, as shown by Figures 4.7(a) and (b), the composite signal
Xo(p) presents a multi-modal distribution. Let us named as Xo(p) to the multi-
modal curve that corresponds to the histogram of the composite signal. Here
it is easy to identify the component of noise represented by higher peak and
the signal of PU represented by the multi-modes on the right tail. When the
Kolmogorov-Smirnov Test (KST) [46] with a significance level of 5% is applied
to the composite signal samples, results suggests that it does not correspond to
a normally distributed signal, as is observed in Figure 4.7(c).
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FIGURE 4.7: Composite signal plus noise sensed Xo(p). (a) His-

togram of the collected data. (b) Normal probability plot of the

distribution for the same reading (c) CDF of the Kolmogorov-
Smirnov Test (KST) applied.

To apply the proposed model, it is necessary to assume that the composed
signal X(p) is a normally distributed signal, as illustrates Figure 4.8. This as-
sumption is needed in order to reduce the computational complexity in terms
of probabilistic analysis while accuracy is preserved in the TVWS identification

procedure.
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FIGURE 4.8: The curve Xo(p) of the multi-modal distribution of (a)

can be assumed as the normal distribution curve X(p) of (b), this

assumption summarized in (c) allow us to reduce the calculation
complexity of the proposed model.
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In Figure 4.9 are plotted the pdfs of W(p) in blue, Xo(p) in magenta, which
is the multi-modal curve of the composite signal, and X(p) in red. In these fig-
ures, it is easy to observe that the intersections of W(p)NX(p) and W(p)NXo(p)
are very close in terms of the X-axis (power in dBm) for three different locations,
the absolute value of this difference is minimal in relation to the absolute value
of the signal power, and can be disregarded. This fact supports that the com-
posite signal X(p) can be assumed as a normally distributed signal to reduce
the mathematical calculations complexity without affecting the accuracy of the
obtained results of the proposed model.
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FIGURE 4.9: Readings taken in three different points, the pdf for
the noise W(p) is plotted in blue, multi-modal composite signal
Xo(p) in magenta, and composite signal X(p) in red. In (a) are
shown the pdf of the noise for each location. In (b), the intersection
point "A" of W(p)NXo(p) and its projection to the power axis "A"".
In (c), the intersection point "B" of W(p)NX(p), and its projection
to the power axis "B"", we also observe that the difference between
A’ and B’ is minimum concerning the power level of the signal in
dBm.

Now, this assumption is supported by the fact that the calculation of the
Probability of False Alarm (Pf,l) will be done on the noise signal, i.e,, W(p),
which corresponds to a normal distribution.

In addition, the following two points should also be noted, as is observed in
Figure 4.10.
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i) For calculation of P¢,, the left intersection point "C" of the pdf of W(p) and
f P P p
X(p) will not be considered, because it is located below the mean value of

the noise signal W(p).

(i1) For calculation of the Probability of Detection (P;), the right intersection
point "B" of the pdf of W(p) and X(p) will be considered.

Once this assumption has been accepted, then the pdf that represent the
noise W(p) and the composite signal X(p) are those illustrated in Figure 4.10.
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FIGURE 4.10: Normal distribution pdfs for W(p) in blue and as-
sumed X(p) in red, both used to calculate the Py, and the P; ac-
cording to the model proposed in this dissertation.

In this point, it is precise to refer to the Neyman-Pearson article, named On
the Problem of the Most Efficient Tests of Statistical Hypotheses [47]. The authors
used Fisher’s null hypothesis significance testing [48] and the p-value as part
of a formal decision process. Thus, they raised a real choice between two rival
hypotheses. The hypothesis contrast became a method to distinguish between
the null hypothesis and the alternative hypothesis, as observed in Figure 4.11.

In the proposed model, the pdf of the composite signal contains the pdf of
noise, while in the Neyman Pearson model, both pdf are partially overlapped.
On the other hand, the Py, and P; are similarly defined and related.

The frequently used statistical parameters regarding the sensed signals are
Pr,, Py, and the probability of missed-detection (Py,). With the collected infor-
mation of W(p) and X(p), and considering that both signals correspond to nor-
mal distributions, other statistical parameter can be calculated, i.e., mean values
of the signals (W(p), X(p)) or the standard deviations (o, 0x). An interest-
ing manner to relate the obtained parameters is by using the pdf of the signals



36

+«—— Decide H;, ——— | «+—— Decide H, —

Threshold T

FIGURE 4.11: Neyman Pearson model, the null hypothesis and the
alternative hypothesis are observed.

which provides a visual explanation of the proposed method, and is explained
next.

To plot the pdf of a signal that responds to a normal distribution, it is neces-

sary to apply

- 2
f(x) = 27Texp {_71 (x——x(p)) }; —00 < x <00 (4.4)

g

where ¢ is the standard deviation and X(p) is the mean of the distribution. By
taking the samples of W(p) and X(p), the equations that define both pdf curves,
are f(xw) and f(xx) with W(p) and X(p) as the means, oy and oy as the stan-

dard deviations respectively, then the equations be:

—1 (x—W(p) 2
flaw) = — Fexp{ () } 45

1 -1 (x—X(p) 2
flax) = — Fexp{ (T)} 4o

now, considering that X(p) is a composite signal consisting of W(p) + S(p),

where S(p) is the energy of the PU and W(p) is the noise, it is very important
to compare both pdf.

4.4.2 Obtaining pdfs
RFE Device

Once the spectrum of interest is sensed, each RFE collects 112 samples with in-
formation given in dBm, the mean of the composite signal X(p), mean of the
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noise W(p), standard deviation of the composite signal ¢, and standard devi-
ation of the noise oy are calculated and used to plot the pdfs as shows Figure
4.12(a).

SA Device

Repeating the same procedure used for RFE device, now using the SA, 1005
samples are collected, and then after calculating the mean and the standard
deviation, the pdfs are plotted as illustrated in Figure 4.12(b).
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FIGURE 4.12: Pdf of W(p) in blue and X(p) in red, taken from the
data collected with (a) RFE and (b) SA.

4.4.3 Performance Metrics

In order to visualize the performance metrics of spectrum sensing, i.e., probabil-
ity of false alarm, probability of detection and probability of missed-detection,
we need to consider the pdf curves and T together as shown in Fig. 4.13.

Probability of False Alarm: Py,

Py, refers to the probability that a peak or peaks of the noise signal is detected
above T, and is considered as a real signal of the PU when in reality no PU
signal is present. In Figure 4.13, Py, corresponds to the area bounded by T and
W(p) colored with orange.
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Probability of Detection: P,

P; is the probability that a real signal of the PU is detected above T, and is
considered as a signal from PU. In Figure 4.13 it refers to the area bounded by
T and X(p) coloured with yellow.

Probability of Missed-Detection: Py,

P, is the probability that a real signal of the PU is not detected above T, and is
considered as noise due to its low amplitude. In Figure 4.13 it is colored with
light-blue.
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FIGURE 4.13: Graphical representation of the Py, Pfa, and P, gen-
erated by the T and the pdf curves for W(p) and X(p).

4.4.4 Calculation of Threshold T

In light of the previous discussion, it is evident that T is the most critical pa-
rameter for accurate sensing, and hence it must be meticulously calculated to
permit the balance of Py, and P;. By obtaining M an adequate T can be calcu-
lated. Basically, M is the product of the standard deviation ¢ and the value of
z.

It is possible to define a minimum limit M,,;, and a maximum limit M,

for M, as observed in Figure 4.14.
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FIGURE 4.14: Minimum and maximum possible values for M.

In other words, M must remain between the maximum and minimum pos-

sible values.

where M,,;, is obtained calculating the intersection point of two plotted pdfs.

My = W(p) N X(p) (4-8)

which is a complex operation considering Equations 4.5 and 4.6.

The value of M,y is calculated using
My = 0z (4.9)

where ¢ is the standard deviation of the distribution and z is obtained from the
F(z) function, which defines the area under the curve in terms of the standard
deviation [49].

The possible intervals for M are illustrated in Figure 4.15 for data taken with
RFE and SA respectively.
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FIGURE 4.15: pdf of the W(p) and X(p) taken from the data read
with (a) RFE and (b) SA, the M,,,;;, and M,,,, are identified.

Threshold Minimum and Maximum
To calculate T, the standard deviation and the value of z must be considered.
The expression for noise is given by

T =W(p) + owzw (4.10)

and for the composite signal consisting of signal and noise is obtained with
T = X(p) + oxzx (4.11)

To obtain T,,;,, it is necessary to solve the equation system (4.5) and (4.6) and
eliminate x. The result will be expressed in dBm.
To calculate Ty, a Py, of 1% is considered according to [20]. Once T is

calculated in terms of W (p), it is possible to define Py,.

Pr, = F 7' (zw) (4.12)

With the statistical and probabilistic information of W(p) and X(p), for a

given T, which is common for both pdf, the expression for zx is given by

W(p) +ow zw = X(p) + ox 2x (4.13)

W(p) = X(p) +owaw e

zZx =
ox
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and Py, related to X(p) is obtained with

Py = FY(zx) (4.15)

Table 4.1 lists the values of F(z) which is the desired area under the pdf
curve for a desired Py, and its corresponding value of z. The complete table
can be observed in Appendix C.

TABLE 4.1: Estimated values for Py,, F(z),and z.

Ord | F(z) Py, z

90.0 % | 10.0 % | 1.29
90.5% | 9.5% | 1.31
91.0% | 9.0% | 1.34
915% | 85% | 1.37
920% | 8.0% | 1.41
925% | 75% | 1.44
93.0% | 70% | 1.48
935% | 6.5% | 1.51
9 [94.0% | 6.0% | 1.56
10 | 945% | 55% | 1.60
11 1 95.0% | 5.0% | 1.65
12 1 955% | 45% | 1.70
13 196.0% | 4.0% | 1.75
14 1 96.5% | 3.5% | 1.81
15 197.0% | 3.0% | 1.88
16 | 975% | 25% | 1.96
17 1 98.0% | 2.0% | 2.06
18 1985% | 1.5% | 217
19 199.0% | 1.0% | 2.33
20 1995% | 0.5% | 2.58

RN O U1 = W N =

The information provided by Py, vs P; permits to understand the relation
between these two probabilities, that defines the optimal value for the proposed
adaptive T, as is observed in Figure 4.16. For both devices, RFE and SA, the
adaptive T proposed in this research are closer to the W(p). In this manner,
it avoids missed-detections, and observes enough separation, reducing the Py,
to a value of 3%. The most important factor is that the proposed adaptive T
will maintain the same behaviour even if the noise floor or the signal strength

experience any variation.
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FIGURE 4.16: Comparison of the signal sensed with (a) RFE and
(b) SA. In both panels the adaptive T is plotted, comparing with
the T proposed by other related works.

4.4.5 Adaptive Threshold

To obtain the adaptive T, two signals, i.e., the noise W(f) and the composite
signal X(f) are sensed in parallel in point P11, obtaining the data shown in
Figure 4.17(a).

pdf NP11
| Antenna | oriith

50Q
RFE #1 RFE #2
To sense the To sense the
signal+noise noise
X Wy

0
-120 -115 -1 -10] -100 -95 -90

(b)

FIGURE 4.17: Composite signal and noise sensed in point P11, (a)
Frequency vs power, (b) pdf of the sensed signals.
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From the saved data, the statistical components like mean values and stan-
dard deviations are obtained and the pdfs are plotted, as shown in Figure 4.17(b).

IfaT with a Py, of 3% is considered, then zyy = 1.88, as shown Table 4.1 and
Figure 4.18.
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FIGURE 4.18: Visual representation of a T that observes a P¢,=3%.

The selected T is common for both pdfs. By using Equations (4.10), (4.11)
(4.13),(4.14), and (4.15), we calculate the value of P;.

The relation between Py, and P; is observed in Figure 4.19(a), which is called
the Receiver Operating Characteristics (ROC) curve [50]. On this plot, the axis
represents the values for Py, and P respectively, and both values have a full-
scale form 0% to 100%. Note that Py, for this T is located in the lower part of the
axis, so the area of interest for this study is reduced to the light-blue coloured
area in the plot. Here it is important to highlight that the ROC of the Neyman
Pearson model is shown in Figure 4.19(b), and differs from the one shown in

(a), because both pdf curves are partially overlapped.
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FIGURE 4.19: ROC: (a) for the proposed model with the area of
interest coloured; (b) for Neyman Pearson model.



44

By zooming the area of interest, the maximum values for Py, and the P; are
observed in Figure 4.20. The limits of our area of interest are Pfyx and Papay,
these values become the new maximum possible values, i.e., 99.99% for each
one, the obtained values in this research will be recalculated based on the new

maximum limits.

Pdmax 99.99%
Adaptive T 98.57% &
M=5dB 86.94% —aLb|
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FIGURE 4.20: Detailed ROC curve for samples taken.

The value of Pj,,,, corresponds to 99.99%, the proposed adaptive T gives
98.57% of probability of detection whereas with M=5dB [41] it is 86.94%. Finally,
for 7dB [42] and 10dB [43], the probability of detection stands at 79.54% or less

from the new-scaled values, as is explained above.
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Chapter 5

Proposed Model

In this chapter, the proposed model for sensing UHF TV spectrum to identify
TVWS s proposed. In particular, the hardware configuration, and the stochastic
considerations for collecting processing data is described in detail.

5.1 Hardware Configuration

Depending on the nature of the surrounding environment, two different spec-

trum sensing hardware configurations are proposed. They are :

(1) Spectrum Sensing Station (SSS)

(if) Mobile Spectrum Sensing Station (M-SSS)

5.1.1 Spectrum Sensing Station (SSS)

The SSS is assembled on a cart, and it can be used in two modes. In the first
mode, which we refer to as the "Fixed" mode, the station is connected to the
antenna installed on the roof of the CEI building, University of Windsor. It is
used to collect outdoor information of the TV spectrum. On the other hand, the
second mode is a portable version, where the SSS is connected to the internal
antenna attached to the prototype and is used to sense the spectrum in indoor
environments. It can be mentioned that, unlike the first mode, the second mode
is a "Portable" version of the SSS.

As Figure 5.1 illustrates, the SSS uses RFE, SA and RTL-SDR devices con-
nected in parallel to collect and measure a common signal received by the ex-
ternal or internal antenna. We use the same antenna model for both indoor and
outdoor environments. The objective of using both SA and RFE is to analyze
their comparative performance and to confirm the accuracy of measurement
at a given time instant. And, as mentioned before, RTL-SDR works well only
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within a narrow band, and for that reason, we use it primarily for pilot detec-

tion.

OUTDOOR ANTENNA  : INDOOR ANTENNA DATA ACQUISITION
[ —— N — | INSTRUMENTS

[ ]

ooo
ooo
oo

RF Explorer
; 0oo —
—»u-/@}}'; oo

Splitter
Spectrum Analyzer

RTL- SDR

-

@ Portable Cart @

FIGURE 5.1: Proposed SSS for fixed outdoor and portable indoor
sensing purposes.

The components of the SSS are shown in Figure 5.2. It shows the attached an-
tenna, RFE module, SA, the PC that contains the DB, splitter, RTL-SDR, cables
and connectors. This configuration provides enough portability inside build-
ings for collecting the data of interest. As seen from Figure 5.2, the SSS also has
an attached TV set which is used to only verify the reception of a specific TV
channel and is not used in the TVWS availability decision procedure.

Energy considerations

The SSS needs to be connected to a 120V AC, 60Hz source to operate. Thus
while operated in the portable mode, there is a constraint on the portability and

the continuity of spectrum sensing in indoor locations.
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Antenna

FIGURE 5.2: Portable SSS to sense the spectrum in indoor environ-
ments.

Attenuation Consideration

In this configuration, it is necessary to consider that the presence of the splitter
that divides the incoming signal into the three DAI devices, introduces an at-
tenuation of 7dB in the peaks of the PU signals [51], as is observed in Figure 5.3
(a) for RFE and (b) for SA. However, this attenuation does not affect the results
of the proposed adaptive T of sensing the PU signals.
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FIGURE 5.3: Attenuation introduced by the splitter, the theoretical
value is 7 dB, (a) for RFE and (b) for SA.
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Devices Connection and Communication

The DAI-PC connection and the associated software details are listed in Table
5.1. As seen from this Table, the RFE is connected using the USB port of the
computer, and an open application named RF Explorer for Windows is being
used. The SA is connected using the RJ45 port interface of the PC and is accessed
through a web browser using an IP address. The RTL-SDR receptor uses a USB
port, and an AIRSPY SDR application must be installed. Figure 5.4 represents
the graphical user interface of the applications used to collect data.

TABLE 5.1: Communication from the three DAI to the PC to save

data collected in the DB.
Device Port App Address/ID
RFE USB RF Explorer for Windows COM 3
SA Ethernet 0 | MDO4054B-3 Web-Enabled-User | 192.168.3.2
RTL-SDR USB AIRSPY SDR Software COM 4

Almost all the applications used to read data from the DAI devices are open
source tools. An exception is the SA Tektronix MDO4054B-3 which was pro-
vided by the WiCIP lab of the University of Windsor.

"[hklmn,ix' . i
I I N S E—

_ —
g A

Eftte

= sasss

;. MDO4054B8-3 Web-Enabled User

[ON_E=0"1=

506.310 000w Emm=rr]

(©)

FIGURE 5.4: Applications used to collect data, (a) for RFE, (b) for
SA, and (c) for RTL-SDR.
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5.1.2 Mobile Spectrum Sensing Station (M-SSS)

In Chapter 3, an initial M-SSS has been proposed. Then, based on considerations
mentioned in Chapter 4, modifications were made to the design. The earlier
design is shown in Figure 5.5(a) whereas the final one is shown in Figure 5.5(b).
The basic difference between them is the addition of an RFE device with a 500}
matched impedance. This addition is made in order to simultaneously sense

the noise level of the system W(f) along with the composite signal X(f).

ANTENNA ANTENNA
GPS Gps
ANTENNA 350 Q ANTENNA
IMPEDANCE o

..................................................................

(=] L (| (=
‘| ooo P : ! |ooo oo
|ooo H | OO0 ooo
: 000 uPC B¢ : [Ooo Oog

| T
(a) (b)

FIGURE 5.5: M-SSS to sense spectrum over a mobile platform to
sense wide geographical areas, (a) original diagram, (b) proposed
configuration.

Besides the spectrum sensing devices, the M-5SSS has an Universal Serial Bus
(USB) GPS receptor antenna for capturing the Geo-location information, i.e.,
Longitude and Latitude. The readings of both RFEs, the timestamp of the sam-
ple, i.e., hour, minute, seconds, and milliseconds and Geo-locations are saved
in the DB. Table 5.2 details the device, port, app used, and address to allow
this data transfer. Now, since M-SSS is a mobile system, components must be
lightweight, low power consumption, easy to handle. Because of these con-
straints, SA could not be used here.

TABLE 5.2: Communication from the three DAI to the PC to save
data collected in the DB.

Device Port App Address/ID

RFE #1 USB | RF Explorer for Windows COM 3

RFE # 2 USB | RF Explorer for Windows COM 4
GPS Antenna | USB Cool Term V 1.5.0 COM 6
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Energy considerations

When the M-SSS is used to sense the UHF TV spectrum from a moving vehicle,
the energy provision must be considered. In the proposed system, the only
energy source available is the laptop computer battery. Though the RFE devices
have their internal batteries, when connected to the laptop computer USB port,
automatically starts to charge their internal batteries. Thus, the laptop battery
becomes the only power source. The laptop can be charged form the vehicle

battery to prolong the time of data collection.

Spatial Separation of the Data Readings

Depending on the posted city road speed limits, vehicle speed changes and can
be as high as 120Km /h. The RFE used takes readings every 0.340s and it means
that the spatial distance among samples can vary. Table 5.3 lists the variation of
spatial distance corresponding to the different possible travelling speeds of the

vehicle.

TABLE 5.3: Distance between data readings and speed.

Speed (Km/h) | Speed (m/s) | Distance between readings (m)
120 33.33 11.33
100 27.77 9.44
80 22.22 7.55
60 16.66 5.66
40 11.11 3.77
20 5.55 1.88

According to this table, the maximum spatial separation of the samples is
11.33m which is the worst-case sample separation. This value is within accept-
able range ensuring that all the sensed area is covered avoiding loss of informa-
tion or coverage holes.

Amount of Data Collected

The RFE device scans 198MHz bandwidth of the 500MHz to 698MHz UHF TV
spectrum with a separation of 1.76MHz at a given time instance. It means there
are 198MHz/1.76MHz = 112 samples reading per RFE at a given time instance.
Along with two RFE devices, we are using one GPS device. Hence, a single
reading constitutes of 112 Signal power in dBm, 112 Noise power in dBm, and 1
location-timestamp data samples. The RFE devices took readings every 0.340s
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which implies that for a duration of 1 minute, we had (112+112+1)*(60/0.34) =
39705.88 data samples. Figure 5.6 illustrates these concepts.

K
1 Sample 1 Latitude, Longitude, Time, Power (dBm)
~ . . .
1 Latitude, Longitude, Time
Data Collected —< 112 Power samples (dBm) for Signal

112 Power samples (dBm) for Noise

1 Reading -

SI S2e.. B e SI12
1.76 MHz

~ 198 MHz

FIGURE 5.6: Data collection, 1 reading is composed by 112 sam-

ples for the composite signal, 112 samples for noise, separation be-

tween two samples is 1.76 MHz, all 112 samples covers 198 MHz
which is the UHF TV bandwidth.

5.2 Data Processing

The ultimate goal of our proposed system is to make a decision about the pres-
ence or absence of a PU signal within a UHF TV Channel. For this, the collected
data emerging from different sources need to be processed. In our proposed
data processing models, depending on the mode of operation, the underlying

data processing also differs.

5.2.1 Data Processing - SSS

As is observed in Figure 5.7, the proposed decision-making model for SSS con-
sists of two inputs, five blocks, and one output. The composite signal X(f) is
collected by the antenna and is fed to three DAI devices, i.e., an RFE, a SA, and
an RTL-SDR. The RFE and SA are in the ED block, whereas the RTL-SDR is in
the PD block.

In ED, the information is acquired by the RFE and the SA. These two devices
have different characteristics, for instance, the RFE collects 112 samples, and
SA in the same reading collects 1005 samples. Thus use of SA ensures higher

accuracy of sensing and this is an advantageous point of SSS over M-SSS.
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SC block takes the readings from ED and calculates the mean of the noise
W(f), and the statistical characteristics of the sensed signal. With this infor-
mation, it finds the adaptive threshold T and obtains the channels where the

presence of energy is detected.

ED

SC
RF Explorer
e ————— » T-Wp + M
Spectrum Analyzer
X
PD f\ DD
> RTL - SDR > | Decision 1y
\ J Device
DB s
E(f) ==—| TV channels DB

FIGURE 5.7: Proposed SSS for fixed and portable sensing purposes
in outdoor and indoor environments.

PD block inspects a very narrow frequency band and is tuned to the fre-
quency at which a TV broadcasting pilot tone is expected, i.e., 310KHz above
the lower edge of each channel. And it identifies those channels where pilot
tones are present. The DB block represents stored information about channel
occupancy, E(f), collected from an external source. Finally, the DD block uses
the combined information provided by ED, SC, PD, and DB blocks to decide the

presence or absence of TVWS in the sensed spectrum.

5.2.2 Data Processing - M-SSS

For M-SSS, the data is processed in a different manner than the fixed version. In
this particular case, it is mandatory to collect samples of composite signal X(f)
and noise signal W(f) in parallel at each instant of time #;. This is due to the
fact that because of the fast-changing of position of the MSSS, there can be sig-
nificant changes in spectrum characteristics. Figure 5.8, illustrates the proposed
decision making model for MSSS.

In contrast to Figure 5.7, we see in Figure 5.8 that the SA devices in the ED
block have been replaced by an RFE device. The objective of this RFE device is
to collect data about the noise of the system W( f). To allow this, a 50Q2 matched
impedance is attached to this additional RFE. The second RFE collects the infor-
mation of the composite signal X(f).
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Let us consider that, because the data are collected by a mobile station, a GPS
antenna must have been attached to the M-SSS, this is to collect information
related to the Latitude and Longitude of the sensed point.

ED SC

v * RF Explorer 1
--------------- —>| T=TWp + M

> RF Explorer 2
X —— !
PD /-\ DD
o/  RTL-SDR \J . Dggfsi:l“ L TVWS

DB -
E(f) ==———{ TV channels DB

FIGURE 5.8: Proposed M-SSS to sense spectrum over a mobile
platform to sense wide geographical areas.

Now, the ED block, simultaneously senses X (f) and W(f). This feature per-
mits to know at any time the level of noise of the system. In SC block, the data
collected by RFE #1 and RFE #2 are analyzed, next their statistical characteris-
tics are obtained, i.e., W( f), M, and adaptive T. After this, the energy of the
channels is detected as is detailed in Chapter 4. The PD, DB and DD block work
in the same way as their counterpart of the SSS data processing model. Finally,
it might be noted that information obtained by PD and E( f) can be taken with
a lower periodicity i.e., every 3 months or more because this information has a

very low variation rate.

5.3 Stochastic Considerations

For decision making, the proposed model takes into account the statistical char-
acteristics of noise W( f) and composite signal X( f), both simultaneously sensed
at the same location. These two signals present differences that are used to iden-
tify TVWS. In other words, the statistical characteristics of the noise signal W(f)
which is Normally distributed, provides information as the mean of the noise
W(f), its standard deviation ¢ and the Ps, necessary to calculate the adaptive
T. With all this information, we can apply the ED technique to the composite
signal X(f).
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The summarized procedure is visualized in Figure 5.9. The first RFE pro-
vides X(f), the second RFE collects information from W(f). From these sig-
nals, statistical information like W(p), o, and zyy for a Py, equivalent to 3% are
obtained. The same information is obtained from X(f), i.e., X(p), 0x, and zx.

Considering the data from both signals, we obtain the adaptive T.
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FIGURE 5.9: Proposed M-SSS to sense spectrum over a mobile
platform to sense wide geographical areas.

It is necessary to assume X(p) as a Normally distributed signal, to reduce
the complexity of the calculations to find the value for T.

5.3.1 Decision Procedure

The results obtained from ED, SC, PD and E(f) are processed together by DD
to determine the presence of PU.Table 5.4 shows the possible scenario with cor-

responding decision outcomes.

(i) It ED, PD, and DB output are negative, then the channel is marked as
unused (Hp).

(ii) If EDisnegative (X(f) < T), buteither PD or DB or both are positive, then
the channel is marked as used (H;*), which indicates that the channel is

only occupied in urban area of the city, i.e., available in the rural area.

(1i1) If ED is positive then the channel is marked as used (H), irrespective of
PD and DB outputs.

This procedure is applicable to both the SSS and M-SSS prototypes.
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TABLE 5.4: Decision Procedure, true table.

Group | ED | PD | DB | Decision
(i) 0 0 Hy
(i1) 0/1]1/0 Hq*
(i) 0/1]1/0 H;

* If the point is in the urban area of the city

— oo

5.3.2 Output Representation

The most attractive manner to show results is using an intuitive visual repre-
sentation. Figure 5.10 shows such a representation. In this representation, 32
UHF TV channels can be observed and immediately determined if the channel
is used or if it is considered as a TVWS.

Figure 5.10 shows a set of vertical bars where the number on the horizontal
axis i.e. 19 to 51 represent the UHF TV channels number. The green horizontal
line represents the calculated adaptive T in dBm. The red plot represents the
detected energy (dBm) of the composite signal X(f) and the blue plot shows
the noise level W(f) (dBm). The detected Pilot tones are marked by the letter
"P" printed on the top of the channel bar. If the channel was found in DB, its
corresponding vertical bar appears in yellow. Channel 37 is used for radio as-
tronomy and it appears coloured with green. TVWS appears in white (absence
of colours). Finally, if a channel does not have a detected pilot tone or is not

mentioned in the DB, but energy is detected, it will appear painted in cyan.
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FIGURE 5.10: Proposed graphical representations of results.
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Chapter 6
Results and Discussion

This Chapter shows and discusses the results obtained from scanning the UHF
TV spectrum in the city of Windsor using the proposed sensing model. It also
explains the different parametric considerations that are needed to accurately

distinguish between occupied and idle channels.

6.1 Data Characteristics

Measurements using the M-SSS were taken in the city of Windsor, following
the trajectories shown in Figure 6.1. For better understanding, we are showing
the trajectories and locations of this Figure, which was also shown before in
Figure 3.3. The M-SSS takes samples in a continuous manner. The relevant
data collection setup parameters are listed in Table 6.1. As seen in this Table,
36,176 readings which represent 4,051,712 samples, since there are 112 samples
per reading. The same process is used to sample noise data with another RFE
device; in total, 8,103,424 samples were collected. The time interval between
each reading is 0.340 seconds. The signal and noise data samples, along with the
GPS information of Latitude and Longitude is saved in the DB of the prototype.

The total distance traveled to collect the samples was 103.2km.

TABLE 6.1: Number of readings and samples collected with each

RFE.
Trajectory | Distance in Km | Readings | Noise Samples | Signal Samples
T1 16.05 5,417 612,752 612,752
T2 32.45 10,419 1,166,928 1,166,928
T3 31.48 12,924 1,447,488 1,447,488
T4 23.22 7,362 824,544 824,544
Total 103.20 36,176 4,051,712 4,051,712
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FIGURE 6.1: Four trajectories were defined to sense the UHF TV
spectrum in the city of Windsor, T1 red, T2 purple, T3 blue, and T4
orange.

As mentioned in Chapter 4, the value of Py, was selected as 3% for process-
ing the collected data. The obtained results are shown and discussed in the

following sections.

Considerations

The M-SSS is mounted on a vehicle to collect the samples. The maximum speed
limit (v) in the city at the expressway is 120 km/h, considering that the RFE
takes a sample every 0.340 seconds (t;), the maximum distance (d) between two

successive samples taken is given by
d=1vxtg (6.1)

according to this, d is 11.33m. When the vehicle is travelling faster, this value
can decrease according to the speed variations. This maximum distance of the
samples taken is small enough to plot the spectrum with an accurate level that

represents how the spectrum is being used in the sampled area.

6.2 Samples Analysis

For a particular reading, Figure 6.2 illustrates (a) the plot of the spectrum vs
power, (b) the pdf of the composed signal combined with the pdf of the noise,
and (c) the ROC curve of the Py, vs P;. This information is used to identify the
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presence of PU in a sensed band, the level of the noise, and permits calculation
of the adaptive T for each case. This adaptive T is also shown on Figure 6.2(a).
In the horizontal axis are represented channels from 19 to 51, and the vertical

axis has the absolute power of the signal measured in dBm.
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FIGURE 6.2: P11 (a) Spectrum diagram, (b) pdf of the noise and
composite signal, and (c) Receiver Operation Characteristics curve
with the Py, vs Py.

Using the same concept of Figure 6.2, Figures 6.3, 6.4, and 6.5 show the
spectrum diagram, pdfs of noise and composite signal, and Receiver Operation
Characteristics (ROC) curve respectively for ten different locations.

In Figure 6.3(a), for channel 21 and channels 39 - 45, we observe that the
signal energy is above T. We also observe that some noise peaks are also about
T. This reading was taken in a location which is on the eastern end of the city.
The subsequent readings are taken in a trajectory that approaches to the central
part of the city. In Figure 6.3(b), it is observed that signal energy is detected
in channels 31 and 32 in addition to the channels mentioned in Figure 6.3(a).
From Figure 6.3(c), it appears that there are energy peaks in channel 50 along
with channels 31 and 32 but the energy of channel 21 decreases to a level below
T. In Figure 6.3(d) the energy of the detected channels maintains its values in
relation to the previous figure. In Figure 6.3(e) there are well-defined peaks of
energy in channels 20-21, 26, 31-32, 38 to 46, and 50. In Figure 6.3(f) the profile
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is maintained, the general levels of energy decreases, but the same channels are
detected. For Figures (g), (h), (i), and (j) the energy detected does not present
any significant variation and it is the usual energy profile of the channels de-
tected in the central area of the city. The channels detected are 20-21, 25-26,
31-32, 38 to 46, and 50.

FIGURE 6.3: Sub-figures (a) to (j) spectrum vs power sensed in
Points 1 - 10, there are variations on the energy detected due to the
different location in which the samples were taken.

For the next block of plots in Figure 6.4, the pdf of the noise W(p), and
the composite signal X (p) are shown. Its relative amplitude and position vary
depending on the presence of energy and noise detected. These small variations
mark the difference that determined to set adaptive T for each case.
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FIGURE 6.4: Sub-figures (a) to (j) pdf of the W(p) and X(p)
sensed in Points 1 - 10.

In Figure 6.5, the ROC curves from each of the ten locations are plotted.

These curves represent the relation between Pr, and Pj in each case. The dif-

ferent values respond to the variations previously registered in the sensed lo-

cations. These curves have enough information to reveal the behaviour of the

spectrum.
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FIGURE 6.5: Sub-figures (a) to (j) ROC curves of the signal sensed
in Points 1 to 10.

It is important to note that each reading provides valuable information to
determine the state of the spectrum in that specific location at an instant of time
t;. To obtain a global view of the proposed method and its applicability, it is nec-
essary to compare all the obtained curves together to find usable relationship, if
any.

Figure 6.6(a) plots the ROC curves (Pf, vs Py) of the ten analyzed locations.
It is quite clear that each location has its own characteristics which differ from
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others.

Figure 6.6(b) depicts the same ROC curves shown in 6.6(a) but focuses on
a Py, a range of 0% to 4%. Additionally, the dotted vertical lines represent the
adaptive T in red, the T obtained with a M = 5dBm in blue, M = 7dBm in green,
and M = 10dBm in brown respectively. The Y-coordinate value of the intersec-
tion of a particular T and the ROC curve of a location represents P;. For example
in P3, for a Py, of 3% corresponds a P; of 48.4%.
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FIGURE 6.6: ROC curves obtained from P1 - P10, in (a) are present

all the curves, and in (b) are shown the same plot but zooming in

to observe the curves with a Py, closer to the one defined by the
adaptive T of 3%.

To visualize the accuracy of the model that proposes an adaptive T, the ROC
curve of the Pr, vs P; is obtained by calculating the average of 36,176 readings or
4,051,712 samples. By using Equations (4.4), (4.8), (4.14), and (4.15), the Prx
is obtained and corresponds to 4%. Figure 6.7 illustrates the average curve, the
Pramax, the adaptive T, and the values for T using a margin M of 5, 7, and 10dB.
Considering that Psgyq, defines the Py, which becomes 99.999% of the signals
that are possible to be detected.
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FIGURE 6.7: Dotted lines are the Prypax, Py, calculated with the

adaptive T, and T obtained by using a M of 5, 7, and 10dB respec-

tively. It is observed that the adaptive T proposed increases at lest
9.63% of P; than the values used by other authors.

6.3 Results Presentation

Channels Occupancy

In this project, 33 UHF TV channels (Channel 19 to channel 51), each having
a bandwidth of 6MHz were sensed. Channel 37 is assigned to radio astron-
omy and it is not used for TV broadcast, results are given for the remaining
32 TV channels. According to the information collected and applying the pro-
posed model which considers ED, PD, and DB, six channels were found to
have enough energy above T and the PU presence was confirmed by visually
observing TV channel captured by the attached TV set. These 6 channels are di-
vided into 19 sub-channels where six of them are High Definition (HD), 12 are
Standard Definition (SD), and one is used for audio only (910 KHz AM radio) as
was detailed in Table 3.1 of Chapter 3. In Figure 6.8 are plotted the geographical

points in which its occupation is represented.
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FIGURE 6.8: Location of the represented points

Spectrum Sensing Station SSS

By using the SSS, we found the existence of PU in 23 channels while scanning
the location around the University of Windsor, marked as (SSS) in Figure 6.8.
So it shows 72% of TV spectrum used and 28% idle spectrum. The later can be
considered as potentially TVWS allowing DSA as SU.

Mobile Spectrum Sensing Station M-SSS

When the M-SSS is used to sense the UHF TV spectrum, the results can vary ac-
cording to the geographical location of the sensed data, as is observed in Figure
6.9(a), in the central south (a) part of the city, we find six TV channels present in
Windsor (yellow coloured), and 11 channels for which signal was detected by
the DAI (in cyan), this is 53% of TV spectrum used, and 47% idle spectrum.

In Figure 6.9(b) that correspond to the south (b) part of the city, there are six
TV channels (yellow coloured) and 12 channels for which signal was detected
by the DAI (in cyan), this represents 57% of used spectrum and 43% of TVWS.

In Figure 6.9(c) which is the middle-east (c) part of the city, there are six TV
channels (yellow coloured) and 13 channels for which signal was detected by
the DAI (in cyan), this represents 60% of used spectrum and 40% of TVWS.

Finally, In Figure 6.9(d) which is the east (d) limit of the city, there are six TV
channels (yellow coloured) and 10 channels for which signal was detected by
the DAI (in cyan), this represents 50% of used spectrum and 50% of TVWS.
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These results are given considering that the six channels mentioned in the
E(f) are effectively occupied by PU, which is not necessarily the truth. It can
produce that the percentage of TVWS increases for each case.
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FIGURE 6.9: Spectrum detected and analyzed with the proposed

model. (a) central south part of the city, (b) southeast, (c) middle

east, and (d) eastern limit of the city of Windsor. Note that as far
of the center the sample is taken, less PU are detected.

6.4 Variability of the sensed Signals

The reason to take simultaneous samples of the noise W(f) and the composite
signal X(f) at each time instant ¢;, is due to the variations experienced in the
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UHF TV spectrum by the above-mentioned signals. From Figure 6.10 we can
observe the pdf of the average values for W(p) and X(p). To obtain this pdf,
from trajectory T2, a number of 1,166,928 samples for noise, and a similar num-
ber for the composite signal were collected. The mean values of the signals were

obtained, and a Confidence Interval (CI) corresponding to 95% was calculated

and plotted.
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FIGURE 6.10: Plot of the Confidence Interval (CI) of average val-
ues for W(p) and X(p), the variations are represented in dB.

Figure 6.10 also shows that the noise mean W(p) has a value of -108.9725
and can have a variation of 1.05dB. The mean of the composite signal X(p) has
a value of -103.9889 with a CI of 6.72dB.

Around X(p), represented with a red dashed line, the mean of the composite
signal values, could vary in 6.72 dB. Now, it means that sometimes the respec-
tive pdf of the noise and the composite signal can be closer or separated from
each other. This variation is confirmed by the plots represented in Figure 6.4.
In order to avoid any error produced by the variation mentioned above, it is
recommended to obtain separate readings for signal and noise. This is more
applicable when the M-SSS is used and the samples are taken in different geo-
graphical location every t;.
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Chapter 7

Conclusion and Future Work

7.1 Conclusions

In this thesis, a probabilistic model to identify the occupancy of the UHF TV
spectrum has been proposed. The model is based on the probability of false
alarm and the probability of detection of the sensed signals. For collecting in-
formation, two spectrum sensing station prototypes were designed and con-
structed. The first one was named as Spectrum Spectrum Station (SSS) and the
second one as Mobile Spectrum Spectrum Station or M-SSS. The SSS was op-
erated in two modes, a fixed mode that uses an external antenna to sense the
outdoor TV spectrum, and a portable mode which is used for indoor spectrum
sensing purposes. The mobile station M-SSS was designed for mounting on a
vehicle, for sensing broad geographical areas. It uses lightweight components,
consumes low power, and is easy to handle. Another mention-worthy feature
of the M-SSS is that it uses a technique that senses the spectrum with two RFE
devices connected in parallel for sensing composite signal and noise signal si-
multaneously for improved detection capability.

To reduce the risk of missed detection, in the proposed model, two sens-
ing techniques, i.e., energy detection and pilot detection outputs are combined
with primary users” information. This information is obtained from an exter-
nal source, and it is based on the geographical location of the primary users.
This technique attempts to reduce errors and increase detection probability by
considering diverse information from different sources.

A mention-worthy aspect of this proposal is the probabilistic model that con-
siders the probability of false alarm and the probability of detection; both used
to calculate an adaptive threshold. This is obtained from the simultaneous read-
ing of the noise and the composite signal samples, taken every instant of time
t;, which ensures the quality of the results compared to existing methods.

The probability of false alarm and the probability of detection values are
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calculated assuming that the noise and the composite signal are normally dis-
tributed. While the noise signal truly follows a normal distribution, in order
to reduce computational complexity related to probabilistic analysis and yet
preserve efficiency, the composite signal is also assumed to be a normally dis-
tributed signal. We consider this assumption to be an acceptable one since the
fundamental calculations involved in finding the probability of false alarm is
based only on the noise signal, which as mentioned before, follows a Normal
distribution as the Kolmogorov-Smirnov test has verified. The optimal proba-
bility of false alarm is used as an input in the receiver operating characteristic
curve function, and the optimal probability of detection is obtained.

Two spectrum sensing stations have been designed and implemented to
demonstrate the developed technique for TVWS spectrum sensing. The first
one, consist of a high-precision, expensive spectrum analyzer which is used to
sense the spectrum from a fixed location. Readings collected with the spec-
trum analyzer serve as a reference to compare the readings taken with the RF
Explorer, a low-cost open hardware/software device used to sense the same
spectrum in parallel. The RF Explorer was found to give a good performance.
With these results, a second mobile spectrum sensing station was implemented
where two RF Explorer devices were mounted on a vehicle and used to sense
the spectrum across the city of Windsor, collecting more than 8 million samples.

Performance-wise, our model demonstrated 9.63% higher probability of de-
tection (P;) compared to other methods found in literature. And, from our col-
lected data, we observed that in the central area of the city, about 28% of the
sensed spectrum are TVWS and as we move to the outer edges of the city, up-to
65% of the TV channels sensed were found to be TVWS. This observation clearly
suggests that there lies a significant number of unused TV channels which can
be used for different opportunistic services through the implementation of cog-
nitive radio-enabled dynamic spectrum access. Finally, it can be concluded that
the proposed mobile spectrum sensing station along with the proposed proba-
bilistic model for sensing the UHF TV spectrum can be used in any other loca-

tion.

7.2 Future Work

From the growing interest of spectrum sensing for cognitive radios, it is un-
derstood that research scopes in this field are immense. Extending our current
research, our future research plans include but are not limited to the follow-
ing: Exploring beyond TVWS, by designing and developing sensing prototypes
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that are not restricted to TV bands and cover the bands under 3 GHz. Disaster
management, by developing a proposal of telecommunications for disaster sit-
uations that uses the UHF TV bands as an alternative communications channel
for connecting affected people and rescue teams. Pilot tests on TVWS, imple-
menting a pilot to use a single 6MHz TV channel to transmit specific informa-
tion, i.e., voice, data, and video to test digital spectrum access to this spectrum
in both indoor and outdoor environments. TV Gray Space, by diffusing the use
and sharing of TV bands in indoor environments, exploiting the bands known
as TV Gray Spaces.
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Mathematical Notation

Ord Variable Units and/or Observations
1 F Frquency / MHz, KHz, Hz
2 P Power of the signal / dBm
3 M Margin / dB
4 T Threshold / dBm
5 R Matched impedance / Q (Ohm)
6 W(f) Noise in the frequency domain
7 X(f) Composite signal in the frequency domain
8 w({) Mean of the noise in the frequency domain
9 X(f) Mean of the composite signal in the frequency domain
10 W(p) Normal curve of the noise
11 Xo(p) Multi modal curve of the composite signal
12 X(p) Normal curve of the composite signal
13 W (p) Mean value of the normal curve of the noise
14 X(p) Mean value of the normal curve of the composite signal
15 Pfa False alarm probability / Percentage
16 Pd Detction probability / Percentage
17 z Area under the normal curve to the left of z / Percentage
18 F(2) z function
19 f(XW) Pdf of the noise
20 f(xX) Pdf of the composite signal
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Table entry
Table entry for z is the area under the standard normal curve
z to the left of z.

z .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
-3.4 .0003 .0003 .0003 .0003 .0003 .0003 .0003 .0003 .0003 .0002
-3.3 .0005 .0005 .0005 .0004 .0004 .0004 .0004 .0004 .0004 .0003
-3.2 .0007 .0007 .0006 .0006 .0006 .0006 .0006 .0005 .0005 .0005
-3.1 .0010 .0009 .0009 .0009 .0008 .0008 .0008 .0008 .0007 .0007
-3.0 .0013 .0013 .0013 .0012 .0012 .0011 .0011 .0011 .0010 .0010
-2.9 .0019 .0018 .0018 .0017 .0016 .0016 .0015 .0015 .0014 .0014
-2.8 .0026 .0025 .0024 .0023 .0023 .0022 .0021 .0021 .0020 .0019
-2.7 .0035 .0034 .0033 .0032 .0031 .0030 .0029 .0028 .0027 .0026
-2.6 .0047 .0045 .0044 .0043 .0041 .0040 .0039 .0038 .0037 .0036
-2.5 .0062 .0060 .0059 .0057 .0055 .0054 .0052 .0051 .0049 .0048
-2.4 .0082 .0080 .0078 .0075 .0073 .0071 .0069 .0068 .0066 .0064
-2.3 .0107 .0104 .0102 .0099 .0096 .0094 .0091 .0089 .0087 .0084
-2.2 .0139 .0136 .0132 .0129 .0125 .0122 .0119 .0116 .0113 .0110
-2.1 .0179 .0174 .0170 .0166 .0162 .0158 .0154  .0150 .0146 .0143
-2.0 .0228 .0222  .0217 .0212 .0207 .0202 .0197 .0192 .0188 .0183
-1.9 .0287 .0281 .0274 .0268 .0262 .0256 .0250 .0244 .0239 .0233
-1.8 .0359 .0351 .0344 .0336 .0329 .0322 .0314 .0307 .0301 .0294
-1.7 .0446 .0436  .0427 .0418 .0409 .0401 .0392 .0384 .0375 .0367
-1.6 .0548 .0537 .0526 .0516 .0505 .0495 .0485 .0475 .0465 .0455
-1.5 .0668 .0655 .0643 .0630 .0618 .0606 .0594 .0582 .0571 .0559
-1.4 .0808 .0793 .0778 .0764 .0749 .0735 .0721 .0708 .0694 .0681
-1.3 .0968 .0951 .0934 .0918 .0901 .0885 .0869 .0853 .0838 .0823
-1.2 .1151 1131 1112 .1093 .1075 .1056 .1038 .1020 .1003 .0985
-1.1 .1357 1335 .1314 1292 1271 .1251 .1230 .1210 .1190 .1170
-1.0 .1587 1562  .1539 .1515 .1492 .1469 .1446 .1423 .1401 .1379
-0.9 .1841 .1814  .1788 .1762 .1736 1711 .1685 .1660 .1635 .1611
-0.8 .2119 2090  .2061 .2033 .2005 .1977 .1949 .1922 .1894 .1867
-0.7 .2420 .2389  .2358 .2327 .2296 .2266 .2236 .2206 2177 .2148
-0.6 .2743 2709 2676 .2643 2611 .2578 .2546 .2514 .2483 .2451
-0.5 .3085 .3050 .3015 .2981 .2946 .2912 .2877 .2843 .2810 .2776
-0.4 .3446 3409 3372 .3336 .3300 3264 3228 3192 3156 3121
-0.3 .3821 3783  .3745 .3707 .3669 .3632 3594 3557 .3520 .3483
-0.2 .4207 4168 4129 .4090 .4052 4013 .3974 .3936 .3897 .3859
-0.1 .4602 4562  .4522 .4483 .4443 4404 4364  .4325 .4286 4247
-0.0 .5000 4960  .4920 .4880 .4840 4801 4761 4721 4681 4641




Appendix C

Standard Normal Probabilities

81

Table entry
Table entry for z is the area under the standard normal curve
to the left of z.

z .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
0.0 .5000 .5040 .5080 .5120 .5160 .5199 .5239 .5279 .5319 .5359
0.1 .5398 .5438 .5478 .5517 .5557 .5596  .5636 .5675 .5714 .5753
0.2 .5793 .5832 .5871 .5910 .5948 .5987  .6026 .6064 .6103 .6141
0.3 .6179 .6217 .6255 .6293 .6331 .6368  .6406 .6443 .6480 .6517
0.4 .6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844 .6879
0.5 .6915 .6950 .6985 .7019 .7054 .7088 7123 .7157 .7190 7224
0.6 7257 7291 7324 .7357 .7389 7422 .7454 .7486 7517 .7549
0.7 .7580 .7611 .7642 .7673 7704 7734 7764 7794 .7823 .7852
0.8 .7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133
0.9 .8159 .8186 .8212 .8238 .8264 .8289  .8315 .8340 .8365 .8389
1.0 .8413 .8438 .8461 .8485 .8508 .8531 .8554 .8577 .8599 .8621
1.1 .8643 .8665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8830
1.2 .8849 .8869 .8888 .8907 .8925 .8944  .8962 .8980 .8997 .9015
1.3 .9032 .9049 .9066 .9082 .9099 9115 9131 9147 .9162 9177
1.4 9192 .9207 9222 .9236 .9251 .9265 .9279 .9292 .9306 .9319
1.5 .9332 .9345 .9357 .9370 .9382 9394  .9406 .9418 .9429 9441
1.6 .9452 .9463 .9474 .9484 .9495 .9505 .9515 .9525 .9535 .9545
1.7 .9554 .9564 .9573 .9582 .9591 9599  .9608 .9616 .9625 .9633
1.8 9641 .9649 .9656 .9664 9671 9678  .9686 .9693 .9699 .9706
1.9 9713 .9719 .9726 .9732 .9738 9744 9750 .9756 9761 .9767
2.0 .9772 .9778 .9783 .9788 .9793 9798  .9803 .9808 .9812 .9817
2.1 .9821 .9826 .9830 .9834 .9838 .9842 .9846 .9850 .9854 .9857
2.2 .9861 .9864 .9868 .9871 .9875 .9878  .9881 .9884 .9887 .9890
2.3 .9893 .9896 .9898 .9901 .9904 9906  .9909 9911 9913 .9916
2.4 .9918 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936
2.5 .9938 .9940 9941 .9943 .9945 9946  .9948 .9949 .9951 .9952
2.6 .9953 .9955 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964
2.7 .9965 .9966 .9967 .9968 .9969 9970 .9971 .9972 .9973 .9974
2.8 .9974 .9975 .9976 .9977 .9977 9978  .9979 .9979 .9980 .9981
2.9 .9981 .9982 .9982 .9983 .9984 9984  .9985 .9985 .9986 .9986
3.0 .9987 .9987 .9987 .9988 .9988 .9989 .9989 .9989 .9990 .9990
3.1 .9990 .9991 19991 .9991 .9992 .9992 .9992 .9992 .9993 .9993
3.2 .9993 .9993 .9994 .9994 .9994 9994  .9994 .9995 .9995 .9995
3.3 .9995 .9995 .9995 .9996 .9996 9996  .9996 .9996 .9996 .9997
3.4 .9997 .9997 .9997 .9997 .9997 9997  .9997 .9997 .9997 .9998
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