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Abstract

In this thesis, a fully millimetre-wave (mm-wave) generation and transmission
system is proposed for futuristic communications. Significant challenges have
been dealt with regarding the proposed system, including designing the mm-
wave generation and transmission technique, and its application in cellular
networks. These challenges are presented through five main contributions and
validated via Optiwave Design Software and MATLAB simulation tools.
Firstly, three novel photonic generation methods are proposed and designed
based on the characteristics of Brillouin fibre laser and the Stimulated Brillouin
Scattering (SBS) effects with phase modulation. The mm-wave carriers are
successfully generated with a tuning capability from 5 to 90 GHz. Also, these
carriers are with good Signal to Noise Ratio (SNR) up to 51 dB, and low noise
signal power of about -40 dBm. The impact of these methods is obtaining
stable mm-waves appropriate for Radio over Fibre (RoF) transmission systems
in 5G optical networks.

Secondly, a full-duplex RoF system with the generation of a 64 GHz mm-wave
is proposed. Successful transmission of the mm-wave over a fibre link is
achieved for up to 100 km of fibre with a data rate of 5 Gbits/s. The main
impact of this system is cost reduction and performance improvement by
simplifying mm-wave generation and transmission over fibre. Also, it ensures
a useful communication link for small cell networks.

Thirdly, a hybrid Fibre/Free-space optical (FSO) system for the generation and
transmission of 64 GHz mm-wave is proposed. This optical system provides a
low latency communication link and overcomes mm-wave high path losses. A
successful mm-wave transmission is achieved over a 10 km fibre length, and 2
km FSO link length with a good Bit Error Rate (BER) of about 1.5x10™% and a
data rate of 10 Ghits/s. This system increases the network coverage area by
transmitting the mm-wave over the FSO link to the areas with natural obstacles
the laying of fibre cables impossible. Also, it can be used as an effective
solution under emergency disaster conditions.

Fourthly, a comprehensive study of the wireless propagation performance for
different mm-wave bands (28, 60, and 73 GHz) as cellular networks is
investigated and compared with the 2.4 GHz Ultra-High Frequency band
(UHF). A map-based scenario is proposed for the deployment of Base Stations
(BSs) within the Brunel University London Campus map to consider real
blockage effects. This investigation involved specifying which mm-wave
spectrum can enhance the futuristic cellular networks, by evaluating the
coverage and rate trends. Comparative results show that the 73 GHz bands can
achieve the higher rate with good coverage and the lowest interference effects
than the other mm-wave bands.

Finally, a simplified path loss model is proposed to estimate precisely the 28
GHz mm-wave performance, which is considered a key component in 5G
networks in outdoor applications. The proposed path loss model captures the
diffraction and specular reflection impacts on mm-wave wireless propagation.
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Chapter 1

Introduction

1.1 Overview

Owing to the explosive evolution of mobile communications, the mobile data
traffic in the futuristic networks is estimated to experience a significant tenfold
increase in current networks [1, 2]. To cope with this communication growth,
the capacity of the wireless communication link needs to be enhanced.
Spectrum congestion in the current microwave band and the global bandwidth
shortage facing current wireless carriers have motivated interest in the
development and implementation of an underutilised millimetre-wave (mm-
wave) frequency spectrum for futuristic communication networks [3, 4]. The
mm-wave spectrum (3-300 GHz) is considered a vital solution for the next era
of the communication system, i.e. the Fifth Generation (5G) due to its large
available bandwidth [5]. Within the mm-wave spectrum, many bands can be
suitable for the application in the futuristic mobile broadband, and there are
several tens of gigahertz (bandwidth) available in different mm-wave bands.
Including: the local multipoint distribution service band (LMDS) at 28-30
GHz, the oxygen absorption band at 57-64 GHz, the E-bands at 71-76 GHz,
81-86 GHz, and 92-95 GHz [1, 6, 7]. Figure 1.1 presents different mm-wave
spectrum bands with the available bandwidth for each.

The application of mm-wave frequencies in futuristic communication networks
requires the designing of a compact and low-cost system for the generation and
transmission of the mm-waves. To this end, extensive research has recently
undertaken aimed at developing technologies for mm-wave signals generation

and transmission. Fortunately, there is advantageous integration between the



optical fibre and mm-waves that will facilitate the generation methods and
support the mm-waves transmission in providing a high data rate. The radio
over fibre (RoF) system provides high bandwidth through fibre links for long
distances, while mm-wave communication provides very high bandwidth in
wireless networks in comparison with microwave bands [8, 9, 10]. However,
there are still some challenges relating to the implementation of mm-waves in
the RoF system. That is, mm-wave propagation faces serious difficulties in the
wireless channel due to its physical characteristics, such as high path losses,
high signal attenuation, and blockage by solid materials [8, 10]. Figure 1.2
shows the attenuation and atmospheric absorption of mm-wave band
propagation. Rain, fog, and any moisture in the air make the mm-wave signal
attenuation very high, and this will limit the wireless transmission distances. It
can be seen from the curve in Figure 1.2 that the attenuation is high especially
at the 60 GHz band, because of oxygen absorption, while the water absorption
is responsible for increasing the attenuation in the other mm-waves peaks.
Owing to this, selecting the lowest attenuation mm-wave frequencies within
the curve can minimise the propagation losses [3, 11, 12]. These characteristics
will add a new challenge to address of inventing new components and applying
advanced antennas with beamforming [13, 14]. In general, achieving a
practical, simple, and cost-effective system design is essential for the success
of mm-wave application in futuristic communication systems.

The rest of this chapter is organised as follows: In Section 1.2, the motivations
for this study are explained, and the aim with objectives are presented in
Section 1.3. Section 1.4 includes the thesis scope and contributions. Finally,

the thesis outline is provided in Section 1.5
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1.2 Motivations

As the upcoming mobile networks will migrate to the higher frequencies, i.e.
the mm-wave bands, this new spectrum will compensate for the bandwidth
lack of the current wireless carriers. The use of mm-wave frequencies will
greatly help in increasing the communication system capacity. Also, the mm-
wave communication imposes some challenges and thus, when considering
mm-waves for futuristic mobile networks, many issues must be addressed to
verify these networks.

Firstly, mm-wave signals generation is considered challenging in the electrical
generation domain and consequently, the optical generation method is
preferred for obtaining high-frequency signals with high quality [8, 15, 16].
Various methods for mm-wave generation have been proposed recently, but the
application of mm-waves in communication systems still needs feasible and
cost-effective methods to simplify the system setup. To address this, studying
the integration between mm-wave and RoF system is needed to generate and
deliver mm-waves, thereby taking advantage of the benefits of high capacity
fibre cables. Also, the mm-wave transmission through fibre cable will be
advantageous in it overcoming mm-wave high path losses in wireless
propagation. Unfortunately, transmitting mm-wave over RoF systems also
faces some limitations due to fibre nonlinearity effects and this drives the
necessity of developing new photonic generation methods with the RoF system
to reduce these effects (as will be explained in the first and second
contributions).

Secondly, the realising of a low latency communication link is an important
consideration in futuristic communication networks to support massive and
various delay-sensitive applications. Latency in fibre-optic networks comes
from three main parts: the fibre itself, the optical components, and the
optoelectronics components. The applications of long fibre link will increase
the latency and will add extra complexity to the networks. In addition, long

fibre link needs the use of further components to improve the performance of



the communication system, such as amplifiers, dispersion compensator, and
repeaters. As a result, the further use of fibre will not support the 5G
requirements for achieving low latency (below 1 ms) [2, 17, 18, 19]. The
application of Free Space Optical (FSO) systems can provide a low latency
communication link due to the possibility of applying a direct optical
communication link. Considering the high bandwidth of FSO transmission link
with short range distance is beneficial to obtain low latency communications.
Also, there is no need to consider licence obligations and deployment
permissions. However, there is stills need for a comprehensive investigation to
apply these systems in futuristic networks. Moreover, laying fibre cables is not
possible in some areas with natural obstacles so applying an FSO link instead
will enable to increase network coverage area to reach the last-mile. In
addition, under emergency and disaster conditions there is a crucial need for
verifying an efficient communication link, so applying an FSO system could
provide a vital solution for these cases. The latest studies have investigated the
use of such a system for the transmission of high data rate between two fixed
points over a long distance [20, 21, 22], but currently there has been
investigation on the collaboration between mm-wave frequency and the FSO
link [23]. All these issues raised the importance of designing a new system
capable of integrating mm-wave frequencies with the RoF system and FSO
link (as will be explained in the third contribution).

Thirdly, applying mm-wave in cellular networks will need extensive research
in this field to achieve significant improvement in network performance.
Millimetre-wave frequency can provide high bandwidth as a carrier signal.
Data rates of around multi Gbits/s could be achieved by applying an mm-wave
wireless link, but it will suffer from high path loss and have a low wireless
propagation range [10, 24]. Thus, the use of the new mm-wave bands for
indoor and outdoor wireless propagation will require a full understanding of all
characteristics and propagation performance for each mm-wave band as an
electromagnetic wave. Some of the new research has had the intention of

integrating the mm-wave application with advanced antenna techniques by



applying new beamforming and advanced Multiple Input Multiple Output
(MIMO) technique. This needs a design of new and compact components with
consideration of the production cost [25, 26, 27]. However, the application of
the mm-wave frequencies in the next generation communication networks will
differ from the existing one, regarding its high propagation loss, sensitivity to
blockage, and high directivity. Accordingly, a comprehensive study of mm-
wave wireless propagation as a cellular network with considering blockages
effects is important for successfully verifying mm-wave wireless network (as
will be explained in the fourth and fifth contributions).

Finally, all these characteristics of mm-wave frequencies add significant
challenges to the futuristic communication networks, including the design, the
generation and transmission system and the application in cellular networks.
All these challenges stand behind the motivation for this PhD study, with the
aim of proposing a solution and design for a fully mm-wave communication

system for futuristic communication networks.

1.3 Aim and Objectives

In the light of the above overview on the application of mm-waves in futuristic
communication, the overall aim of this study is to design a fully mm-wave
communication system for futuristic communication networks. The focus of

this work with its objectives is as follows:

1. To generate photonically stable mm-wave carriers with low noise by
proposing practical generation methods. This process includes
proposing novel photonic generation methods with a simple and cost-
effective setup to obtain high-quality mm-wave carriers.

2. To verify multi Gbits/s data transmission with the design of the mm-

wave over fibre system. This process includes designing a practical full



duplex RoF system with mm-wave generation and transmission. The

proposed system is demonstrated by using the Optiwave Software.

3. To verify a low latency and high capacity communication link. This
process includes proposing a novel system for mm-wave generation and
transmission over a hybrid Fibre/FSO link. The latency is reduced by
decreasing the fibre length and proposing an FSO link instead.

4. To estimate precisely the mm-wave propagation performance in a
cellular network. This process includes proposing a realistic scenario
for the deployment of different bands of mm-wave Base Stations (BSS)

using MATLAB simulation tools to evaluate coverage and rate trends.

5. To estimate precisely the diffraction and specular reflection impacts on
28 GHz mm-wave wireless propagation. This process includes
proposing a simplified path loss model with applying a map-based

scenario for BSs deployment to evaluate coverage and rate trends.

1.4 Thesis Scope and Original Contributions

As a direct impact of this study, there are five main original contributions

presented in this thesis, which can be summarised as follows:

1. Three novel photonic mm-wave generation methods have been designed.
The proposed generation methods are based on characterisations of the
Brillouin fibre laser and Stimulated Brillouin Scattering (SBS) effects with
phase modulation. Very stable mm-wave carriers with low noise and
frequency tuning capability have been obtained. A single laser source is

used in the generation methods, thereby overcoming the fibre nonlinearity



effects. The proposed full setup and explanation of these methods with the

theoretical analysis and simulation results are discussed in Chapter 3.

. A feasible full-duplex RoF system with the photonic generation of 64 GHz
mm-wave has been proposed. One laser source is utilised, and a Fibre
Bragg Grating (FBG) is used for the wavelength reuse for the uplink
connection. A stable mm-wave transmission over fibre link is successfully
achieved that with verifies a high data transmission rate. Cost reduction and
performance improvement are achieved by simplifying the mm-wave
generation method with the proposed RoF technique. The proposed
simulation setup of this system with the theoretical analysis and simulation

results is discussed in Chapter 4.

. A novel hybrid Fibre/FSO system has been designed to generate and
transmit mm-waves. The proposed system provides a low latency and high
capacity communication link. The mm-wave frequency is integrated with
the RoF system and FSO link to achieve a successful high data
transmission rate. The proposed simulation setup of this hybrid system with

the obtained results is discussed in Chapter 5.

. A comprehensive study of applying different mm-wave bands in the
cellular networks has been carried out by evaluating the coverage and rate
trends. A map-based scenario is proposed for analysing the deployment of
BSs. Different mm-wave performances in outdoor applications have been
estimated and compared. The full theoretical analysis and mathematical
calculation with the simulation results are provided in Chapter 6.

. A simplified path loss model is proposed to estimate precisely the
diffraction and specular reflection impacts on 28 GHz mm-wave
performance in outdoor applications. The coverage and rate trends have

been calculated, with a subsequent proposal for a map-based scenario for



the deployment of BSs. The full theoretical analysis and mathematical

calculation with the simulation results are presented in Chapter 7.

The thesis scope is summarised in Figure 1.3, which explains the integration of
all the contributions and the importance for each.
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Figure 1.3 Thesis scope.

1.5 Thesis Outline

The work in this thesis is organised into eight chapters. Each chapter will start
with a brief introduction providing an overview of the main points and
highlighting its contribution. At the end of each chapter, a summary is

presented.



The thesis outline is summarised below:

Chapter 2: includes the main concepts, which are key to the development of the
work presented in this thesis. This chapter first provides a detailed background
about the mm-wave generation and transmission systems. A more
comprehensive explanation about the RoF and the FSO systems is also
included. Then, it describes the challenges with mm-wave wireless networks.

Finally, this chapter provides a discussion of the previous related works.

Chapter 3: introduces the proposed three novel photonic methods for the mm-
wave generation, which are based on the characteristics of Brillouin fibre laser
and SBS effects with phase modulation. The design of the generation methods
with the mathematical and simulation analysis is explained with all details. The
effectiveness of these methods is discussed and the simulation results

presented.

Chapter 4: presents the design of a full-duplex RoF system with the generation
of a 64 GHz mm-wave. The simulation setup of the RoF system is described
with the mathematical analysis, whilst the benefits of proposing this system are

discussed and the simulation results presented.

Chapter 5: presents the design of a novel system for mm-wave generation and
transmission over a hybrid Fibre/FSO link. The impact of proposing this low
latency and high capacity communication link is explained. The simulation

setup of this hybrid system is described with a results discussion.

Chapter 6: introduces a comprehensive study of the application of mm-wave
bands in the cellular networks. The coverage and rate trends are evaluated to
investigate mm-wave propagation performance. A map-based scenario is
proposed for the deployment of BSs and to estimate the effectiveness of mm-

wave outdoor applications. The comparative results are presented and
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discussed along with the mm-wave challenges and their advantages in cellular

networks, specifically.

Chapter 7: presents the proposed simplified path loss model to estimate
precisely the 28 GHz mm-wave performance in outdoor applications. The
impact of the diffraction and specular reflection on the mm-wave wireless
propagation is calculated and compared with the traditional path loss model.

Simulation results are presented and discussed.
Chapter 8: provides a summary of the findings of this thesis, and some

suggestions for the future work, with a final commentary on this research’s

impact.
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Chapter 2

Background and Literature Review

2.1 Introduction

Due to the enormous increase in both the number of wireless communication
subscribers and the bandwidth needed, applying the underutilised mm-wave
carriers is a vital solution to the overcrowded current frequency spectrum [3].
A prospective high-bandwidth communication system known as the RoF
system has been proposed as the significant solution for mm-wave generation
and transmission [28]. As the mm-wave spectrum bands have channels sizes
capable of improving the wireless data speeds, they provide an attractive
opportunity due to the available large bandwidth. This vast mm-wave spectrum
could be used within the next few years for the 5G cellular networks and WiFi
communications [29]. In addition, RoF systems with mm-wave applications
can increase the capacity, bandwidth and mobility as well, which has gained
tremendous attention recently [17, 24, 30].

The simplified RoF system is explained in Figure 2.1. The mm-wave signals
will be transmitted directly between the Central Station (CS) and the Radio
Access Units (RAUs) using optical fibres. The signal generation and
processing will be at the CS, which contains data resources, Optical
Transmitters (TXs) and Receivers (RXs) with lasers and Photo Detectors
(PDs). This configuration means the RAUs are simplified to deal with only the
process of signals conversion and amplification, and transmitting the mm-wave
signals to the mobile terminal end users [8, 15, 31].

The application of mm-wave in communication networks poses two main
challenges. Firstly, the generation and the transmission of such high-frequency

mm-wave signals is a very significant issue. Regarding which, the common
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methods of the generation by using cheap components would result in
significant Bit Error Rate (BER) degradation [15]. Secondly, whilst mm-wave
carriers provide large bandwidth, they suffer from high path losses in the
wireless propagation, which would require an increase in the number of the
RAUES. As a result, the cellular network cells should be split into smaller cells,
and whilst this will provide high bandwidth per user, it will lead to an increase
in the network complexity and the infrastructure costs [2, 10].

This chapter presents a detailed background to the fundamentals of mm-wave
generation methods and RoF with the FSO technologies. Also, it discusses the
physical characteristics of the mm-wave propagation, which vary with different
frequencies due to the electromagnetic mm-wave wave nature. Then, it
presents a discussion about the related previous studies that were aimed at
improving mm-wave generation and transmission systems, whilst also

highlighting the significant gaps in the previous research.
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Figure 2.1 A simplified RoF system architecture.
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2.2 Optical Millimetre-Wave Generation Techniques

The electrical generation methods of mm-waves are considered challenging
because they need fast electronic processing. Also, most of the extant
electronic mm-wave generation methods use oscillators and frequency
multiplexers, which make the mm-wave sources huge and heavy. Moreover,
applying of mm-waves in wireless networks requires a large number of BSs
due to the mm-wave high path losses. Owing to this requirement, the electrical
generation will increase the infrastructure cost and the complexity of the BSs
[32]. As a result, the optical generation technique is the most promising
solution to simplify the BSs. Over the past few years, many studies have been
conducted to develop and improve the optical mm-wave generation and
transmission systems. Recently, optically generated mm-waves have attracted
considerable attention specifically for high carrier frequency above 60 GHz,
because of the high available bandwidth [33]. There are four main methods for
the optical generation of mm-wave signals over fibre links: direct modulation;
external modulation; optical heterodyning; and multimode light sources [8, 15,
16, 34].

2.2.1 Direct Modulation

The direct modulation technique is based on modulating a laser source directly
with the downlink data signal at a mm-wave carrier frequency and then, the
mm-wave signal can be recovered at the photodiode by direct detection. The
method is explained simply in Figure 2.2.

This technique is simple and cheap, but it has some limitations. The bandwidth
of the directly modulated laser limits the frequency range of the modulating
signals by the laser resonance peak. Due to this, all the reported RoF systems
with deploying the direct modulation technique are limited to low mm-wave
frequencies [8, 15, 35, 36, 37]. This impairment will also increase the

nonlinearities, the frequency chirp, as well as causing poor frequency stability
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and transmission integrity [38]. Owing to this, to generate and transmit high
mm-wave frequencies a viable option is the use of the external modulation

technique, which is explained in the next section.
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Figure 2.2 Direct modulation.

2.2.2 External Modulation

The external modulator is commonly one of the intensity modulator types,
which can be a Mach-Zehnder Modulator (MZM), a Phase Modulator (PM), or
an Electro-Absorption Modulator (EAM), as reported in [8, 15, 39, 40].
Simply, the external modulation technique includes a Continuous Wave (CW)
laser source followed by an external modulator that modulates the laser light
with the mm-wave signal, as explained in Figure 2.3.

With this technique, the main drawback relates to the transmission of the
optical signal, which is derived from the external modulator. Due to the fibre
nonlinearity characteristics, the transmission of the laser light will generate
high order harmonics and these harmonics might be undesired or required
depending on the system architecture. Hence, the power of these harmonics
should be controlled by the bias voltage of the external modulator and the
modulation index. Also, optical filters are required to eliminate undesired

harmonics.
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Whilst external modulation generates high mm-wave frequencies, this
technique is considered more expensive and complicated than direct
modulation [8, 41, 42]. Recently, an external modulation technique is reported
in [43] for generating a 40 GHz dual-tone optical mm-wave by quadrupling a
local radio-frequency oscillator via single dual-electrode MZM. Another
approach is proposed in [44], that of generating microwave and mm-wave
signals by using an MZM modulator and a filtering technique based on the
Brillouin sideband. Regarding another way, as in [45], a generation scheme is
proposed to generate a high-frequency mm-wave up to 120 GHz by using a
dual-parallel MZM, but this still affects the complexity and cost of the system.
Also, the researchers in [46] studied mm-wave signal generation based on
frequency doubling by using an MZM modulator, whilst trying to overcome

fibre chromatic dispersion.
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Figure 2.3 External modulation.

2.2.3 Optical Heterodyning

With this technique, two laser sources emitting different frequencies can be
mixed by an optical coupler to generate the mm-wave signal. The generated
mm-wave will have a frequency equal to the difference between the emission

frequencies of the two lasers sources. In radio frequency signal detection, the
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electromagnetic field drives the oscillatory motion of electrons in the antenna;
so the captured electromagnetic field is then electronically mixed with a local
oscillator by any proper nonlinear circuit element with a quadratic term. Unlike
RF band detection, optical frequencies oscillate too rapidly to directly measure
and process the electric field electronically. Instead optical photons are
(usually) detected by absorbing the photon's energy, thus only revealing the
magnitude, and not by following the electric field phase. Hence the primary
purpose of heterodyne mixing is to down shift the signal from the optical band
to an electronically tractable frequency range [8, 15]. The heterodyning
generation technique is explained in Figure 2.4.

In optical detection, the desired nonlinearity is inherent in the photon
absorption process. Conventional light detectors, which named square-law
detectors, respond to the photon energy to free the bound electrons, and then
the energy flux scales as the square of the electric field, so does the rate at
which electrons are freed. A difference frequency appears only in the detector
output current after both of the local oscillator and signal illuminate the
detector at the same time, which will causing the square of their combined
fields to have a difference frequency modulating the average rate at which free
electrons are generated.

The optical heterodyning technique can assure the generation of high mm-
wave frequencies with the advantage of avoiding the use of high-frequency
components or broad bandwidth optical devices. The problem with the optical
heterodyning technique is the limited spectral purity and frequency accuracy
by the laser linewidth and the temperature controls. Due to this limitation, low
phase noise and narrow linewidth lasers sources are required [16]. Another
approach to the optical heterodyning technique is to use a single laser source
with optical sidebands to generate an optical double sideband. This approach
requires high-speed optoelectronic components, most of which are expensive
such as modulators, photo detectors, optical mixers and filters, as proposed in
[47, 48, 49, 50, 51].
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2.2.4 Multimode Light Sources

Multimode lasers sources include different types, such as Fabry-Perot lasers,
mode-locked lasers and dual-mode lasers. These sources have been considered
a low-cost alternative to expensive external modulators. Multimode light
sources can be used to generate different optical tones and combine them at the
PD. This process will generate a mm-wave signal based on the laser multi-
modes that are separated by the desired mm-wave frequency, as in [32, 52, 53].
Figure 2.5 shows the general multimode laser source technique.

The advantage of using this technique is the possibility of obtaining tuneable
mm-wave frequencies. Also, it can reduce the cost and the power consumption
of the whole system, because high-frequency components and broad bandwidth
optical devices are not required. This technique has some drawbacks, given its
limited spectral purity and frequency accuracy by the multimode laser
linewidth. In addition, it requires the use of an external modulator with optical
filters [8].
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Figure 2.5 The multimode light sources technique.

2.3 Brillouin Fibre Laser and SBS Effects

To reduce the power consumption, and to obtain low cost with a reliable setup
for the mm-wave generation system, the Brillouin fibre laser source has been
proposed recently in several studies with SBS effects [54]. It is well known
that SBS is one of the nonlinear effects in optical fibre and it happens due to
the process of interaction between the laser light with the propagating density
waves or acoustic phonons [55]. This process dependably exists in each optical
fibre, because of the microscopic defects and thermal fluctuations. Due to these
effects, Brillouin Stokes are generated inside the fibre with a frequency
difference of about 11 GHz in a 1550 nm laser wavelength. This frequency
difference between these Stokes can help in obtaining a simple generation
method of mm-waves because it is close to its range [56].

SBS is commonly known as one of the limiting factors on the system
performance in fibre-optic networks, due to the effect of the backscattering
signal, which is transferred with the signal energy. The generated backwards
propagating Stokes carry most of the input energy until the Brillouin threshold
is reached [55]. Hence, SBS limits the amount of the optical power that can be
entered into the optical fibre without reducing the signal quality. The adverse
effects of SBS have been widely studied in transmission systems [15, 44, 45,

49]. Fortunately, it has also some beneficial features, such as frequency
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selective amplification, which can be utilised in mm-wave photonics
applications [56].

Different methods of mm-wave generation have been proposed in the literature
taking the advantages of using the fibre laser, like those based on applying a
dual-wavelength Q-switched Erbium-doped fibre laser, as in [52, 57]. This
method offers tuneable mm-wave signal generation from 30 to 82.5 GHz, but
at the same time it needs accurate control of the two FBGs, which need to have
the same centre wavelength and this makes the structure more complicated. In
contrast, a design that uses an optical phase modulator and a Brillouin-assisted
notch-filtering technique is proposed in [58], but it generates only a limited
mm-wave frequency equal to 18 GHz. The method, which replaces those
components with optical splitters and circulators, is proposed in [49]. It needs
an Erbium-Doped Fibre Amplifier (EDFA), and it generates a maximum mm-
wave carrier frequency of 64.4 GHz with a phase noise of —57.17 dBc/Hz.
Recently, the generation of the mm-wave based on SBS has been demonstrated
in some of the research. An approach for mm-wave generation based on SBS
has been proposed in [59] by heterodyning the output modes of a dual-
wavelength fibre laser. They used a simple configuration by the optical
heterodyning of two lasers, but the generated signal has poor characteristics
due to the phased mismatching of the two free-running lasers. Another
technique is presented in [60] to generate a mm-wave by interfering two
spectral lines of a frequency comb generated by a femtosecond fibre laser.
Whilst a transmission system, based on the SBS effect with injection-locked
distributed feedback laser, is proposed in [61] to achieve single optical
sideband modulation. In other research work, an SBS amplification method for
improving the resolution of the Brillouin-based spectral analysis is proposed,
as found in [62]. Also, a method has been presented for the tuneable generation
of high-quality millimetre- and THz- waves with an ultra-narrow linewidth in
another study [63]. In their work, they presented the electrical characteristics of
the generated waves as well as the generation and transmission of a 200 GHz

and a 1 THz wave over a distance of 24.5 cm.
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2.4 Comparison of Millimetre-Wave Generation Techniques

To summarise the benefits and the limitations of the different mm-wave

generation techniques, Table 2.1 gives a comparison between all the reported

techniques of the most cited studies to improve mm-wave generation. From

this comparison, it is obvious that the simplest generation technique is

operating with a directly modulated laser, which provides practical and low-

cost system, but the frequency of the generated mm-wave is limited by the

laser and the modulator bandwidth.

Table 2.1 Comparison of the reported mm-wave generation techniques

high frequency
devices

Techniques Reported Benefits Limitations
References
- Limited to low mm-
Direct [8], [15], [35], || - Simple setup \-ng:)/grﬂme?#-?/(/];\)//e
Modulation || [36], [37], [38] || - Cheap components frequency stability and
transmission integrity
- Harmonic generation
[8], [15], [39]. || _ Generate high affects mm-wave
SAEEL [40], [41], frequency mm-wave || efficiency
el [42], [43], - Flexible setup - Needs an optical
filter
%rﬁggéi\éssrzrzl-%\?ave - Frequency is limited
Optical [16], [47], - High scalability and by laser linewidth
Heterodynin [48], [49], avoids the use of - Needs complex and
yning [50], [51] expensive components

- Reduce the system

[61], [62], [63]

Multimode cost and the power - Low scalability
Light [8], [52], [53] || consumption - Limited frequency
Sources - Achieve tuneable accuracy
mm-wave frequency
[49], [52], - Signal power
Brillouin [54], [56], - Reduces_the power || limitations due to SBS
Eibre Laser [57], [58], consumption effects
[59], [60], - Reliable setup - Needs optical

splitters
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Most of the schemes reported up until now are either complicated or require a
radio frequency source at the transmitter for the remote generation of the radio
frequency signal. Due to this limitation, there is a significant need to design a
practical generation method of obtaining high-quality mm-wave carriers with a
cost-effective RoF system.

In recent work by this researcher [64], novel mm-wave generation methods
were proposed and demonstrated based on the SBS nonlinearity effects in the
optical fibre with fibre laser properties and the phase modulation technique.
The generation of mm-waves with different frequencies was achieved for the
first time with a straightforward optical communications setup, as proven in the
demonstration explained in detail in Chapter 3. These mm-wave generation
methods can reduce the systems cost, as well as have the possibility of
generating mm-wave carriers with low signal noise and very high stability,
which could improve mm-wave RoF technology, thereby meeting futuristic

network requirements.

2.5 Millimetre-Wave over Fibre Links

The propagation of a laser through the optical fibre channel is affected by the
fibre characteristics and impairments. As a result, the mm-wave over fibre
system is affected by these fibre features as well [15]. These impairments
include the fibre attenuation, dispersion, nonlinearities and noise, as will be

explained in the following subsections.

2.5.1 Fibre Channel Attenuation

The reduction in the power of the transmitted signal is an important parameter
during the transmission of the optical signal through fibre. Due to this, the fibre
attenuation is the measure of the loss of laser power as travels along the optical
fibre link. Fibre attenuation is caused by one or more of these reasons: a) fibre

material absorption, b) waveguide imperfections, c¢) fibre bending and/or, d)
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Rayleigh scattering [9, 31]. If an optical signal, with transmitted power (Py),
enters the optical fibre, the received optical power (P;) after the signal has been
propagated through the fibre link length (Lsipre) in [km] can be calculated by
[15]:

P = Prexp(—aLsipre) (2.1)
where, a is the fibre attenuation constant, which has a value of 0.2 [dB/km],

typically.

2.5.2 Fibre Dispersion

Fibre dispersion is the widening out of the light pulse over time as it travels
through the fibre. The refractive index n(w) of the fibre changes, as the angular

frequency (w) of the propagating optical wave changes, where the frequency (f)
of the propagating optical wave is f = % As a light pulse widens, it can

interfere with the other pulses through the fibre, leading to the limitation of the
maximum transmission rate of the communication system [56].
Mathematically, the phase velocity vp(w) of the optical wave propagates
through the fibre is denoted by [28]:

c

Up () = (2.2)

n(w)
where, c is the speed of the light.

Thus, the propagation velocity depends on the optical frequency (f), and this
phenomenon results in the dispersion. The amount of the fibre dispersion is
quantified by the parameter (Dsipre) In [ps/(km.nm)], which is calculated by

[28]:

Dyre = — 222 + 0 L] (2.3)
This fibre dispersion is also named as Group Velocity Dispersion (GVD) or
chromatic dispersion. There are several other kinds of dispersion in optical
communication systems, such as intermodal, and polarisation dispersion [28,
38, 46].
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2.5.3 Fibre Nonlinearity

The fibre medium, which is an electrical insulator, can be polarised by the
applied electric field. Due to this, fibre nonlinearity results from a nonlinear
function of the electric field of the light, especially when the optical intensity is
high. This polarisation leads to the nonlinear effects, such as nonlinear
variation of the refractive index as a function of the total propagating signal
power, which varies with time. This variation makes a phase shift and optical
frequency deviation known as frequency chirping [15]. These nonlinearities
include the self-phase modulation and the cross-phase modulation. Also, the
interaction between multiple signals that are propagated through the fibre leads
to the generation of optical signals at new frequencies, which is typically called
the Four-Wave Mixing [65]. Finally, there are other important nonlinear effects
including SBS, which have been explained previously in Section 2.3, and
Stimulated Raman Scattering (SRS). SRS occurs where the optical energy as
photons is transferred from the signal propagating via fibre at a particular
optical frequency to a signal at a lower one [56].

Fibre nonlinearity can be very useful in some applications, such as
amplification, multiplexing, wavelength conversion, and pulse regeneration
[66]. In fact, the futuristic optical communication systems need the trade-off
between the advantages and disadvantages of the nonlinear effects which
should be carefully considered so as select communication system with the

desired performance and transmission capacity.

2.5.4 Fibre Link Noise

Many noises are added in the fibre link, which affect the mm-wave over fibre
system. Figure 2.6 presents these fibre link noises, including the Relative
Intensity noise (RIN), Amplified Spontaneous Emission (ASE) noise, Phase
noise, Shot noise, and Receiver Thermal noise [8].

The propagating laser light inside the fibre has a noise that results from the

random fluctuation of the intensity and the phase of the optical signal. The RIN
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is the ratio of the mean square of power fluctuation per unit bandwidth to the
square of the signal power average. The main source of this, is the spontaneous
emission of photons, where the intensity noise causes Signal to Noise Ratio
(SNR) degradation. The non-zero spectral linewidth around the output
frequency arises due to the phase noise, the effects of which depend on the
ratio of the total linewidth to the bit rate. Moreover, the optical field and the
electric current consist of photons and electrons that result in a quantum noise
effect in the photo-detected signal, and this is called Shot noise. The random
motion of the electrons, which depends on the temperature, results in the
thermal noise, which is added by the load resistor and the amplifiers at the
optical receiver side [36, 56].

Therefore, the transmission system integrity can be divided into two stages
based on two separate physical channels: the optical channel (fibre and FSO),
and the RF channel (mm-wave). In the optical channel, noise can cause the link
performance degradation. The primary sources of noise in the optical path of
the RoF transmission link are photodetector shot and thermal noise, the ASE
noise of the optical amplifiers, and the RIN of the light source. Also, the
beating of the different optical components at the photodetector produces a
phase-to-amplitude conversion, and hence frequency chirp and fibre induced
dispersion will increase the output noise power. While in the wireless domain,
the RF (mm-wave) power amplifier is an important element to set the link
budget and the power requirements for obtaining acceptable SNR levels.
Nevertheless, the maximum amplifier gain is constrained by the maximum
transmitter noise of the wireless system specification. Furthermore, the base
station and mobile terminal stability specifications limit the power levels, as a
high gain for the uplink and the downlink directions may lead to oscillation [8,
36].
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Figure 2.6 Fibre link noises.

2.6 Strengths and Challenges of a mm-Wave over Fibre System

The application of a mm-wave in RoF communication systems has the
significant advantage of increasing the capacity of a wireless communication

system [25]. The main benefits from doing so are [8, 28]:

- Low attenuation mm-wave signals can be transmitted through optical
fibres;

- Simple and cost-effective setup;

- The possibility of sharing the resources centralised at the CS with
simple BSs;

- High capacity systems due to use the higher frequencies of mm-waves;

- High flexibility because the same RoF network can be used for many

services.

The major drawback of mm-wave over fibre systems is the requirement of
high-speed optical components for high-frequency mm-wave signals.
Millimetre-wave generation techniques are considered more sophisticated, in

comparison with the generation methods of low-frequency radio waves. As has
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been explained in Section 2.2. Also, there is a need to increase the number of
BSs, which should be supported by broad bandwidth PDs, to cover the service
area. In addition, the problem of the fibre chromatic dispersion affects the link
even with short fibre cables, and hence; the application of advanced optical
modulation and transmission schemes is necessary [31, 54].

All these requirements have led to the development of new optical devices and
components operating at the mm-wave bands. Accordingly, mm-waves with a
RoF system became the subject of many studies in the literature. Several
structures have been proposed to develop mm-wave communications, but there
remain many challenges regarding the verifying of an effective mm-wave over
fibore  communication system. These include the generation and the
transmission of the mm-wave signal over the optical channel. Several
techniques have been proposed for improving the fibre link performance
regarding the throughput increase, overcoming the fibre impairments or
digitising the RoF system. Table 2.2 presents a list of the seminal studies in the
literature that has discussed performance improvement of mm-wave over fibre
systems. These studies are considered the basis for the latest studies that
followed.

In general, the mm-wave over fibre system still poses some challenges in terms
of implementation, such as the complexity of devices and the high cost of the
optical components. Also, the stability and quality of the mm-waves
transmitted over fibre are considered very effective factors for obtaining
successful transmission system. Hence, overcoming the nonlinearity of the
optical fibre is an important issue. In recent work [67], this researcher proposed
a full-duplex RoF system up to 100 km with a photonic generation method of a
64 GHz mm-wave with low noise power of less than -75 dBm. The
demonstration of this system is explained in detail in Chapter 4. A stable mm-
wave RoF system is achieved successfully with a high-quality mm-wave
carrier. A reduction in fibre nonlinearity effects is also obtained, with a
practical mm-wave RoF system, which could be appropriate for small cell 5G

networks.
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Table 2.2 mm-Wave over fibre techniques

Techniques Reported Contributions
References
Designed a bidirectional RoF system with the
Carrier Jia, et al. [68] generation of 40 GHz and a transmission data
Suppression ’ ' rate of about 2.5 Gbits/s over 10 km up to 40
km fibre length.
Optical Pr_oposed the 60 GHz bano_l for a RoF system
Injection Braun, et al. with data rate 140-155 Mbits/s and obtained a
. [69] signal with low phase noise less than -100
Locking dBc/Hz.
Used the optical filtering scheme in a RoF
Optical Chen, et al. system, with optical generation of 40 GHz and
Filtering [70] transmission of 2.5 Ghits/s over 40 km fibre
length.
Overcoming Smith. et al Presented an efficient 38 GHz fibre-wireless
Chromatic [7’1] " || transmission system of 155 Mbits/s over 50
Dispersion km fibre and a 5 m wireless link.
Digital RoF Nirmalathas, et || Proposed a digitised RoF system with the mm-
al. [72] wave signal as a prospective technology.
Overcoming _ Generated 40-100 GHz from 'ghe sidebands_ of
Fibre Schneider, et || a laser wave by the nonlinearity of an optical
Nonlineari al. [73] modulator, using two pump lasers over 50 km
onlinearity of fibre

2.7 Free Space Optical Link

An FSO link is a wireless communication link, which transfers the data by
using optical carriers (usually laser light) through the free space. It is
established between two optical transceivers, which provide the full duplex
capability. The data is modulated onto the optical carrier, and then, it is
transmitted through the optical wireless channel to the other side [20, 74]. The
basic configuration of the FSO system is shown in Figure 2.7. Recently, this

system has garnered significant attention due to its high security, flexibility,
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and fast deployment period [75, 76]. In addition, an FSO wireless channel
applies the unlicensed spectrum in the range of the visible to the infrared laser
light spectrum. Hence, the FSO laser spectrum does not need complicated
regulations and it is considered cheap in comparison with the radio frequency
licensed spectrum. The FSO laser communication system operates on a LoS
link at laser wavelengths of 850 nm, 1300 nm, and 1550 nm, which have the
lowest attenuation (less than 0.2 dB/km) [77, 78].

Data Data
Source ; ; Source
Modulation *’—’Transceiver / \ Transceiverq—‘o Modulation
SLaser _f Optical FSO Link Optical | Laser

ource o
Amplifier Amplifier Source
BER |e= Filter |¢=— Analyser Analyser [=» Filter [-» BER

Figure 2.7 The basic structure of the FSO system.

2.8 FSO Laser Channel Analysis

The wireless optical channel of FSO system consists of two main components,
the: optical transmitter and optical receiver. Between these two components,
the modulated laser beams are transmitted through the atmosphere to verify the
optical communication link, as illustrated in Figure 2.8. The optical power of
the carrier, which is launched from the transmitter, is affected by various
factors before arriving at the receiver. These affecting factors include system
losses, noise, atmospheric turbulence, and misalignment loss [22, 79]. System
losses are highly dependent on the design specifications, while misalignment
loss depends on the condition of the LoS link and it increases as the distance
between the transmitter and the receiver becomes greater. Atmospheric effects
are presented by the attenuation factor which is affected by the distance as
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well. The attenuation factor is used to analyse the effect of weather, like rain,
fog, or wind, when transmitting data through FSO laser links [80].
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Figure 2.8 FSO laser channel.

Applying an FSO system enhances the quality of service (QoS) of mobile
networks, especially in the remote areas, by reducing the length of the fibre
link. To obtain proper data transmission to the remote destination, it is
necessary to deal with the limitation of the laser beam divergence angle. In the
FSO link, the beam divergence angle is considered as a critical issue, because it
affects the data transmission and the accepted amount of BER [81]. Moreover,
it is essential to specify the physical characteristics for both the optical
transmitter and the receiver to reach a perfect link performance.

The laser wavelength is a very significant factor in the FSO link, because the
propagation attenuation is related to it. Also, the components’ availability and
costs, such as detectors and transmitters, are based on this wavelength. Using a
laser beam with a 1550 nm wavelength is suited for both the fibre and FSO
links, because of its low attenuation. Also, cheap components that work at this
laser wavelength are available and this will reduce the overall cost [74, 80]. In
addition, this laser wavelength is well-suited with the EDFA technology, which
IS necessary for a futuristic communication system that needs high power and a

multi-Gbits/s data rate.

30



The link attenuation and capacity are considered the most important parameters
affecting the performance of the optical communication link and thus, these
need to be evaluated to obtain the best performance. The propagation of the
laser light through the atmosphere is affected by the absorption and the
scattering of air molecules or liquid particles. Beer-Lambert’s law describes a
laser’s power loss through the air. By considering the laser transmitted at a
wavelength 1550 nm over a distance (L) in [m] between two points in free-
space with a laser transmitting power (Pyaser) in [W], the laser received power

(Priaser) In [W] at the optical detector can be expressed by [74]:

D? _
Prigser = Priaser 0212 10 yL/lOgtgr (2-4)

where, D represents the receiver diameter [m], & is the divergence angle [rad],
y is the atmospheric attenuation factor [dB/km], & and ¢ are the optical
efficiencies of the transmitter and receiver, respectively.

Another important factor in FSO link analysis is the link margin. This factor
specifies the ratio of the available received power to the receiver power that is
required to obtain a quantified BER with the given data rate. The link margin
(LM) can be calculated by [81]:

_ Prigser A D? —yL/10
LM = [ NpRhc ] X [HZLZ] 10 Erér (2.5)

where, 1 is the laser wavelength, h is a Planck’s constant (6.626x10* m?kg/s),
¢ is the light velocity (3x10% m/s), and N, is the receiver sensitivity [photon/bits
or dBm]. While R is the link data rate [bits/s] which can be found from [81]:

_ Ptiaser Prlaser10_)/1'/10D2

5
n(3)?L?EppNp

(2.6)

where, Exn=hc// represents the photon energy [eV] at wavelength A.

Another challenge affects the FSO channel performance is the atmospheric
turbulence. This turbulence, which affects the optical FSO link power, is a
result of the thermal gradient within the propagation path because of the
variations of air density and temperature. This variation can drive the refractive
index fluctuations. The refractive index structure parameter, which is widely

used to quantify the strength of scintillation, is altitude dependent. Therefore it
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Is greater at lower altitudes due to the added heat transfer between the air and
the surface [82]. The turbulence effect also depends on the link distance and
the wavelength of the light source. Fortunately, several atmospheric turbulence
mitigation techniques at physical layer have been discussed recently such as
employing some modulation schemes in FSO system, the forward error

correction code, and the spatial diversity [20, 83].

2.9 Importance and Challenges of the FSO System

The FSO system is used efficiently for the transmission of a high data rate
between two fixed points instead of applying optical fibre cables. The wide
optical bandwidth has allowed for obtaining much higher data rates by using an
FSO link. FSO systems also have attracted attention to solve the problem of
last mile coverage in remote areas or under disaster emergencies. The
integration of fibre optic infrastructure with the FSO system could help in
resolving these issues as well [80, 84]. The performance of the FSO systems
has been studied previously in some research, which has proposed different
ways to improve it [82, 85, 86].

Despite the potential of the FSO system, it faces some challenges that relate to
the transmission of the optical signals via different atmospheric conditions. The
transmitted optical signal is affected by various factors, such as geometric
losses, attenuation losses, and atmospheric turbulence [20, 80, 87]. Recently, in
some literature, different solutions to mitigate these affecting factors have been
proposed [21, 82]. In some studies, different atmospheric conditions have been
incorporated into the design their models to improve the FSO system [75, 88,
89]. Also, the background radiation is another affecting factor in the
performance of the FSO links. Regarding which, the receiver lens collects
some background radiation that may consist of direct, reflected, or scattered
sunlight with the FSO laser signal. This degrades the performance of the FSO

link and some solutions are proposed in [80, 90, 91].
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The importance of applying FSO links in futuristic communication systems is
due its ability of providing a low latency link, which easily reaches the last
mile coverage. The latest studies [20, 21, 22] have involved investigating the
use of an FSO system for the transmission of a high data rate between two
fixed points over a long distance, but there has been no investigation up until
now for regarding the collaboration between mm-wave frequency and an FSO
link. All these issues have raised the salience of the design in the current
proposed new system being able to integrate mm-wave frequencies with a RoF
system and FSO link. Accordingly, a novel hybrid Fibre/FSO system is
proposed to generate and transmit mm-waves in Chapter 5. The simulation
results with the mathematical analysis will show that this new system could

provide a low latency communication link.

2.10 Millimetre-Wave Wireless Channel

Despite mm-wave frequencies being considered attractive for futuristic mobile
networks, they have faced serious difficulties in terms of wireless propagation.
Millimetre-wave signals have significant propagation losses and high power
consumption of hardware [92, 93]. Hence, understanding the physical features
of each mm-wave band is an important issue to specify which band able to
achieve the best performance for the outdoor application.

Technically, there have been some important suggestions for understanding the
characterisation of the mm-wave wireless channel, which include, studying the
propagation loss, mm-wave penetration, Doppler effects and multipath, as will

be explained in the next subsections.

2.10.1 Millimetre-Wave Propagation Losses

The main challenge in the application of mm-wave bands in futuristic 5G

communication systems and beyond is the high path losses compared to the
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microwave bands. In general, the free space path loss (Lgs) in [dB] is estimated
by [2]:
Lrs = 20 loglo(%n) +201log;0(fe) + 2010g10(7) (2.7)

where, f; is the carrier frequency [GHz], and r represents the distance between
the transmitter and the receiver in [m] [2, 7, 94]. It seems that the higher mm-
wave frequencies have higher free space propagation losses than the lower
ones. Furthermore, recent studies have explained that the directional
transmission of narrow beams (high-frequency mm-wave) reduces interference
and increases the possibility of applying spatial multiplexing techniques [6,
95]. This is why the mm-wave frequency can be used with highly directional
antennas with line of sight (LoS) transmission, which means an unobstructed
link between the transmitter and receiver, thereby improving performance.
While the mm-wave non-line of sight (NLoS) transmission, which means there
is a blockage between the transmitter and the receiver, is considered a weak
transmission link. Figure 2.9 explains the LoS and the NLoS communication
links. However, mm-wave propagation performance depends on several other
factors, like the separation distance between the transmitter and the receiver,
the communication link margin with the receiver’s sensitivity, and the
multipath diversity [1, 24].

Another challenge regarding mm-wave propagation via the wireless channel is
the mm-wave high signal attenuation, especially at higher-frequency bands.
This high attenuation is considered a serious problem, because it limits the
signal propagation through the air [2, 11, 96]. The molecules of the oxygen and
water vapour absorb mm-wave energy. The oxygen molecule can absorb the
energy of the mm-wave band around 60 GHz; accordingly, the free-licensed
mm-wave band (57-64) GHz has high oxygen absorption with high attenuation,
reaching approximately 15 dB/km. Furthermore, the water vapour absorbs the
mm-wave energy at frequencies between 164 and 200 GHz with higher
attenuation [1, 12, 97] (as explained previously in Chapter One by Figure 1.1
and Figure 1.2).
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Figure 2.9 The LoS and NLoS communication links.

In the case of the mm-wave, the path loss calculation is based on the
communication link between the transmitter and the receiver. Hence, the model
of evaluating path loss for the mm-wave (PLnm) wireless link is calculated by
[98]:

PLypm(r) = p + 10, log,o (1) + X, (2.8)
where, p is the fixed path loss, which is given by [(20log;o(4x/c))+2010og10(f.)],
f. is the mm-wave frequency, a_ is path loss exponent for LoS, and X_
represents the shadow fading for LoS. While the received power of mm-wave
(Prmm) that is assumed to be transmitted wirelessly with the LoS path condition

is calculated by [3]:

P (1) = Zmmi o (17 (29)

PLym (1) 4T
where, Pimm IS the mm-wave transmitted power, G is the transmit antenna gain,
/. is the wavelength of mm-wave signal, and  is the squared envelope of the
multipath fading.

2.10.2 Millimetre-Wave Penetration

For understanding the mm-wave propagation in various environments, it is
very important to determine the signal behaviour in the indoor and outdoor
applications. For a 5G network and beyond, the deployment of mm-wave

networks requires specification of the effects of diffraction, scattering,
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penetration, and reflection in different environmental conditions [99].
Millimetre-wave signals can penetrate difficultly through solid materials,
which causes very high losses and hence, makes these signals very sensitive to
blockages, such as buildings and objects [3, 4, 100]. Recently, several studies
investigated the reflection effects in mm-wave indoor and outdoor applications
by comparing the penetration of mm-waves through various building materials,
including glass, brick, wood and metals. These studies [101, 102, 103, 98, 104,
105] showed that the application of a mm-wave in an outdoor environment is
more restricted than with an indoor application. However, it was also found
that with some indoor applications, human bodies create a considerable
blockage to mm-wave propagation, because of their movement, which
generates some shadowing effects [106].

Small cells architecture is considered one of the best-proposed solutions to deal
with mm-wave high losses [107]. Specifically, dense small cells deployment in
urban areas with cell diameter around 200 metre can mitigate this problem [24,
108, 109]. The application of LoS propagation in small cells deployment seems
promising for mm-wave communications. Ensuring the LoS condition would
need a massive antenna deployment to reduce the NLoS condition and
strengthen the mm-wave signal propagation. Figure 2.10 presents a diagram
showing the dense deployment of mm-wave small cells in comparison with

microwave deployment in a macro cell.
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Figure 2.10 Dense deployment of mm-wave small cells inside a macro cell.
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2.10.3 Doppler Effects and Multipath

In wireless communications, Doppler effects result from the relative motion
between the receiver and signal source, which depend on the carrier frequency
and mobility. The received waves have different shift values, which lead to
Doppler spread. Fortunately, in the futuristic networks, there is no significant
challenge in the mm-wave with Doppler effects, because of the narrow beam
characteristics of the mm-wave, which can inherently reduce the angular
spread [1, 7, 110].

There is another effect on the mm-wave wireless channel, which is multipath
signal reception by multiple paths [7]. Channel multipath characteristics can be
described by the root mean square of the power delay profiles, which helps in
examining the effects of multipath in mm-wave wireless communication. This
power delay profile presents the intensity of the mm-wave signal that is
received through a multipath channel as a function of a time delay, which
represents the difference in the travel time between all multipath arrivals [1,
101]. Because LoS links are not always possible, understanding the NLoS links
problem is important. The NLoS link is obstructed by building edges and
corners. Also, human activities and mm-wave reflection from different surfaces
cause shadowing. Due to this, the NLoS links require the use of equalisers to
improve the performance, as suggested in [1, 106], which adds more
challenges to the mm-wave communication owing to an increase in the power

consumption and the need to develop modulation techniques.

2.11 Challenges with Millimetre-Wave Wireless Channel

The underutilised mm-wave frequency bands have raised new challenges in
wireless communications. The main difficulty with the mm-wave wireless
channel is the unavailability of a standard channel model to understand the
behaviour of mm-wave wireless networks. Hence, there has been a need to

develop new techniques to understand mm-wave propagation through the air
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interface [1, 3, 111]. Table 2.3 summarises the literature relating to
understanding the mm-wave wireless channel with the most important key

points in each work.

Table 2.3 Related work on the mm-wave wireless channel

mm-Wave Key Points Reported References

[31, [5], [18], [94], [95], [102], [98], [109],
[112], [113], [114]

Beamforming Techniques || [13], [14], [111], [92], [115], [116]
Massive MIMO [25], [26], [108], [117], [118], [119]

[99], [101], [103], [104], [120], [121], [122],
[123], [124], [125]

5G Cellular Networks

Path Loss Models

In addition, studying the thermal characteristic of mm-waves frequency so as
to address safety concerns is an important issue. Regarding which, some of the
latest research has been focused on examining the effects of mm-wave
radiation on the human body, in particular and creatures in general [126, 127].
The behaviour of mm-wave wireless propagation has added new aspects for
investigation in relation to the new communication system, including: the
height of transmitters (i.e. BSs or antennas); nature of areas (urban, suburban
or dense), and the interaction of mm-wave with objects materials in the
neighbour surroundings [120, 128]. Specifically, blockage effects are a major
reason for an increase in mm-wave path losses. The power of the mm-wave
signal decreases because of their reflection and diffraction with buildings’
walls or the ground in the environment. Consequently, the propagation of the
mm-wave under these effects involves the NLoS condition. In response, a
comprehensive investigation into the application of different mm-wave bands

in the futuristic cellular networks is provided in detail in Chapter 6, as carried
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out for this thesis [129]. A map-based scenario is applied, with a proposed
simplified path losses model for precisely estimating the performance of mm-
waves in outdoor applications. The mathematical and simulation results are
presented and evaluated in Chapter 7, with consideration of the diffraction and
specular reflection effects of the mm-wave to validate the proposed model, as

presented by this researcher in recent research [130].

2.12 Summary

This Chapter has presented the fundamentals of mm-wave optical generation
methods. The strength and challenges of mm-wave with RoF system and the
FSO technologies are also discussed. Furthermore, the characteristics of mm-
wave wireless propagation are presented. A detailed background is discussed
with explaining the theoretical principles and mathematical analysis. The
significant gaps in the previous related research are reported to improve mm-
wave generation and transmission systems. So, the following chapters will
provide the proposed work by this thesis to fulfil the mm-wave communication

system requirements.
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Chapter 3

Proposed Photonic Methods of
mm-Wave Generation

In this chapter, three novel photonic methods of mm-wave generation are
proposed and demonstrated by using the Optiwave Design Software for
photonics. These generation approaches are based on the characterisations of a
Brillouin fibre laser and SBS effects with phase modulation. According to the
presented theoretical analysis and proposed simulation setups, stable mm-wave
carriers are achieved successfully in the three proposed methods with different
frequencies ranging from 5 GHz to 90 GHz. The proposed methods increased
the stability and the quality of the generated mm-waves by using a single laser
source as a pump wave and reducing the fibre nonlinearity effects. Simulation
results show that all these carriers have a good SNR, low noise, and tuning
capability in comparison with mm-waves that are generated by the previous
methods, which are reported in this thesis. In addition, the proposed generation
methods are profitable for RoF transmission systems, which make them

appropriate for application in 5G optical networks.

3.1 Introduction

Millimetre-wave spectrum bands can improve wireless 5G cellular
communications due to the wide available bandwidth within [29]. In addition,
the application of mm-waves in RoF systems has gained substantial attention,
because of its ability to increase the capacity, bandwidth and mobility of these
systems [30, 131, 132]. In particular, the generation of high-frequency mm-
waves has attracted considerable attention recently [33].

The photonic generation of mm-waves is considered the desired generation

scheme for futuristic RoF networks, due to its capability of generating high-
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frequency signals with a reduction in power consumption [8]. Many optical
mm-wave carrier generation techniques have been proposed in the past few
years, as explained previously in Chapter 2. However, there are still challenges
to generating high-frequency mm-waves. Hence, there remains a significant
need to achieve a simple, practical and cost-effective generation method to
integrate it with RoF systems. Most of the schemes reported up until now are
either complicated or require expensive components and thus, the development
of a relatively simple low cost method for optically generating mm-waves
remains a challenge worth pursuing.

In this chapter, three novel mm-wave generation schemes are proposed and
examined with the simulation setups as in recent work by this researcher [64].
These proposed setups use one of the fibre nonlinearities, which is the SBS
effect to give the benefit of the photonic generation of the mm-wave. In
addition, the proposed methods are completely different from the previous
work, because they are based on the characteristics of the Brillouin fibre laser
and the SBS effect that exists in the optical fibre with the phase modulation
technique. The proposed generating methods require only standard components
of optical telecommunications, which makes their setup very simple and
economical. The performance of the generation techniques is analysed and
discussed with mathematical explanations and simulation results. The obtained
results provide evidence that these methods of mm-wave generation can reduce
systems cost and have the potential to create very stable high-frequency
carriers with low noise which could meet the 5G optical network
specifications.

The rest of this chapter is organised as follows: in Section 3.2, the
mathematical theory and principle of the proposed mm-wave generation
methods are explained. Section 3.3 is divided into three subsections, which
describe the generation systems analyses and simulation setups for each
generation method. Also, the obtained results and discussions of these are
provided in each subsection. Finally, the chapter conclusions are presented in
Section 3.4.
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3.2 Mathematical Principles of the Generation Methods

Many methods have been proposed for the generation of mm-waves such as
direct-modulation, external modulation, optical heterodyning and multimode
light sources, as explained previously in Chapter 2. This study is focused on
generating mm-wave carriers based on the SBS effect that exists in optical
fibre with characterisation of the phase modulation technique.

Brillouin scattering occurs from the interaction of the light with the
propagating density waves or acoustic phonons [56]. This process exists in
each optical fibre, because none is free from microscopic defects or thermal
fluctuations, which motivate the scattering, as explained previously in Chapter
2. The SBS effects are considered the dominant nonlinearity among the other
nonlinear effects in optical fibre [73]. The standard for the Brillouin threshold
power is specified as when the input optical power to the fibre equals the
backward Stokes power [57]. Hence, the SBS threshold power (Py) is
considered from the point that SBS turns out to be a limiting factor. The use of
a laser source with narrow linewidths makes SBS have low threshold power in
the schemes. When the linewidth of the laser source is smaller than the

Brillouin bandwidth, Py, can be assessed by [133]:

_ 91 kpAesr Vs
Py, =21 o 1+ vb) (3.2)

where, k, is the polarisation factor, A is the fibre core effective area, g is the
Brillouin gain, vs is the linewidth of the laser source, and vy, is the SBS
interaction bandwidth. L¢s is the effective interaction length, which can be
defined and calculated by [133]:

1—-exp(—aLgipre)
Logy = 220 SLsibre) (3.2)

where, « is the attenuation coefficient, and Lsipre IS the length of the fibre.

Accordingly, this nonlinear effect is utilised for generating mm-waves by
optical heterodyning of the Brillouin Stokes with pump laser signals. The
principle of optical heterodyning depends on the frequency difference between

two optical signals [16]. These signals are combined in a photodiode to
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produce an electrical signal which has a frequency equal to the frequency
spacing between the two optical signals.
Assuming two optical waves, (Ei(t) and Ex(t)), which have different angular
frequencies (w1 and wy) and phases (41 and ¢), these are expressed by the
following [49, 134]:
E,(t) = Epy cos(wyt + ¢1) (3.3)
E;(t) = Ep; cos(wzt + ¢2) (3.4)
where, Eo; and Eg;, are the electric field amplitudes, and t is the time. These two
waves are converted from the optical domain to the electrical one by a
photodiode, which registers the intensity (I(t)), as explained by the following
[135]:

1(6) = £08pC|Ex () + By (8) 12 (3.5)
where, & is the electric field constant, ¢, is the relative permittivity, and c is the
velocity of light. By substituting (3.3) and (3.4) into (3.5), the final expression
of the generated electrical wave is represented by [135]:

I1(t) = [E§y + Eg, + 2Eg1Eg cos{(w — w)t + (¢ — ¢1)]] (3.6)
Thus, the generated difference frequency (f), which represents that of the mm-
—Wq

wave, is calculated by f = 221

2

In an alternate technique, the SBS effect can be used for generating mm-waves
by heterodyning with the phase modulated signals. The phase modulator
function has the same principle as MZM, except that it has a single arm. The
phase modulator has a switching voltage (V,) and is fed by a laser signal with
an optical power level of (Piy), so the output optical field (Ep(t)) of it can be
calculated by [15]:

.tV ()

E,(t) = e/ 2Vr \[2P, el @t (3.7)
where, . is the carrier angular frequency, and V(t) is the electronic modulating
signal. Theoretically, the complex optical field envelope at the output of an
optical phase modulator can be represented by [136]:

E(t) = exp[jm cos(w,t)] (3.8)
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where, m is the modulation index, and wn is the angular frequency of the
modulating microwave signal. So, the phase modulated signal contains the
main optical carrier at wq and the sidebands at w¢tnw,, which will generate the
electrical signal when it is directly beating at a photodiode as in the following
[58]:

E@= ) jMalm) exp(jnomt) (3.9)

n=-—oo

where, Jn(m) is the Bessel function of the first kind of order n.

3.3 Simulation Analyses of the Proposed Generation Schemes

To design and analyse the proposed generation methods the concepts are built
by using the Optisystem simulation tool. Optisystem simulation, which is a part
of the Optiwave Design Software, is an advanced optical communication
simulation package that designs, tests, and optimises, virtually, any type of
optical link in the physical layer of a broad spectrum of optical networks.

For this study, as aforementioned, the nonlinearity effect in optical fibre is
investigated by modelling and simulating three novel methods of mm-wave
generation. System performance and characterisation are simulated by utilising
the SBS effect for the generation and amplification of mm-waves. Applying
the generated mm-wave with RoF technology is suggested in this work for the
next generation optical communication systems. For this reason, two main
issues are taken into considerations the frequency fluctuation and spurious
sidebands suppression ratio. As it is explained in the literature review in
Chapter 2, the most straightforward way for mm-wave generation is the use of
two laser sources by the heterodyning technique. The mm-wave fluctuates
around its central frequency because of phase mismatch between the two lasers
and relative frequency instability. This fluctuation adds the residual frequency

offset and increases the single sideband phase noise. In some research [65, 68],
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suppression methods have been presented to cancel the undesired optical
sidebands and to generating mm-waves. However, in this case, suppression
ratio limits the influence of the whole mm-wave generation system. The
analysis of the latest research has been presented evidence that the suppression
ratio of the optical sideband can go above 37 dB and that of the radio
frequency sideband exceeds 31 dB [45].

In this work, avoiding this situation is done by using a single laser source as a
pump wave source. In the system simulation, the used CW laser source works
with the parameters that are presented in Table 3.1. This laser source has a
spectrum of 1550 nm, which is chosen because it has the lowest attenuation
and dispersion inside the fibre [15]. The laser light is injected into a
bidirectional single mode fibre (SMF) having a length around 25 km, which is
considered ideal for a long-haul communication link [8]. This bidirectional
SMF is activated by simulation with the Brillouin scattering effects to allow for
the light to propagate in the forward and the backward directions. The
simulation parameters considered for the SMF in this work are presented in
Table 3.2, which are divided into two types: physical and numerical. The
physical parameters are considered based on some recent studies [7, 8, 15, 49,
57], whereas the numerical parameters have been chosen based on enabling
high accuracy of the simulator calculations. While the input power of the laser
Is set to 8 dBm, which is chosen to ensure that it is close to the Brillouin
threshold. Then, the Brillouin threshold power is calculated by equation (3.1)
to consider the SBS effect inside the optical fibre.

By ensuring that the laser power is high enough, i.e. beyond the SBS threshold,
the transmitted light inside the SMF starts generating the backscattered Stokes-
shifted signals. These optical signals generate sidebands due to the nonlinear
characteristic inside the SMF. Then, the interactions among the pump wave,
acoustic wave and Stokes wave will produce the SBS effect.

This effect of the SBS is involved in the Optisystem simulation tool and hence,
its setting used in this work is based on the nonlinear Schrddinger equations.

These are well known as mathematical equations that describe the changes in a
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physical system over the time [56, 137]. They are solved in the simulator

program by the utilisation of the symmetrised non-iterative split-step Fourier

method. In the designed simulation setup, the step size has been selected with a

variable amount, which is changed depending on the value of the maximum

nonlinear phase shift and the calculation process, because in this case, it is

more flexible and faster. If the step size is fixed, it will be calculated once, just

when the simulation starts. Accordingly, a variable step size has been used and

the SMF numerical parameters set up as presented in Table 3.2.

The simulation setup for each of the three proposed schemes is explained and

discussed in the following subsections, 3.3.1, 3.3.2, and 3.3.3, respectively.

Table 3.1 Laser source simulation parameters

Parameter

Linewidth

Optical Source

Wavelength

Power

Value

CW Laser

1550 nm

1 MHz

8 dBm

Table 3.2 Bidirectional SMF simulation parameters

Physical Parameters

Numerical Parameters

Parameter Value Parameter Value

Fibre Length 25 km

Number of iterations 50
Fibre Attenuation 0.2 dB/km
Fibre Dispersion 16.75 ps/nm.km

Number of steps 200
Effective Core Area 80 um?
Brillouin Gain 46x10™2 m/W

Step accuracy 0.001
SBS Interaction Bandwidth 31.7 MHz
Frequency Shift 11 GHz

Step size Variable
Polarisation Factor 1.85
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3.3.1 First Proposed Method and Results Discussion

The simulation setup of the first proposed method of mm-wave carrier
generation is presented in Figure 3.1. This generation scheme, which is based
on SBS, is aimed at being quite simple and easy to implement. The obtained
results of the output signals are visualised by using components from the
simulation visualiser library, including the Optical Spectrum Analyser (OSA)
and the Radio Spectrum Analyser (RSA). The spectrum analyser result in the
simulation for each inset in Figure 3.1 (a, b, ¢, and d) is presented in Figure 3.2
(a, b, ¢, and d).

| 4
v’ @ e ®
£
CW Laser Bidirectional
Optical Fibre
OSA |«
=
NN » RSA —’@
Optical Amplifier APD

Figure 3.1 The first simulation structure of mm-wave generation.

Point (a) in Figure 3.1 shows the optical spectrum of the laser source output
with power equal to 8 dBm at 1550 nm wavelength, with the results being
given in Figure 3.2(a). This laser optical signal enters the bidirectional SMF
with this sufficient amount of power to generate the First Order Brillouin
Stokes (FOBS) signal spontaneously, as shown in point (b) in Figure 3.1 and

the results are presented in Figure 3.2(b).
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The FOBS signal is created through the light which is backscattered at a
downshifted frequency. This first Stokes signal oscillates in the fibre cavity,
and when it reaches a certain threshold for generating the second order Stokes
waves, the same process will be repeated. Hence, it will produce another
Stokes signal in the opposite direction inside the fibre. The Second Order
Brillouin Stokes (SOBS) signal is generated when the optical signals returned

to the bidirectional SMF in the opposite direction, as illustrated in point (c) in
Figure 3.1.
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Figure 3.2 The analyser results at the corresponding points (a, b, ¢, and d) in
Figure 3.1.

48



The outcomes generated SOBS with the amplified FOBS are provided in
Figure 3.2(c). Then, these two Stokes signals are amplified by an EDFA
amplifier, which has a gain of 30 dB and a noise figure of 4 dB. After that, the
output signals are heterodyned and combined by the avalanche photodiode
(APD) to generate mm-waves. The APD is considered in the proposed setup to
provide the built-in gain through the avalanche multiplications process. This
will increase the responsivity and provide the high sensitivity of the detection,
but it will also increase the response time as well in comparison with using PIN
photodiode. While considering PIN is possible, but it is not preferable in the
proposed setup because it has lower responsivity and sensitivity of the
detection. The point (d) in Figure 3.1 represents the generated mm-wave
carriers at the output of the electrical spectrum analyser, and the results are
given in Figure 3.2(d).

This method generates two mm-wave carriers, the first at 10 GHz, and the
second at 20 GHz, which can be simply filtered with any filtering components.
Also, the received power of these two carriers is good, which equals 53 dBm
and 16 dBm for the first and second carrier, respectively. These carriers have a
good signal to noise ratio of up to 51 dB. Therefore, both of these mm-waves
have low noise signal power, which is averaged at -20 dBm as shown in Figure
3.3. As a result, this new method is very simple and cost-effective in
comparison with the method of generation used in [49].

Nevertheless, the limited number of low frequencies that are generated brings
forth the idea of improving this approach, as demonstrated in the next

subsection, which contains the second proposed scheme.
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Figure 3.3 The generated mm-wave carriers with the noise signal.

3.3.2 Second Proposed Method and Results Discussion

To improve upon the previous generation method, adding the effects of the
phase modulation technique is proposed in the second approach. Figure 3.4
represents the second proposed method, which is based on the coupling of the
phase modulated signals with the Brillouin Stokes that is based on the SBS
effects of the fibre laser. The spectrum analyser results in the simulation for
each inset in Figure 3.4 (a, b, c, d, e, and f) are represented in Figure 3.5 (a, b,
c, d, e, and f) respectively.

With this method, the laser optical spectrum is generated at the output of the
diode laser, as in the point (a) in Figure 3.4, and the analyser’s results are
provided in Figure 3.5(a). Then, this signal is directed towards the first optical
coupler component (OC1) and, this laser signal will be split into two equal
parts by using the OC1 with a coupling coefficient that equals 0.5 in the
simulation. The optical spectrum of these two signals, as in the two insets

marked with a (b) in Figure 3.4, delivers the results presented in Figure 3.5(b).
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Subsequently, one of these optical signals enters the bidirectional SMF to
generate the Brillouin Stokes, as explained in the previous proposed method.
Point (c) in Figure 3.4 represents the output optical spectrum from the
bidirectional SMF, and the result is provided in Figure 3.5(c). At the same
time, the second optical signal enters the phase modulator component. In the
Optisystem simulation model, the electrical modulating signal imposes a phase
modulation on an optical carrier and, the behaviour of this model is described
by [64]:

Egut(t) = Ein(£). exp(j. Agp. modulation(t)) (3.10)
where, Equ(t) is the output optical signal, E;, is the input optical signal, 4¢ is
the phase deviation, and modulation(t) is the electrical input signal. In the
Optisystem simulation, the normalisation of the electrical input signal is
between 0 and 1, while the phase modulator does not affect the noise bins
signals in this case. It is driven by radio frequency (RF) sinusoidal signals with
the parameters of 20 GHz frequency and a phase of 90 degrees.

The spectrum analyser results at the output of the phase modulator in point (d)
in Figure 3.4, are shown in Figure 3.5(d). Then, the Brillouin Stokes signals are
combined with the phase modulated optical signals by using another optical
coupler (OC2), as point (e) in Figure 3.4. The combined optical signals are
shown in Figure 3.5(e), which are amplified by using the EDFA and then
heterodyned at the APD (Figure 3.4 point (f)) to generate mm-wave carriers, as
illustrated in Figure 3.5(f). This figure represents the generated mm-wave
carriers presented by the electrical spectrum analyser. It can be seen that there
are spectral lines appeared very close to the generated carriers. These lines
appeared because of considering the Brillouin Stokes and anti-Stokes in this
generation method by using the bidirectional fibre. Particularly, Brillouin anti-
stokes might have frequency shift differs a little which leads to this spectral

lines.
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Figure 3.4 The second simulation structure of mm-wave generation.
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The results obtained from this generation method show the possibility of
generating high-frequency mm-wave carriers with improving tuning capability
of up to 90 GHz, as shown in Figure 3.6(a). The generated mm-wave carriers
are at different frequencies, according to the different order Brillouin Stokes
and Brillouin anti-Stokes signals that are combined with the phase modulated
signals. These carriers have a good signal to noise ratio of up to 39 dB. That is,
these mm-waves have low noise power, which is averaged at -20 dBm, as
shown in Figure 3.6(a). All the different mm-wave carries have a very low
noise with good peak power, and this generation method represents a cost-
effective setup in comparison with the method presented in [45], except that
the obtained frequency was less than 100 GHz. Also, to investigate the effect
of SBS on this generation method, the simulation setup is connected without
the activation of the Brillouin scattering parameters inside the bidirectional
SMF. The obtained result, in this case, has been compared with the proposed
method, as shown in Figure 3.6(a,b). This comparison shows the advantages of
considering the SBS effects, which increased the tuning capability of the
generated mm-waves, with the ability to generate a higher frequency of up to
90 GHz, as can be seen in Figure 3.6(a). In contrast, Figure 3.6(b) shows a
limited number of generated mm-waves due to the effect of just phase
modulation.

In trying to obtain even more improvement, a third scheme is proposed in the

next subsection.
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Figure 3.6 The generated mm-wave carriers with the noise signal.
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3.3.3 Third Proposed Method and Results Discussion

A third generation approach is proposed to optimise the performance of the
generation system, which will improve the productivity of a stable mm-wave.
In this case, the laser input signal enters the phase modulator, and the
modulated signals are then injected to the SMF, as shown in Figure 3.7.

To have the maximum benefit of SBS, Brillouin Stokes is considered in this
generation method for two schemes. The first, is with using unidirectional
fibre, and the second, by deploying a bidirectional fibre. In sum, the third
approach is based on the phase modulated signal using the SBS effects in the
optical fibre.

Firstly, the effect of Brillouin Stokes in the unidirectional fibre is studied and
simulated, which is followed by considering this effect when the bidirectional
fibre is added and the results are compared. The spectrum analyser results in
the simulation for each inset in Figure 3.7 (a, b, c, d, e, and f) are presented in
Figure 3.8 (a, b, c, d, e, and f), respectively.

The laser optical spectrum is generated at the output of the diode laser as in
point (a) in Figure 3.7, and the analyser’s results are illustrated in Figure 3.8(a).
Then, this signal is directed towards the phase modulator, which is driven by
RF sinusoidal signals, having parameters of 20 GHz frequency and a phase of
90 degrees. Inset (b) in Figure 3.7 shows the output of the phase modulated
signals, the results of which are provided in Figure 3.8(b). Next, these signals
are propagated through the SMF with sufficient amount of power to generate
the Brillouin Stokes, as in inset (c) in Figure 3.7, with the outcomes being
given in Figure 3.8(c). These optical signals are amplified by using the EDFA
and then heterodyned at the APD (Figure 3.7 point (e)) to generate mm-wave
carriers, as can be seen in Figure 3.8(e). Note that the blue dash line in Figure
3.7 represents the simulation process for the unidirectional fibre case.

This SBS effect leads the obtaining of mm-wave carriers, as in inset (e) in
Figure 3.7, the results of which are displayed in Figure 3.8(e), these having
high quality and being at different frequencies. This shows the real possibility
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of generating high-frequency mm-wave carriers with a high tuning capability
of up to 80 GHz.

Then, to investigate the effect of SBS using a bidirectional SMF, the signals
that are output from the fibre, as shown in Figure 3.8(c), are redirected to the
fibre to propagate in the opposite direction so as to have more Brillouin Stokes
signal effects. The output signals are shown in Figure 3.8(d). This method also
generates a good range of mm-wave carriers, as shown in Figure 3.8(f), but it
can only reach 45 GHz with good peak power, for the generated mm-waves
with frequencies above this have weak peak power.

The obtained results from using unidirectional fibre show the possibility of
generating high-frequency mm-wave carriers with an improving tuning
capability of up to 80 GHz, as shown in Figure 3.9(a). The generated mm-wave
carriers have good signal to noise ratio of up to 42 dB. That is, these mm-
waves have low noise power, which is averaged at -30 dBm, as shown in
Figure 3.9(a). So, different mm-wave carries are generated which have a very
low noise with good peak power and this is cost-effective in comparison with
the method presented in [44, 58]. While in the case of using the bidirectional
fibre, the obtained results show lower frequencies, with a signal to noise ratio
of up to 40 dB and low noise power, averaging -40 dBm, as can be seen in
Figure 3.9(b). Unfortunately, the mm-wave signals above 45 GHz have very
low power. As a result, the applying of the unidirectional SMF is preferred to
the bidirectional one for this proposed method, as the former gives better

generated mm-wave carriers, as is clear from Figure 3.9(a,b).
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Figure 3.7 The third simulation structure of mm-wave generation.
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3.4 Summary

Millimetre-wave generation systems offer great potential for futuristic 5G
communication networks. In this chapter, the SBS theory and concept have
been used for mm-wave generation using three different approaches, which are
proposed and simulated. The Brillouin scattering effect in optical fibre has
been utilised for generating and amplifying high carrier frequency. The design
was simulated using a commercial optical system simulator for system
performance characterisation in generating mm-wave carriers. The simulation
results have demonstrated that an 8 dBm laser light carried over 25 km SMF
can successfully generate high-frequency signals with low noise and a tuning
capability of up to 90 GHz. Also, the simulation results have shown that all
these carriers show good improvement in comparison with the previous
methods of generation that have been reported in this thesis. This improvement
includes the aspects of stability, availability to apply, and cost.

To sum up, in this work, new schemes of photonic mm-wave generation
methods have been proposed, which are based on the SBS effect. In the optical
communication link, generating and delivering mm-waves by using these
methods could solve the limitations caused by fibre nonlinearity effects. These
mm-wave carriers will simplify the optical telecommunication system for data
transmission. Also, the physical characteristics of the generated mm-waves are

suitable for RoF systems in futuristic 5G networks.
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Chapter 4

Proposed mm-Wave over a
Full-Duplex RoF System

In this chapter, a full-duplex RoF system with the generation and transmission
of 64 GHz mm-wave is investigated. This system is proposed as a solution to
cope with the demands of a multi Gbits/s data transmission in 5G and beyond
networks. In this chapter, the cost reduction and performance improvement are
achieved by simplifying the mm-wave generation and transmission method
with a RoF technique. High-frequency radio signals are considered challenging
in the electrical generation domain and to address this, the proposed photonic
generation method of mm-wave is used. The RoF system design is proposed in
addition to the mm-wave generation using both phase modulation and the
effect of SBS in the optical fibre. The RoF system, with a transmission rate of
5 Ghits/s, is achieved successfully. In the proposed scheme, one laser source is
utilised, and an FBG is used for the wavelength reuse for the uplink
connection. That is, a stable mm-wave over fibre link is successfully achieved
for up to 100 km fibre length with a high-quality mm-wave carrier. Simulation
results show a reduction in fibre nonlinearity effects and the mm-wave signal
has good signal power, with low noise power equal to -75 dBm. The outcomes
of this study ensure a practical mm-wave over fibre link, which will be

appropriate for small cell 5G networks due to a reduction the installation cost.

4.1 Introduction

Recently, the RoF system has been developed to distribute radio signals
optically for longer distances [9]. Due to the rapid revolution in wireless
networks and mobile technology, the RoF system became a potential option for

coping with high demands for this fast growth communication for the new
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broadband services [8]. Also, the RoF technique can provide simple antenna
front ends and improve wireless access coverage [138].

The overcrowded microwave band and the lack of global bandwidth for
wireless communication have encouraged the implementation and
improvement of the mm-wave spectrum for futuristic 5G networks [1]. Also,
applying mm-wave frequencies will simplify the design of efficient wireless
communications, which can offer suitable terminal mobility and high capacity
channels [40, 139]. Due to this benefit, mm-waves with the RoF system is
seen as one of the promising candidates for delivering high-speed radio
transmission with a seamless convergence between the optical and radio
signals [140]. Moreover, the RoF technique can directly convert an optical
signal to a high-frequency radio signal with a photonic direct up-conversion
scheme [15].

The photonic generation and transmission of mm-wave signals over a fibre link
is considered essential for keeping the remote cells simple, cost-effective, and
energy efficient. It additionally guarantees a low-attenuation transmission for
wireless mm-wave signals, thereby potentially providing good flexibility for
mobile and broadband access networks [141]. When utilising this system, mm-
wave signals will be transmitted from the CS to the RAU directly, which is
simplified to deal with only the process of conversion and amplification, while
the signal processing can be done at the CS [142]. With this configuration, it is
possible to obtain a flexible communication solution for the upcoming high-
speed networks. This system can be useful in different applications, such as
last-mile broadband access networks and resilient access networks [143, 144].
Another critical point is the possibility of implementing an FSO link with this
system. The performance of the FSO communications as being conditional
upon the weather is well known, but it still can be considered as an alternative
solution for short-range fibre cables [20]. The combination of fibre and mm-
wave links is crucial due to its large bandwidth, high capacity, and robust

features. Ultimately, to obtain a higher data rate in 5G wireless networks, it is
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essential to fulfil the requirement of the transmission latency, which might
restrict the length of the fibre link to a few kilometres [145, 146].

The RoF system operating at the free-license mm-wave bands (57-64 GHz),
has been considered a promising candidate for meeting the required capacities
for wireless backhauling of the future mobile network standards [147].
Accordingly, the demonstration of low-cost systems with a simple setup for
generating mm-wave signals over fibre has become necessary for future
networks [34]. The primary challenge in implementing such RoF networks is
the large size of the optical components and devices [32, 37].

Recently, the need for a multi Gbits/s data transmission system in 5G
communications has raised the importance of applying the free licensed 60
GHz frequency band with a RoF system [107]. Hence, in this chapter, a full-
duplex RoF system with the photonic generation of mm-waves is proposed and
demonstrated as in the recent research by this researcher [67]. This new setup
differs from the previous related research by taking into the consideration the
generation and transmission performance of the mm-wave over fibre. The mm-
wave signal is generated using a phase modulator, and it has been investigated
with consideration of the benefits of SBS in the fibre. Exploiting a single laser
source with the direct data modulation will reduce the cost and the complexity
of the system. Moreover, the use of FBG for wavelength reuse has increased
the stability of the mm-wave over a RoF system and reduced the nonlinearity
effects as well. In the proposed simulation setup, there is no need to apply
expensive components to generate the mm-waves as in some previous
techniques that used costly apparatus to reduce the complexity. That is, in this
research a simple setup is proposed, which has the potential to support the
implementation of mm-waves in 5G futuristic communication systems that are
integrated with the optical fibre link.

The rest of this chapter is organised as follows: in Section 4.2, the design of
mm-waves over the fibre link is explained with its system principle and
architecture. Section 4.3 describes the simulation setup and provides a

discussion of the results, whilst Section 4.4 focuses on the evaluation of the
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system performance. Finally, the chapter conclusions are presented in Section
4.5.

4.2 Design of mm-Wave Generation and Transmission over a
Fibre Link

In this section, the operating principle of the proposed full-duplex RoF system

with the photonic generation method of the mm-wave is presented, and
evaluation of the system performance is provided. Figure 4.1 illustrates a block
diagram of the proposed system design. The full-duplex mm-wave RoF system
consists of two main parts: the central station (CS) and the radio access unit
(RAU). The CS consists of a directly modulated laser driven by the data
signals, a phase modulator driven by RF sinusoidal signals of the local
oscillator, and the uplink receiver. The phase modulator can be stably operated
without an electrical DC bias control circuit. Moreover, a phase modulator has
a small insertion loss, whilst, the RoF system, which uses this modulator, has a
larger margin. So, the phase modulator is driven by an appropriate radio
frequency signal, which will lead to obtaining a small modulation depth.
The optical signals are then launched into the standard SMF and propagated to
the RAU. After the transmission of the optical carrier along the fibre, the
optical signal is filtered and amplified in the RAU. The FBG is deployed to
reuse the optical carrier for the uplink signal. Therefore, the reuse of the
remained optical carrier, which is a strong optical signal, can efficiently realise
cost-effective operation. The other part of the optical carrier, which passes
through the FBG, will be then detected by the optical receiver to produce the
required mm-wave signal. Coherent or incoherent detection methods can be
applied, but whilst the latter is simple, its performance is not of the same
quality as that of the former [143, 148].
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generation.

66



An optical modulation technology based on the phase modulator can generate
such a high-quality mm-wave over fibre. Subsequently, an antenna is operated
to transmit and receive the mm-wave wireless signal to and from the user
terminal. In the uplink direction, after the detection process, the uplink signal is
modulated by the optical carrier and then transmitted back to the CS through
the optical fibre.

In this chapter, mm-wave generation and transmission over a fibre link based
on SBS is proposed. The SBS effect has received significant attention among
other fibre nonlinear effects, as has been explained previously in chapters 2 and
3. This transmission of mm-waves over RoF systems offers many advantages.
Regarding which, scalability is the main issue that can be solved with mm-
wave over fibre systems. Also, the transmission of mm-waves over fibre can
offer enormous bandwidth because of the large available optical bandwidth,
which can implement a massive increase in signal processing speed.
Furthermore, mm-wave over optical fibre has low loss transmission which is
very useful to distribute data transmission. This point made mm-waves with
RoF technology a viable solution. Moreover, the system cost is reduced
because the complicated and expensive equipment is set at the CS, while
simpler, smaller and lighter remote antenna units are located at the BSs [149].
This configuration contributes to making the processes of installation and
maintenance very easy. Also, a significant amount power can be saved due to
the improved and simplified RAU. In 5G networks, this system can be
integrated with optical access networks, to reap the benefit of the installed
fibre. From another perspective, the centralisation of the network management
is suitable for the analogue waves of mobile communication, because all of the
computing process is placed in the central stations. This feature means the
system complexity can also be simplified with the network arrangement. The
use of an SBS fibre laser in these systems can enable dispersion of tolerant
signal transport, while also supporting the optical encoding and wireless

transmission of high data rate signals [54].
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4.3 Simulation Setup and Results

The proposed architecture is built using Optisystem simulation tools to analyse
and calculate the results of the system. The simulation results for the proposed
scheme are presented and explained using this advanced optical simulation
package, which virtually designs and tests the optical link properties in the
physical layer of optical networks. This section investigates a full-duplex RoF
system based on the simple photonic generation method of mm-waves
proposed in chapter 3.

First, the simulation setup of the mm-waves generation method is explained
and then, the simulation setup of the full-duplex RoF system for the mm-wave

generation and transmission with data is presented.

4.3.1 Simulation Setup for mm-Wave Generation

The configuration of the mm-wave generation method with the simulation
optical and electrical spectrum analyser results are shown in Figure 4.2. It is
clear from the obtained simulation results that a mm-wave at a frequency of 64
GHz with a power of around 25 dBm has been successfully generated. This
generation method is based on the proposed third mm-wave generation
method, as explained in chapter 3.

In the simulation setup, a narrowband linewidth laser source (1 MHz
linewidth) is used with 8 dBm power at a wavelength of 1550 nm. The
continuous wave (CW) laser enters the phase modulator, which is driven by RF
sinusoidal signals, having the parameters of 32 GHz frequency, and a phase of
90 degrees. After that, the modulated signals are propagated through the SMF
with a sufficient amount of power to generate the Brillouin Stokes. Due to the
applied appropriate laser power, First Order Brillouin Stokes (FOBS) are
generated regarding the SBS effect in the fibre, where the Brillouin linewidth is
set to 31.7 MHz with a frequency shift equal to 11 GHz.

68



69

(zH) Aouenbaig (w) ybusjenem
D0ZL D06 909 D0¢ 0 figelL degy depel depgL
-y (=]
(=]
L S
2 5§
s 83
.o =
=m ‘ra
A _ .= Gy
(zH) Aousnbaig v o 18 |eusSis 4y
900¢ 9002 D004 0 o ;
Qo
_ i R 1 Jayydwy
- ¥ jeando a.qy
D eando
Qo \_ |eal
e z 1B | SETVELE 0 le 18)t4 Joje|npoy p wiu 05ST
s jeando /_ leando @ aseyd 19587 M
o]
.3
o
. (w) pbusjanepn (w) yybusjenepp (w) yiBusiaaepp
UHEP 52 EHAUS . - dise't gt evet devg digeL degh devsLiepet  isey Aot febeh fepet
e =
) & ..* A I 8
o
° 4 4
S S5 c3
LE , = =
oo oo o
- o= Qo=
.2 = o
=m Lm &m
< 3 o3 OM\
7 | _ —m 3 &

Figure 4.2 The simulation setup of the mm-wave generation method with the
spectrum analyser results.



Then, these optical signals are amplified using the EDFA and heterodyned at
the APD to generate mm-wave carriers, as explained in Figure 4.2. The
obtained mm-wave carriers show good quality at different frequencies.
Subsequently, these signals are filtered to obtain the 64 GHz mm-wave.

Due to the SBS effects in the mm-wave generation system, the optical power
fluctuates, and this fluctuation will degrade the Q factor and the bit error rate of
the optical communication system. This effect will limit the performance of the
optical transmission system, and for this reason, the laser input power to the
fibre should be kept at the Brillouin threshold. The maximum power
transmitted through the fibre can apparently be impacted upon by this effect,
which will limit the efficiency of the fibre laser. Figure 4.3 shows the optical
input power transmitted through the fibre versus the Q factor, which is
obtained by using the Optiwave simulation. The Q factor describes the system
performance by suggesting the minimum SNR required to achieve specific
BER. To consider the Brillouin scattering effect for mm-wave generation and
to avoid the scattering limitations on system performance, the laser input
power should be kept under control and should not reach the threshold amount.
To specify the maximum amount of input laser power that provides a specific
BER, the Q factor has been measured by the Optiwave simulation. So, figure
4.3 shows the simulation results when the input power versus the Q factor is
varied, and the BER has been analysed for each amount of laser input power.
This graph shows that the Q factor degrades sharply when the optical power is
increased to more than 8 dBm. This graph means the Brillouin threshold for the
setup is around 8 dBm, and the degradation of the Q factor begins after
reaching this value. Due to this, increasing the laser power more than 8 dBm
will affect the performance of the proposed system badly and degrade the Q

factor.
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Figure 4.3 Optical power transmitted through the fibre versus the Q factor.

The use of the directly modulated laser has the option of increasing the
linewidth of the laser source, but it can increase the dispersion penalty as well.
To avoid this, the linewidth of the laser should be modified, which will
decrease the SBS threshold power without increasing the dispersion penalty
relating to the directly modulated laser. Figure 4.4 shows the relationship
between the SBS threshold power and the fibre length for three different
linewidths, which is calculated by equation (3.1), according to the simulation
parameters. The SBS threshold decreases with an increase of the effective fibre
length, but it has higher values when applying a higher laser linewidth. As the
effect of SBS is involved in the Optiwave Design Software, the same

parameters presented in chapter 3 (Table 3.1 and Table 3.2) are considered.
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Figure 4.4 SBS threshold power versus fibre length for different laser linewidths.

4.3.2 Simulation Setup for mm-Waves over the Full-Duplex RoF System

With the aim of investigating the performance of the mm-wave generation and
transmission with data over the full-duplex RoF system, the simulation setup in
this section is first explained. By exploiting a single laser source and an FBG
for wavelength reuse, a stable mm-wave RoF system is achieved, and the
quality of the carriers is increased with a reduction in the fibre nonlinearity
effects. The configuration of the full link of the mm-wave full-duplex RoF is
shown in Figure 4.5. The spectrum analyser results in the simulation for each
inset in Figure 4.5(a, b, ¢, d, e, f, g, h, and i) are presented in Figure 4.6(a, b, c,
d, e f, g, h andi).

In the central station, a directly modulated CW laser source is used with 8 dBm
power at 1550 nm and a 1 MHz linewidth. The amount of laser power is set to
be at the Brillouin threshold to consider the effect of SBS inside the fibre. The
directly modulated laser is driven electrically by the downlink binary data,
represented by 5 Gbits/s pseudo-random bit sequences (PRBSs) with a word
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length 2%.-1. In the Optiwave simulation, PRBSs is generated according to
different operation modes. The bit sequence is designed to approximate the
characteristics of random data. The directly modulated laser signal enters the
phase modulator, which is driven by an RF sinusoidal signal with 32 GHz
frequency, and a phase of 90 degrees. Then, the signals are injected into the
100 km SMF, as shown in Figure 4.5. The effects of the phase modulator are
added to the proposed setup to improve the mm-wave generation method.
Phase modulated signals are combined with the Brillouin Stokes of the SBS in
the fibre laser. These signals are heterodyning at the APD and converted into
an electrical signal to generate the 64 GHz mm-wave carrier.

The spectrum analyser results at the output of the phase modulator are shown
at point (a) in Figure 4.6, while point (b) represents the optical spectrum of the
amplified optical signal after propagating via the fibre and the optical filter.
Point (c) in Figure 4.6 shows the output of the optical receiver, which is the
mm-wave carrier after the electrical filter. These results reveal that the
stimulated Brillouin Stokes have affected this generation method by using
sufficient Brillouin pump power. As a result, this setup is based on combining
the FOBS with the phase modulated signals over a fibre link to generate the

mm-wave.
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Figure 4.5 Simulation structure of the full-duplex mm-wave over fibre system.
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Figure 4.6 The analyser results at the corresponding points in Figure 4.5.

The generated mm-wave carrier is at frequency 64 GHz with good quality, as

shown in Figure 4.7, with low noise power approximately equal to -75 dBm.
Figure 4.6(d) shows an eye diagram for the RoF downlink, which demonstrates

good performance, because the eye still keeps open clearly after the data

(5Gbits/s) is transmitted with a 64 GHz mm-wave over a 100 km fibre link
length. For the uplink signal, the FBG is used to abstract half of the optical

carrier at 1550 nm. For the RoF uplink, the mm-wave wireless uplink data
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signal is received by the antenna. Then, this signal is modulated on the optical
carrier at 1550 nm via the phase modulator, as shown in Figure 4.6(f). This
spectrum of the generated optical signal is transmitted back to the CS over the
SMF. Subsequently, the optical signal is amplified, as shown in Figure 4.6(g)
and is detected by the APD as in Figure 4.6(h). The eye diagram performance
for the RoF uplink is shown in Figure 4.6(i) which is good, for the eye remains
open after the uplink data (5Gbits/s) is transmitted with a 64 GHz mm-wave

over a 100 km fibre with the wavelength reuse.
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Figure 4.7 The 64 GHz mm-wave carrier with the noise signal.

4.4 System Performance Evaluation and Discussion

To evaluate the performance of the proposed system, a set of simulation
results and analysis has been presented. Figure 4.8(a,b) shows the eye diagrams
of the downlink and the uplink signals after transmission over different lengths
of the fibre link. The results shown in this figure are presented along 20, 60,
and 100 km. From these eye diagrams, it can be seen that with an increase in

the fibre length, the opening of the eyes decreases, for it is also evident that the
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eyelids become thick. This decrease is happened because of the degradation
and the phase noise de-correlation of the optical tones.

However, after transmission over 100 km SMF, the eyes clearly look open,
which indicates that good performance of both links (down and up) signals can
be assured. In this point to improve the performance, the modulation depth
should be improved by minimising the difference between the optical carrier
and the data-bearing sideband by the FBG.

To calculate the link performance, a BER analyser is applied to the setup. The
BER for two data rates, 5 Gbits/s and 7.5 Gbits/s, have been measured. Also,
the BERs for both the downlink and the uplink data versus the received power
along 100 km fibre link have been measured, as illustrated in Figure 4.9(a, b),
respectively. By varying the amount of the input laser power, it can be seen
that as the pump power from the laser source goes close to the threshold
amount of SBS, the BER in the receiver increases. The reason behind this is
that the previous onset of scattering threshold at the long fibre link. This
comparison shows that for a data rate of 5 Gbits/s the perfect BER performance
(BER<10") for both downlink and uplink over a 100 km SMF transmission has
been obtained. While in the case of the data rate of 7.5 Gbits/s, the
performance of the BER seems poor over the long fibre link.

Further analysis has been carried out to evaluate the system performance with
Figure 4.10(a,b) showing the BER performance of the downlink and the uplink
along different fibre lengths. The tests were carried out with two transmission
rates, 5 Ghits/s and 7.5 Ghits/s, along the fibre link from 25 km to 100 km. The
nonlinear effects and the attenuation with dispersion were determined by
standard industry values (i.e. dispersion of 16.75 ps/nm/km and an attenuation
of 0.2 dB/km) to simulate the real environment as closely as possible. The
results show the effect of increasing the fibre length on the amount of the
received signal power, the losses of which increase when using longer fibre
and so for a short fibre link, the data rate should be higher. The critical point in
this design a mm-wave RoF system is specifying the maximum fibre length

that can achieve a higher data rate with a good system performance.
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4.5 Summary

In this chapter, a full-duplex RoF system for mm-wave photonic generation
and transmission with data has been proposed and demonstrated using the
Optiwave Design Software. In the proposed scheme, the transmission
performance of the mm-wave over fibre which is generated using the phase
modulation and SBS effect in the optical fibre has been investigated. A single
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laser source is applied in the proposed setup, with an FBG being deployed for
wavelength reuse for the uplink connection. This scheme will not only increase
the stability and the quality of the generated 64 GHz mm-wave carrier
frequency over the RoF system, for the fibre nonlinearity effects are also
reduced, thereby generating a mm-wave that has a low noise power of less than
-75 dBm. In the setup, the RAU structure is simplified, thus achieving a cost
reduction for the system. For instance, the RAU does not need any laser source
for the uplink optical carrier by using the FBG. The transmission performance
of the full-duplex mm-wave RoF system has been investigated theoretically
and verified by the Optisystem simulation.

Also, the simulation results have shown that the proposed system with a data
rate of 5 Ghits/s for both the downlink and uplink can successfully reach a
transmission distance up to 100 km over the SMF with a good agreement of the
optical communication standards. Based on the obtained results, this system is
recommended as a promising choice with a simple design setup for the future
small cell networks. In sum, the proposed scheme has the potential to support
the implementation of the mm-wave in wireless systems integrated with optical
fibre link in 5G networks.
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Chapter 5

Proposed mm-Wave over Hybrid
Fibre/FSO Link

In this chapter, a hybrid Fibre/free-space optical (FSO) system is proposed for
the generation and transmission of a 64 GHz millimetre wave (mm-wave). This
system can serve as a potential solution for the fifth generation and beyond
(5G+) communications to overcome the mm-wave wireless propagation
obstacles, especially for the 60 GHz band, such as high path loss and high
attenuation. In this chapter, a hybrid system is proposed, which provides an
optical link capacity of 10 Gbits/s with an FSO transmission distance of up to 2
km. This new system offers a communication link with low latency (speed of
light) and can cope with the problems of high path loss and the blockages
effect that face mm-wave wireless propagation. Furthermore, this system will
increase the network coverage area by transmitting mm-waves over an FSO
link to the areas with natural obstacles where laying fibre cables is impossible.
The proposed setup is validated via Optiwave Design Software and MATLAB
simulation tools. This chapter also discusses the challenges that may face such

a new system and presents some key ideas towards overcoming these.

5.1 Introduction

The next generation communication system promises to deliver high data rates
of around 10 Gbits/s for mobile users due to the rapid growth in the use of
smart devices and techniques [4, 145]. Providing such a high data rate for users
should be ensured with a high QoS anytime and anywhere. As widely agreed,
radio over fibre (RoF) has become a feasible technique to provide high
capacity requirements for mobile communication systems [9, 54]. However,

the bandwidth lack in the current wireless carriers has motivated considering

81



mm-wave frequencies for next generation communication networks [3, 149].
As explained earlier in this thesis, mm-waves with a RoF system can provide
high-speed data transmission and can increase the network capacity by the
wide available bandwidth at these frequencies. This integration between the
optical fibre and mm-waves has encouraged the implementation of the mm-
wave spectrum in the fifth generation (5G) cellular networks to cope with the
enormous traffic growth [1, 15].

Whilst mm-wave frequencies are considered attractive for futuristic mobile
networks, they have faced serious difficulties in outdoor applications.
Unfortunately, mm-wave signals have significant wireless propagation losses
[6, 117]. Some of mm-wave bands are appropriate for the application in the
outdoor deployment, and others are not due to physical characteristics that vary
with changing frequencies, as it is explained previously in chapter 1 (see
Figure 1.2) [12, 13, 121]. Moreover, mm-waves are very sensitive to the effect
of blockages, so the condition of the line of sight (LoS) propagation is
considered a significant factor for these networks [98, 122].

In recent studies, overcoming mm-wave propagation losses has been tackled by
using directional antennas with beamforming techniques [25]. These
techniques are able to reach about 200 metres of mm-wave wireless
transmission in outdoor urban areas [10, 14]. Hence, more fibre infrastructure
needs to be added to enhance the network coverage area, but this,
unfortunately, will lead to increase the latency and cost of the whole system.
Lately, the FSO system has received considerable attention due to its
advantages, such as high security, flexibility, and rapid deployment time [76,
150]. In addition, FSO communication systems have received an interest due to
the higher bandwidth and higher capacity in comparison with the traditional
radio frequency wireless communication systems. Therefore, FSO technology
is successfully utilised in the cognitive radio network based on an asymmetric
RF/FSO communication system to increase its performance [151]. The FSO
system is efficiently used for the transmission of high data rate between two

fixed points over a long distance, instead of applying optical fibre cables [84,
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152]. The wide optical bandwidth has allowed the obtaining of much higher
data rates by using an FSO link. This system also has attracted the attention for
solving the problem of the last mile coverage in remote areas or under disaster
emergency [153]. The integration of fibre optic infrastructure with FSO could
help in resolving these issues [79, 80]. The performance of the radio frequency
with FSO systems has been studied recently by considering separate links.
Some researchers have tried to combine RF wireless links and FSO links to
improve system performance [75, 85, 82].

Despite the potential of the FSO system, it faces some challenges, and the
transmitted optical signal is affected by various factors, as explained previously
in chapter 2 [20, 83]. Recently, some literature has proposed different solutions
to mitigate these affecting factors [21, 80, 82]. Consequently, RoF technology
Is considered a vital solution for mm-wave transmission through a fibre link to
small cell networks. However, the deployment costs of the fibre, such as
installation, digging, and obtaining laying permission, makes the placement of
fibre impossible in some situations. On that account, proposing mm-waves
over a hybrid Fibre/FSO system, as shown in Figure 5.1, for futuristic 5G+
communications can reduce the cost, enhance performance, and improve the

coverage to the last mile.
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Figure 5.1 The proposed mm-wave over hybrid link for the last mile coverage.
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In this chapter, a communications system is proposed that integrates the
advantages of both mm-wave and FSO systems, such as free licence spectrum,
low-cost system, and higher bandwidth carrier. The proposed system is based
on the photonic generation and transmission of mm-waves over a hybrid
Fibre/FSO laser link. Figure 5.2 explains the proposed idea of the hybrid
Fibre/FSO link with the application of mm-waves. The main idea here, comes
with the generating and transmitting of mm-waves optically over fibre, then
transmitting mm-waves optically to the BS over the FSO link using laser light
instead of mm-wave wireless propagation. Specifically, in this hybrid system,
there are two options for mm-wave transmission link, which are fibre link and
FSO link. So, fibre link can be used alone for the mm-wave generation and
transmission, and if it is impossible laying the fibre cables in some areas like,
historical places, areas with natural obstacles, and under emergency disasters,
the fibre would be cut and the FSO link could be used instead for mm-wave
transmission. The contribution is overcoming the obstacles related to mm-wave
wireless propagation by proposing mm-waves over FSO instead and avoiding
laying fibre cables to remote areas, which increases the latency, cost, and
network complexity. Moreover, the performance of the proposed system has
been evaluated and compared with mm-wave wireless propagation to verify the
improvement achieved. Finally, latency reduction is also investigated in this
work by reducing the fibre link length.

The rest of this chapter is organised as follows: Section 5.2 is a description of
the proposed system architecture, whilst in section 5.3, simulation results are
provided and discussed. The performance evaluation of the hybrid Fibre/FSO
system is discussed in Section 5.4 and finally, Section 5.5 concludes the
chapter.
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Figure 5.2 Illustration of the proposed mm-wave over the hybrid system.

5.2 Proposed System Architecture

The generation and transmission of a mm-wave over a hybrid Fibre/FSO
communication system are proposed in this chapter. This hybrid system can
overcome the limitations presented in mm-wave wireless transmission for long
distances owing to the high path losses and blockages effects. In this section,
the operating principle of the mm-wave generation and transmission over the
hybrid Fibre/FSO system is explained, and evaluation of the system
performance is discussed. Figure 5.3 contains a block diagram of the proposed
system setup, which is built by using the Optisystem simulation tools.

The FSO laser channel and the mm-wave wireless channel have been explained
previously in chapter 2, with details of the analytical models and mathematical
equations. In this section, the system simulation design is explained with the
generation process of a mm-wave over fibre. This generation process consists
of a directly modulated continuous wave (CW) laser source working with a
1550 nm wavelength and 1 MHz linewidth. The laser is derived electrically by
the downlink binary data signals, which are represented by 10 Gbits/s pseudo-

random bit sequences (PRBSS).
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Then, the laser signal enters a phase modulator, and an RF sinusoidal signal
with 32 GHz frequency is used to drive this phase modulator. After that, the
optical signals are launched and propagated through 10 km standard single
mode fibre (SMF), which has a dispersion of about 16.75 (ps/nm.km) and an
attenuation of about 0.2 dB/km.

The generation process of the mm-wave is based on recent work by this
researcher, for which a cost-effective and straightforward mm-wave generation
method was proposed, as in [64, 67]. So, a mm-wave generation model has
previously been proposed based on SBS with a RoF system. The amount of the
laser power needs to be set to 8 dBm, which is equal to the Brillouin threshold
to consider the effect of SBS on the fibre, as explained previously in chapter 4.
The effects of the phase modulator are added to the proposed setup to improve
the mm-wave generation method.

Then, the optical signals, which are the phase modulated signals with the
Brillouin Stokes, are filtered by an optical filter to ignore any unwanted
sidebands to improve the results. After that, the filtered optical signals are
transmitted through the FSO laser channel along a 2 km distance. The proposed
FSO channel simulation parameters are summarised in Table 5.1.

On the receiver side, these optical signals are combined by the photo detector
and converted into an electrical signal to generate a mm-wave carrier, which

has a frequency equal to the frequency difference between the optical signals.
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Figure 5.3 Simulation setup of the proposed hybrid Fibre/FSO system.
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Table 5.1 FSO channel parameters

Parameter Value Unit
Laser wavelength 1550 nm
Range 2 km
Clear weather attenuation 10 dB/km
Heavy rain attenuation 20 dB/km
Moderate fog attenuation 30 dB/km
Index refraction structure 5x10™"° m*?
Transmitter aperture diameter 5 cm
Receiver aperture diameter 25 cm
Beam divergence 0.25 mrad
Transmitter loss 2 dB
Receiver loss 2 dB
Receiver sensitivity -20 dBm

5.3 Simulation Results and Discussion

In this chapter, the performance of mm-wave transmission over the hybrid
Fibre/FSO laser link is investigated. First, the mm-wave transmission through
the FSO laser channel has been examined. Then, the effect of the FSO link
length on the power of the generated mm-wave has been studied. Figure 5.4
shows the generated mm-wave (64 GHz), which has been transmitted over a 10
km fibre with two different FSO link lengths (1 km, and 2 km). This figure
represents the power of the mm-wave signal versus its frequency. It can be
seen that there is a decrease in the power of the generated mm-wave with the 2
km FSO link. The atmospheric attenuation reduces the FSO laser power, and
this reduction becomes greater as the FSO link length increases. The decrease
in the laser power, which is received optically, will affect the power of the

generated mm-wave accordingly. Despite the mm-wave power in the 2 km link
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being lower than at 1 km by approximately 20 dB, simulation results with the
BER analyser show that it still has acceptable performance, for the BER is
equal to 2.7x10™° and the Q factor about 6.2. The best performance of the
mm-wave as a carrier was achieved with a 1 km FSO link length, with a BER
equal to 1.5x10™ and a Q factor of about 7.
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Figure 5.4 The generated mm-waves with different FSO link lengths.

To examine the effect of the fibre link on the overall system, different fibre
lengths (1, 10, and 15 km) have been applied. Figure 5.5 shows the eye
diagrams of the downlink signals after considering the transmission over
different fibre lengths with a 1 km FSO laser link. From these eye diagrams, it
can be seen that an increase in the fibre length will lead to a decrease in the
opening of the eye. It can also be seen that the eyelids become thick with a 15
km fibre link. This loss happens because of the degradation and the phase noise
de-correlation of the optical tones. From these results, the fibre losses can be
observed very clearly by increasing the length of the fibre link distance.
Moreover, increasing the fibre length will also affect the latency, which is
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directly proportional to this length. A significant advantage of applying the
FSO link is achieving a low latency link. The transmission of mm-waves over
fibre for long distances will increase the latency of the mm-wave network,
whilst the applied FSO laser link provides mm-wave transmission at the speed
of light. For 5G and beyond communication systems, less than 1 ms of latency
is needed, and this can easily be verified by using the FSO laser link.

The proposed hybrid system has been compared with a recent study in [143], in
relation to improving mm-wave wireless transmission and providing an
efficient optical link. This comparison shows the feasibility of the proposed
work in enabling a mm-wave communication link with good performance. The
distance of the mm-wave transmission over the proposed FSO link has been
improved to reach more than 1 km, while in the research presented in [143],

mm-wave wireless transmission could not be more than a few metres.
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Figure 5.5 Eye diagrams for the transmission along different fibre lengths (1, 10,
and 15 km) and a 1 km FSO laser link.

The performance of the mm-wave over an FSO link has also been investigated
considering different atmospheric phenomenon, which can be highly variable
depending on the different areas and seasons, whereby there can be clear
weather, rain, fog etc. These atmospheric conditions will increase the laser
optical attenuation and distortion. Hence, the FSO link availability has been

examined and the mm-wave received power has been measured along the laser
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FSO link under different attenuation coefficients. Figure 5.6 presents the
measured log BER versus the mm-wave received power using the Optiwave
simulation tools. To calculate the FSO link performance, the BERs have been
measured with varying the amount of the laser attenuation coefficient between
5-30 dB/km for different weather conditions (clear, rain, and fog). The
received power of the mm-wave has been measured along the 1 km FSO link.

This comparative result shows that the perfect BER performance (BER<10°)
has been obtained by considering a low attenuation coefficient and a short FSO
link length. While in the case of a higher attenuation coefficient and long link,
the performance of the BER would appear to be poor over the FSO link. This
result indicates that the mm-wave performance over an FSO laser link can be
very weak under difficult weather conditions, like dense fog or smoke, when

the laser attenuation coefficient could reach more than 200 dB/km.
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Moreover, the mm-wave wireless transmission as an RF carrier is compared
with the performance of this transmission over the FSO laser link in the
proposed design. The received electrical power of mm-waves over FSO link is
compared with the received power in the case of mm-wave that wirelessly
transmitted through a directional antenna. The power of the mm-wave received
over the FSO laser link is measured by the Optisystem simulation tool using an
electrical power meter, which is set after the optical receiver. While the
received power of the mm-wave (Prmm), Which is assumed to be transmitted
wirelessly with the LoS path condition, is calculated by equation (2.9) using a
MATLAB simulation environment. All mm-wave wireless channel simulation
parameters are summarised in Table 5.2, which are based on some of the latest
research [3, 14, 98].

Figure 5.7 shows a comparison between the received powers for each of mm-
wave wireless link and mm-wave over the FSO laser link along a 1 km
transmission range. The received power of mm-wave over FSO link, which is
measured by using the electrical power metre components in the Optiwave
simulation along the FSO link, is considered under clear weather conditions
(i.e. 10 dB/km atmospheric attenuation). From this figure, it can be seen that
the received power of the mm-wave transmitted over the FSO laser link is
higher than that transmitted wirelessly by approximately 120 dB with
considering clear weather situation. This enhancement in mm-wave power
demonstrates the advantage of using an FSO link for transmitting mm-waves to
reduce the higher propagation losses in wireless transmission especially with
good weather conditions. The mm-wave band around 60 GHz frequencies has
the highest attenuation losses in the atmosphere when compared with other
mm-wave bands, because its resonance frequency is very close to the oxygen
molecule [97]. As a result, the proposed system of transmitting 64 GHz mm-
wave over FSO link will solve this issue of overcoming the wireless path
losses. In addition, in remote areas or areas with natural obstacles that make it
impossible to lay optical fibre cables, the need to apply an FSO laser link is a

matter of urgency. The mm-wave over an FSO link will offer a satisfactory
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solution to provide a high capacity connection, as will be discussed in the next

section.
Table 5.2 mm-Wave wireless channel parameters
Parameter Value Unit
mm-Wave frequency 64 GHz
Transmitted power 30 dBm
Antenna gain 25 dBi
LoS path loss exponent 2 dB
LoS shadow fading 5.8 dB
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Figure 5.7 Received powers comparison versus transmission length.
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5.4 Performance Evaluation of the Hybrid System

The performance of the proposed hybrid Fibre/FSO system for mm-wave
generation and transmission demonstrates the importance of applying this new
system in futuristic 5G+ communications. In this section, the received power of
the FSO laser link has been calculated theoretically by applying equation (2.4).
The result is then compared with the measured received laser power by the
Optisystem simulation tool using an optical power meter component, which
has been deployed after the FSO channel component. Figure 5.8 shows a
comparison between the theoretical and simulation received laser FSO power
regarding link length. The theoretical curve in the figure has been calculated by
using equation (2.4), which calculated the ideal amount of the received power
of FSO signal. While the other curve has presented the results obtained from
the Optiwave simulation with considering more parameters, which add more
realistic considerations about the performance of the FSO link and the amount
of the received FSO signal power. Due to this, from this figure, it can be seen
that the Optiwave simulation laser power amount, which is measured by the
optical meter, is slightly less than the theoretical one amount that calculated by
equation (2.4). This slight difference happens typically due to the added
measured losses in the Optiwave simulation components that cannot be
estimated theoretically by equations.

A significant advantage of using the FSO laser link is the high data rate.
Regarding this contribution, transmission of mm-waves with data rate 10
Gbits/s over the hybrid Fibre/FSO link has been achieved successively. To
study the performance of the laser FSO link with high data transmission, the
predicted capacity of the laser link has been calculated. Figure 5.9 shows the
estimated data rate versus the link range, which is calculated by equation (2.6)
and, represents a general prediction from the mathematical calculation. The
performance of the FSO link has been evaluated with different attenuation
coefficient values (5-30 dB/km) to calculate the possible data rate achieved. As

appears in this figure, the laser link can provide about a Terabit/s (102 bits/s)
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data rate with a 2 km link length in the case of clear weather (attenuation 10
dB/km). Such a high bit rate is necessary for the application of futuristic 5G+
networks [154]. While for a link range of about 1 km with a higher attenuation,
the data rate is still in the range of Gigabit/s (10° bits/s). It is also observed that
when the attenuation increases to 30 dB/km (moderate or heavy fog), the data
rate decreases below the acceptable amount of BER for a long link. Hence,
weather conditions are considered a challenging issue with an FSO laser link in

terms of providing high data rate connectivity.
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Figure 5.9 The estimated data rate of the FSO laser link versus the link range.

Also, the link margin value has been investigated to show how much the
margin range of the proposed system to be able for compensating different
FSO link losses. The FSO link margin can be calculated by the equation (2.5),
which represents a general prediction from the mathematical calculation.
Figure 5.10 shows the estimated link margin versus the FSO link range for
achieving the available data rate of 10 Gbits/s with different weather
conditions. As seen in this figure, link margin values of 77, 56, and 37 dB are
available at an altitude of 2 km for the different attenuation amounts of 10, 20,
and 30 dB/km respectively. So, the FSO link will provide successful
transmission for the mm-waves with a data rate of about 10 Gbits/s up to 2 km,
and this finding supports the proposed hybrid system, by validating the
possibility of transmitting the mm-wave with a high data rate.
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Figure 5.10 The estimated link margin versus FSO link range.

As discussed previously in this chapter, the proposed hybrid Fibre/FSO system
for mm-wave generation and transmission is considerably affected by the
weather conditions. To solve this issue, it is crucial to adjust the laser
transmitted power based on the weather conditions (clear, rain, or fog) in the
specified deployment areas. Also, other relevant parameters, such as the FSO
laser link divergence angle and link distance should be considered based on the
area’s environment to verify whether a high QoS communication link is

possible.

5.5 Summary

In this chapter, a proposed hybrid Fibre/FSO communication system for mm-
wave generation and transmission has been presented. This proposed system

enables the reach of mm-waves over the FSO link to the remote areas, where
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laying fibre cables is not possible. Also, this new system can provide mm-wave
transmission over a high capacity link with latency reduction by decreasing the
fibre link length and applying an FSO link instead. The obtained results have
shown the successful generation and transmission of a 64 GHz mm-wave over
the hybrid Fibre/FSO link with excellent BER equal to 1.5x10™*% and a Q factor
of about 7.1. Moreover, the performance of the proposed system has been
evaluated and compared with mm-wave wireless propagation to address the
achieved improvement by using the FSO laser link. The results have shown the
availability of transmitting mm-wave over a 2 km FSO link with a stable
received signal power in contrast high path losses from mm-wave wireless
propagation. Finally, this hybrid system will not only support the requirements
of 5G and beyond, such as high bandwidth, low latency, and last-mile coverage
area, for it can also be used as a vital solution under emergency disaster

conditions.
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Chapter 6

Investigation of mm-Wave Wireless
Propagation

In this chapter, a comprehensive study of mm-wave wireless propagation is
presented. Specifically, the propagation performance of different mm-wave
bands of 28, 60, and 73 GHz is investigated and compared with the ultra-high
frequency (UHF) 2.4 GHz by evaluating the coverage and rate trends. This
investigation is essential for enhancing futuristic cellular networks. The
proposed scenario involves applying a map-based model for the deployment of
BSs on Brunel University’s London campus as an urban area. Different
densities of BSs with a random distribution of users in an outdoor environment
are considered. A user’s association with the BS is based on the strongest
received power, while the path loss models are determined by the blockage of
the actual buildings’ locations within the real campus map. MATLAB
Simulation results show that dense deployment of BSs would improve the
coverage of all mm-wave frequency bands and will also offer limited noise
networks. Comparative results demonstrate that the 73 GHz mm-wave bands
will provide good network coverage with the lowest interference effects and
the higher data transmission rate is due to the large available bandwidth.

6.1 Introduction

The significant development of cellular networks has led to extensive research
on the application of mm-wave frequencies. The growing capacity demand is
one of the biggest challenges that faces next generation networks, while mm-
wave spectrum has an available wide bandwidth higher than all the current
cellular wireless networks [93, 149, 155]. The use of the new mm-wave bands

for indoor and outdoor wireless propagation will improve the capacity of the
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network [114]. In addition, the integration of mm-waves with the advanced
antenna techniques will improve communication systems by applying
beamforming and MIMO [14, 117, 119].

A 5G network needs to provide high data rate connectivity for users anytime
and anywhere and achieving this will ensure a high QoS [13, 92]. Therefore,
using mm-wave wireless links will meet 5G demands, because it could achieve
data rates around a multi Gbits/s [6]. While mm-wave frequencies have been
considered attractive for indoor applications, mm-waves have faced a serious
obstacle in outdoor ones, that of large propagation losses [99, 149]. The
physical characteristics of mm-wave propagation vary with changing
frequencies [7], which ensures that the successful application of a mm-wave
band in a 5G wireless network will mainly depend on the characteristics of that
band [6]. It is well-known that mm-waves are very sensitive to the effects of
blockage and shadowing, which are considered the main obstacles that face
their wireless transmission [121]. Specifically, blockage effects represent the
major reason for an increase in mm-wave path losses. The mm-wave signal
power decreases due to the reflection and diffraction of mm-waves with
building walls or the ground in the environment [24, 149]. Hence, the condition
of the non-line of sight (NLoS) is considered a significant factor in all mm-
wave bands propagation [149]. So, researchers have focused on studying the
blockages model for urban areas by using curve fitting techniques to derive
NLoS approximations [98, 112].

Recently, researchers have started to deal with overcoming mm-waves’
significant propagation losses by utilising directional antennas with
beamforming [13, 26, 92, 116]. These investigations have led reaching up to
200 metres of transmission range in wireless mm-wave propagation for
outdoor areas. Some of the latest studies have suggested employing high gain
antennas with narrow beams in dense mm-wave cellular networks to ensure the
potential of achieving real improvement in data rates [14, 92]. In addition, mm-
wave applications for 5G cellular technologies will be supported by

manufacturing low-cost mm-wave chips [122, 156].
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In this chapter, mm-wave wireless propagation is investigated by an analytical
scenario of BSs deployment. The application of the underutilised mm-wave for
different spectrum bands is analysed in comparison to the current 4G cellular
networks, as found in recent work by this researcher [129]. So, the
performance of different mm-wave bands (28, 60, and 73 GHz) propagation as
a 5G cellular network is investigated by comparing the coverage and rate
trends with UHF (2.4 GHz). The impact of this analytical study is specifying
which band among the mm-wave spectrum will achieve a significant increase
in the network capacity with good coverage. The proposed scenario involves
simulating a real campus map of Brunel University London, as a map-based
model to calculate precisely the effect of building blockages. Figure 6.1 shows
the area of interest, which is considered in the simulation of this chapter.
Accordingly, this study takes into consideration different densities of BSs and
users in the outdoor application area. The simulation results pertain to
analytical comparisons between mm-wave bands and UHF performances based
on calculating the coverage and data transmission rate for each frequency band
as a standalone cellular network.

The rest of this chapter is organised as follows: Section 6.2 contains a
description of the proposed BSs deployment scenario. In section 6.3, the
analytical model and the mathematical analysis are explained. Section 6.4
includes the simulation results and comparisons discussion, whilst Section 6.5

concludes the chapter.
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Figure 6.1 The considered area of interest.

6.2 The Proposed BSs Deployment Scenario

The mm-wave propagation depends highly on its physical nature and
transmission mechanism. The attenuation and distortion of the mm-wave band
are critically affected by the deployment of the BSs and the frequency of that
band. As explained previously in chapter 2, some other impacting factors relate
to atmospheric effects, like the absorption of oxygen and water vapour as well
as fog and rain. Penetration loss is another factor in mm-wave propagation,
which is considered the leading cause of reflection and multipath propagation.
In addition, the penetration loss is affected by the building wall roughness [99].
Recently, mm-wave outdoor coverage has been considered as an essential
research topic when studying multipath propagation [2, 10]. Also, investigation
of utilising mm-waves in mobile communication is seen a significant issue for

LoS or NLoS conditions [27]. Recent outdoor scenarios have concerned
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emergency cases, such as high rate hot spots. These mm-wave hot spots can
cover a few tens of metres in areas like parking or suburban places [2].
Proposing a deployment scenario able to provide a higher data rate with a less
number of mm-wave BSs is considered very necessary to reduce the cost and
complexity of the network. According to Friis Law [93], mm-wave carriers
have very high propagation losses due to the high frequencies. Also, the mm-
wave signal is highly affected by shadowing and blockage effects, because of
low penetration capability and high directivity. To address this, an LoS link has
been considered as being very significant in the deployment of mm-wave BSs
to eliminate the propagation losses, which are caused by blockages, such as
diffraction, scattering, and reflection.

In this chapter, as aforementioned, a scenario for the deployment of BSs on
Brunel University’s London campus is proposed based on the campus map and
real buildings’ locations. When applying this scenario, a comprehensive
comparison between different mm-wave band networks is presented with the
evaluation of wusers’ received power for each. This scenario will be
implemented for all frequencies as a standalone network to calculate the
coverage in the university campus area. The proposed scenario is based on
considering the specified rectangular area of about (600 m x 500 m) divided
into 30 virtual zones covered by BSs working together. The shadowing and
blockage effects have been calculated for each virtual zone by programming
the real buildings’ locations using MATLAB simulation tools. Then, the path
loss model has been specified with LoS and NLoS link conditions based on the
simulation analysis.

Two deployment densities of BSs have been applied in this scenario. In the
first, the deployment of 6 BSs has been assumed, while in the second, the
number of the BSs has been increased to 12 for improving the coverage by
decreasing the mm-wave cell size. The locations of the BSs have been assumed
on the buildings’ roof-tops by choosing the best that allows for achieving the
highest probability of LoS communication links. The proposed MATLAB

simulation calculations are presented in Figure 6.2, which shows the flowchart
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of the steps used in this simulation study. Figure 6.3 shows the virtual zones
division as a red grid of the google map view of the university’s campus with
the deployment of 6 BSs. In this figure, the specification method of LoS and
NLoS links is explained as well by zooming in on one of the virtual zones.
Each virtual zone has four numbered edges, as in Figure 6.3, and the possible
outdoor links for each zone have been simulated to ensure the accurate
calculation of path loss with the LoS and NLoS conditions. While Figure 6.4
shows the deployment of 12 BSs in the specified area. Different users’
densities are also applied in this scenario, with random distribution in the
specified area. The distribution of 500 and 1000 users/km? has been
investigated to calculate the rate coverage trends as an urban area. The process
of user association with the BS depends on the strength of the signal that the
user can receive. While the other BSs that exist in the considered area, are
assumed to be interferers. Each user is allowed to connect with any BS, which

means an open access association has been assumed for all.
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Figure 6.2 Flowchart describes the proposed MATLAB simulation calculations.
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Figure 6.4 Virtual zones division (red grid) of the google map view of the campus,
with the deployment of 12 BSs (yellow stars).
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6.3 System Analytical Model

In this section, the analytical model for evaluating the performance of cellular
networks using mm-waves and UHF is presented. In this chapter, the downlink
transmission is considered with the investigation of the coverage and rate
trends for outdoor users in urban places. The users within the specified area are
distributed randomly. Accordingly, two path loss calculations are assumed
based on the communication link between the users and BSs. The calculation
of path losses varies from LoS and NLoS based on the simulation of the
campus map and real buildings’ locations. While the bandwidth is fixed for the
users according to their association with each frequency band.

The model of evaluating path loss for UHF link is calculated by [98]:
PLyyr(r) = (20logy j_t) + (10 xyyr log10(r)) + Xunr (6.1)
where, PLynr represents the path loss [dB] for a UHF, and A is the wavelength

[m] for the carrier frequency f. [Hz]. While, aynr is the path loss exponent, r is
the distance between the BS and the user [m], and Xygr is the shadow fading in
the link.

For the mm-wave link, there are two path loss calculations, one for the LoS

and the second for the NLoS, as in the following [98, 156]:

PL,. (r) _{ p + (10a; log,o(T)) + X, for LoS
mmT) =0 + (10ay logye(r)) + Xy for NLoS

where, PLny is the mm-wave path loss [dB] and p is the fixed path loss which
is given by ((20log;o(47/c))+20logio(fc)) [dB]. While o, and ay are the path

loss exponents for LoS and NLoS respectively in [dB] and their values are

(6.2)

specified for each mm-wave frequency band. X_ represents the shadow fading
for LoS and Xy is for NLoS [dB], with their values being also specified for
each mm-wave frequency band [98, 156].

Based on the distance r between the BS and the user, the received power by the
user from the UHF BS is determined the follows [98]:

Prypp(r) = TRy (/1 )2 (6.3)

PLyygr(r) 41
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where, Pryyr represents the received power [dBm] of the user from the UHF
link, P; is the transmitted power, G is the transmit antenna gain, and . is the
squared envelope of the multipath fading [dB].

The received power by the user from the mm-wave BS is determined as
follows [98]:

PtG[l A

2
P (1) = s x (1) (6.4)
where, Prmm represents the received power in [dBm] of the user from the mm-
wave link and G is the transmit antenna gain. The antenna gain depends on the
azimuthal angle as a function varying with it [122]. In the calculation, the beam
alignment that gives the maximum received power has been considered.
Therefore, the beam of the BS is assumed to be perfectly aligned with the user
it is serving, so it has the maximum amount of the gain. Whilst in this work,
the variation of the gain with the elevation angle is neglected. All users are
assumed to be omnidirectional therefore user antenna gain is 0 dB [157].

The following equation calculates the signal to interference plus noise ratio

(SINR) of the user [14]:
SINR = — @0 (6.5)

Yxzr Pr(x)+0?

where, P,(x) is the power of interfering BS [dBm], and ¢ is the noise power
[dB] [98]. The noise power is calculated by the equation (o°=-
174[dBm/Hz]+10log10B[Hz] +NF), where NF is the noise figure (equals 10
dB), B is the bandwidth [14].

The SINR coverage probability is evaluated as [98]:

C,(Ths) = Probability(SINR > Thy) (6.6)
where, Cp(Ths) is the coverage probability with the SINR threshold (Ths). Each
BS is serving a number of users, and its downlink rate (Rate) is calculated by
[98]:

Rate = %logz(l + SINR) (6.7)

where, N represents the total number of users.
The probability of the rate coverage (Ry) is given by [122]:
R,(Th,) = Probability(Rate > Th,) (6.8)
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where, Th; is the rate threshold.

6.4 Simulation Results and Discussion

In this work, applying four different frequencies in the proposed scenario is
assumed, one is the UHF (2.4 GHz), and the remainders are the three different
mm-wave bands (28, 60, 73 GHz). The simulation depends on varying the
frequencies and the physical properties related to each frequency band. The
simulation parameters are based on previous recent studies [3, 14, 98, 122,
158]. Table 6.1 gives the parameters’ values for the different mm-wave bands
used in the analysis and Table 6.2 provides the UHF parameters’ values, while
Table 6.3 summarises the parameters of the proposed model with the
deployment scenario.

The simulation procedure is explained in Figure 6.5. The performance for each
frequency has been analysed by calculating the SNR, SINR and the coverage

rate as a standalone cellular network, with the obtained results being compared.

Table 6.1 Millimetre-wave parameters

LoS NLoS
mm-Wave frequency Parameters Parameters Bandwidth
bands [GHZz] a X, an Xy [GHZ]
(dB) | (dB) | (dB) | (dB)
28 2 5.8 2.92 8.7 0.8
60 2 5.8 2.69 7.7 0.75
73 2 5.2 2.3 7.2 2

Table 6.2 UHF parameters

Parameter UHF OUHE XUHE Bandwidth

Value 2.4 GHz 3dB 4 dB 20 MHz
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Table

6.3 The proposed model parameters

Scenario
Architecture

1% BSs Deployment 2" BSs Deployment

Number of BSs

6 BSs 12 BSs

Environment

(600 m x 500 m) campus area of
Brunel University London

Frequencies

(2.4, 28, 60, 73) GHz

Buildings Height

(10-20) m

BSs locations and

On rooftops of buildings at height 5 m above

height rooftop level
BS transmit power 30 dBm
Antenna gain 18 dBi

Number of users

(500-1000) total users

Users locations and
height

Random distribution from BSs, 1.5 m above
ground level

Link direction

Downlink (from BS to user)

1. Programming

N

w

Simulation Procedure

of Brunel University Campus Map

Setting of BSs Locations & Antenna Heights

. Applying Random Distribution of Users in Outdoor Areas

4. Specification of mm-Wave Propagation Paths (LoS & NLoS)

5. Calculations of Users Association with BS and Received Power

6. Determination

of SNR, SINR, & Rate

7. Calculations of Coverage and Rate Probabilities

Figure 6.5 Simulation procedure steps.
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To analyse the performance of mm-waves, firstly a comparison of the path
losses in each frequency band is presented versus the variation of the
propagation with the separation distance between the transmitter and receiver
as in Figure 6.6(a,b). The transmission link distance in this figure is assumed
up to 200 m, which is considered the maximum possible range in mm-wave
wireless propagation for outdoor urban areas based on [13]. For mm-wave
bands, the path loss is calculated for both the LoS and NLoS links. To obtain
an accurate comparison, the path loss calculation is assumed to be under the
same environmental conditions and that there is the same separation distance
between the transmitter and receiver for each frequency band. Because mm-
wave bands are sensitive to the shadowing and blockages, for small cell
deployment, it is better to provide the propagation condition as being LoS, as
has been explained previously in the deployment scenario (section 6.2). The
deployment of BSs with LoS links can improve the overall performance of the
mm-wave wireless system. From Figure 6.6, it is clear that the LoS path losses
in the 28 GHz frequency band are approximately close the propagation of 2.4
GHz. Also, it is clear from this figure that the increase in the path losses is
greater for the 73 GHz frequency band based on Friis’ law, in urban areas, as
considered here. That is, this loss is bigger than that for 2.4 GHz by 15 dB and
40 dB for LoS and NLoS, respectively, which is considered a significant

concern with this band.
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Figure 6.6 Path losses comparisons for different frequency bands as a function of

distance.

With regards to simulating the deployment of the BSs, their locations have
been chosen by considering the optimal LoS paths. It is challenging to find an
advanced set of BSs places, so efforts were made to obtain more LoS paths.
Figure 6.7(a,b) presents comparisons of the SINR coverage probability
between UHF band and the different mm-wave frequency bands, with densities
of 6 and 12 BSs/km?, with distributions of 1000 users/km? in the outdoor area.
It can be seen from this figure that the coverage probability in the case of 2.4
GHz is the greater, because in the UHF networks the cell edge still has a high
SINR. While in the case of the mm-wave high-frequency band, the coverage
probability is lower, because only the users located near to the mm-wave BSs
have good SINR, while the others located far from them are affected by
blockages. Thus, increasing the number of BSs per area will improve the

performance of the mm-wave cellular network by increasing the chance of
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more LoS links, which means that the amount of received power will increase
as well. Therefore, the number of BSs is increased from 6 to 12, and the
simulation analysis is repeated to compare the results. Figure 6.7(b) presents
that the coverage probability, which is well improved for all mm-wave
frequencies by raising the density of BSs. To reduce the interference effects
because of increasing the number of BSs, there are some schemes that might be
adopted. For example, applying massive MIMO with beamforming technique
will help in this issue by focusing a narrow mm-wave beam in one direction
and increase the gain. Also, advanced antenna sectoring is considered
beneficial in reducing the interference and with applying different frequencies
for the neighbour cells can be used perfectly. Some schemes went through
reducing the amount of the transmitted power to avoid the interference, so all
the schemes above can improve the cellular network performance.

To assess the interference effects, the coverage probability of the SNR and
SINR have been compared for each frequency. Figure 6.8 presents a
comparison between SNR and SINR for different frequency bands with a
distribution density of 12 BSs/km? for 1000 users in the outdoor area. From
this comparison, it can be observed that the difference between the coverage
probability of SNR and SINR is tiny in higher frequency mm-wave networks
(60 GHz and 73 GHz). While in the 2.4 GHz network the difference between
SNR and SINR is clear and for 28 GHz the difference is noticeable as well.
This comparison shows that low-frequency networks are affected by
interference, while mm-wave higher frequencies offer a very noise limited
cellular network, specifically in the 73 GHz band. This issue is considered a
very advantageous of applying high frequency of mm-wave to diminish the

interference.
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Figure 6.8 Comparison between SNR and SINR for different frequency bands
with 12 BSs/km?,

Further analysis has been carried to determine the rate coverage probabilities.
These are shown in Figure 6.9, which compares the rate coverage for different
frequency bands between two users densities with the deployment of 12
BSs/km?. The first case is calculated with 500 users/km?, whilst the second has
1000 users/km?. From Figure 6.9, it can be noticed that the mm-wave network
operating at 73 GHz can provide data rates in Gbits/s range, which is much
higher than those for UHF networks and other mm-wave bands. In UHF, the
rate is range around Mbits/s, which is considered low in comparison with all
the mm-wave frequencies. Also, it can be observed that increasing the density
of users, leads to the data rates decreasing, because the number of users

associated with each BS increases as well.

116



o 1 : o 1 :

IS =500 users % =500 users

g 08 SN =-= 1000 users E) 0.8 - '~."\ =-= 1000 users

o \‘ O 3 \

O o6 N, O 06 AN

(O] % () A% \

IS A IS Yi\

N ] \ N \;

I o2 3 T o2 1

O X O \

< AREE [e 0] o

~ 0% 5 6 7 N 0% 7 8 9
10 10 10 10 10 10 10 10

Thr (bit/s) Thr (bit/s)

o 1 . o 1 r

? - =500 users ? =i~ = 500 users

O 0.8 =ir=iz ™+ == 1000 users © 08 "¢ == 1000 users

> RS > B

: ~ : I

O 06 N\, O 06 :

© SRR o . \

= X A T L

& 04 < & 04 i

N LHERE: N X

T 02 I 02

o ) -‘k o

8 o AN 2 o =
10° 10’ w 10° 10° 10’ ST

Thr (bit/s) Thr (bit/s)

Figure 6.9 Comparisons of the rate coverage probability between two different

densities of users for various frequency bands.

Figure 6.10 shows a comparison of the rate coverage probabilities for different
frequency bands for two densities of BSs (6 and 12 BSs/km?), with 1000 users.
The results show that a better rate coverage of the network is achieved with the
higher density of BSs. This improvement in the network rate coverage relates
to the number of users connected to each BS, because the one that serves fewer
users can offer a higher rate. Also, the coverage rate has been compared for all
the bands in this figure and it can be seen that the highest rate is offered by the

73 GHz mm-wave when compared with the other frequencies.
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Figure 6.10 Comparisons of the rate coverage probabilities for different

frequency bands.

6.5 Summary

In this chapter, the performance of different mm-wave bands as cellular
networks has been analysed and compared with UHF by determining the
coverage and rate probability calculations. The proposed scenario of BSs
deployment is based on a real map with the blockage of the actual buildings’

locations being specified. Simulation results have shown that dense
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deployment of BSs would enhance the coverage of all mm-wave frequency
bands, whilst also offering limited noise networks. Moreover, comparison of
the results has elicited that the 73 GHz mm-wave bands with the deployment of
12 BSs could provide good coverage (approximately 75%) for the specified
area of interest. Also, the 73 GHz band presents the lowest interference effects
and the higher rate due to the large available bandwidth in this band. Moreover,
the results have shown that the 28 GHz frequency network with the
deployment of 12 BSs offers the highest coverage (up to 80%) of the area of
interest, while the 60 GHz gives the lowest (60%).

For this study, there has been the aim of verifying LoS condition by increasing
the number of BSs that operating at 73 GHz to cope with the demand of
futuristic 5G and beyond networks. That is, this frequency band will enhance
the network by offering the highest available bandwidth and the lowest
interference ratio. Also, the suggested cell radius at high-frequency should be

less than 100 m to ensure good QoS to all users.
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Chapter 7

Proposed Simplified mm-Wave Path
Loss Model

In this chapter, a simplified path loss model is proposed, which captures the
diffraction and specular reflection impacts that affect mm-wave wireless
propagation. Also, the proposed path loss model is compared with the
traditional one in terms of the performance results. Proposing this simplified
model is important for accurately specifying the rate of change in mm-wave
signal strength due to these losses. The performance of 28 GHz mm-wave
outdoor propagation, which is considered a key component in 5G networks,
has been investigated. The proposed scenario for the BSs deployment involved
applying a map-based model on Brunel University’s London campus with a
random distribution of users. Simulation results provide a comparison between
the proposed path loss model with the traditional one. The obtained results
show that the traditional path loss model has serious implications for
describing the real mm-wave propagation for the outdoor applications. In
addition, the results reveal the characteristics of mm-wave received signals
under both the line of sight (LoS) and non-line of sight (NLoS) conditions. The
coverage trends for mm-wave frequency are also evaluated by considering the

real distribution of buildings’ locations as blockages.

7.1 Introduction

Whilst, mm-wave wireless propagation is more challenging than the
microwave frequency, its application in 5G mobile communication systems
will enrich the capacity and the data rate. The mm-wave high propagation loss
makes its wireless channel more sensitive to blockage and shadowing effects

[3, 158]. Understanding the diffraction impact on mm-wave wireless
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propagation is important for accurately specifying the rate of change in mm-
wave signal strength due to attenuation losses. As the use of new mm-wave
bands for outdoor wireless propagation will improve the capacity of futuristic
mobile networks, the behaviour of mm-wave wireless propagation has added
new aspects to investigate. Regarding which, shadowing and blockage effects
are considered the main obstacles that face mm-wave wireless transmission
due to the high sensitivity of mm-waves [99, 100]. They are also the major
reason for an increase in mm-wave path losses, because the signal power
decreases due to reflection and diffraction by building walls or the ground in
the environment [24, 149].

In this chapter, a simplified path loss model that provides adequate accuracy
for 28 GHz mm-wave wireless propagation is proposed, as in recent work by
this researcher [130]. Part of Brunel University’s London campus (about
37,175 m? is considered the outdoor area of interest for this study, and it is
simulated by MATLAB simulation tools. Fixed location of BSs is implemented
with a random distribution of users in the specified outdoor area. Figure 7.1
shows the area of interest considered in the simulation analysis of this chapter,
while Figure 7.2 presents the simulated map created with the MATLAB tools.
The rest of this chapter is organised as follows: Section 7.2 is a description of
the proposed map based scenario, whilst in section 7.3, the proposed simplified
mm-wave path loss model is explained. Section 7.4 includes the simulation

results and comparisons discussion. Finally, Section 7.5 concludes the chapter.
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Figure 7.2 The simulated area of interest.

7.2 The Proposed Map Based Scenario

The proposed 3D map scenario is designed based on applying a description of

the real buildings’ sizes, locations, and walls surfaces. Also, specific materials
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properties have been considered to evaluate the proposed path loss model. The
mm-wave propagation mechanisms, which include reflection, diffraction, and
blockage nature have been considered in this scenario. The area of interest has
been virtually divided into 35 zones to specify the LoS link condition and
NLoS link. Two mm-wave BSs are deployed with a random distribution of 100
users within the specified area outside the buildings. The process of user
association with the BS depends on the strongest signal that the user can
receive, while the other BS that exists in the considered area is assumed as
being an interferer. Figure 7.3 briefly shows the procedure used to analyse the
map based scenario.

Simulation Procedure

Programming the Area Map with Buildings’ Locations, Sizes
(Length, Width, Height), Buildings’ Walls Materials

¢

Specifying BSs Locations and Antenna Heights

<

Applying Random Distribution of Users in the Outdoor Areas

¢

Identifying the mm-Wave propagation Paths (LoS and NLoS)

¢

Determining the Diffraction and Specular Reflection Impact by the Proposed
Path Loss Model

i

Calculating Users’ Associations with BSs and their Received

o)
(@]
CE
®

Evaluating the SINR and Coverage Probability

Figure 7.3 Simulation procedure steps.
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7.3 The Proposed Simplified mm-Wave Path Loss Model

The proposed simplified path loss model is modified from the traditional path
loss model that was presented in chapter 6. In this chapter, the proposed model
is calculated by adding the impact of diffraction and specular reflection, whilst
also considering the antenna height. The proposed model for evaluating mm-

wave path loss for the LoS and the NLoS propagation links is [130]:

PL(r) = { p+ 10a; log,o(r) + X, for LoS
)= p+ 10aylog,o(r) + Xy + D, + R, for NLoS

where, p is the fixed path loss which, is given by ((20log10(4n/c))+20l0g10(fc))
[dB] [98, 156], a. and an are path loss exponents for LoS and NLoS,

(7.1)

respectively, X, represents the shadow fading for LoS and Xy is for NLoS and r
is the real distance between the antenna and the user location, which is
calculated by considering the antenna height (ha) [130], as explained in Figure
7.4.

r=—"a___"a (7.2)

sinB404a tan‘l%“

where, d is the direct distance between the user and the BS.

=

Figure 7.4 The separation distance between the BS and the user.
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Due to the knife edge approximation, which is considered one of the simplest
ways to model the blockage effects of buildings [124, 159], the calculation of
diffraction losses (D, ) [dB] is calculated by [124, 159]:

’2 1 1
DL = 20 loglo V= 20 loglo(hB z Z + E)) (73)

where, v is the diffraction parameter, hg is the building height, and 4 is the
carrier wavelength. ry is the terminal distance from the antenna to the blockage,
and r; is the distance from the blockage to the user, as demonstrated in Figure
7.5. The total distance r is the sum of r; and r,, which can be calculated by

applying the knife edge approximation and then substituted in equation (7.1).

~~o Diffraction point

|<.

Figure 7.5 Knife edge approximation to evaluate the diffraction losses.

Another important calculation is the reflection losses (R.), which is based on
the reflection coefficient (/') and it is presented as [130]:

ng—n;

2) (7.4)

where, n4 is the air refractive index and n, is the refractive index of the surface

R, = —20log.o ' = —20 log (

nitn,

materials. The main surface materials considered in this study are brick,
concrete, and glass, which are based on Brunel University’s London buildings

in the specified area. The refractive index for each material with the mm-wave
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interaction of the building walls is based on practical measurement presented in
[160].

The received power of the user from the BS is calculated by the same
presented model in chapter 6 using equation (6.4). Also, the SINR calculation
and the coverage probability are based on the same models presented as
equations (6.5) and (6.6). So, the received power by the user from the BS is
given by [122]:

P() = 2L x (2) 7.5

PL(r) am

where, Py is the transmitted power, G is the transmit antenna gain, and p is the
squared envelope of the multipath fading. The antenna gain depends on the
azimuthal angle as a function varying with it. In the calculation, the beam
alignment that gives the maximum received power has been considered.
Therefore, the beam of the BS is assumed to be perfectly aligned with the user
it is serving, so it has the maximum amount of the gain. Whilst in this work,
the variation of the gain with the elevation angle is neglected. All users are
assumed to be omnidirectional therefore user antenna gain is 0 dBi [157].

The signal to interference plus noise ratio (SINR) of the user is calculated by
[14, 98]:

SINR = — @0 (7.6)

Sxer Pr(x)+0?
where, P,(x) is the power of interfering BS, and 4 is the noise power, which is
given by (6°=-174[dBm/Hz]+10log,B[Hz] +NF), where NF is the noise figure
and B is the bandwidth. The SINR coverage probability is evaluated as [14, 98]:
C,(Ths) = Probability(SINR > Thy) (7.7)

where, C,(Ths) is the coverage probability with the SINR threshold (Ths).
7.4 Simulation Results and Discussion

The proposed path loss model has been simulated using MATLAB simulation

tools. The simulation parameters are based on the measurements of recent
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studies [3, 14, 98, 122, 158, 160] and Table 7.1 shows those used in the
analysis.

The network coverage has been compared in relation to two path loss models:
the proposed one and the traditional model presented in chapter 6. Figure 7.6
shows 100% coverage of the mm-wave network by applying the traditional
path loss model without considering the diffraction and specular reflection
impact. However, by applying the proposed model, which takes into accounts
this impact on the mm-wave propagation, the obtained results showed that the
coverage area is reduced by approximately 25%, as shown in Figure 7.7. This
reduction occurs due to the effects of buildings’ blockages, which reduce the
amount of the received power to under the threshold limits. Hence, the
proposed path loss captures the effects of the added attenuation to the mm-
wave signal by diffraction and reflection with buildings’ walls in the outdoor

environment.

Table 7.1 Simulation Parameters

Parameter Setting
Frequency 28 GHz
o 2dB
XL 5.8dB
on 2.92dB
Xy 8.7 dB
P: 30 dBm
G 25 dBi
NF 10 dB
Bandwidth 0.8 GHz
Air refractive index 1
Brick complex refractive index 1.18-j0.028
Concrete complex refractive index 1.21-j0.256
Glass complex refractive index 2.77-j0.114
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Figure 7.7 The mm-wave network coverage taking into account the diffraction
and specular reflection impact.

Figures 7.8 and 7.9 reflect the importance in this study to specify mm-wave
wireless propagation for the 5G mobile network accurately. Figure 7.8 presents
the path losses comparisons with and without considering the diffraction and
specular reflection impact. From the results in this figure, the proposed path
loss model shows that the NLoS path loss is increased by more than 45 dB in
comparison with the traditional model. While figure 7.9 presents the users’
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received power versus the angle of arrival, which are calculated for 30 users
randomly deployed in the specified area of interest. This figure is calculated
based on applying the knife edge approximation and the calculation of the real
separation distance between the user and the base station with considering the
angle of arrivals. By calculating the link distance as in equation (7.2) for both
the LoS and NLoS cases, the received power is evaluated by specifying the
angle of arrival. Figure 7.9 demonstrates that the received power is directly
proportional to the angle of arrival in the case of LoS transmission link and that
means when the angle is large the user location is near to the base station. But
it also reveals the importance of specifying the antenna height in the mm-wave
mobile network because applying too high antenna can limit the performance
of the cellular network. Due to this, for future networks, the antennas can be

placed for example on the light poles in roads.
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Figure 7.8 Path loss comparisons with and without considering diffraction and

specular reflection impact.
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Figures 7.10 and 7.11 show the comparisons between the SINR and SNR for
the traditional model and the simplified proposed model. Figure 7.11 indicates
that the coverage probability of the proposed path loss model is reduced to
approximately 0.75 compared with the full coverage in Figure 7.10. This
reflects the importance of considering diffraction and specular reflection on
mm-wave wireless propagation in 5G networks so as to determine the real

coverage probability amount.
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7.5 Summary

In this chapter, the propagation performance of 28 GHz mm-wave has been
evaluated based on a proposed simplified path loss model. The impact of
diffraction and specular reflection on mm-wave propagation has been
calculated by considering the materials of buildings’ walls. The applied real
map based scenario for the BSs deployment has shown that the coverage area
of the mm-wave mobile network is reduced by 25% when taking into account
the real building blockages. Also, simulation results have demonstrated that the
traditional path loss model would appear to present inaccurate results, which
could have serious implications for real mm-wave system applications. This
study’s findings highlight the importance of verifying more LoS links to assure

network coverage to larger areas.
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Chapter 8

Conclusions and Future Works

As the use of mm-waves in the futuristic communication networks will
significantly help in increasing system capacity, mm-wave communication
raises many issues that need to be addressed. In particular, mm-wave signal
generation and transmission over fibre and wireless will bring up significant
challenges in relation to exploiting them in future communications, including
the system design and the application in cellular networks. Hence, designing
simple and cost-effective mm-wave generation and transmission methods is
essential for improving futuristic networks. In this thesis, a comprehensive
mm-wave generation and transmission system have been proposed for
futuristic communications. Five main contributions have been presented in five
separated chapters according to these perspectives. In this chapter, the main
findings of this thesis are summarised along with some suggestions being put

forward for future research.

8.1 Conclusions

The main conclusions of this thesis can be summarised as follows. For
photonic mm-wave generation, three different approaches are proposed and
designed based on the characterisations of Brillouin fibre laser and SBS
effects. The Brillouin scattering effect in optical fibre was used with the phase
modulation technique for generating the mm-wave carrier with a tuning
capability from 5 to 90 GHz. The generated mm-waves are with good SNR up
to 51 dB, and low noise signal power of about -40 dBm. These generation

methods will help in obtaining stable mm-wave carriers, which are beneficial
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for RoF transmission systems and futuristic application in 5G optical networks.
Also, a full-duplex RoF system with the generation and transmission of 64
GHz mm-wave was proposed. A single laser source was applied, and an FBG
used for the wavelength reuse for the uplink connection. This scheme will not
only increase the stability and the quality of the generated 64 GHz mm-wave
carrier frequency with the RoF system, but also, the fibre nonlinearity effects
are reduced with obtaining mm-wave with a low noise power of less than -75
dBm. Stable mm-wave transmission over a fibre link has been successfully
achieved for up to 100 km fibre length with a data rate of 5 Gbits/s. Adopting
such a system will help in system cost reduction and provide performance
improvement by simplifying the mm-wave generation and transmission
technique.

Moreover, a hybrid Fibre/FSO system for the generation and transmission of
64 GHz mm-wave was proposed. The proposed system enables the reach of
mm-waves over the FSO link to remote areas, where laying fibre cables is not
possible. Also, this new system can provide mm-wave transmission over a high
capacity link with latency reduction by decreasing the fibre link length and
applying the FSO link instead. Furthermore, the proposed system will
overcome mm-wave high path losses. A successful mm-wave transmission is
achieved over a 10 km fibre length, and a 2 km FSO link length with good
BER of about 1.5x10™ and a data rate of 10 Gbits/s. The performance of the
proposed hybrid system was evaluated and compared with the performance of
mm-wave wireless transmission to show the achieved improvement by using
the FSO laser link. This system will help in increasing the network coverage
area by transmitting mm-waves over this FSO link to areas with natural
obstacles making impossible to lay fibre cables. Also, it can be used as a vital
solution under emergency and disaster conditions.

Regarding the wireless networks, a comprehensive study of the wireless
propagation performance for different mm-wave bands (28, 60, and 73 GHz) as
cellular networks was undertaken and compared with the UHF (2.4 GHz) by

evaluating the coverage and rate trends. A map-based scenario was proposed
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for the deployment of BSs on the real map of the Brunel University London,
campus to consider real blockage effects. Simulation results showed that dense
deployment of BSs would enhance the coverage of all mm-wave frequency
bands, whilst also offer limited noise networks. In addition, comparative results
showed that the 73 GHz mm-wave bands with the deployment of 12 BSs could
provide good coverage approximately (75%) of the specified area of interest.
Also, the 73 GHz band presents the lowest interference effects and the higher
data transmission rate due to the large available bandwidth in this band.
Moreover, the results showed that the 28 GHz frequency network with the
deployments of 12 BSs offers the highest coverage (up to 80%) of the area of
interest, while the 60 GHz showed the lowest coverage (60%). Comparative
results showed the 73 GHz bands achieved the higher data transmission rate
with good coverage and the lowest interference effects, while the 28 GHz band
provides the best network coverage. This study will help in specifying which
mm-wave spectrum can enhance futuristic cellular networks with a higher
capacity and the best performance.

In addition, a simplified path loss model was proposed for precisely estimating
the 28 GHz mm-wave performance, which is considered a key component in
5G networks in outdoor applications. The impact of diffraction and specular
reflection on mm-wave propagation was calculated by considering the
materials of the walls of buildings. The applied real map based scenario for the
BS deployment showed that the coverage area of the mm-wave mobile network
is reduced by 25% due to building blockages. Also, simulation results showed
that the traditional path loss model could present inaccurate results, which has
serious implications for real mm-wave system applications. This study
highlights the importance of verifying more LoS links to assure network

coverage to Iarger areas.
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8.2 Future Works

Even though this thesis has addressed the main challenges and opportunities of
mm-wave applications in futuristic communications systems, there are still
some issues that need to be studied and developed in the future work. Whilst
some possible solutions are offered through this research as well as in other
works, all of these proposals are still at the first stage, and much further effort
will be needed to evaluate these designs so that these systems can become a
reality. The below are the future works of this thesis:

1. The development of low cost electronic and optical components to
simplify the possibility of deploying mm-wave BSs, with a feasible
generation system. The applications of mm-wave for 5G cellular
technologies will be supported by manufacturing low-cost mm-wave
chips with small size. Also, the power efficiency and thermal control of
the components should be considered with the amplifier, which is one
of the main challenge;

2. The need to apply dense mm-wave network with integration and
management between RoF systems and heterogeneous network. The
heterogeneous networks (HetNets) can improve network coverage and
capacity in the 5G and beyond. The wireless communications with mm-
wave are considered as a promising candidate in 5G HetNets. But the
need to apply dense deployment of mm-wave cells will increase the
fibre links, and this will increase the infrastructure cost and the latency.
So the end to end delay can be minimised by using the HetNets with

mm-wave communications by proposing some new strategies;
3. The improvement of mm-wave wireless network efficiency by the

application of massive MIMO and beamforming techniques. |So new

algorithms will be required to specify the effect of interference and
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direction of signal arrivals to obtain the maximum benefit of applying

massive MIMO and beamforming technique;

4. The application of mm-wave for vehicular communications with
investigating its performance. Several cases will be needed to
investigate regarding mm-wave vehicular communications, such as:

A- If the transmitter is fixed and the receiver is moving;

B- Both the transmitter and receiver are moving (i.e. vehicle to vehicle
communications);

C- Antenna height;

D- Penetration losses and diffraction losses (affect the user inside the

car).

8.3 Research Impact

The mm-wave frequencies have been considered as being a vital solution to
the spectrum congestion in futuristic communication systems. However,
despite the underutilised mm-wave frequencies having potential of delivering
high capacity communication networks, there is still the need to design an
efficient generation and transmission system with simple infrastructure, low
cost, and consideration of size issues. The contributions made by this thesis can
deal with three main issues, namely: photonic generation, optical transmission;
and wireless propagation. The impact of the proposed photonic mm-wave
generation methods is obtaining stable mm-wave carriers, which is beneficial
for RoF transmission systems and application in 5G optical networks. Whilst
verifying the mm-wave over fibre system helps in cost reduction and
performance improvement, by simplifying the mm-wave generation and
transmission with the proposed RoF technique. Also, it ensures a useful
communication link that will be appropriate for small cell networks.

Furthermore, the proposed hybrid Fibre/FSO system can increase the network
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coverage area by transmitting mm-waves over the FSO link to areas with
natural obstacles that make it impossible to lay fibre cables. In addition, it can
be used as a vital solution under emergency and disaster conditions. The final
contributions of this thesis help in specifying which mm-wave spectrum can
provide the futuristic cellular networks with a higher capacity and the best
performance. This work also deals with the misdirection in the traditional mm-
wave path loss model by proposing a simplified model able to capture the
diffraction and specular reflection impacts on mm-wave wireless propagation.
All these contributions improve the overall mm-wave communication system’s
performance. In sum, this research work contributes to the ongoing efforts
towards 5G communications and beyond by offering a new mm-wave system

design and solutions.
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